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Abstract

Hepatitis E virus (HEV) is the major cause of acute hepatitis worldwide. Currently,
no effective anti—viral treatment against HEV is available and an HEV vaccine is re-
stricted to China. HEV is a positive—sense RNA virus expressing 3 open reading
frames (ORFs). ORF1 encodes the ORF1 non—structural polyprotein, the viral repli-
case which transcribes the full-length genome and a subgenomic RNA that encodes
the structural ORF2 and ORF3 proteins. Our aim is to better characterize ORF1:
to determine whether it is processed during the HEV lifecycle and to identify the
compartment of replication. As no commercial antibody recognizes ORF1 in HEV—-
replicating cells, we aimed at inserting epitope tags within the ORF1 sequence of the
cell—culture selected genotype 3 p6 strain. First, a HEV replicon where the Gaussia
luciferase reporter gene lies under the control of ORF1 was used to assess the repli-
cation efficacy of the tagged genome by luminometry. The insertion of the 2 V5 tags
in the hypervariable region did not significantly impact the replication of genomic and
production of subgenomic RNA, whereas the insertion of an HA tag at the C—terminus
of the RNA—dependent RNA polymerase reduced the production of subgenomic RNA.
Tags were next inserted both into the infectious full-length p6 HEV genome and into
ORF1 heterologously expressed. Western—blot and immunoprecipitation analyses of
tagged ORF1 expressed in the 3 systems showed a high molecular weight protein
(>180kDa) that likely corresponds to the unprocessed form of ORF1 and that can
be detected up to 25 days after electroporation of the p6 infectious RNA in PLC3
cells. Additionally, lower molecular weight proteins (90—180kDa) were detected in
lower abundance, suggesting that ORF1 might be processed. Mass spectrometry
analyses were performed to identify the sequence of the potential cleavage products
observed by western blot and colloidal blue staining. It appears that the N—terminus
of all V5—-tagged proteins of lower molecular weight is stable and corresponds to the
N-terminus of the full length ORF1 protein. However, the C—terminus was not yet
identified. Interestingly, western blot analysis of subcellular fractions as well as con-
focal microscopy revealed cytoplasmic and nuclear localization of the tagged ORF1,
indicating that the ORF1 might pass through the nucleus during infection.



Finally, we used the RNAscope technique to visualize the intracellular HEV RNA.
Probes were designed against positive and negative—stranded HEV RNA. Genomic
and subgenomic RNA were found in close proximity to each other and to viral proteins
in perinuclear substructures that may correspond to replication complexes.



Résumeé

Le virus de I'hépatite E (VHE) est la principale cause d’hépatite aigué dans le
monde. Actuellement, aucun traitement antiviral efficace contre le VHE n’est disponible
et un vaccin contre le VHE n’est disponible qu’en Chine. Le VHE est un virus a ARN
simple brin de polarité positive exprimant 3 cadres de lecture ouverts (ORF). LORF1
code pour la polyprotéine non structurale ORF1, ou réplicase virale, qui transcrit le
génome complet et un ARN sous—génomique qui code pour les protéines structurales
ORF2 et ORF3. Notre objectif est de mieux caractériser 'ORF1 : déterminer si cette
protéine subit une maturation au cours du cycle viral et identifier le compartiment de
réplication du VHE.

Comme aucun anticorps commercial ne reconnait TORF1 en systeme réplicatif, nous
avons cherché a insérer des épitopes dans la séquence ORF1 de la souche p6 de
génotype 3 qui a été sélectionnée en culture cellulaire.

Tout d’abord, un réplicon du VHE ou le gene rapporteur Gaussia luciférase se trouve
sous le contréle de 'ORF1 a été utilisé pour évaluer I'efficacité de réplication du
génome étiqueté. Linsertion de 2 étiquettes V5 dans la région hypervariable n’a pas
eu d’impact significatif ni sur la réplication du génome ni sur la production d’ARN
sous-génomique, alors que l'insertion d’un épitope HA a I'extrémité C—terminale de
I'ARN polymérase ARN—dépendante a réduit la production d’ARN sous—génomique.
Des étiquettes ont ensuite été insérées a la fois dans le génome infectieux p6 HEV
complet et dans 'ORF1 exprimée de maniere hétérologue. Des analyses en Western—
blot et par immunoprécipitation de 'TORF1 étiquetée et exprimée dans les 3 systemes
ont révélé la présence d’'une protéine de poids moléculaire élevé (>180kDa) qui
correspond probablement a la forme ORF1 de pleine longueur. Celle—ci a pu étre
détectée jusqu’a 25 jours apres électroporation de 'ARN infectieux p6 dans les cel-
lules PLC3.

En outre, les protéines de poids moléculaires inférieurs (90-180kDa) ont été détectées
en plus faible abondance, ce qui suggere que 'ORF1 est clivée. Des analyses par
spectrométrie de masse ont été réalisées pour identifier la séquence des produits
de clivage potentiels. |l apparait que I'extrémité N—terminale de toutes les protéines
étiquetées V5 de faible poids moléculaire est stable et correspond a I'extrémité N—
terminale de la protéine entiére.



Cependant, I'extrémité C—terminale n’a pas encore été identifiée. De fagon intéressante,
'analyse par western blot des fractions subcellulaires ainsi que la microscopie con-
focale ont révélé une localisation cytoplasmique et nucléaire de 'ORF1 étiquetée,
indiquant que 'ORF1 pourrait étre transloquée dans le noyau pendant l'infection.

Enfin, nous avons utilisé la technique RNAscope pour localiser 'TARN du VHE a
I'intérieur de la cellule héte. Les sondes ont été concues pour s’hybrider spécifiguement
aux brins positif et négatif de 'ARN du VHE. LARN génomique et subgénomique ont
été localisés a proximité les uns des autres ainsi que des protéines virales dans des
structures périnucléaires qui pourraient représenter les complexes de réplication du
VHE.
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1. Introduction

1.1. Discovery of HEV

Hepatitis E virus (HEV) was first described in 1983 by Balayan et al. using electron
microscopy [3]. The study showed virus like particles of a size of 27 nm derived from
stool samples of a volunteer that ingested the previously unknown virus (Fig. 1).
There was no evidence of an infection with Hepatitis A virus (HAV) despite the simi-
larity of symptoms that were observed after the ingestion of the virus.

Therefore, previous epidemics that were thought to be caused by HAV were explained
or re—investigated concerning the involvement of HEV.

The first reported HEV cases were the Kashmir epidemic of 1978 by Khuroo et al.
(1980) [4]. At the time, there was an outbreak of jaundice with 52,000 cases and
1700 deaths in this region, which could not be attributed to HAV. However, due to
the lack of basic health care and research facilities, the discovery of HEV, as the real
causative agent, did not occur until 1983.

In 1993, Purcell et al. re—analyzed samples from an epidemic that occurred in Delhi
in 1955-56 and confirmed the presence of HEV [5]. In this period, 35,000 cases of
jaundice were reported and at the time wrongly attributed to HAV.

Finally, in 1990, the HEV genome was partially cloned by Reyes et al. and fully se-
quenced by Tam et al. in 1991 [6] [7].

Figure 1: Immune aggregate of virus like particles recovered from the stool of an experi-
mentally infected volunteer, [3].
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1.2. Classification of HEV

HEV belongs to the family of Hepeviridae, which is currently divided into Orthohepe-
virus and Piscihepevirus (Fig. 2a) [8].

The Orthohepevirus genus is further classified into the species Orthohepevirus A,
that infects humans, swine, boar, deer, rabbits, camels and mongooses, Orthohepe-
virus B infecting birds, Orthohepevirus C, which infects rodents and ferrets and Or-
thohepevirus D, that infects bats. The Piscihepevirus genus consists of one species
(Piscihepevirus A) that includes the cutthroat trout virus (CTV) [8].

HEV has been misclassified numerous times due to sequence similarities to different
other positive—stranded RNA viruses before it was finally given a separate family [9].
In 2004, HEV was accorded its own genus of Hepevirus and in 2009 its own family of
Hepeviridae, because more sequences were available that showed genetic distance
to other families [10]).

HEV has a very wide host range (Fig. 2b). Out of 8 recognized Orthohepevirus A
genotypes, at least 4 are able to infect humans amongst other animals (genotypes
1—4). Genotypes 1 and 2 infect only human, while animal reservoirs have been found
for genotypes 3 and 4 mainly in swine, deer and wild boar. HEV RNA (genotype 3)
has been found in other animals such as rabbits and bottleneck dolphins, which was
most likely caused by spillover infections or spillover hosts. Spillover infections occur
when livestock is raised together and is caused by close contacts among animals or
between humans and animals. Evidence for this is the low seroprevalence of HEV in
those animals despite the presence of HEV RNA [11]. Interestingly, also a member
of the Orthohepevirus C species was able to cause infection in humans, which was
transmitted by rats [12, 13].

However, with the dramatic increase in the number of HEV strains identified within the
past decade, many strains remain unclassified at present, underscoring the marked
genomic variability among HEV strains [11].
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Figure 2: Taxonomy and transmission of genotypes of Hepatitis E Virus. (a) Classifica-
tion of Hepatitis E Virus, adapted from [14]. The sequence alignment was done based
on full-length sequences of HEV strains by using ClustalW and BioEdit (version 7.0).
The neighbor—joining method was implemented with a bootstrap of 100 replicates. (b)
Genotypes of Hepatitis E Virus (Orthohepevirus A) and their transmission.



1. Introduction 8

1.3. Epidemiology

HEV is the causative agent of hepatitis E and one of the most common causes of
acute hepatitis worldwide. Of 20 million cases, 3.3 million are symptomatic. 60,000
deaths can be attributed to genotype 1 and 2 each year [15].

Between 2005 and 2015 the cases of HEV due to genotype 3 have risen by 10—fold
[16]. In 2015, 5,500 cases were reported in EU/EEA countries where this genotype is
prevalent. Five of 12 EU/EEA countries reported 28 deaths between 2005 and 2015,
that were all attributed to genotype 3 [17, 18].

Hepatitis E is widely distributed and considered to have emerged from developing
countries, where the prevalence has augmented during the last years [19-21].

There are currently 8 genotypes of a single serotype and 4 of them can infect humans
(Fig. 2b and 3) [22].

Genotypes 1 and 2 infect only humans and circulate predominantly in low—income
countries (Asia and Africa). They are transmitted via the fecal-oral and the anthro-
ponotic route through contaminated water resulting in sporadic cases of hepatitis E,
but sometimes also in large epidemics. Between 1988 and 2013, 17 large scale out-
breaks were reported in Africa [23—25].

Hepatitis E is highly endemic in East and South Asia and accounts for 20-50% of
acute hepatitis cases in this region. The seroprevalence of anti-HEV antibodies
ranges between 10-50% [15].

Usually, genotypes 1 and 2 are self—limiting and do not cause chronic hepatitis [21].
In the immunocompetent population, mortality rates lie between 1-2%. Yet, the fatal-
ity for pregnant women raises up to 25% due to unknown reasons possibly related to
changes in the immune system during pregnancy [26—28]. Hormonal changes and
a high viral load might play a role in the disease progression as well. Also, cytokine
gene polymorphisms is associated with an adverse outcome of the pregnancy [29]. A
meta—study by Ahmad in 2020 found out that the seroprevalence of HEV in pregnant
women lies at 16.51%, yet displaying a large heterogeneity according to the geo-
graphical region and detection methods used in the study. An acute HEV infection in
the third trimester is one of the leading causes of fetal and maternal deaths, therefore
pregnant women belong to a high risk group of HEV infections [30].

On the other hand, genotypes 3 and 4 can infect human and have a reservoir in
animals as well. They are prevalent in high income countries and are transmitted
through direct contact with animals and through the consumption of animal products.
HEV is able to cross the species—barrier as demonstrated by experimental infections
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of primates with swine HEV [31]. Conversely, pigs [31], rabbits [32] and non—human
primates [33] were infected with human HEV (Fig. 20).The ability of HEV to cross
species—barriers especially puts animal workers at risk.

Primary reservoirs are swine, deer and boar with swine being the biggest [33—-35].
Since the virus can be killed by incubation at 71 °C for 20 minutes, it is supposed that
the transmission occurs primarily via undercooked meat [36]. However, HEV RNA
can be detected in fruits and vegetables through contact with water that was contam-
inated by an infected animal [37].

This transmission route results in sporadic cases and rarely in small epidemics that
can be attributed to a common source of aliment [20, 21]. Another route of transmis-
sion is the transfusion of blood products [38]. Nowadays, blood transfusions are rou-
tinely screened for HEV in Ireland, the UK and the Netherlands, while in France and
Germany, screens are only performed in high-risk patients such as organ transplant
patients. In other countries (Greece, Portugal, Spain, ltaly) the screening process is
still under evaluation [39].

The seroprevalence varies greatly among different countries owing to the different di-
agnostic methods being used. In France it ranges between 21.9-71.3% depending
on the region, whereas the average seroprevalence in the healthy population of in-
dustrialized countries ranges from 1-5% [40, 41].

Between 2005 and 2015 the number of cases in France rose from 20/year to 2,200/year,
which can be attributed to more frequent testing and better clinical awareness [42].
Phylogenetic analysis showed that in Europe/France, the predominantly circulating
type of HEV is genotype 3f, which accounts for 59% of the genotype 3 infections [42].
The strain that will be characterized in this study belongs to this genotype as well.
For genotypes 3 and 4, the infection is usually self—limiting similar to genotypes 1 and
2, however, immunocompromised patients can develop a chronic infection [8].

Also, patients with a pre—existing chronic liver condition are at higher risk to suffer
from acute liver failure when infected with HEV [43].

Nowadays, hepatitis E is not longer considered a travel sickness and it is important to
observe the circulation of the virus in humans and animals in Europe to pinpoint the
sources of contamination [16, 19].
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Figure 3: World wide repartition of HEV, adapted from [44].

1.4. Clinical Manifestations

The majority of HEV infections are asymptomatic and if the patient develops symp-
toms, the illness is usually self—limiting and resolves within a few weeks [45].
Nevertheless, icteric hepatitis occurs in 5-30% of infected patients. In these cases,
the prodromal phase is characterized by fever, nausea, vomiting, anorexia, abdomi-
nal pain [46] and malaise. The following icteric phase is defined by symptoms such
as jaundice and dark urine. Usually, the symptoms resolve after one week, yet the
mortality ranges from 0.5—-4% in immunocompetent patients [45].

Clinically HEV is similar to HAV, explaining why several HEV epidemics were mistaken
for HAV outbreaks early on (Chapter 1.1) [46]. The clinical course differs depending
on the HEV genotypes.

HEV1 and 2 mainly infect young males between the ages of 15-30 years in low—
income countries. Symptoms range from asymptomatic or a mild systemic illness to
icteric hepatitis and acute liver failure. Pregnant women belong to a high risk group,
since the mortality rises up until 25% upon infection. Symptoms include hemorrhage,
eclampsia and acute liver failure. Also, stillbirths are more common due to the ver-
tical transmission of the virus. The reason for this increase in mortality is unknown,
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but it might be related to the immune status during pregnancy, that is characterized
by reduced T—cell activity and cytokine production, a predominant T-helper 2 cell re-
sponse and a down—regulation of antigen presentation. These modifications go along
with hormonal changes in pregnant women [47].

On the other hand, HEV3 and 4 circulating in high—income countries induce a differ-
ent clinical course. These genotypes infect primarily middle aged and elderly men
above the age of 55 years that mostly resolve asymptomatically. In Europe 5-33%
of the infected patients develop symptoms and high risk groups include patients with
underlying diseases [48-50].

Chronic infections have been observed for patients infected with HEV3 and 4. A
chronic infection is marked by HEV replication that persists for more than 3 months. It
occurs in immunocompromised patients such as solid organ transplant (SOT) recip-
ients [51-53] and HIV-infected individuals [54—56], patients undergoing chemother-
apy [57], and stem cell transplant recipients [58]. In 10% of chronic cases, a rapid
progress to cirrhosis was observed [51-53]. As opposed to HEV1 and 2, genotypes
3 and 4 do not increase mortality or the risk of stillbirths in pregnant women.
Therefore it is crucial to find an efficient and specific treatment especially for patients
that are part of high—risk groups.

1.4.1. Extrahepatic Manifestations

Evidence suggests that HEV not only replicates in the liver, but additionally in extra-
hepatic tissues such as the peripheral nervous system, the pancreas, renal tissue,
hematoma cells and potentially further unknown sites. These manifestations occur
during or after acute or chronic hepatitis through a yet unknown viral mediated direct
or an immune mediated indirect mechanism [59].

While many details are unknown, the ability of HEV to cloak itself with the host cell
membrane while circulating in the blood stream (Chapter 1.5.1) might explain the abil-
ity of the virus to reach a broad cell range [60, 61].

All reported disorders that occurred in 2 patients or more according to Rawla et al.
2020 can be found in Fig. 4 divided into 3 groups of manifestations [62].

Among these, neurological manifestations are the most frequently observed [19].
Indeed, a study from France found that 16.5% of patients infected with HEV suffered
from neurological symptoms [63]. This could not be confirmed in a study conducted in
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China, where no correlation between HEV infection and neurological symptoms was
found. Hence this might indicate that genotype 3 (prevalent in France) is associated
with neurological symptoms whereas genotype 4 (prevalent in China) is not [64].
Several cohort case studies showed that 2.4—10.6% of patients suffering from Neural-
gic Amytrophy (NA) were infected with HEV. Also, a multicenter European study found
that HEV-NA shows a distinct clinical phenotype: patients predominantly show bilat-
eral asymmetrical involvement more often and more extensive damage to the brachial
plexus (p<0.001). Involvement of areas outside the brachial plexus was further more
common in HEV-NA patients (p<0.01) [65]. However, since neurological symptoms
appear several months after infection and due to a possible cross—reactivity when
co—infected with other viruses such as cytomegalovirus or varizella zoster virus, HEV
serology needs to be interpreted with caution [66, 67].

The pathophysiology of the described disorders remains unknown, but it was ob-
served that neurological injuries appear more frequently in immunocompetent people
[63]. This might suggest that immunological processes play a critical role. According
to Kamar et al. 2010, HEV replication in the central nervous system might be possible
and it was found that HEV can replicate in several neuronal cell lines [68, 69]. Fur-
thermore, it was shown in a gerbil model that HEV damages the blood—brain—barrier
[70, 71].

Renal manifestations occur in both acute and chronic infections. It was suggested by
Del Bello et al. (2015) that the underlying mechanisms might be similar to manifes-
tations that are seen upon HCV infection, where immune complexes form between
HCV antigen, IgG antibodies and a rheumatoid factor in the glomeruli [72].
Hematological and cardiovascular manifestations mainly consist of anemia and throm-
bocytopenia. Both conditions have been observed for several viruses (HAV, hepatitis
B virus (HBV) and Cytomegalovirus) [69]. The cardiovascular manifestations include
myocarditis [73, 74], cardiac arrythmias [75], long QT syndrome and Torsade’s de
pointes [76].

Furthermore, an association has been found between pancreatitis and HEV infection
as it has been established for HAV, HBV and HCV previously [77, 78]. This condition
may even lead to life—threatening consequences.

Lastly, other manifestations have been reported, but further research needs to be
done. Among the observed injuries are: thyroid diseases, myasthenia gravis, Henloch—
Schonlein purpura and acute polyarthritis [62].
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Neurological Manifestations
Cardiovascular & Hematological
Disorder Reference Number of Manifestati
Cetienis anirestations
. Number of
Neuralgic Amytrophy 9.24 102 Disorder Reference Patients
Guillain-Barré Syndrome 24-40; 10;54 36 Cryoglobulinemia 55 5
Mononeuritis multiplex 10 6 Monoclonal gammopathy 24 17
Meningo-radiculitis 10,44 5 Lymphocytosis 24 14
Cerebral ischemia | | . 39 5 Thrombocytopenia 58, 24 13
Encephalitits 11,13,41,39 5 Lymphopenia 24 8
Facial nerve palsy 11,46,47 3 Myocarditis 56.57 2
Peripheral Neuropathy 50,39, 24 3 Malignancies (Acute myeloid
e 1 2 leukemia, plasmacytoma) 24 2
Polyneuromyopathy 24,43 2
Gastro-Intestinal and Renal Manifestations
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Disorder System Reference Patients

Pancreatitis Gastro-Intestinal 60; 62-67 22

Acute Kidney Injury Renal 60,61 2

Cryoglobulinemic membranoproliferative

glomerulonephritis Renal 72,73 2

Figure 4: Extrahepatic Manifestations of HEV, according to [62].
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1.5. Molecular Biology of HEV
1.5.1. Viral Particle

HEV particles measure between 32 nm—34 nm in diameter and possess an icosahedral
capsid [3]. It consists of 180 copies of the capsid protein producing a T=3 symmetrical
structure [79, 80]. Its crystal structure was obtained by producing virus like particles
(VLP) from the truncated capsid protein in insect cells. Successively, 3 different do-
mains were identified: the S (shell)—, the M (middle)— and the P (protruding)—domain
(Fig. 10) [81]. The S—domain is most conserved among HEV genotypes and it is re-
sponsible for forming the icosahedron as a jelly—roll which is the most common struc-
ture for RNA viruses [82]. The M—domain interacts with the S— and the P—-domain and
it is involved in virion stability [80]. Studies suggest that the amino—terminal region is
involved in forming the correct T=3 symmetry and the carboxy—terminus is important
for RNA encapsidation [83]. The P—domain is hypothesized to be the binding site for
the cellular receptor and is a target for neutralizing antibodies [84]. This domain folds
into S—barrels and its polysaccharide—binding sites likely help receptor binding and/or
capsid disassembly.

Even though HEV is classified as a non—enveloped virus, particles isolated from blood
have been found to be enveloped in the host cell membrane. Additionally, the ORF3
protein has been detected on the surface of the viral particle [85]. On the other hand,
particles isolated from bile and feces have not been found to be enveloped, since
the bile salts might strip lipids from the virus [86, 87]. On the surface of the naked
virus however, the ORF3 protein is not detectable [85]. It was hypothesized that the
host—-membrane could protect the viral particle in the blood stream from the host’s
immune system and therefore increases viral infectivity. Whereas, this protection is
not necessary any more in bile where the virus will be shed into stool [14].
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1.5.2. Genomic Organization

The HEV genome is a postive—sense single—stranded RNA, which is divided into 3
open reading frames (ORF) containing a 7—methylguanine cap (m7G) at the 5’ end
and a poly(A)—stretch at the 3’ end [7, 88]. These two features allow the translation of
HEV genome by the host’s ribosomes [7, 88].

The ORF1, ORF2 and ORF3 have been identified by Tam et al. in 1991, but recently
sequence analysis revealed an ORF4 for genotype 1 only [7, 89].

During replication 2 distinct RNAs are transcribed. The genomic RNA has a size of
7,2kb and contains the complete genome, whereas the subgenomic RNA of 2,2 kb
serves as template for ORF2 and ORF3 translation (Fig. 5) [90].

The non—structural protein consists of the ORF1 protein and the structural proteins of
the ORF2 and the ORF3. The ORF1 is the largest ORF and it encodes a polyprotein
with several domains that are all implicated in viral replication (Fig. 5). It will be further
described in chapter 1.5.4.

ORF3 overlaps with the N—-terminal region of ORF2 (330 nucleotide overlap), but it
does not overlap with ORF1 [91].

The ORF4 is overlapping with the X— and the helicase—domain of the ORF1 (Fig.
5) and is controlled by an Internal ribosome entry side (IRES) structure initiating its
translation under ER stress [90, 92]. Antibodies against ORF4 have been detected in
patient sera as well [89].
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Figure 5: Genome organization of HEV gt3 Kernow C1/p6. m7G: 5’-methylguanosine
cap, UTR: untranslated regions, JR: junction region, polyA: poly—adenosine—tail. The
ORF4 is only present in gt1. The ORF1 consists of 1761aa.

1.5.3. Cis-reactive Elements

Several cis—reactive elements (CREs) have been identified in the HEV genome (Fig.

Following the m7G, the 5" UTR spans over 26 nucleotides before ORF1 begins [93].
This region forms a stable hairpin loop that is required to bind ORF2 and is involved
in encapsidation of the viral genome [94, 95].

The start codon for ORF3—RNA transcription lies at position 5122 and thereby 15 bp
downstream of the stop codon of ORF1. Overlapping with the last 27 nt of ORF1
until the transcription start site of ORF3 lies the junction region (JR) that forms a
stable hairpin loop as a RNA secondary structure. This region is acting as a subge-
nomic promoter for the subgenomic RNA and is therefore required during the HEV
life cycle[96, 97]. Additionally, the JR contains a highly conserved CRE, that overlaps
with the stable hairpin loop and is crucial for viral replication and infectivity [98, 99].
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Another RNA secondary structure element lies at the 3’ poly(A)—tail of the HEV
genome which also overlaps with the C—terminus of the ORF2. It forms 2 stem loops
that bind the RNA dependent RNA polymerase (RdRp) of the ORF1 protein and is
thus involved in viral replication [100].

In the central region of ORF2 lie two RNA elements that form internal stem loops
(ISLs) that are called ISL1 and ISL2. Silent mutations that disrupt these ISL lead to
a reduction of capsid synthesis and single mutations of a Gaussia luciferase replicon
reduce luciferase expression suggesting these ISL are important for replication effi-
cacy [43].

Ju et al. in 2020 reported 2 additional CREs that are located in the MeT-domain of
ORF1 (nucleotides 102—131) and the C—terminus of ORF2 (nucleotides 7311-7340).
Both of them are crucial for viral replication and viral particle production and they are
able to recruit ORF1 to the replication complex [101].

Binds ORFI

Binds ORF2&RdRp || Binds ORFI Binds RdRp : Replication | | Binds RdRp
Encapsidation el sgRNA Capsid Particle - strand
Particle Production Transcription synthesis || Production synthesis

\' 7 VNt
RQ R Q

ORF3
m7G | | =
5' UTR JR FUTR

Figure 6: Cis reactive elements with binding partners and their functions in the HEV
genome. UTR: untranslated region, JR: junction region.
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1.5.4. The Non-structural Protein ORF1

The ORF1 is a polyprotein with a mass of 186 kDa (HEV genotype 1, strain Sar55) —
194 kDa (HEV genotype 3 Kernow—C1/p6 [102], calculated with ExPASy [103]) and is
also known as replicase due to its functioning in virus replication [22].

The domains have been computationally assigned as can be seen in Fig. 7 based on
sequence homology to other viruses [104].

Appr-1*-pase
V27A.D29N Binds MeT and ORF3 GI634R

Controversies about N806,N809, RNA Replication
processing

Hel2, G816,G817

DR mocf GDD motif
\ Putative catalytic site / 1
\ / |
\ C434,H443 / I
\ | / L
N— [MeT| Y [PCP HVR | X Hel RdRp —C
g S
-’ I \
CC ... LYSWLFE | Walker A&B
|

Palmitoylation o -helix 1
Cytoplasmic 7 1% sequence NTF binding
difference

Figure 7: The polyprotein ORF1. MeT: methyltransferase domain, Y: Y domain, PCP:
papain—like cystein protease domain, HVR: hypervariable region, X: X/macro domain,
Hel: helicase domain, RdRp: RNA dependent RNA polymerase domain. Purple: Se-
guence motifs that are implicated in the function of the domain (unless specified other-
wise), Dark blue: Function of the domain, Raspberry: Mutations that lead to higher viral
load in cell culture or patients or are associated with a more severe disease outcome.

It appears to be most closely related to the family of Rubivirus, Betateravirus and
Benyvirus [105].
The methyltransferase (Met)—, the helicase (Hel)—, the papain—like cysteine protease
(PCP)— and the RNA dependent RNA polymerase (RdRp)—domain have been func-
tionally studied by themselves or in combination, whereas the functions of the X—
domain, the Y-domain and the hypervariable region (HVR) remain widely uncertain
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[104].

Furthermore, it still remains unknown whether the polyprotein is cleaved into individ-
ually active proteins or acts as a single polyprotein with multiple functions. This will
be further discussed in chapter 1.6.2.

The MeT-domain The 7—methylguanosine (m7G) capping at the 5’—end confers
stability to eukaryotic or prokaryotic mMRNAs and it allows efficient translation in eu-
karyotic cells. It can also avoid the recognition of viral RNAs and their degradation dur-
ing the innate immunity response. In eukaryotic cells, the capping reaction typically
consists of three distinct enzymatic reactions: At first, the 5’ v—phosphate is cleaved
by an RNA 5'—triphosphatase (RTPase), next the guanylyliransferase (GTase) hydrol-
yses a guanosinetriphosphate (GTP) molecule and transfers the resulting guanosinemonophos-
phate (GMP) to the 5—end of the RNA and at last, a methylgroup gets transferred to
the GMP by the methyltransferase (MTase).

These reactions can be carried out by different enzymes (MTase and GTase) or by
multifunctional enzymes [106].

A bioinformatic analysis in 1992 revealed a methyltransferase at the N—-terminus of
the ORF1 protein [104]. The ORF1 domain organization of HEV resembles that of
viruses belonging to the Alpha—like super—group. Other well known members of this
super—group are Sindbis virus (SINV), Semliki Forest virus (SFV), Chikungunya virus
(CHIKV) and Rubella virus (RUBV) (ICTV). The RNA molecules of its members are
5’ capped and one of the hallmarks of this group is the presence of a unique type of
capping enzyme, since it possesses the combined activity of the MTase and GTase
[107, 108]. The MTase—GTase of the alphavirus—like super—group first methylates
GTP and subsequently transfers it to the 5’ end of the viral mMRNA (Fig. 9) [108—110],
which differs from the cellular pathway where the transfer occurs before the methy-
lation [106]. This makes the MeT an attractive target for antiviral drug design. Prior
to this step, a RNA triphosphate reaction occurs, which is carried out by the HEV
helicase domain using its NTPase active site, which is explained later (chapter 1.5.4)
[111-115].

The 5'—end of the HEV mRNA has indeed been found to be capped [88].

Magden et al. expressed a combined construct of MeT-Y-PCP domain in baculovirus
and it has combined MTase—GTase activity (Fig. 9). The MeT-domain alone has a
size of approximately 200 amino acids that is considered the core region [108].
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However, in baculovirus, capping only occured when a MeT—, Y-, PCP—domain com-
prising construct was expressed. Thus, the MTase activity can not be attributed to the
MeT core domain exclusively [110, 116].

As in other MeT domains of other Alphavirus—like supergroup members, a conserved
H (H64), followed by a DxxR (D34xxR37) motif and a conserved Y (Y20) was found
in HEV [107].

HEV is infectious in primates only when its RNA is capped, since the 5'—triphosphate,
that is formed during RNA synthesis, is a trigger for interferon response of the innate
immune system [116, 117]. Therefore the viral RNA is protected by capping at the
5—end.

Furthermore, the MeT domain is also believed to interact with cytoplasmic mem-
branes [110, 118].

In patients it has been found that the mutations V27A and D29N increase viral load,
while the H105R mutation results in a decrease in viremia [119, 120].

A clinical study found that the mutation of F179S in genotype 1 was associated with
the development of fulminant hepatitis [110, 120].

The Y-domain As opposed to the MeT-domain, very few details about the Y-
domain are known.
In members of the alpha—like supergroup it was suggested that the Y-domain which
lies downstream of the MeT core region is the minimal entity which is required for
its enzymatic activity [121, 122]. Among the alpha-like supergroup, the Y-domain
is conserved in secondary structure, but not in sequence. RNA secondary structure
prediction has demonstrated stable hairpin formations, that affect RNA replication and
virus infectivity when mutated [118].
Recently, it was attributed the term “iceberg region”, since this region is longer than
the MeT core domain itself thereby resembling an iceberg. In Sindbis virus and Sem-
liki Forest virus it was found that internal deletions and certain mutations reduce or
abrogate MTase—GTase enzymatic activity [122, 123]. In case of HEV, it was shown
that fragments with the length of 470 and 527 residues had no enzymatic activity,
suggesting the necessity of a rather large translational product for enzymatic activity
[110].
The Y—-domain is essential for capping activity, but is has other putative functions
as well. A highly conserved cystein dyad (Cs3s—Ca337) was identified as a potential
palmitoylation site in the Y-domain [118], that is needed for cytoplasmic membrane—



1. Introduction 21

binding and that may be essential to establish replication complexes, as a crucial part
of viral replication [124]. Indeed, a mutation of the cysteine dyad resulted in the abol-
ishment of RNA replication [118].

Furthermore, a conserved hydrophobic sequence was found, that forms an a—helix
(LYSWLFE) and might be implicated in membrane binding, as it is the case in bromo
mosaic virus (BMV) and cucumber mosaic virus (CMV-1a) [118].

Also, RNA secondary structure prediction has demonstrated stable hairpin forma-
tions, that affect RNA replication and virus infectivity when mutated [118].

All in all, a critical role for the Y-domain in RNA replication is suggested, possibly
through RNA capping activity or membrane binding.

The PCP-domain Proteases are enzymes that hydrolyze amide bonds of pep-
tides and proteins. In eukaryotes they play important roles in many physiological
processes and in viruses, proteases can process the viral polyprotein(s) [125]. Impor-
tantly, many viral proteases have been potent targets for antiviral therapy, for example
against HIV [126].

The HEV PCP—domain shows a moderate sequence similarity to the protease domain
of Rubella virus, however, sequence similarity between this region and other viral or
cellular papain—like cysteine proteases has not been found [104]. On the other hand,
the conservation of a short stretch around the putative catalytical cysteine (Cys 481)
and 2 additional cysteine (Cys 434 and Cys 457) residues suggest that the HEV PCP
is a papain—like cysteine protease [104].

Despite the low to moderate sequence similarity between the RUBV and the HEV
protease, their structural similarity appears higher according to in silico modeling of
the HEV PCP. In this report a catalytical dyad (Cys 434 and His 443) was identified,
which occurs in other viruses too (Foot—and—mouth disease virus, coronavirus 229E
and RUBV) [127]. These findings point towards the presence of a papain-like cys-
teine protease.

Furthermore, mutation of several residues in this region His (H443L, H497L, H590L)
and Cys (C457A, C459A,C471A, C472A, C481A, C483A) residues abolished HEV
RNA replication. These amino acids might be putative catalytical residues of the PCP
domain [127].

In contrast to the previous observations, a study by Paliwal et al. found that the HEV
protease exhibits characteristics of a chymotrypsin protease. When expressing and
purifying the protease domain (aa 440-610 of the gt1 Indian strain) an inhibition was
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found by inhibitors of chymotrypsin proteases (PMSF and chymostatin). Moreover,
the HEV protease was able to efficiently digest chymotrypsin specific fluorogenic pep-
tide substrates [128].

This difference to the previous results was explained in another report by Saraswat
et al. in 2020 who showed evidence for the existence of a papain—like cysteine pro-
tease. According to them, the use of the Indian strain that contains 9 additional amino
acids at the C—terminus of the protein and shows considerable variations explains the
different observations [129].

Furthermore, 12 inhibitors of various proteases were tested on the HEV protease that
was expressed and purified in the baculovirus in native conditions. It was found that
the protease of HEV was resistant to serine, aspartic and metalloprotease inhibitors,
but it was inhibited by cysteine protease inhibitors. Additionally, in silico modeling
showed structural similarity to papain—like cysteine proteases [129].

Nevertheless, since the HEV PCP position predictions were based on a low to moder-
ate sequence similarity to the RUBV protease domain, new evidence even suggests
a different region for the putative protease domain (Fig. 8). The resulting protein
(residue 510-691aa) showed high structural similarity to fatty acid binding domains
and a potential zinc coordination site was found as well [130].

Furthermore, different studies show controversial results for the processing of ORF1
questioning the protease activity of the PCP domain (Chapter 1.6.2) [131-134].

On a different note, the PCP might be implicated in immune evasion strategies. When
expressed as a fusion protein with the MeT domain, it shows deubiquitinase activity
that limits the activation of retionic acid—inducible gene | (RIG-I) and tank binding
kinase | (TBK-I), which in turn reduces the activation of the interferons (IFNg) pro-
moter (Fig. 16). Consequently, interferon stimulated genes (ISGs) i.e. ISG15 are less
expressed [135].

Koonin etal., 1992 N— |MeT| Y |PCP| HWR | X | | Hel RdRp —C

Proudfoot et al., 2019 N— MeT| Y PCP [HvR | X Hel RdRp —C

Figure 8: Annotation of domains in the ORF1 according to Koonin et al. 1992 [104] and
Proudfoot et al. 2019 [130]
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The HVR The HVR is considered hypervariable since it contains the greatest di-
vergence out of all ORF1 domains [136]. It is rich in proline residues, thus it is also
referred to as polyprolin region (PPR) [136-138]. The HEV HVR is considered an
intrinsically disordered region, which means that it does not form a compact 3-D
structure [136].

Length and sequence of both regions are highly variable among strains. The HVR
sequence difference between HEV genotypes mounts up to 71%. The HVRs of HEV
genotypes 1 and 2, that infect only humans, are more conserved (31% sequence dif-
ference for gt1) than those of genotypes 3 and 4 (41% difference for gt 3) infecting
humans and certain animal species. This might indicate that the HVR is a modulator
of infectivity and involved in host tropism [88, 139, 140].

It is believed that the HVR serves as a hinge between the X—domain and the up-
stream regions due to its flexibility. The high amount of structure—breaking amino
acids (Pro and Gly) leads to unstable tertiary structures and increases flexibility [104,
141, 142]. This flexibility can mediate conformational changes that are involved in
protein—protein interactions [136].

The HVR sequences are functionally interchangeable between different genotypes.
Although genotype specific differences have been observed, since replicons with
swapped HVRs replicated at lower efficacy than the wt replicons. This indicates that
the composition of the HVR may influence replication efficacy [137]. Furthermore, the
HVR might interact with viral and/or host factors to modulate replication efficacy [22].
Additionally, the HVR can tolerate small deletions, as the amino acid residues are dis-
pensable regarding virus infectivity. Yet, a complete deletion of the HVR resulted in
virus attenuation [139]. Furthermore, it was observed that deletions at the N-terminus
and the center of the HVR resulted in more drastic reductions of replication compared
to deletions at the C—terminus [137].

In turn, certain insertions can enhance viral replication. The most prominent exam-
ple is the HEV genotype 3 Kernow—C1 strain that was isolated from a patient co—
infected with HEV and HIV that revealed an insertion of the human ribosomal gene
S17 (174nt) in its HVR. After 6 passages in HepG2/3CA cells, this species appeared
to be the most abundant variant present. It was found that viruses possessing this
insertion replicate 500 times more efficiently in cell culture, therefore the S17 is fa-
vorable for cell culture adaptation [102]. Furthermore, it replicates not only in human
hepatoma cell lines, but also in mice, cat, dog and hamster cell lines (Chapter 1.11)
[143]. This implies that the insertion of host gene fragments could expand host range
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[144].

It appears that the HVR can tolerate insertions of host genes, as two other genes
(S19 and GTPase activating protein) have been identified in isolates (LBPR strain
and Kernow strain) [102, 145]. Moreover, a duplication of a region of the HVR and
an insertion of the RdRp have been observed in a chronically infected patient, that
enhanced the viral replication capacity [146].

Taken together, the HVR is a hotspot of genetic recombination and a key factor in
evolution and adaptation [136, 139].

The X domain The X domain is located downstream of the prolin—rich region, but
its function in the HEYV life cycle is still unknown.
The adjacent helicase domain might even interact with the X domain in order to func-
tion as described in the following processes [147].
The X domain is also known as macrodomain due to its similarity to the macroH2A
protein [148]. Macrodomains are evolutionary conserved domains that can bind ADP—
ribose and some of them are even able to hydrolyse ADP-ribose—1’phosphate to yield
ADP ribose [149—-151].
ADP-ribose is covalently attached to target proteins by poly—ADP—-ribose—polymerases
(PARP) and has a variety of effects such as alteration of enzyme activity, protein—protein
interactions, and protein stability. This post—translational modification is necessary for
many cellular processes: DNA repair, transcription, chromatin biology and long—term
memory formation [150, 152, 153]. Furthermore, ADP—ribosylation is induced by
IFNs to resist a viral infection. Macrodomains can therefore counter the innate im-
mune system by removing ADP—ribosylation from proteins [148].
Also, the domain is involved in the tRNA splicing pathway by catalyzing the conver-
sion of ADP—ribose 1’monophosphate to ADP ribose [96].
Macrodomains are encoded by many cellular proteins, but also by RNA viruses such
as Coronaviridae, Togaviridae and Matonaviridae [104, 154]. Sequence homology of
the HEV macrodomain has indeed been found with cellular ADP-ribose—1'—monophos-
phatase (Appr—1'—pase) [96, 155].
The putative active site might be constituted of the amino acids N806, N809, H812,
G816 and G817 and in fact the mutation of the latter 3 amino acids results in a de-
crease of HEV replication [96]. The active site potentially connects a s—stand and a
a—helix and is required for HEV replication on a post—translational level [96].
Furthermore, the X domain inhibits type | IFN induction by preventing interferon reg-
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ulatroy factor 3 (IRF3) phosphorylation and thereby blocking the induction of IFNg
transcription (Fig. 16) [156].

The C—terminal region of the X domain interacts with the MeT and ORF3 through
the amino acids 166—167 and L101-L102 and therefore could play a role in different
stages of the viral life cycle [157].

It was also found that its interaction with the light chain subunit of human ferritin sup-
presses ferritin secretion in cells, which subsequently attenuates the host’s immune
response [158].

Additionally, an inhibition of apoptosis is suggested, since the domain is functionally
related to PARP—1 and viruses are known to show an effect on apoptosis of infected
cells [155, 159]. However, this has not been experimentally demonstrated yet.

The Hel domain Helicases are nucleic acid separating enzymes that are involved
in a number of cellular processes. They separate either DNA-DNA, DNA—-RNA or
RNA—RNA NAs via nucleotide triphosphate (NTP), usually ATP, hydrolysis [160]. The
RNA Helicase of HEV is able to unwind double stranded RNA in a 5'-3'—direction
[161]. Indeed, in E. coli the Hel domain was shown to possess nucleotide triphos-
phatase (NTPase) and 5-3" duplex unwinding activities. It shows hydrolysis of all
rNTPs and all dNTPs, but with relatively low efficacy for ANTPs compared to rNTPs
[115].

The HEV helicase domain belongs to the superfamily | (of 6 superfamilies) according
to sequence similarity and conserved motifs to other helicase proteins. Superfamily |
includes also helicases of alphaviruses, arteriviruses, coronaviruses and rubiviruses
[161].

In this domain, 7 conserved motifs (I, la, Il, Ill, 1V, V, VI) are present in a co—linear fash-
ion. All superfamilies share 2 motifs: the Walker A (motif I) and Walker B (Motif II) sites
that are involved in NTP binding. The Walker A site is characterized by hydrophobic
acids followed by a GxxxxGKS/T motif and is binding to 5— and v—phosphates of NTP,
while the Walker B site (DEAP) chelates the Mg?* of the Mg—NTP complex [162]. Mu-
tating motif A (GKS to GAS) results in 70% loss of ATPase activity, mutation in motif B
(DEAP to AAAP) in 50% loss and mutations in both motifs cause 100% loss of RNA
replication [163]. Thus both motifs are equally important for ATP hydrolysis, since
both mutants lost their ability to unwind RNA duplexes. This implies that the unwind-
ing ability of the Hel domain is dependent on the energy provided by ATP hydrolysis
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[161].

In a follow—up study it was found that motifs la, Il and Il are indispensable for ATP
hydrolysis and RNA duplex unwinding. When motif la was deleted, unwinding abil-
ity was completely abolished while ATPase activity shrunk by approx. 50%. Upon
deletion of motif lll, ATPase and unwinding activity was significantly reduced and the
deletion of motif Il resulted in a loss of ATPase activity, whereas unwinding activity
was not reduced [164].

The region from 960-1204 is likely involved in the NTPase activity of the mRNA cap
formation, as it presents NTP hydrolysis activity that is required for the first step of the
capping process (Fig. 9) [115].

In HEV gt 1 infected patients, the mutations L1110F and V1120l (between motif IV and
V) are associated with a higher incidence of fulminant hepatic failure. This mutations
lead to a slight decrease in ATPase activity, but no effect on RNA duplex unwinding
activity [163].

The RdRp—domain The RdRp is essential for RNA virus replication and therefore
found in every RNA virus (except for retroviruses). It synthesizes positive sense and
negative sense RNA transcripts from negative sense and positive sense viral RNA
(Fig. 9).

The RdRps can be divided into 3 supergroups based on sequence similarity. The
HEV RdRp belongs to supergroup Il together with alphaviruses, rubiviruses and plant
viruses such as beet necrotic yellow vein virus (BNYVV) [104]. So far no structure is
available for any member of this superfamily [138].

The HEV RdRp contains 8 conserved motifs (motifs [-VIII) similar to RdRps of other
positive—stranded RNA viruses [100].The GDD motif represents the catalytic triad of
the enzyme and binds Mg?*. Mutation of this motif abolishes viral replication, thus it
is essential for replicase activity [10].

The RdRp from an Indian HEV isolate has been successfully expressed in vitro in E.
coli as a 63kDa protein and it was shown to bind specifically to the 3'—terminus of
the HEV genome sense strand to produce the antisense strand [100]. Furthermore,
it binds to the subgenomic promoter (sgP) to transcribe the subgenomic RNA [165].
However, it was shown that the RdRp has the highest affinity for the 3’UTR, then the
5" UTR and then the sgP, but it is unknown how the binding to the different regions
is regulated. The RdRp likely binds cooperatively the 3° UTR and the sgP to initiate
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sgRNA synthesis [165].

Also, the recombinant RdRp is localized at the ER of the host cells, indicating that
this could be the site of replicase localization [166]. The subcellular localization will
be further discussed in Chapter 1.6.4

Viral RdRps often interact with viral or host proteins to complement RdRps activity,
establish a scaffold for the replicase or modulate its activity. It was observed that the
HEV RdRp interacts with the PCP and likely with the MeT and Hel as well to comple-
ment the RNA transcription activity [167]. Additionally, it interacts with several host
immune factors. One example is the IFN produced protein IFIT1 which inhibits trans-
lation of virus proteins. The RdRp of HEV is able to interact with IFIT1 and counter its
translation inhibition [168] (Fig. 16). Yet another example is the microRNA miR—-122
that appears as a pro—viral factor enhancing viral replication in vitro. It was found that
the HEV gt1 RdRp harbors a binding site for miR—122, however, its specific role is
unknown [169, 170]. The role of miR—122 has been more extensively studied within
the HCV life cycle, where it also enhances the virus replication at several stages.
Evidence suggests that miR—122 promotes viral genome stabilization, protein trans-
lation, genome amplification and protein recruitment [171-176].

Several mutations and some insertions in the RdRp are associated with ribavirin
treatment failure in chronically infected patients. A well characterized mutation is
the G1634R substitution that increases viremia [177] and enhances HEV replication
and infectivity in cell culture [177-179].

Taken together, the RdRp is an attractive therapeutic target. Indeed, zinc salts and
RNAi showed promising effects on viral replication inhibition, but a specific treatment
targeting the RdRp has not been approved yet [138].
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Figure 9: Functions and mechanisms of selected ORF1 domains. (a) Capping of mRNA,
(b) Unwinding of RNA, (c) Transcription of antisense and sense RNA. ppp: triphos-
phate, Pi: phosphate, AdoMet: S-adenosyl-l-methionine, AdoHcy: S—adenosyl—I—
homocysteine

1.5.5. The Structural Proteins

The capsid protein ORF2 The ORF2 protein consists of 660aa and makes up the
capsid protecting the viral RNA by binding to the 5’ end of the HEV genome [94, 180].
Crystal structure experiments suggest a division of the capsid protein into three sub-
units: the S (shell)—, the M (middle)— and the P (protruding)—domain (Fig. 10) [81].
When expressed in an animal cell culture system, proteins of 72kDa and 84 kDa in
size were found that represent the nonglycosylated and the glycosylated forms of the
ORF2 [181].

At the N—terminus, a signal sequence potentially enables the capsid protein to be
translocated into the ER to be further glycosylated [181]. ORF2 contains 3 potential
glycosylation sites displaying a conserved motif (N-X-S/T) [182—184], but only two
of them are glycosylated in infected cells [185]. Furthermore, it was found that gly-
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cosylation occurs only on ORF2 proteins that are not involved in infection, but which
are nevertheless secreted in large amounts by infected cells [186]. These ORF2
forms are called ORF2g (glycosylated) and ORF2c (cleaved) and they are the most
abundant forms in patient sera. On the other hand, the ORF2i (infectious) is not glyco-
sylated and is associated with infectious particles. The different glycosylation status
implies different pathways for the production of the capsid protein (Fig. 11) [185, 186].
The different forms of ORF2 vary not only in their post—translational modifications, but
also concerning their translation start site, ORF2i being the shortest of all three forms.
The capsid protein can bind genomic RNA at the 5—end of HEV RNA genome and
its C—terminus is required for RNA encapsidation and particle stabilization [83, 94].
So far, very little is known about the interaction of the ORF2 protein with cellular fac-
tors, however, capsid proteins of non—enveloped viruses play an important role in
virus entry, intracellular trafficking and signaling [187]. It may interact with heparan
sulfate proteoglycans (HSPGs) in an initial attachment step of the viral particle to
the cell surface [188]. Furthermore, it binds to heat shock protein 90 (HSP90) and
78—kDa glucose—regulated protein (Grp78) that are involved in intracellular trafficking
[181, 189].

Besides that, ORF2 modulates the host cell transcription by interacting with elonga-
tion initiation factor 2A (elF2A), activating transcription factor 4A (ATF—4), heat shock
protein 72 (HSP72), nuclear factor kB (NFxB)and of the C/Ebp—homologous protein
(CHOP) promoter [190, 191].

Even though HEV is a non—enveloped virus, a lipid component was shown in cell
culture produced viral particles and led some authors to consider HEV to be quasi—
enveloped [192]. The impact of glycosylation on the quasi—envelope yet remains to
be identified.

The phosphoprotein ORF3 The other structural protein of HEV is the ORF3 that
encodes the smallest protein with 112—115 aa and 12—13kDa in size (VP13) [7, 193].
At its 3'-end, it overlaps partially with the ORF2, but not with the ORF1 [90]. Se-
quence analysis has indicated two hydrophobic regions D1 and D2 at the N—terminus
and two Proline—rich regions P1 and P2 at the C—terminus (Fig. 10). A homodimer-
ization of the ORF3 protein by the C—terminal prolin—rich regions was suggested and
recently confirmed in mammalian cells [194, 195].

The D1 region is rich in cysteine residues, which ensure cytoskeleton association
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Figure 10: Schematic and structural overview of the structural proteins of HEV.
Blue=ORF2 showing three potential glycosylation sites of which 2 are glycosylated;
g=glycosylated, i=infectious, c= cleaved. Red=ORF3; D1 contains a palmitoylation site
and P2 2 PXXP motifs. Crystal structure by [81].

through the binding of microtubules [193, 196]. Additionally, the palmitoylation of the
cysteine rich segment is important for membrane association, subcellular localization
and stability of the protein [197].

The D2 domain contains a binding site for hemopexin, a plasma protein with a high
binding affinity to heme and which is mainly expressed in the liver [198, 199].

The P1 domain possesses two overlapping phosphorylation kinase sites at S70. It
can be phosphorylated by the mitogen—activate protein kinase (MAPK) and by the
cyclin dependent kinase [200]. The phosphorylated ORF3 interacts with the capsid
protein and cellular proteins such as the cytoskeleton, al-micoglobulin/bikunin precur-
sor, tumor susceptibility gene 101 (TSG101) and src—homology domains [201-203].
The P2 region has two PXXP motifs (Fig. 10) that allow binding of the sarc—-homology
3 domain (SH3) and is associated with the signal transduction of cellular proteins
related to cell growth, differentiation and other regulatory functions [204]. It also inter-
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acts with tumor suppressor gene 101 (TSG101) that is part of the endosomal sorting
complex required for transport—pathway (ESCRT-pathway) and facilitates virion re-
lease in association with a lipid quasi—envelope [105].

Additionally, studies show that the ORF3 protein is inserted within the quasi—envelope
that surrounds HEV particles circulating in the patient sera and in the supernatants of
HEV producing cells and it is inside the exosomes that constitute the quasi—envelope
[197]. Even though the ORF3 protein is not necessary for viral replication in cell cul-
ture, it is crucial for infectivity, indicating its role in viral release [205]. A study by
Nagashima et al. 2011, suggests that the PSAP motif within the P2 domain is essen-
tial for the formation of membrane associated HEV particles with the ORF3 protein
on their surface [206].

Moreover, ORF3 proteins were found on HEV virions in sera and cell culture super-
natants, but not in bile or feces [85].

Another study by Ding et al. in 2017, suggested that ORF3 functions as a viroporin. It
forms multimeric complexes within ER—derived membranes that create an ion chan-
nel, thereby classifying it as a class | viroporin. As a result, ion flux across mem-
branes is facilitated and the electrochemical gradient across the plasma membrane
is disrupted, which in turn stimulates viral budding [195].

1.6. Cellular Biology of HEV
1.6.1. HEV Life Cycle

Until recently, it lacked an efficient cell culture system for HEV, hence the replication
cycle remains largely unknown. Nevertheless, a model that has been proposed can
be found in Fig. 11.

A receptor for virus entry has not been identified yet, but HEV VLP studies have
shown that aspecific attachment involves HSPGs (Fig. 11 (1.)) [188].

Furthermore, the ORF2 capsid protein of the naked virus might bind to heat shock
cognate protein 70 (HSP70) and Grp78 on the cell surface to mediate virus entry. It
was found that these interactions are essential for intracellular transport but not es-
sential as a receptor [188, 207]. Also, integrin o3 is potentially involved in the entry of
non—enveloped HEV [208].

A potential sugar binding site within the M domain of the capsid is conserved among
the different mammalian HEV genotypes implying a functional role in binding to the



1. Introduction 32

cellular receptor [209].

It is furthermore suggested that the entry mechanisms of the non—enveloped HEV
particle and quasi—enveloped HEV differ from each other. The naked virus is internal-
ized through clathrin— and dynamin—2 mediated endocytosis, that requires cholesterol
and is possibly transported via HSP90 in an unknown manner [94, 210-212].

On the other hand, the uptake of the quasi—enveloped virus requires Rab5 and Rab7,
and the quasi—envelope is degraded in the lysosome [213]. It was reported that the
quasi—enveloped HEV entry is slower, which might explain the lower infectivity of the
quasi—enveloped virus compared to naked virions [214].

After genome uncoating and release into the cytoplasm, first, the viral replicase has
to be translated by the cellular machinery to ensure viral replication (Fig. 11 (3.+ 4.)).
The translation of the non—structural protein involved the eukaryotic translation initi-
ation factors 4A, 4G, 4E (belonging to the elF4F complex) that are critical for viral
replication [215]. After that, an intermediary negative—sense RNA is produced by
the RdRp that serves as a template for the transcription of genomic and subgenomic
RNA (Fig. 11 (5.)). The unwinding of the RNA strand might be executed by the viral
helicase domain of the ORF1 (Fig. 9) [115].

An additional task of the viral helicase might be the initiation of RNA capping by its
5’ triphosphatase activity. Subsequently, the 7—methylguanosine is transferred to the
5—end of the RNA by the MeT to confer stability to the mRNA (Fig. 9) [110, 161]. For
these processes it is unclear whether the ORF1 acts as a polyprotein or if it is cleaved
into several domains.

The subcellular compartment of the viral replication has not been identified yet. How-
ever, an association between ORF1 and perinuclear membranes has been confirmed
as well as a localization between the ER and the Golgi compartment [216]. Exact
subcellular locations have to be further investigated.

Next, subgenomic RNA containing ORF2 and ORF3 is synthesized following the at-
tachment of the RdRp to the subgenomic promoter (Fig. 11 (6.)). The ORF2 and
ORF3 are translated by leaky ribosome scanning, where the ribosomes bypassing
the ORF3 AUG start codon continues to scan downstream to initiate protein synthe-
sis at the ORF2 AUG start codon located in close proximity [90].

From here, 2 different ways of exiting the host cell are possible for HEV (Fig. 11 (7.)).
As it can be found in Fig. 11 under 8., ORF2 does not get assembled into viral parti-
cles and exits the cell via the ER and the Golgi apparatus. In this case, two forms of
the ORF2 have been observed: ORF2g and ORF2c [186].
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The other possibility is the assembly of the newly synthesized capsid and the ge-
nomic RNA into viral particles (Fig. 11 (9.)). The form of the ORF2 protein that is
associated with viral particles is the ORF2i. Here, the genomic RNA binds to the
C—terminus of the capsid which results in capsid dimers. The packaging of the viral
genome likely occurs due to a putative RNA packaging signal near the 5’ terminus
of the HEV genome [94]. While data are lacking for mammalian cells, in insect cells,
a spontaneous self-assembly is suggested [80]. This could mean, that the capsid
protein and the newly synthesized RNA need to be in close proximity to each other,
which is also supported by protein—protein interaction studies [167].

Lastly, viral egress possibly involves ORF3. The unglycosylated form of ORF2 inter-
acts with the phosphorylated ORF3 [201]. Furthermore, the PSAP motif of ORF3 is
able to interact with Tsg101, that is also involved in ESCRT [217]. Indeed, it was
observed that HEV release is inhibited when the ESCRT pathway was knocked out
through mutational studies and the deletion of ORF3 expression inhibited HEV secre-
tion in an infectious system [205, 206].

The ORF3 interacts with several other cellular components too (cytoskeleton, alpha—
microglobulin/bikunin precursor) via their SH3—domains [200, 202].

The enveloped HEV was detected in multivesicular bodies (MVBs) in association with
TGN protein 2 and CD63, implying that the capsid buds into intracellular vesicles to
form MVBs. These structures are part of an exosome like release pathway (Fig. 11
(10.)) [218].

Furthermore, ORF3 acts as a viroporin that facilitates ion permeability at the plasma
membrane [195]. Also, cell polarity plays an important role in directing the ORF3 lo-
calization. HEV is mostly released at the apical membrane [219] [86]. The apical site
faces the bile duct, where the released virus is not enveloped. In this case, ORF3 was
not detected on the surface of HEV. However, it was detectable on particles that are
released at the basolateral side of the cell into the blood—stream. It is speculated that
the necessity for an envelope in the blood—stream is due to the protection it confers
against the host’s immune response since the envelope masks epitopes from neu-
tralizing antibodies targeting the capsid protein. On the other hand, in the bile duct,
where the bile salts disorganize the lipid layer, this protection is not necessary any
more.
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Figure 11: Life cycle of HEV. 1. Entry, 2. Uptake, 3. Release into cytoplasm, 4. Trans-
lation of the nonstructural protein, 5. Genome replication, 6. Translation of the structural
proteins, 7./8. Release of ORF2g/c, 9. Assembly of infectious particles, 10. Release of
enveloped virus. Inspired by [185]

1.6.2. Processing of the Non-structural Protein

In the life cycle of positive—sense RNA viruses the nonstructural protein generally gets
cleaved by either viral or by cellular proteases to start replication of the viral genome.
Proteases are enzymes that cleave polypeptide bonds. They can be classified within
5 major groups: serine, cysteine, aspartic, threonine and metallo—proteases [220].
Papain—like cysteine proteases are the largest subfamily among cysteine proteases
and occur in animals, plants, bacteria and viruses. Most members of this group pos-
sess a catalytical triad (C—H-D), but some members are functional with a catalytical
dyad (C—H) [127]. The catalytical dyad has been observed in other viruses such as
Rubella virus and Coronavirus 229E [127].

In those examples, the viral non structural protein gets cleaved by the viral PCP, how-
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ever, the same has not been shown for HEV yet. In fact, there has been a large
amount of controversy about the functionality of the PCP domain of HEV. On the one
hand, studies report no cleavage for the polyprotein and on the other hand, studies
found putative cleavage products, but cannot prove it with certainty.

An overview of the cleavage products reported can be found in Tab. 1.

In several studies, ORF1 cleavage was not observed or was deemed not convincing
due to inconsistent results.

In the study published by Ansari et al. (2000), no cleavage was observed neither
following in vitro translation of ORF1, nor after its transfection in HepG2 cells or when
expressed in E. coli [131]. In the same year, Ropp et al. showed the appearance of
inferior products when ORF1 was expressed by vaccinia virus (Tab. 1). However, mu-
tation of the catalytical dyad did not abrogate the cleavage, therefore the HEV PCP
was likely not responsible for it [132].

In 2013, Pertilla et al. observed cleavage of tagged ORF1 after in vitro translation,
nevertheless cleavage was also observed in absence of the HEV PCP or any other
proteases [216].

Altogether, these findings do not suggest polyprotein cleavage by the HEV PCP. Yet,
the presented expression systems and assays do not represent physiologically rele-
vant conditions. Also, the involvement of cellular proteases or other cellular factors
that can activate the viral protease cannot be ruled out.

Among the studies observing possible cleavage, is the report by Sehgal et al. (2006)
that expressed a N— and C—terminally tagged ORF1 by baculovirus. Upon cell lysis
and western blot against the tags, several smaller products were observed in a time—
dependent manner. Mass spectrometry even revealed peptide sequences of the MeT
domain in the 35kDa fragment. The inhibition of cysteine proteases by E—64d abol-
ished most cleavage, however, it could not be ruled out that processing might involve
other non—cysteine proteases [133].

In 2013, Parvez confirmed the occurrence of potential cleavage products (Tab. 1)
upon transfection of a tagged ORF1 protein in HuhS10-3 cells. The size of the smaller
tagged proteins is in concordance with previous reports [127].

Another study attempts to prove the protease activity of the HEV protease by perform-
ing a digestion assay of in vitro transcribed and translated truncated ORF1 (Met—PCP
and Hel-RdRp). Indeed, cleavage occurs and reveals smaller products that are in line
with protein sizes discussed before [128].

Kanade et al. showed in 2018 that cysteine proteases might not be the sole pro-
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teases involved in the replication of HEV. They identified cleavage site of thrombin
and factor Xa (serine proteases) that are conserved among HEV genotypes. Indeed,
mutation of these cleavage sites abrogated HEV replicon replication in Huh 7 S10—
3 cells. Furthermore, thrombin was able to cleave truncated ORF1 protein in vitro.
It was additionally demonstrated that thrombin and factor Xa were crucial for HEV
replication in transfected cells. Thus, these results open up a new perspective of the
proteases involved suggesting even a serine protease activity [221].

In one approach the HEV genotype 3 genome was tagged with an HA—epitope and
electroporated in Hep293TT cells, however no potential cleavage products were de-
tected [222]. Another study that was conducted in a cell culture system by Ju et al.
in 2020 did not observe any minor bands in addition to the full length ORF1 protein
either. In this approach, an antibody to the ORF1 X—domain was engineered and
HepG2C3A cells transfected with ORF1 cDNA were analyzed [101].

Lastly, the most recent study by Proudfoot et al. suggests the existence of a zinc met-
alloprotease in the ORF1 that is located in a slightly different position than previously
predicted (510—-691aa) (Fig. 8). Initially, the boundaries of the HEV PCP were based
on alignments with homologs in other viruses, but the sequence similarity was low
(below 20%) and the PCP could not be extensively characterized. In this study, the
newly identified region yielded a stable soluble protein, suitable for crystallization that
also coordinated a zinc ion. The domain is structurally homologous to fatty acid bind-
ing domains, but no specific ligands have been identified yet [130]. Further studies
are required to confirm its relevance in a cell culture system.

Yet, the reports in favor of processing do not include biologically relevant systems
and are not completely consistent concerning the HEV PCP activity. In conclusion,
the controversy of the ORF1 processing is largely due to the absence of a relevant
cell culture system and the lack of knowledge of the PCP domain of the ORF1.
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Table 1: Processing of ORF1 as described in the literature
Expression System  Cell Line Construct Cleavage Products Reference
Baculovirus Tni insect Tagged ORF1 N-terminal: 122, 106, [133]
cells 93, 59, 26
C—teminal: 98, 47, 35,
22
HEV Sar55 replicon Huh S10-3 Tagged ORF1 N—term?nalf 35 [127]
C—terminal: 78
In vitro translation E.coli C43 MeT-PCP 35kDa [128]
Hel-RdRP 55, 35 kDa
In vitro purification Bacteria X—Hel 25kDa [221]
Hel-RdRp 25kDa
In vitro translation Tagged ORF1 None [131]
Transfection HepG2
Prokarytic Expres- E.coli JM109
sion
Vaccinia Virus Hela, Vero, Tagged ORF1 107, 78 kDa [132]
HepG2,
Chang liver
cell lines
Plasmid vector 293T Tagged ORF1 None [134]
In vitro translation Tagged ORF1 130, 57 kDa [216]
HEV replicon Hep293TT Tagged ORF1 None [222]
cells
HEV RNA transfec- HepG2C3A ORF1 None [101]
tion cells

1.6.3. Membrane Rearrangement Induced by HEV

Cellular membranes are required for replication, assembly and/or release of viruses
and all positive—sense RNA viruses synthesize RNA in association with internal cel-
lular membranes [223, 224]. They likely increase efficacy of virus production by pro-
viding a physical platform, that provides a protected environment for viral replication
and assembly [225]. The reorganization of cellular cytoskeleton and membrane com-
partments thus leads to changes in cellular morphology that were already described
in the 1950s [226, 227].
Positive sense RNA viruses generally replicate in the cytoplasm, therefore mem-
branes can provide a replication complex encompassing cellular and viral compo-
nents. Additionally, these membranes can contribute to evade host defense mecha-
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nisms that detect double stranded RNA (dsRNA)[228].

Different virus families use different membrane organization strategies (Fig. 12).
Positive—stranded RNA viruses use a wide variety of membranes ranging from the
outer ER membranes, compartments of the secretory pathway, endosomes, mito-
chondria or other organelles (Fig. 12) [229—-235] . HCV for examples creates a mem-
branous web consisting of single double membrane vesicles (DMVs) mainly derived
from the ER [236]. Similarly, Coronaviridae and Arteriviridae build ER—derived DMVs
as well, where they produce a dsRNA intermediate during replication [237, 238]. To-
gaviridae on the other hand create spherules of 50-400nm on endosomes for RNA
replication [239]. These isolated compartments help to hide from innate immune re-
sponses to dsRNA.

Rubella Virus and Alphaviruses have a relatively similar ORF structure compared to
HEV even though their sequence similarity is low. Alphaviruses produce membrane
invagination and spherules in infected cells. The vesicular structures or "cytopathic
vacuoles” (CPVs) have a diameter of 600—2000nm. These vacuoles contain the non
structural proteins and lysosomal enzymes [225]. The sites of viral replication are de-
rived from endosomes and lysosomes and are in many cases connected to the rough
ER. While the NSPs are synthesized in the cytoplasm, they bind to endosomes and
lysosomes to form the replication complex.

Also, the Rubella Virus (RUBV) induces vacuoles containing spherules that are con-
nected to the ER [240, 241]. These replication complexes are membrane—bound cy-
toplasmic vacuoles that are lined internally with vesicles measuring 60 nm in diameter.
However, RUBV virions have not been detected in the vacuoles where the vesicles
were found [240].

In HEV, membrane rearrangement has not been studied yet due to the absence of
a relevant cell culture system. Additionally, the role of ORF1 in this process would
be difficult to determine since there is no commercial antibody available against this
protein.
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Figure 12: Membrane rearrangement and viral factories induced by other viruses and
virus families. The red text indicates the structure that is induced next to the organelle
that is affected. Adapted from Expasy: [242]

1.6.4. Subcellular Localization of ORF1

As mentioned in the previous chapter, the association of HEV with host membranes
remains unknown to this day and attempts to locate the ORF1 have been difficult for
a long time due to a lack of an efficient cell culture system. However, several recent
reports have described the localization of ORF1 in different cell culture systems.

In 2017, Lenggenhager et al. published 2 antibodies recognizing the RdRp— and
the MeT-region of ORF1 [243]. They reported a cytoplasmic staining when ORF1
(Genotype 3, Kernow C1 strain) was expressed in Huh7 cells via an expression vec-
tor. However, ORF1 could not be detected in HEV infected patient tissue using the
same antibodies. In contrast, ORF2 was detectable both in Huh7 cells and in patient
tissues. Compared to ORF2, ORF1 is likely less abundant in patient tissues and is
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therefore more difficult to detect. Moreover, there might be a spatial and temporal
restriction of the non—structural protein.

Using the BacMam expression system Kumar et al. reported the detection of ORF1
domains (pSHEV-3) in Huh7 cells using specific antibodies against the MeT—, PCP—
and RdRp—domain (Fig. 13) [244]. The Met— and PCP- staining showed a nuclear
and perinuclear localization of ORF1, while the RdRp—staining reveals a predomi-
nantly perinuclear localization.

Anti-Met Anti-PCP Anti-RdRp

Control

Infected
with HEV

5
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- @
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-

Figure 13: Staining of MeT, PCP and RdRp domain of the ORF1 protein expressed in
Huh7 cells, [244]

Another study by Szkolnicka et al. in 2019 reported the visualization of a HA—tagged
HEV replicon (HEV83—-2-27) in HepG2/C3A cells [222]. The staining appeared in the
cytoplasm as well and showed a dot-—like structure. On the other hand, the ORF1
could not be identified using the anti—RdRp or anti—-Hel antibody that were published
by Lenggenhager et al.. Furthermore, a partial colocalization between ORF1 and
ORF2/0ORF3 was found in the cytoplasm. This might imply that the replication and
assembly sites are located in close proximity. Co—staining of ORF1 with CD—-63 and
CD-151 showed a moderate degree of colocalization (Pearson coefficient of 0.61 and
0.6 respectively) and a partial overlap was found with markers of the ERGIC and Golgi
as well (Pearson coefficient of 0.51 in both cases)(Fig. 14). This suggests that HEV
uses modified early secretory pathway membranes for replication.
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Figure 14: Co-staining of HA—tagged ORF1 protein and different exosomal markers in
Hep293TT cells at 5 days post transfection. ERGIC-53 is a marker for the ERGIC com-
partment, GM130 for the golgi apparatus, CD63 and CD151 are tetraspanins in exo-
somes. The white bar marks 20 um. [222]

To study the subcellular localization of viral replication, it is possible to not only
study the localization of viral proteins, but also viral RNA. During the replication of a
positive—stranded RNA virus, the postive strand serves as a template for the nega-
tive —strand. The negative strand in turn serves as an intermediate from which new
+strand RNA is synthesized. Therefore it is interesting to stain both positive and
negative—stranded RNA. There are several techniques available to visualize RNA in
cells and the RNAscope®technique (ACD Bio) was employed by for example Liu et al.
in 2019 to target HCV RNA in Huh7.5.1 cells (Fig. 15 ). The positive and negative—
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stranded RNA appears in a dot like structure throughout the cell and in proximity to
the non—structural protein NS5A and the core viral protein.

(+) RNA
(-) RNA

Nuclei

Figure 15: RNAscope staining of HCV RNA in Huh7.5.1 cells. The white bar marks 10 pm,
[245].
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1.7. Pathogenesis

To this date, the pathogenesis of HEV remains poorly understood. It is still unclear
how the viral particles reach the liver as it is transmitted via the fecal-oral or the
zoonotic route. It has been shown that HEV can replicate in intestinal cell lines and
moreover, the ORF2 has been detected by in situ hybridization in the intestinal crypt
of chronic patients. Therefore, it can be hypothesized that the virus first replicates in
the intestinal tract and reaches the liver over the bloodstream in its quasi—enveloped
form [86, 87].

Next, HEV replicates in the hepatocytes where it can be released as a quasi—enveloped
particle into blood or bile [61]. However, most particles are released at the apical
membrane, which leads to the bile tract [86]. There, the bile salts likely strip away the
quasi—envelope leaving the virus to be shed into stool or urine naked [44].

HEV itself has no cytopathic effect, implying that HEV—induced pathogenesis is a
consequence of the host immune response. Indeed, natural killer cells and cytotoxic
T—cells are major players in the immune response against HEV.

1.7.1. Innate Immune Response

The innate immune system is a major host defense mechanism triggered by viral in-
fections, although its response to HEV during an acute or chronic infection remains
poorly understood to this date.

One prominent characteristic is the rapid and effective detection of invading pathogens
by recognition of their pathogen associated molecular patterns (PAMPS) by the host’s
pattern recognition receptors (PRRs) [246]. Foreign RNA sensors comprise RIG—I—
like receptors (RLRs) and Toll-like—receptors (TLRs) that sense viral RNA in the cy-
toplasm or the endosomal compartment respectively. Among members of the RLR
family are RIG—I and melanoma differentiation associated gene (MDAS5) (Fig. 16)
[247]. Viral recognition by for example RIG—I activates a signaling cascade including
the TBK and IRF3, which leads ultimately to the production of proinflammatory cy-
tokines and IFNs [247, 248].

Next, IFNs transcriptionally stimulate a variety of ISGs through the janus—kinase sig-
nal transducer and activator of transcription protein (JAK—STAT) pathway, thus creat-
ing an antiviral state.

ISG15 for example is an ISG that targets a broad range of newly translated proteins.
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The mechanism of their inhibition is unclear, but it likely disrupts its function by conju-
gation of the ISG15 to the newly synthesized protein [249].

Another ISG is the 2',5’—oligoadenylate synthetase (OAS), that targets mRNAs and
ribosomal RNAs. It polymerizes ATP into 2’5’ oligo (A) chains, which then activate the
RNase L that degrades both cellular and viral mMRNAs and ribosomal RNAs, which as
a result inhibits viral replication [250, 251].

The Protein Kinase R (PKR) as well recognizes RNA molecules, but contrary to the
2',5°0AS, it targets dsRNA that occur especially during viral replication. The kinase
binds the dsRNA through its 2 RNA—binding motifs resulting in PKR activation and
autophosphorylation, thereby inhibiting translation [252].

IFNs, and especially IFN—«, have been used for decades to treat viral infections, such
as chronic HBV and HCV infections. IFN—«a has also been used as an off-label drug
for treatment of chronic HEV [19].

Many viruses including HEV have adapted to subvert IFN—«a induction and also IFN
activated JAK—STAT signaling.

Firstly, the subversion of IFN—a can happen at several instances and is induced by
different HEV proteins. The PCP domain of the ORF1 protein of HEV can inhibit the
activation of RIG—I and the TBK-I via its deubiquitinase activity thus blocking the ac-
tivity of IRF3, a molecule that is activated downstream of this signal cascade (Fig.
16) [156]. Recently, it was discovered that the MeT and the X domain of the ORF1
downregulate IRF3 activity by inhibiting its phosphorylation [253]. Thus the inhibition
of IFN activation in turn might block or reduce the inductions of ISG expression.

On the other hand, ORF3 increases protein levels of RIG—I and its activation [254].
The exact role of this is unclear, but it suggests that HEV tightly controls the balance
between activation and inhibition of IFNs at different stages of its life cycle.
Secondly, HEV has adapted to subvert IFN activated JAK-STAT signaling by inhibiting
ISG signaling. Bagdassarian et al. found that a truncated version of ORF1 containing
the MeT—-, Y- and PCP—domain inhibited the activation of ISGs through an unknown
mechanism. It was speculated that the protein might inhibit STAT1 phosphorylation
or the recruitment of STAT to the IFN receptor [255].

Furthermore, the HEV polymerase is binding to the ISG IFIT1 to protect the viral RNA
from IFIT1—mediated translation inhibition [168].

Also, the interferon—induced phosphorylation of STAT1 is inhibited by ORF3. Conse-
quently the synthesis of 2 antiviral proteins, dsRNA activated PKR and 2',5-OAS, is
abrogated [14].
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Figure 16: Innate immunity signaling cascade, inspired by [14]. RIG-l:retionic acid in-
ducible gene—I , MAVS: Mitochondrial Antiviral Signaling Protein , IKKe: I-kappa—B kinase
epsilon , TBK: tank—binding kinase, IRF3: Interferon Regulatory Factor 3, IFN: interferon,
JAK: Janus Kinase , STAT: Signal Transducer and Activator of Transcription, IRF9: Inter-
feron Regulatory Factor 9 , ISRE: Interferon—Stimulated Response Element, ISG: Inter-
feron Stimulated Gene, IFIT1: Interferon Induced Protein with Tetratricopeptide Repeats
1, 2’5'0AS:2’,5'—oligoadenylate synthetase, PKR: Protein Kinase R.

1.7.2. Adaptive Immune Response

HEV induces specific antibodies early after infection. Studies in non—human pri-
mates showed that HEV specific antibodies protected them from subsequent infec-
tions [256—258].

In humans, the HEV specific IgM level reaches its peak at 6-8 weeks after infection
and is undetectable 56 months later (Fig.17). Contrarily, the 19gG levels gradually
increase during the acute and convalescent phase and last several years to protect
the host (Fig.17) [21]. A protective role of naturally acquired antibodies has been doc-
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umented in outbreak and non—outbreak settings [259].

The ORF2 protein is the main target for neutralizing antibodies (Zhang 2012, Tang
2015) as it is exposed when the particle is naked [260, 261]. In its quasi—enveloped
form, HEV is more resistant to antibodies implying an evasion from a humoral re-
sponse by sheltering the capsid protein [262].

Similarly, HEV elicits a specific CD8+ and CD4+ T cell response during acute infec-
tions. In vitro the functionality of T cells was characterized by proliferation and the
release of cytokines. The durability of HEV specific T cells after acute infection is
not exactly known. It was suggested that the T cell response decreases in the early
months after infection, however a longitudinal study showed a rapid decline in HEV
specific T cells after the first week of infection [263, 264]. Nevertheless, long lived
memory T cells are produced successfully after the infection [263, 265-267].

The infiltration of T cells may lead to liver damage due to cytotoxic activity. CD8+ T
cells have been found in liver biopsies of patients suffering from HEV induced acute
liver failure and fulminant hepatic failure [268, 269]. Also, it was found that genes
associated with cytotoxic activity were overexpressed in these patients [269]. On the
contrary, less IFN~y and TNFa and fewer CD4+ cells were present compared to pa-
tients where HEV could be resolved. While it is unclear whether this is the cause
or the consequence of the disease progression, it can be concluded that the T cell
response is associated with the immune pathogenesis in the liver [270].
Furthermore, T cells target specific epitopes of ORF2, which are mostly conserved
among several strains [263]. Even T cells recognizing epitopes of ORF1 have been
observed [271].

In a chronic infection, a continuously high antigen stimulation will lead to T cell ex-
haustion resulting in impaired proliferation, cytokine production or cytotoxic activity.
This effect has already been demonstrated in HBV, HCV and HIV [272].

Additionally, high antigen levels may lead to a dysfunctional T cells response. Con-
tributing factors to T cell exhaustion and dysfunction are a negative regulation of reg-
ulatory T cells and interleukin 10 (IL10) as well as the upregulation of inhibitory recep-
tors such as programmed cell death protein 1 (PD—1) and cytotoxic T-lymphocyte—
associated antigen 4 (CTLA—-4). While on the one hand, both limit the immunopathol-
ogy by regulating the proliferation of T cells, on the other hand, it facilitates HEV
replication. However it is unsure whether the dysregulation stems from the chronicity
of HEV or the immunosuppressive therapy administered prior or during the infection
[267, 271].
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Figure 17: HEV specific antibody levels in patient sera, CD8+ T cells and Alanine amino-
transferase (ALT) over the course of an infection, [14]

1.8. Diagnosis

In most cases, HEV is self-limiting, thus a diagnosis is usually not performed. How-
ever, in case of an infection of immunocompromised patients or pregnant women, it
is important to detect HEV RNA or antibodies according to clinical standards.

HEV infection can be diagnosed either indirectly by detection of anti-HEV antibodies
or directly by detecting HEV RNA or capsid antigen in blood or other bodily fluids [44].
Indirect diagnosis relies on the detection of anti-HEV immunoglobulinss (lgs) IgG and
IgM. The production of IgM antibodies is induced by all 4 genotypes of HEV in a sim-
ilar manner during the acute phase of illness and last until 4-5 months after infection,
thereby indicating an acute or recent infection (Fig. 17). 1gG antibodies can be de-
tected just after IgM levels rise and they increase further until the convalescent phase.
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Some studies suggest that IgG antibodies remain for years after infection, however
the exact duration has not been determined yet [273, 274].

In clinical settings, ELISA and immune—chromatographic assays are used routinely
to detect HEV antibodies. Several anti-HEV antibody ELISA assays are available for
detection of IgM and IgG [275].

The Wantai test from China has been reported to have a good sensitivity and speci-
ficity and is favored by many laboratories worldwide [276]. This test detects the HEV
antigen, but it can show false positive results since it detects the ORF2g and ORF2c
that remain detectable in patient sera even after the hepatitis has resolved.

The difference of seroprevalence in different countries can partly be attributed to the
usage of different detection assays [275].

In some studies, IgM immunochromatographic assays showed higher sensitivity than
certain ELISA assays [277, 278]. However it is noteworthy that there is not a single
Food and Drug Administration (FDA) approved serological assay that can be used for
clinical HEV diagnosis. The available assays can only aid HEV diagnosis and can be
used in epidemiological studies [279].

Importantly also, the detection of HEV antibodies in immunocompromised people
could fail in establishing an accurate diagnosis due to delayed seroconversion and
low antibody titers. Thus, confirmation of HEV infection increasingly relies on molec-
ular or direct methods [279].

The detection and quantification of HEV RNA in blood, feces or other bodily fluids is
considered the gold standard to diagnose an active HEV infection [44]. In 2011, the
WHO has released a standard of HEV RNA that permits comparison of qualitative
and quantitative PCRs assays worldwide [280].

Direct diagnostic methods detect viral RNA by amplification of the overlapping region
of ORF2/ORF3 that is conserved among genotypes [281].The viral RNA is detectable
in feces and blood as of one week before clinical symptoms (Fig. 17).

Furthermore, the HEV genotypes or subgenotypes can be characterized by sequenc-
ing different regions of the genome such as ORF2 or the RdRp of ORF1. This in-
formation helps to determine the molecular epidemiology of the virus or the potential
occurrence of mutations in the RdRp that are associated with ribavirin treatment fail-
ure [146, 177].

Usually, HEV is diagnosed via the indirect method by measuring anti-HEV IgM levels.
In case of positive results, the HEV RNA gets analysed to characterize its molecular
features and the strain is sent to the national reference center. If no anti-HEV IgM are
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detected, no recent infection is indicated for immunocompetent patients. However, im-
munocompromised patients might be infected without displaying specific antibodies,
therefore HEV RNA levels are measured to determine their status (Fig. 18) [282].
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Figure 18: Flow diagram of HEV diagnosis, adapted from [282]

1.9. Treatment

Usually, HEV infection is self-limited in the immunocompetent population and viral
clearance occurs spontaneously, therefore a specific treatment is not required. How-
ever, in industrialized countries with a growing population of immunocompromised
patients (for example solid organ transplant (SOT) patients), HEV poses a real public
health problem. Nevertheless, a recommended treatment is not yet available.

To date, chronically infected patients are treated as follows: first, their immunosu-
pression will be reduced, next, PEGylated IFN« is administered and at last ribavirin
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therapy is started (Fig. 19)[45, 146].

The reduction of immunosuppressants in SOT patients needs to be carefully evalu-
ated as the risk of allograft rejection may increase. In 1/3 of HEV infected patients,
dosage reduction leads to viral clearance, therefore the remaining part is treated with
PEGylated IFN« for 3—12 months which results in viral clearance in 80% of cases
[283, 284]. Although, this treatment cannot be administered to SOT patients, since
it increases the risk of allograft rejection due to the stimulation of the immune sys-
tem [14]. As opposed to that, liver transplant recipients and a hemodialysis patient
have successfully cleared HEV infection upon PEGylated IFN treatment [283, 285].
Most commonly, ribavirin (RBV) is used as off-label drug either as monotherapy or in
combination with PEGylated IFN« if that is possible [286—288]. While RBV is safe to
use in immunocompromised patients, it cannot be given to pregnant women due to
a possible feto—toxicity and hemolytic anemia [275]. In 90% of cases, RBV therapy
leads to viral clearance, but RBV treatment failure has been reported in patients.
RBV is an inhibitor of a cellular enzyme inosine monophosphate dehydrogenase (IM-
PDH). It depletes the intracellular GTP pool which impedes RNA replication by inhibit-
ing the IMPDH, since it shares important structural features with guanosine [289].
This in turn induces mutagenesis of the HEV genome which can lead to an error
catastrophe, which means that the majority of genomes of a virus population are non-
functional [290, 291]. Additional mechanisms of action are the immunomodulation of
T helper cells and the potentation of induction of ISGs [292].

The exact mechanism in vivo is unclear, but it was found that more heterogenous
intra—host HEV populations were more likely to induce chronicity [293, 294]. Certain
HEV intra—host populations showed modifications (single nucleotide variants (SNVs)
and mutations or insertions in the HVR) that could be associated with RBV monother-
apy failure. Especially the G1634R mutation in the RdRp has been observed in a
number of patients and is associated with increased replication fitness in tissue cul-
ture and in vivo [295, 296].

So far, no other antiviral therapy has been shown to be effective against HEV. Sofos-
buvir, a nucleoside analogue that is an effective antiviral against HCV, inhibits HEV
in vitro, but has received mixed reports in patients [297—-300]. The natural compound
silvestrol, which proved effective against Ebola, blocks HEV replication in vitro, but
results from clinical trials are still missing [301]. The nucleoside analogue NITD008
and the non—nucleoside inhibitor GPC—N114 also block HEV replication in vitro while
the two compounds exhibit a synergistic effect. They have not been tested in clinical
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trials yet [302].
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Figure 19: Treatment of HEV infection. A: people with a high viral load; B: Pregnant
women; C: People suffering from a hematological disease; D: chronically immune sup-
pressed people.

1.10. HEV Vaccine

Currently, there is no vaccine available worldwide that confers protection against more
than two genotypes of HEV.

Most vaccines or vaccine candidates that have been tested are based on the HEV
capsid protein (Tab. 2). GlaxoSmithKline conducted a study on a recombinant HEV
vaccine that ended in phase Il. A recombinant HEV VLP vaccine finished phase Il
clinical trials that were performed by Xiamen Innovax Biotech. However, the vaccine
that was commercialized under the name Hecolin® is only available in China (Tab.
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2) [303]. The vaccine is based on 239 amino acids of ORF2 (aa368—aa606) and
it self-assembles in VLPs that are structurally similar to the capsid protein in an E.
coli expression system [304—306]. It shows a good immunoreactivity in patient serum
samples and exhibits an efficient protection of 96% and 86% after 5 years [307].
Three doses are given at 0, 1 and 6 months and 200,000 doses are provided per year
[15]. The vaccine shows protection to hepatitis caused by HEV genotype 1. Limited
data are available for genotype 4 and no data are available concerning genotypes 2
and 3 [308-310].

However, several drawbacks were encountered. Firstly, the cases of HEV infection
dropped by only 7.58% and the state of clinical data is inadequate (Chinese Center
for Disease Control and Prevention). Next, there is an insufficient public awareness
since the infection mostly occurs in endemic regions. Lastly, there is no data available
on under 16 and over 65 year old patients as well as pregnant women. Therefore, it
is necessary to further improve the vaccination strategy. For example, currently, clini-
cal trials are performed on the safety of Hecolin® in pregnant women in Bangladesh
(NCT02759991). Another approach would be examination of HEV specific T cell re-
sponses in Hecolin® vaccinated individuals, since the vaccine is thought to elicit a
predominantly humoral response [259]. One immune based therapeutic strategy in-
cludes the restoration of HEV specific T cells by blocking PD—1 and CTLA—4, which
could lead to T cell immunity. However, the patient specific responses to the inhibition
of this pathway create a challenge for the development of personalized immunother-
apy [267]. Yet another strategy could be the development of a T cell based vaccine.
The peptide based vaccine could target CD8 cytotoxic T cells or CD4 helper T cells
[311, 312]. The identification of the target epitope remains essential for designing
peptide based T cell vaccines [263, 266, 271]. While this approach could be useful
for chronically infected HEV patients, the main drawback is the limited understanding
of the T cell response against HEV.

One major problem for the implementation of a vaccine program based on the exist-
ing vaccine or vaccine candidates is the different transmission of genotypes 1 and 2
versus genotypes 3 and 4. WHO does not recommend the vaccines in populations
without outbreaks posing low risk of mortality. Consequently, outbreaks of genotypes
3 and 4 would not be part of the immunization program. Therefore it could be use-
ful to instead vaccinate animal reservoirs, especially swine, instead of humans [313].
However, considering that HEV infections in pigs are asymptomatic and self-limited,
a vaccine protecting from HEV only might be uninteresting for farmers since the cost
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benefit ratio is low. Thus, the vaccine could possess a double protection from HEV
and for example foot and mouth disease virus (FMDV). Behloul et al. reported a com-
putational approach of the combination of the two epitopes for neutralizing antibodies
of both viruses. The chimeric protein was stable, antigenetic and immunogenetic, but
has not been studied in vivo yet [313].

Table 2: Vaccine candidates of HEV, [314]

Expression System ORF2 Genotype  Remarks Reference
Amino &Strain
Acids
221-660 GT1, No protection in macaques [180]
E. coli Burma . o
’ 394-607 China Poorly immunogenic in mice [315]
368—-606 China, Phase Il clinical trials, [308]
GTH1 Hecolin
439-660 GT 4 NJ— Computational Simulation [313]
703
112-607 GT1, Sar— Phase ll clinical trials [316]
Baculovirus 55
112-577  GT1, [93]
Burma
112-660 GT1, Breakthrough infection in [317]
Burma macaques
112-534 GT1, Oral route
Burma
Yeast Pichia pastoris  551-607 China [318]
Transgenic tomato 394-607 China [319]
plants
1-660 Burma Stability
DNA vaccines 1-660 GT1, India Protection in macaques [320]
1-660 GT1, Protection using gene gun [321]
Burma
1-660 GT1, India Additional protein
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1.11. Cell Culture Systems

For a long time, an efficient cell culture system was not available to study HEV. While
the most recent developed tools still present limits, great progress has been made.
Culturing of HEV began in 1987 when Pillot et al., inoculated liver cells with HEV iso-
lated from fecal specimen. In 1990, a molecular clone was created by Reyes et al.
through PCR [322]. A first break—through was achieved when in 2007 Okamoto et
al. isolated the virus from a Japanese patient with high viral load and infected 21 cell
lines. They observed an efficient replication in hepatoma cell lines and a lung cancer
cell line [323].

While previous studies used mainly HEV genotype 1, in 2007 Tanaka et al. developed
a cell culture system in the hepatocarcinoma cell line PLC/PRF/5 for HEV genotype
3 [324].

In 2011 Shukla et al. successfully adapted the genotype 3 Kernow—C1 strain, which
was isolated from a patient co—infected with HIV and HEV presenting a high viral
load, to cell culture after 6 passages. The strain was therefore called Kernow—C1/p6
and it contains an insertion from a ribosomal protein S17 in the HVR. This insertion
was found in a minority of viral populations in the patients as well, thus it is not a cell
culture artifact [102].

While patient isolates are a relevant biological system to study HEV, they are ineffi-
cient in spreading and present a variability between and within patients risking incon-
sistency between experiments [2, 219, 325]. The use of cDNA clones can overcome
low replication efficacy and the reproducibility problem. Also, genetic modifications
can be performed. The cDNAs were created from subgenomic PCR amplification and
assembly through restriction enzymes [2, 326]. In certain strains reporter genes were
inserted as for example the Gaussia luciferase or a green fluorescent protein (GFP)
that substitutes the majority of the ORF2 and ORF3 gene in the Kernow—C1/p6 strain,
which is used in this study as well [10].

Other cDNA clones include a Kernow—C1/p6 strain that contains a S19 ribosomal
protein in the same region as the S17 insertion previously mentioned [145]. When
A549 cells persistently infected with HEV genotype 3, cell culture adaptive mutations
and insertions have been found derived from of other parts of the ORF1 and adjacent
regions [327]. The insertions could be a tool to enhance viral replication since they
are associated with increased viral fitness.

Moreover, it is important to pair the desired HEV strain with the correct cell line, since
there is no universal cell culture system available. HEV has a broad host and tissue
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tropism, thus it replicates in various cancer cell lines (Selection of cell lines support-
ing the Kernow—C1/p6 strain found in Tab. 3). Therefore not only infection of the liver
but also extrahepatic manifestations can be studied in humans and animals. In 2018
Montpellier et al. reported an efficient cell culture system for the production of HEV
Kernow—C1/p6 in PLC3 cells, a subclone of the PLC/PRF/5 cell line. Viral titres reach
up to 3.3x107 FFU/mL . In this study, most experiments were undertaken in PLC3
cells together with Huh7.5 cells [186].

The advantage of cancer cell lines are easy handling, robustness and availability.
Drawbacks are slow virus replication and unsuccessful propagation of HEV from low
titre samples. Additionally, hepatoma cell lines have a defective immune system and
other cellular pathways are less faithfully represented [1].

To overcome those drawbacks primary human hepatocytes (PHH) and induced pluri—
potent stem cells (iPSC) can be used. PHH and mouse embryonic fibroblasts (MEF)
support the infection with Kernow—C1/p6, but their availability is limited and their life
span is rather short. Also, the variability of PHHs is high depending on the donor’s
health status, the isolation protocol and culture conditions [2]. Hepatocyte like cellss
(HLCs) which are derived from iPSC or embryionic stem cells (ESC) on the other
hand have the advantage of self-renewal and generation of patient—specific disease
models [328]. This system has similar characteristics to known cell culture systems,
but it can be infected by non—adapted HEV isolates. In fact, clones that have been
adapted replicate less efficiently than non—adapted strains. This could be the reason
why the S17 insertion of the Kernow—C1 strain remained a minority in patients [1].
Furthermore, these cells possess phase |, Il and Ill drug metabolizing enzymes and
are thus suitable for metabolism and drug disposition studies [329].

Another useful tool to study HEV is the polarized cell culture model. In a study by
Capelli et al. a subclone of HepG2/C3A cells were used that presented an apical
(oriented towards the bile) and a basolateral side (oriented towards the blood). It was
found that while HEV particles are released from both sides, the vast majority was se-
creted at the apical side (94—99%). Furthermore, apically released HEV genotypes 1
and 3 were 6 and 9 times more infectious, respectively. This model mimics physiolog-
ical conditions thereby presenting an advantage over classic cell culture systems [86].
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Table 3: Cell lines that support Kernow—C1/p6 replication, table from [1] and [2]

Cell line Origin Reference
Caco—2 Colon [144]
Hepa-RG Liver [330]
HepG2/3CA Liver [144]
Huh-7 S10-3 Liver [331]
Huh7.5 Liver [144]
PLC/PRF/5 Liver [144]
PLC3 Liver [186]
A549 Lung [144]
MO03.13, DBRTG, SK-N-MC, DAQY Neuron [332]
us7 Neuron [333]
JEG-3, BeWo Placenta [334]
FRhK—4 (rhesus macaque) Kidney [331]
LLC-PK1 (pig) Kidney [144]
OHH1.Li (deer) Liver [144]
MDCK (dog) Kidney [144]
CRFK (cat) Kidney [144]
LLC—-RK1 (rabbit) Kidney [144]
Hepa 1—6 (mouse) Liver [144]
PHH Liver [335]
HLCs Liver [336]

1.12. Animal Models

Several animal models are currently in use to complement the research done in cell
culture (Fig. 20).

Non human primates (NHPs) susceptible to HEV infections include: Chimpanzees,
rhesus macaques, pig—tailed macaques, ferrets, owl monkeys, squirrel monkeys,
tamarins and patas monkeys. Most susceptible were Chimpanzees, rhesus macaques
and cynomolgus monkeys, thus they are the most suitable models to study HEV in-
fection [33, 337]. An infection of rhesus macaques with HEV genotypes 1 and 3 led
to elevated serum levels of the liver enzymes ALT and AST, viremia, seroconversion,
liver lesions and viral shedding in stool [338—340].The acute infection was very similar
to humans.

NHPs are not only susceptible to human HEV but also to other species derived HEV
(swine derived HEV3, rabbit derived HEV3, cow derived HEV4 and camel derived
HEV7) making them a good tool to study cross—species transmission [339, 341, 342].
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A chronic infection could be achieved when infecting rhesus macaques with swine
derived HEV4 [341, 342].

However, pathogenesis in pregnant animals could not be studied as no vertical trans-
mission and increase of mortality was observed [340]. Nevertheless, recently, an
ex—vivo model was set up to study the replication of HEV genotypes 1 and 3 at the
maternal—foetal interface using the decidua basalis and fetal placenta [343].

Rhesus macaques and cynomolgus monkeys show protective immunity against HEV
therefore they can be used to identify vaccine candidates [307, 315, 344]. Since NHP
are not a natural host for HEV, this presents a drawback in this model. Also, financial
and ethical reasons limit the use of NHP in HEV research [345].

Pigs on the other hand, are a natural host for HEV and they are one of the primary
reservoirs for genotypes 3 and 4 [346—348]. The progress of infection is subclinical
with mild to moderate histopathological lesions and no elevation of liver transami-
nases [349]. Viral shedding has been recorded for up to 28 days [350]. It was the
first model to show extrahepatic manifestation sites in small intestine, colon, spleen
and kidney [351]. Pigs can be infected with human derived HEV3 and HEV4, rab-
bit derived HEV3 and wildboar derived HEV3 making cross—species studies possible
[347, 349, 352]. Furthermore, pigs can be infected chronically and their immune re-
sponse can be studied. Vaccine candidates can be evaluated as well, as it was shown
that the truncated recombinant of capsid antigens derived from swine, rat, and avian
HEV strains induce anti-HEV IgG resulting in partial cross-protection against HEV
genotype 3 [353, 354]. However, drawbacks include the limited presentation of clini-
cal disease and the inability to study human derived HEV genotypes 1 and 2 [355].
HEV infection in rabbits was first identified in 2009 by Zhao et al. Rabbit derived
genotypes 3 and 4 lead to a subclinical infection with microscopic lesions charac-
terized by local hepatocellular necrosis [356]. Elevated liver transaminases indicate
acute liver damage. The infection can become chronic and extrahepatic replication
sites have been found in the salvary gland, tonsil, spleen, thymus gland, lymph nodes,
heart, lung, intestine and kidney [325, 357, 358]. Moreover, rabbits can be infected
by human derived HEV4 [32] and swine derived HEV4 [359], thus making it a good
model to study HEV infection. Additionally, high mortality in pregnant rabbits and ver-
tical transmission has been observed making it the only mammalian animal model to
study pregnancy related conditions [360]. Yet, this model is limited due to its inability
to study human HEV1 and HEVS, since it is only susceptible to human derived HEV4.
Even though rodents are a well-characterized model bearing many advantages due
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to their small size and ease of manipulation, they only provide limited success as
models for HEV infection. Especially in mice, discrepancies are observed upon HEV
infection. While C57BL/6 mice are not susceptible to infection with human derived
HEV GT1, swine derived HEV3 and wild boar derived HEV GT4 by intravenous injec-
tion [361], reports using Balb/c mice showed successful infection with swine derived
HEV4 [362]. The discrepancy might be due to differences in viral isolates and the
source of the virus and/or species tropism [355].

Humanized mouse models consist of three week old homozygous uPA/SCID(beige
(USB) mice injected intrasplenically with human hepatocytes [363, 364]. The in situ
infection with human derived HEV genotypes 1 and 3 is successful and results in
viremia, fecal viral shedding and detection of HEV antigens, whereas liver enzymes
were not elevated [355, 365-367]. A chronic infection could be established and HEV
RNA in serum and stool could be detected up to 4 months after infection. Viral RNA
was detected in liver and spleen, but not in brain and kidney deeming this model not
suitable for studying extrahepatic manifestations [366]. Cross—species transmission
has not been studied in detail. In humanized mice, the adaptive immune system is
lacking, therefore the effect of HEV on the innate immune system can be studied. On
the other hand, the lack of the adaptive immune system can be an inconvenience in
other studies [355, 367, 368]. Furthermore, the lack of clinical representation and the
high cost are a drawback for further studies [355].

Similar to C57BL/6, Wistar rats are not susceptible to the mentioned HEV strains, nei-
ther could other cross-species transmissions be established [369]. Nude rats can be
infected with rat derived HEV-C1 and develop a persistent infection, where HEV RNA
is detectable in liver and intestine, but not in other organs [369]. Due to the limited
clinical presentation and the inability to be infected by human derived HEV, this model
is not preferable to use [355].

Ferrets develop, subclinical, acute or persistent hepatitis upon infection with ferret
derived HEV and viral RNA can be detected in stool and sera [370]. They may be po-
tential candidates for studies of pathogenesis and immunological responses of HEV
[871]. Cross—species transmission has not been evaluated yet. Ferret derived HEV
can be propagated in PLC/PRF/5 cells [371]. This model has not been well charac-
terized yet, this is why further development would be necessary.

The mongolian gerbil was successfully infected with swine derived HEV4 where viremia,
fecal viral shedding and a clinical progression was observed including extrahepatic
detection of HEV RNA [372, 373]. This was similar for the infection with human de-
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rived HEV1 [374]. So far however, this model has not yet been characterized well.
Only limited data are provided for the tree shrew, since there is currently only one
report by Yu et al. available. Inoculation with swine derived HEV4 resulted in se-
roconversion of IgG, RNA detection is serum, stool, liver, bile, spleen, kidney and
detection of capsid in spleen and kidney. Liver lesions were observed as well [375].
In chicken, HEV causes hepatitis—splenomegaly syndrome [376]. It could be a useful
model for clinical and pathological aspects, as a clinical progression such as gross
and microscopic liver lesions are observed. Extrahepatic manifestations could be ob-
served as well [377]. Also, chicken are a suitable model for vaccine studies [378].
Overall though, this model is limited since an infection with human derived HEV is
not possible. Additionally, the clinical course of HEV in chicken and humans differs
significantly [355].

The family of Hepeviridae contains not only the Orthohepevirus, but also Piscihep-
evirus including its sole member the cutthroat trout virus. When infected, fish cell
lines generate large amounts of infectious virus. The genomic divergence to human
derived HEV may permit compare—and—contrast studies. However, due to the physi-
ological differences, this model is only of limited use [379].
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Figure 20: Mostly used animal models for HEV infection adapted from [345]
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2. Material

2.1. Buffers and Culture Media

Table 4: Commercially available Buffers, Cell Culture Media & Molecular Weight Markers

Buffers Company
10x Phosphate buffer (PBS) Euromedex
1x PBS Thermo Fisher Scientific

6x DNA Gel Loading Dye

1x Medium 199

1x Dulbecco’s Modified Eagle Medium (DMEM)
Fetal Calf Serum

LB broth

100x Non—essential amino acids

Opti-MEM | Reduced Serum Media

5x Passive Lysis Buffer

Page Ruler™Prestained Protein Ladder (10—180 kDa)
10x Tris Buffer

1x Trypsin

100x Ampicillin

2—Log DNA ladder (0,1 kb—10 kb)

100bp DNA ladder

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma—Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Promega

Thermo Fisher Scientific
Euromedex

Thermo Fisher Scientific

New England Biolabs Inc.
New England Biolabs Inc.
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Table 5: Home made buffers & media

Buffer Chemical Final Concentration
Tris 40 mM
TAE Buffer 1x Acetic Acid 20mM
EDTA 1mM
Tris—HCI (pH 7.5) 50 mM
NacCl 100 mM
B1 Buffer EDTA 2mM
Triton—X 1%
SDS 0,1%
Tris-HCI (pH 6.8) 277,8mM
Glycerol 44.4 % (VIVY%)
Laemmli Buffer 4x SDS 4.4%
Bromphenol blue 0,02%
DTT 200 mM
Tris base 25mM
Migration Buffer 1x for SDS—PAGE Glycine 192 mM
(pH 8.3 without adjustment) SDS 1%
Tris 25 mM
Glycine 190 mM
Transfer Buffer 1x for SDS—PAGE Ethanol 20 %
(pH 8.3 without adjustment) SDS 0,04 %
PBS 1x
Blocking Solution for western blot Fat—free milk 5%
Tween 0.2%
. PBS 1x
Washing Buffer 1x for Western Blot Tween—20 02%
Ethanol 50%
Fixation Solution for Colloidal Blue Staining  Phosphoric Acid 3%
Water 47%
Water 60%
Phosphoric Acid 10%
Colloidal Blue Solution Ammoniumsulfate 10%
Brilliant Blue G250 0.12%
Methanol 20%
DMEM 89%
DMEM complete Fetal Calf Serum 10%
Non essential amino 1%
acids
DMEM 45%

Albumax (in PBS)

ImgmL~!, 2%

HEV medium Sodium Pyruvate 1%
Non essential amino 1%
acids
Medium 199 1x 45%
Monosodiumphosphate 100 mM

o Sodiumhydroxide 675 mM

Fixation Buffer for EM pH 7.3 Paraformaldehyde 49
Glutaraldehyde 2.5%
Phosphate Buffer 100 mM

Immunogold Fixation Buffer pH 7.2 PFA 4%
Glutaraldehyde 0.05%
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2.2. Cell lines, Vectors and Primers

Table 6: Cell lines

Cell line Details Reference
PLC3 Cells A cellular clone of the human hepatic cell line [186]
PLC/PRF/5
Huh7.5 Cells A cellular clone derived from a hepatocytic human cell  [380]
line permissive to HCV replication
H7-T7-1Z Huh 7.5 cells that constitutively express the T7 poly- [236]

merase
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HEV p6 plasmid

10.449 bp

(a) HEV Kernow—C1/p6 plasmid. Accsession number:JQ679013, kindly provided by Sue
Emerson.

p6gluc replicon plasmid

10.624 bp

(b) HEV Kernow—C1/p6 replicon harboring the Gaussia luciferase [43, 102]. ORF2 and ORF3
are truncated.

Figure 21: HEV Kernow—C1/p6 derived plasmids
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Table 7: Primer sequences used in the fusion PCR to target the different inserted frag-
ments US: upstream fragment, DS: downstream fragment. All primers have been ordered
at Sigma—Aldrich Life Science

Insert Primer Sequence
Name
Ho US 1194(+) EcoRV 5’-GC GAT ATC CAA GGG CAT GCG CCG GTT G-3
2222(—) HA 5-GGCGTAGTCGGGCACGTCGTAGGGGTAATCACT
AGCAGGCGGGGTAGGG-3’
H2 DS 2244(+) HA 5-TACCCCTACGACGTGCCCGACTACGCCATTTGG GCGT-
TACCACCGCCCTCCG -3’
3351(—) Ndel 5-TGCATATGTAGCAGCAACAGGTG-3
H3 US 1194(+) EcoRV see above
2248(-) HA 5-GGCGTAGTCGGGCACGTCGTAGGGGTACTCCT
CGGAGGGCGGTGGTAACGCCC-3’
H3 DS 2247(+) HA 5-TACCCCTACGACGTGCCCGACTACGCCTGCTAC
ACGCGCCTGGGCAACGAC-3
3351(-) Ndel see above
H4 US 2179(+) Notl 5-AGGCGGCCGCCCCTGC-3
2423(-) HA 5-GGCGTAGTCGGGCACGTCGTAGGGGTAAGCCT
CCTCCTGCAGCTTGATGGAG-3’
H4 DS 2448(+) HA 5-TACCCCTACGACGTGCCCGACTACGCCCAGGT
CGATGCAGCATCTGTGCCCC-3
3351(—) Ndel
H5 US 2179(+) Notl see above
2457(-) HA 5-GGCGTAGTCGGGCACGTCGTAGGGGTAGAGG
GTAAGGGGCACAGATGCTGC-3
H5 DS 2502(+) HA 5-TACCCCTACGACGTGCCCGACTACGCCCCTGTT
GTGTCACCTTCCCCACC-3’
3351(—) Ndel
HE US 2179(+) Notl
2476(-) HA 5-GGCGTAGTCGGGCACGTCGTAGGGGTAGGGC
GACCCAGCAGGCACGAGGG-3
HE DS 2520(+) HA 5-TACCCCTACGACGTGCCCGACTACGCCCCACC

3351(-) Ndel

ACCACCTCCACCCGTGCG-3
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Table 7: Primer sequences used in the fusion PCR to target the different inserted frag-
ments US: upstream fragment, DS: downstream fragment. All primers have been ordered
at Sigma—Aldrich Life Science

Insert Primer Sequence
Name
Vi 2178(+) V5-Notl | 5-GAGGCGGCCGCCCCTGCTTCGGCTGCTGCCCC
GGGGAAGCCCATCCCTAACCCGCTCCTCGGTCT
CGATTCTACGCCTGCTAGTGATATTTGGGCG-3
3351(—) Ndel
V2 US 2244(+)V5 5-GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCG
ATTCTACGATTTGGGCGTTACCACCGCCCTCCG-3
3351(—) Ndel
V2 DS 2222(—-)V5 3’-CCCTACCCCGCCTGCTAGTGATGGTAAGCCTA
TCCCTAACCCTCTCCTCGGTCTCGATTCTACG-5’
2179(+) Notl
H1 US 5322(+) HA 5’-TACCCCTACGACGTGCCCGACTACGCCTGAATA
ACATGTTTGTTGCATCGCCC-3’
5442(—) Nrul 5-TGGTCGCGAAGTTGCTGGCCACGGCC-3
H1 DS 5296(—) HA 5-GGCGTAGTCGGGCACGTCGTAGGGGTATTCTA
CCCGCTGTATGATGGAATTTG-3
4598(+) Nsil 5-GTCATGCATGGTATTTGAAAATGACTTTTCGG-3’
V3 US 5322(+) V5 5'-GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC
GATTCTACGTGAATAACATGTTTGTTGCATCGCCC-3
5442(—) Nrul
V3 DS 5296(-) V5 5'-CGTAGAATCGAGACCGAGGAGAGGGTTAGGGA

4598(+) Nsil

TAGGCTTACCTTCTACCCGCTGTATGATGGAATTTG-3
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Table 8: Primers and Probes designed for gPCR of HEV, Supplier: Life technologies

Name Nucleotide  Sequence Reference
Upstream ORF1 Primer TGACTCCTCATAAGCATCGC [335]
Downstream ORF1 Primer AAGACATTCTGCGCTTTGTT [335]
Upstream ORF2 Primer GGTGGTTTCTGGGGTGAC [381]
Downstream ORF2  Primer AGGGGTTGGTTGGATGAA [381]
Upstream GLuc Primer TGGATCTTGCTGGCAAAGGT [97]
Downstream GLuc Primer TCTGTGTGTGGACTGCACAA [97]

Probe ORF1 Probe CCGTGGTTCCGTGCCATTGA [335]
Probe ORF2 Probe TgATTCTCAgCCCTTCgC [381]
Probe GLuc Probe GGCTTGCCAACGTGCAGTGT [97]

Table 9: Probes designed for RNAscope of HEV, Supplier: ACDBio

Name Catalogue Number
A ORF1 RdRp sense 579841-C3

B ORF1 RdRp antisense 1030631-C2

C ORF2 sense 586651

D ORF2 antisense 1030641-C4

E ORF1 PCP sense 579831
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2.3. Enzymes, Kits and Antibodies

Table 10: Used Kits

Kit

Company

Nucleospin (R) gel and PCR Purification

Nucleospin (R) Plasmid
Nucleospin (R) Xtra Midi

Q5-HF PrimeSTAR Master Mix 2x
RNA Transcription mMMESSAGE mMACHINE T7

Renilla Luciferase Assay

Subcellular Protein Fractionation for cultured cells
Pierce™ECL Western Blot Substrate

SuperSignal™West Pico Chemiluminescent Substrate

Nucleospin RNA Plus for RNA extraction
RNeasy Mini Kit for RNA extraction

Affinity Script Multiple Temperature cDNA Synthesis Kit

TagMan Universal PCR Master Mix
Dynabeads™Antibody Coupling kit

Protein G Sepharose 4 Fast Flow

RNAscope® Multiplex Fluorescent Reagent Kit v2
RNAscope® 4—Plex Ancillary Kit for Multiplex Fluorescent ACDBio

Kit v2

RNAscope® Wash Buffer Reagents
RNAscope® H,O, and Protease Reagents

MACHEREY-Nagel
MACHEREY-Nagel
MACHEREY-Nagel
Clontech

Invitrogen Thermo Fisher
Promega

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

MACHEREY-Nagel
Qiagen
Agilent
Applied Biosystems

ThermoFischer Scientific

GE Healthcare
ACDBio

ACDBio
ACDBio

Table 11: Used Enzymes & their Buffers

Enzymes and Buffers

Concentration

Company

EcoRV-HF

Notl-HF

Ndel

Nrul-HF

Nsil-HF

Mlul-HF

Cutsmart Buffer 10x
T4 Ligase

T4 Ligase Buffer 10x
Antarctic Phosphatase

Antarctic Phosphatase Buffer

10x

100.000U/mL
20.000U/mL
20.000U/mL
10.000U/mL
20.000U/mL
20.000U/mL

400.000U/mL

5.000U/mL

New England Biolabs Inc.
New England Biolabs Inc.
New England Biolabs Inc.
New England Biolabs Inc.
New England Biolabs Inc.
New England Biolabs Inc.

New England Biolabs Inc

New England Biolabs Inc.
New England Biolabs Inc.
New England Biolabs Inc.
New England Biolabs Inc.
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Table 12: Antibodies. Secondary Antibodies used in IF are bound to a fluorophore. Sec-
odary Antibodies for WB were linked to horse radish peroxidase (HRP)

Antibody Host Clonality Company Dilution
anti-HA (clone 3F10) Rat monoclonal Roche 1:250
anti-V5 Mouse IgG2a  monoclonal Invitrogen 1:1000
anti—-V5 Mouse IgG2a monoclonal Abcam 1:500
anti-V5 Goat polyclonal Abcam IP
anti-ORF2 Mouse IgG2a monoclonal  Millipore 1:800
anti—-ORF3 Rabbit polyclonal S. Emerson 1:1000
Lab
anti-CD63 Mouse 1gG1 monoclonal BD Pharmin- 1:100
gen
anti—-CD71 Mouse IgG1 monoclonal Santa Cruz 1:100
anti—-CD81 Mouse 1gG1 monoclonal Santa Cruz 1:100
anti—-Rab11 Rabbit monoclonal  Cell Signaling 1:100
anti-EHD1 Rabbit polyclonal Abcam 1:1000
anti—Pacsin2 Rabbit polyclonal MyBiosource 1:1000
anti—a lamin Rabbit polyclonal Abcam 1:1000
anti—y tubulin Mouse 1gG1 monoclonal  Sigma— 1:4000
Aldrich
anti—Calnexin Rabbit polyclonal Abcam 1:1000
anti-SP1 Rabbit polyclonal Abcam 1:1000
anti-Mouse (Cy3, Alexa Goat Jackson 1:500
488)
anti—Rat (Alexa 555) Goat Invitrogen 1:500
anti—Rabbit (Alexa 488) Goat Invitrogen 1:500
anti-Rat—-HRP Goat Invitrogen 1:20000
anti-Mouse—HRP Goat Invitrogen 1:20000

anti—-Rabbit-HRP Goat Invitrogen 1:20000




3. Methods 70

3. Methods

3.1. Cloning
3.1.1. PCR

In total, 2 different tags were inserted into 7 different positions of the HVR and at the C—
terminus of the RdRp of the HEV p6gLuc replicon. Therefore, 11 corresponding primer pairs
have been designed for each upstream and downstream direction containing the tag and
thereby inserting it at the respective position (Tab. 7). A fusion PCR was set up as shown in
Fig. 22. At first, the upstream and downstream fragments were amplified separately (PCR 1
and PCR 2) using conditions that can be found in Fig. 22.

Table 13: Component quantities for a 50 uL total volume PCR

Component Volume [pL]
Primer (10 uM) 2

Template ( 10 ng) 5

Q5-HF PrimeSTAR Master Mix 2x 25

Milli Q sterile water ad 50

Repetition 24x
98°C
72°C
55°C 4°C
Initital Denaturation Denaturation Primer Elongation
Annealing
120s 15s 10s 30s

Figure 22: PCR scheme

To amplify DNA, one cycle of initial denaturation (120 s at 98 °C) was followed by 24 cycles of
denaturation — primer annealing — elongation (Fig. 22) thus, leading to exponentional amplifi-
cation of the starting DNA matrix. The denaturation step allows the two strands of the DNA to
separate. The annealing step enables the hybridization of the primers to the DNA template.
Finally, the last step allows the DNA polymerase to elongate the DNA. The samples were then
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kept at 4°C or —20 °C until used.

To ligate the upstream and the downstream fragment, a fusion consisting of a single cycle
was set up (Tab. 14). In this case, the elongation step required 7 min while all other settings
remain the same as in Fig. 22.

Table 14: Component quantities for a 50 uL total volume PCR

Component Volume [pL]

Upstream Fragment (approx. 10 ng) 5
Downstream Fragment (approx. 10ng) 5
Q5-HF PrimeSTAR Master Mix 2x 25
Milli Q sterile water ad 50

Furthermore, primers were not needed and the amount of template could be adjusted de-
pending on the concentration obtained through the previous PCR and purification. The total
reaction volume remained 50 pL.

Finally, the fused fragment was amplified following the conditions, which can be found in Tab.
13 and Fig. 22 by using the upstream and downstream primer of the respective insert.

The PCR products were separated by gel electrophoresis (section and purified as described
in section using the Nucleospin (R) gel and PCR Purification (Tab. 10).

3.1.2. Agarose Gel Electrophoresis

An agarose gel electrophoresis was used to separate DNA fragments based on their size
and their charge. The agarose concentration amounted 1 % in 1x TAE buffer and was heated
up several minutes in a microwave. After the agarose had cooled down for several minutes,
two drops of ethidiumbromide were added per 40 mL melted gel and it was poured into a gel
chamber. The gel needed to set 30 min before use.

The electrophoresis samples were mixed with 6x loading buffer, that contained a dye that
ensures visibility of the migration front during the run.

Afterwards, the samples were loaded into the wells of the gel and a voltage (100-135V) was
applied to the electroporation chamber letting the negatively charged DNA travel to the anode
(approx. 30—45 minutes).

At last, the gel was exposed to UV light to visualize the DNA. The size of these products were
compared to size molecular weight marker (2—Log DNA ladder or 100bp marker).
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3.1.3. Gel Purification

After separation by agarose gel electrophoresis, the DNA fragments of interest were purified
by using the Nucleospin(R) gel extraction kit (see Tab. 10).

The DNA fragment of expected size was cut from the gel under UV light and weighted in a
2mL Eppendorf tube. Afterwards, the kit instructions were followed. The amplified DNA frag-
ment was finally eluted in 40 uL RNase free water.

3.1.4. Vector and Insert Restriction Digests

Vector and insert DNA have to be digested by the same restriction enzymes to allow their
ends to overlap and to be ligated during the next step (Tab. 15).

Table 15: Restriction Digestion in 50 pL

Component Volume [pL]
Amplified insert DNA/Vector DNA (approx 5ug) 40

Cutsmart 10x Buffer 5

Restriction Enzyme 1 (10000U/pL) 2.5

Restriction Enzyme 2 (10000U/uL) 2.5

Milli Q sterile water ad 50 if needed

The restriction digestion took place in a 37°C waterbath for 3h. If necessary, the vector
was dephosphorylated (subsection 3.1.5). To purify the digested inserts and the vector, the
fragments were separated by agarose gel electrophoresis (subsection 3.1.2). Afterwards, the
DNA was retrieved by DNA purification (subsection 3.1.3).

3.1.5. Vector Dephosphorylation

To prevent re—ligation of the plasmid without the insert, 5—ends of the restricted vector were
dephosphorylated by the antarctic phosphatase. This reaction takes place after at least 2
hours of incubation of the restriction digestion.

The mixture was incubated for another 30 minutes, then the enzyme was heat inactivated by
incubation at 70 °C for 5 min. Then the purification takes place as detailed before (subsection
3.1.3).
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Table 16: Dephosphorylation of vector DNA by the Antarctic Posphatase

Component Volume [uL]
Vector DNA Restriction Digest 50

10x Antarctic Phosphatase Buffer 5.5
Antarctic Phosphatase (5000 U/mL) 1

3.1.6. Vector and Insert Ligation

Vector and insert were ligated in a ratio of 1:3, which was calculated using the NEBioCalcula-
tor.

It was incubated at RT for 2 h and 10 min for the ligation of blunt ends or sticky ends, respec-
tively.

Table 17: Vector and Insert Ligation in 20 pL

Component Volume [pL]
Vector DNA (1:3) approx 2
Insert DNA (3:1) approx 5
T4 Ligase 10x Buffer 2

T4 Ligase (40000 U/mL) 1

Milli Q sterile water ad 20

3.1.7. Transformation and Culture of Bacteria

50 L of competent E.coli (strain TOP10) were mixed with 10 uL of ligated plasmid and were
further incubated on ice for 30 min. Next, a heat shock was performed for 2 min at 37 °C. After
cooling the bacteria down on ice, 150 uL of LB medium was added and at least 50 uL were
plated on an ampicillin LB plate, that was subsequently incubated at 37 °C overnight.

The following day, 6 colonies per plate were picked, placed into 3,5 mL of LB Medium with a
concentration of 0,3 pg mL~! of ampicillin and were shaken at 150 rpm for 12 h—16 h at 37 °C.

3.1.8. Plasmid Purification and Sequencing

3.1.8.1. Miniprep

After the transformation, the plasmid was purified from bacterial chromosomal DNA and cell
wall by using the Nucleospin(R) plasmid kit (Tab. 10). This kit allows to purify relatively small
quantities of plasmid DNA in order to screen many clones for successful cloning.
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The kit instructions were followed to purify the plasmids from the bacterial culture.

To check for the insertion of the fragment of the expected size, the plasmid was digested with
the restriction enzymes bordering the insert. 2L of eluted plasmid were mixed with 2 L of
10X cutsmart buffer, 0,1 uL of each of the respective restriction enzymes (Tab. 15) and 18 uL
MilliQ sterile water. The restriction reaction was incubated at 37 °C for 2 h. Next, the results of
the digest were visualized on an agarose gel.

3.1.8.2. Sequencing

The sequencing of the insert was outsourced to Genoscreen (Lille Pasteur Institute), that uses
the Sanger sequencing method and 100 ng of each plasmid sample. One primer is needed to
sequence 500 bp approximately. Thus, the primers (5 mM), that cover the entire insert, were
chosen according to each construct.

An alignment of the sequences of the constructs with the wildtype DNA was performed by
using VectorNTI® software.

3.1.8.3. Midiprep

Once the construct has been confirmed to be correct by sequencing, the plasmid DNA prepa-
ration can be scaled up by using the Nucleobond(R) Xtra Midi kit that also allows to get DNA
of higher quality (Tab. 10).

At first, a pre—culture of 4 mL LB medium with 0,3 mgmL~! ampicillin was incubated for 16 h
at 37°C at 150 rpm. 500 pL of this culture were used to inoculate the main culture of 100 mL,
which was then grown under the same conditions as the pre—culture.

The following day, plasmid were purified by following the instruction of the kit.

3.1.9. Plasmid Linearization and RNA Transcription

To transcribe RNA from the plasmid DNA, the circular plasmid was linearized and precipitated.
Therefore it is cut with an unique—site enzyme (Mlul-HF) that is located downstream of the
poly A tail of the HEV genome (Fig. 21b).

25 pg of DNA were mixed with 25 L of 10X cutsmart buffer, 70 IU of the restriction enzyme
and water up to 250 uL. It was incubated for 2 h at 37 °C.

Afterwards, 800 uL chloroform/isoamylalcohol (96:4 v/v) were added to purify the plasmid DNA
from the restriction enzyme. It was shaken for 10 min and afterwards centrifuged for 15 min
at 14000 rpm, so that the proteins gather in the organic phase and the DNA in the aqueous
phase.

The upper aqueous phase was carefully abstracted from the organic phase and placed into a
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fresh tube. 1.2 times the volume of the aqueous phase of pure ethanol and 100 pL of sodiu-
macetate (3M, pH 5.5) was added, mixed and stored at —20 °C overnight to allow precipitation
of the plasmid DNA.

The next day, the precipitated DNA is centrifuged for 15min at 4°C and 14000rpm. The
ethanol—containing supernatant was carefully removed and the DNA was left to dry at RT.
Next, it was resuspended in 20 uL nuclease free water and the OD was measured to deter-
mine the plasmid concentration and purity.

To synthesize capped RNA, an in vitro transcription was conducted for 2h at 37 °C using a
RNA transcription kit (Tab. 10). Following a treatment with DNase, the transcribed RNA was
precipitated by following the LiCl method as indicated in the kit. After the precipitation solu-
tion was added, the RNA was vortexed and frozen for 30 min and thawed 2 times to increase
precipitation efficacy.

Next, it was centrifuged at 14 000 rpm for 5 min, so the supernatant could be carefully removed.
The pellet was washed 3 times with 70 % ethanol and left to dry until the ethanol was com-
pletely evaporated. Finally, the pellet was resuspended in an appropiate amount of nuclease
free water and the OD was measured.

3.2. Cell Culture
3.2.1. Electroporation of PLC3 and Huh7.5 Cells

For one electroporation, 6x108 PLC3 or Huh7.5 cells are mixed with 20 ug of RNA.

The subconfluent cells were washed once with 2mL of PBS and incubated with the same
quantity of trypsin at 37 °C for approximately 5 min. The trypsinized cells were resuspended in
10 mL of DMEM medium and alltogether dispatched into a falcon tube that was centrifuged at
800 rpm for 6 min. Afterwards, they were washed twice with 10 mL Opti-MEM medium and cen-
trifuged under the same conditions as before. Finally, the pellet was resuspended in nx400 L
of Opti-MEM medium, where n stands for the number of electroporations, and dispatched into
5mL tubes. Each tube contained 6x10° cells. 20 ug of RNA were added to each cell suspen-
sion and the RNA—cells mixture was quickly transferred to a 2 mm electroporation cuvette.
The electroporation was conducted at the following conditions:

Table 18: Electroporation Conditions

Condition Unit
Voltage 150V
Capacity 1000 uF
Resistance 00

Cuvette 2mm
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Afterwards, 300 pL of the electroporated cell suspension were added to 12 mL DMEM medium
and resuspended. The cells were further diluted and plated according to the following assay.
Lastly, the cells were incubated at 37 °C and 5% CO..

3.2.2. Production of HEVcc

To produce and concentrate viral particles in the supernatant of PLC3 cells, the growing con-
ditions were optimized [186].

After electroporation, PLC3 cells were taken up in 122mL DMEM complete. Next, 3mL were
transfered in a T-75 flask and 9 mL of DMEM complete were added. The cells were incubated
at 37°C and 5% CO,, for 24 hours. The next day, the medium was replaced by HEV medium
(Tab. 5) and the cells were transferred at 32°C and 5% CO.. The incubation time varied
between 10-14 days depending on the level of confluency. The supernatants were collected,
aliquoted and stored at —80°C. The cells were lysed and the lysate was stored at —20 °C.

3.2.3. Infectivity Assay

Infectious titers and percentage of infection of particles that were produced in PLC3 cells were
measured (Chapter 3.2.2).

First, Huh7.5 cells were seeded in collagen coated 96 well plates (clear bottom) 24 hours
before infection. 3000 cells were seeded in each well in 100 uL of DMEM complete medium.
The cells were incubated overnight at 37 °C.

The next day, dilutions of the infectious particles were prepared in a 96 well dilution plate. Each
sample was tested as a triplicate. The first samples were the undiluted PLC3 supernatants
and each dilution was carried out in a 1/10 manner in DMEM medium without serum.
Afterward, the supernatant of the Huh7.5 cells was aspirated. Quickly, but gently 100 uL of
the diluted infectious supernatant was transferred to the Huh7.5 cells. It was incubated for 8
hours at 37 °C, then the infectious supernatant was replaced by 100 uL of complete DMEM.
The cells were grown for 3 more days. After 3 days, the cells were fixed and subjected to
immunofluorescence (Section 3.5.1). For measuring infectious titers the ORF2 protein was
stained with the antibody anti—1E6 (Tab. 12).

The calculation of the infectious titer was done manually at the fluorescence microscope.
Positive cells were counted in the wells of the 1/10 or 1/100 dilution and three wells per chosen
dilution were counted. The formula that measures the number of fluorescence forming units
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(FFU) is shown below.
FFU/mL = positivecells x dilution factor x 10

Additionally, the percentage of infection was calculated by evaluating images taken from the
whole well infected by non diluted supernatant. The number of positive cells were counted
automatically in Imaged.

3.3. Kinetic measurements
3.3.1. Luciferase Assay

The principle of the luciferase assay relies on the conversion of a substrate molecule into a
chemoluminescent product due to the presence of a reporter protein. In this case, the reporter
gene Gaussia luciferase, that is secreted into the cell supernatant, can convert the substrate
luciferin together with coelenterazine into coelenteramide and light.

After electroporation, the replication fold of the epitope—tagged HEV replicons was measured
over the course of 5 days. Therefore, 4x10* cells per well were plated in a 24 well plate in a
volume of 500 uL. A triplicated of each sample was prepared to ensure technical repeatability.
Since the Gaussia luciferase is secreted into the supernatant, a small quantity of supernatant
was sampled every day and was stored at —20 °C.

The supernatant was thawed and centrifuged for 5 min at 14000 rpm at RT. The samples were
diluted 1:100 with 1x renilla lysis buffer in a total volume of 100 yL. 5pL of the dilution were
transferred into a white 96 well plate suitable for reading the bioluminescent signal using the
Centro—Luminometer (Berthold).

Therefore, 20 uL of a 1x luciferin substrate solution were added by the machine within the
reading process, allowing the measurement to be conducted directly after the conversion
to coelenteramide and light for 10s in each well. The luminescence quantity is indicated in
arbitrary units.

3.3.2. RNA extraction and RT qPCR

Following electroporation the cells were plated in 6 well plates or T-25 flasks between 4 hours
and 7 days.

The total RNA was extracted from cell lysates with the Nucleospin RNA Plus kit and from
cell supernatant with the RNeasy Mini kit (Tab. 10). After cell lysis and before extraction, the
lysates and supernatants were stored at —80 °C so that extraction could be performed at the
same time. The extraction was done according to the supplier’s protocol.

Next, RNA concentration was measured and adjusted to 100 ug uL=1.In order to quantify the
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HEV genome, a standard curve was prepared by diluting in vitro transcribed HEV p6 plasmid
in 7 different dilutions ranging from 2.6x108 to 2.6x 102 RNA copies. The standard curve
was mixed with total RNA extracted from mock electroporated PLCS3 cells to resemble the un-
known sample as much as possible. For each reverse transcription (RT) and following gPCR
the standard curve was included next to the samples. The RT takes place in two steps, since
the second step contains heat sensitive reagents. At first, the RNA samples, the nuclease
free water and the polydT primer were incubated for 10 minutes at 65 °C. After that, the other
reagents were added to the mix.

The reaction mix for the cDNA synthesis can be found in Tab. 19 and the program is displayed
in Tab. 20.

Table 19: Reverse Transcription, AffinityScript cDNA Synthesis

Reagent Volume [uL]
Nuclease free water 9.7

RNA sample [100 ng uL=1] 5

PolydT primer (0,5 ug puL 1) 1

10x Reverse Transcriptase Buffer 2

dNTPs (100 mM) 0.8
Reverse Transcriptase 1

RNase block ribonuclease (401UpL) 0.5

Table 20: RT program

Step Temperature [°C] Duration [min]
Initiation 42 5
RT 55 60
70 15
Hold 4 00

The cDNA can be safely stored at —20°C.
Upon completion of the RT, the gPCR was undertaken. Probes were designed against the
ORF1, the ORF2/3 and the GLuc that can be found in Tab. 8 . The reaction mix is shown in
Tab. 21 and the program in Tab. 22. Finally, the data can be analyzed in the ThermoFisher
scientific cloud.
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Table 21: gPCR, TagMan Universal PCR Master Mix

Reagent Volume [uL]
TagMan universal Master Mix 2x 5

Forward Primer 0.375
Reverse Primer 0.375
Probe 0.375
RNase free water 1.8

cDNA sample 4

Table 22: gPCR program

Step Temperature [°C]  Duration [min]
Initiation (1 cycle) 95 10
Amplification (40 cycles) gg ?'25

3.4. Protease Inhibition

It is currently not known whether or not the protease of HEV is functional, therefore several
protease inhibitors were tested.

After electroporation of PLC3 cells with tagged and wildtype p6 RNA, the cells were seeded
into 96 well plates in a volume of 150 uL. Each well contained 50000 cells and each testing
condition was performed as a triplicate. Directly, the protease inhibitors were added to the
PLCS3 cells (Tab. 23). The cells were incubated for 5 days and each day starting from 1dpe,
10 uL of supernatant was sampled.

Subsequently, the replication efficacy was analyzed by doing a luciferase assay (see Chapter
3.3.1).

At day 5, an MTS assay was performed to ensure cell viability.

3.4.1. MTS Assay

The MTS assay is used to determine cell viability of cells that were exposed to protease in-
hibitors. The assay was performed following the protease inhibition experiment described in
the chapter above (Chapter 3.4).

Therefore, 20* cells were seeded per well and it was incubated at 37 °C at 5% CO,. On day 5
post electroporation 20 uL were added to each well and it was incubated for 1 hour at 37 °C at
5% COs,. Afterwards, the absorbance was recorded immediately at 490 nm.
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Table 23: Protease Inhibitors

Protease Inhibitor Target Protease/ Working con- Supplier
Chelator centrations 1/2/3
[uM]

E-64d Cysteine 1/10/50 Sigma Aldrich
Antipain Cysteine and serine 10/100/200 Sigma ALdrich
Leupeptin Cysteine 10/100/500 Sigma Aldrich
EDTA Metallochelator 2000/10000/50000 Sigma Aldrich
EGTA Metallochelator 2000 Sigma Aldrich
TPEN Zn?* chelator 2/10 Sigma Aldrich
Velpatasvir NS5A Inhibitor 0.005/0.01/0.05 Selleckchem

3.5. Imaging of cells
3.5.1. Immunofluorescence

Following the electroporation of PLC3 and Huh7.5 with the different constructs, the cells were
seeded in 24 well plates on top of round cover slips that had been previously deposited at the
bottom of the wells. The cells were grown between 4 hours and 15 days at 37°C in 5% COs.
It was aimed to grow 1x10° cells in one well at the time of fixation.

Following 2 gentle washings with PBS the cells were fixed by incubating with 300 uL 3%
PFA for 20 minutes. They were washed thrice with PBS and incubated with 500 L ice cold
Methanol for 5 minutes. After washing three times with PBS the fixed cells could be stored for
up to one week at 4 °C or immunofluorescence could be performed directly.

Next, the cells were permeabilized with 500 uL PBS containing 0,5 % Triton X—100 for 10 min.
Blocking was performed with 500 uL 10 % goat serum diluted in PBS to saturate all unspecific
binding sites. It was incubated for 30 min at RT.

The primary antibody was diluted in blocking solution according to its respective optimized
conditions (Tab. 12). 50 uL per coverslip of the antibody solution were incubated on a parafilm
layer in a wet chamber for 30 min at RT. The cover slips were re—transfered into their wells and
washed 3 times with PBS.

The secondary antibody and DAPI were diluted in blocking solution in a 1:500 manner. The
cover slips were placed onto the secondary antibody solution and it was incubated for 20 min
in a dark, humid chamber. The cover slips were then retransferred into their wells and washed
three times with PBS.

At last, the cover slips holding the cell monolayer were then fixed on a glass slide with 7 uL
of Mowiol, an anti—fading agent. The slides were kept in a dark chamber at RT overnight and
were later stored at 4 °C.



3. Methods 81

3.5.2. Detection of HEV RNA

The RNAscope® is a technique that specifically and sensitively detects RNA. The specificity
is ensured by designing a pool of probes against a mRNA sequence of at least 18 nucleotides
each. The probe is made up of 3 parts: the target—specific binding site, a spacer and the pre—
amplifier binding site (Fig. 23). The target specific binding site encompasses 18—-25 bases
per probe. Two of those oligo probes need to align next to each other in order to bind the
pre—amplifier that recognizes the upper part of 20 bases for each probe. In total, a pool of 20
oligo pairs can bind to the RNA of interest.

Next, the amplifier binds to the pre—amplifiers, which can then bind to the label dyes. These
amplification steps are the reason for the high sensitivity of this technique, while the hybridiza-
tion with approximately 50 bases of the probe allow a high specificity.

At first, probes were designed against two different regions in the HEV genome: the genomic
and the subgenomic RNA (Fig. 24). Probe A targets the RdRp region (sense RNA), probe
B covers the RdRp and the Hel domain (anti-sense RNA) and probe E hybridizes the PCP
domain (sense RNA). The probes that are targeting the subgenomic RNA are C (sense) and
D (anti-sense).

Next, 10° cells were fixed at 3 dpe on coverslips (Chapter 3.5.1). Afterwards, the instructions
of the kit (Tab. 10) were followed.

For the pre—treatment, the cells were incubated with 4—6 drops of hydrogen peroxide for 10
minutes at RT followed by a protease Ill (diluted 1:15 in PBS, 150 pyLper sample) treatment for
15 minutes at RT. The cover slips were then mounted onto a glass slide with nail polish and
a hydrophobic barrier was created by using a hydrophobic pen. Next, the probes were added
to the cells to hybridize with their target at 40 °C for 2 hours. After this step, the cells can be
stored in 5x SSC buffer overnight or it can be continued with the assay.

Then, sequentially 4—6 drops of pre—amplifiers 1, 2 and 3 were added to the cells and it was
incubated for 30 minutes in case of pre—amplifier 1 and 2 and 15 minutes for pre—amplifier 3
at 40 °C. Afterwards, the amplifiers bound to the HRP were added (4—6 drops) to the cells and
it was incubated for 15 minutes at 40 °C. The signal was then developed by adding the Opal
dye diluted 1:1500 in TSA buffer (150uLper sample). It was incubated at 40 °C for 30 minutes.
After each incubation with the Opal dye, the HRP was blocked with the HRP blockers for 15
minutes at 40 °C.

If only RNA was labeled, the last step consisted of an incubation with 4—6 drops of DAPI for
30 seconds at RT before the cover slips were mounted onto a glass slide using mowiol.

If an IF is performed after the labeling of HEV RNA, the cover slips were detached from the
glass slide and put back into a 24 well plate. After that, the IF is performed as described in
section 3.5.1.
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Figure 23: Overview of the RNAscope procedure. PreAMP: pre—amplifier, AMP: ampli-
fier, ZZ-C: channel. Alexa 488, Atto 550 and Atto 647 are the fluorophores. Adapted from
ACDBio.
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Figure 24: Probe design of probes A—E against the HEV genome. Probes accessible on
acdbio.com.

3.5.3. Electron Microscopy

Transmission Electron Microscopy The transmission electron microscopy makes
ultrastructures of cells visible (Chapter 3.6.3).
For this technique, approximately 6x108 cells are needed. The cells were trypsinized and
resuspended in DMEM complete medium. After pelleting (800 rpm, 6 min) they were rinsed
with PBS and resuspended in 10 mL cold fixation buffer (Tab. 2.1). The cells were incubated
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at 4°C for 24—48 hours. After that time, the cells can stay at RT.
The visualization by EM was performed by our collaboration partner (Pr Philippe Roingeard,
Julien Gaillard, Inserm U966, Univ. Frangois Rabelais, Tours, France).

Immune Gold Electron Microscopy The immune gold staining allows a specific la-
beling of proteins while making the ultrastructure of cells visible. In this setting, the secondary
antibodies are coupled to gold beads that appear as electron dense round particles under the
microscope. Different proteins can be co—labeled with different antibodies that are coupled to
beads of different sizes. (Chapter 3.6.3).

As for TEM, 6x10° cells were fixated per experiment. The cells were trypsinized and resus-
pended in DMEM complete medium. After pelleting (800 rpm, 6 min) the cells were rinsed
twice with PBS and the supernatant was removed. Next, the cells were fixed with 10 mL of
fixation buffer (Tab. 5) at RT for 1 hour. From time to time, they were mixed gently by inversion.
Finally, the cells were pelleted again and resuspended in 150 pL of the same fixation solution.
1 mL of PBS was added to avoid over fixation.

The microscopy of the fixed cells was performed by Cyrine Bentaleb and our collaboration
partners (Pr Philippe Roingeard, Julien Gaillard, Inserm U966, Univ. Francois Rabelais, Tours,
France).

3.6. Microscopes
3.6.1. Fluorescence Microscope

Fluorescence microscopes consist of 3 basic filters: an excitation filter, a dichroic beam spilit-
ter and an emission filter. The excitation filter selects the wavelength to excite the specimen,
while the emission filter only lets the wavelength of interest pass. The dichroic beam splitter
is set at 45° angle, thereby reflecting shorter wavelength deriving from the excitation and al-
lowing longer wavelengths to transmit.

A Zeiss fluorescence microscope and a Mercury lllumination System were used to visualize
the labeling.

3.6.2. Confocal Microscope

All immunofluorescence images shown (Chapter 5.9) were taken by the Zeiss LSM 880 con-
focal microscope that possesses an Airyscan detection unit.
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The confocal microscope as the fluorescence micrscope consists of a Laser that excites the
fluorophore, beam splitters and an emission filter, however the resolution of the image is sig-
nificantly enhanced.

The resolution of a conventional microscope is dependent on the diffraction nature of light.
This means that infinitesimally small points are imaged as blurred objects, which are called
Airy discs.

For two fluorophores, the Rayleigh criterion defines the minimal distance between the self—
emitters for them to be visible separately.

The confocal microscope achieves a better resolution due to the integration of a pinhole be-
tween the beam splitters, that rejects out—of—focus light (Fig. 25). Narrowing the aperture of
the pinhole increases the resolution, but decreases detection efficiency at the same time. This
problem is solved by imaging the Airy disk onto a concentrically—arranged hexagonal detector
array. The Airyscan detector is combined with the Zeiss LSM 880 and consists of 32 detector
elements (GaAsP detector elements), that are arranged in a compound—eye—fashion. These
elements themselves act as small pinholes, while the pinhole itself remains open, thereby
collecting all the light. In the next step, the pixels will be reassigned to their original location,
thus increasing the signal to noise ratio.

Laser Secondary
Beam Splitters
Recycling

Loop Emission Filter
Pathway of the Laser
Pathway for confocal scan

Pathway for airyscan

_

. W\\I
Galvo L
Scanning Pinhole i
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Figure 25: Schematic presentation of the LSM 880 confocal micrscope with Airyscan
detector. Adapted from Zeiss Manual.
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3.6.3. Electron Microscope

Through EM organic macromolecules can be observed in multiple states in their native en-
vironment. The size of the molecules can range from several tens of kilo daltons to mega
daltons and whole cells or tissue sections. This technique requires a much smaller sam-
ple amount than nuclear magnentic resonance (NMR) spectroscopy of crystallization and the
maximum oberservable onject size is only limited by the specimen thickness than can be pen-
etrated by an electron beam [382].

An electron microscope consists of 3 principle systems: an electron gun and condenser sys-
tem, an image producing system and an image recording system. Additionally, a vacuum
system containing pumps and a power supply are required.

The electron gun produces the electron beam and a condenser system focuses this beam
onto the object. The electrons leave the negatively charged cathode and are accelerated
towards the anode, where they pass through the central aperture at constant energy. The in-
tensity and angular aperture of the beam are controlled by a condenser lens system between
then gun and the specimen.

The image producting system consists of an objective lens, a movable specimen stage and
intermediate and projector lenses. The objective lens produces a real intermediate image that
is further magnified by the projector lens (Fig. 26).

Lastly, the image recording system is necessary to convert the electron image into a repro-
duction that is perceptible to the human eye. This is achieved by allowing the electrons to fall
on a fluorescent screen or by capturing the image digitally to display it on a computer monitor
[383].

Two recent innovations have contributed to the rapid progress of this technique. The first one
is the development of the direct electron detector (DED): it detects the electrons directly and
reads them at a high frame rate without a mechanical shutter. The use of monolithic active
pixel sensors (MAPS) greatly improves the signal to noise ration in EMs.

The second improvement concerned that image processing. Most samples contain more than
one unique 3D structure which caused the image to be blurry. However, a breakthrough came
from the development of statistical algorithms that were based on maximum likelihood proce-
dures that eventually lead to a reduction of noise [384] [385] [386].

The specimen is generated by plunging the sample into a cryogen, which is usually liquid
ethane. Then it is loaded into the column of an EM operating at high vacuum and low tem-
peratures to keep the ice amorphous, which reduces the effect of radiated damage, since the
electrons could scatter on crystalline ice [382].
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Figure 26: Schematic presentation of an electron microscope. Adapted from [383]

3.7. Protein Analysis

3.7.1. Cell Lysis

Cell lysates of the electroporated PLC3 and Huh7.5 cells were analyzed by SDS—PAGE fol-
lowed by western blotting at different time points.

The electroporated cells were seeded in 6 well plates (1x10°) or 10cm dishes (6x10°) at the
point of cell lysis. The lysis buffer was B1 buffer containing protease inhibitors (Tab. 5). First,
the cells were washed three times with PBS and were lysed in cold lysis buffer (10cm dish:
200 uL, 6 well plate: 60puL). The lysate was then collected immediately in Eppdendrof tubes
and incubated for 20 minutes on a turning wheel at 4 °C. Next, the samples were centrifuged
at 14000 rpm at 4 °C for 15 min. All cell membrane debris was pelleted during the spin, whereas
the soluble proteins remain in the supernatant.

At last, the supernatant was collected and stored at —20 °C.

3.7.2. Bicinchoninic Acid Protein Assay

After cell lysis, protein concentration of the cell lysates need to be measured to load equivalent
amounts of proteins onto SDS—PAGE gels to be able to make comparisons.
First, a Bovine serum albumin (BSA) standard curve was prepared by serial dilution with the
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following concentrations:

*+ 5000 ug mL~!

+ 2500 ugmL~!

+ 1250 pg mL~!

« 625 pugmL—!

+ 312,5pugmL~?

*+ 156,25 ug mL~!

s OpgmlL~?

A solution of bicinchoninic acid and Cu(11)SO4 was prepared in a 50:1 ratio.
10 yL of each BSA standard sample, which was measured as a duplicate to ensure accuracy
of the measurement, and of each cell lysate sample were mixed with the bicinchoninic acid
solution and incubated for 30 min at 37 °C.
Finally, the OD was measured at 562 nm.

3.7.3. Subcellular Fractionation

The fractionation of subcellular compartments was used to characterize the distribution of vi-
ral proteins in the cell.

Subcellular fractionation was performed using the subcellular protein fractionation kit for cul-
tured cells following the supplier instructions (Tab. 10).

Next, the fractioned lysate was analyzed by SDS—PAGE gel electropohoresis and western
blot (chapters 3.7.4&3.7.6).

3.7.4. SDS—PAGE gel electrophoresis

The SDS-PAGE acrylamide gel electrophoresis was used to separate proteins collected from
cell lysates.

The acrylamide concentration of the gel depends on the size of the protein that needs to be
detected.

The gel was divided into the separation gel below and the stacking gel above containing the
wells, which were filled with protein samples. The volumes for the different kind of gels can
be found in Tab. 24 and 25.

The samples were mixed with 4x Laemmli buffer (containing DTT, Tab. 5) and heated up
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to 70°C for 10 min to denature the proteins. Next, they were applied onto the SDS gel in a
tank surrounded by 1L migration buffer. A constant voltage of 80V was applied to the sam-
ples when they cross the stacking gel. The voltage was then increased to 150V when they
reached the separation gel.

Table 24: Components of a 10% acrylamide separation gel for gel electrophoresis

Chemical Volume [mL]
Water 4.8

Acrylamide 40% (37:5:1) 2.5
Tris HCI 1.5 M (pH 8.8) 2.5

SDS 20% 0.1
APS 10% 0.1
TEMED 0.012

Table 25: Components of one stacking gel for gel electrophoresis

Chemical Volume [mL]
Water 3.2

Acrylamide 40% (37:5:1) 0.5
Tris HCI 1.5 M (pH 6.8) 1.25

SDS 20% 0.03
APS 10% 0.03
TEMED 0.006

3.7.5. Colloidal Blue Staining

The colloidal blue stains proteins on a SDS—gel.

After the migration was finished the gel was incubated in fixation solution (Tab. 5) for 2 hours
at RT under constant shaking. Next, the gel was washed 3 times with MilliQ water for 10
minutes each time under constant shaking. The staining was carried out with colloidal blue
staining solution for 2 days (at least one day) under constant shaking.

3.7.6. Western Blot

After the migration was finished the proteins were transferred to a nitrocellulose blotting mem-
brane. Therefore, the gel and the membrane were placed in a cassette surrounded on both
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sides by whatman paper and a fiber pad, which had previously been soaked in transfer buffer
(Tab. 5). The chamber was placed back into the tank, while the gel side of the cassette holder
is facing the cathode (—) and the membrane side is facing the anode (+) and filled with 1L of
transfer buffer. An electric field of 100V was applied for 90 min at 4 °C.

To block unspecific binding sites, the membrane was further incubated with 10 mL blocking
solution (Tab. 5) at RT for 1 h while shaking.

Next, the primary antibody (12) was added in 10 mL of a 1x PBS containing 0.2% Tween and
2% BSA solution. The nitrocellulose membrane was incubated overnight at 4 °C while shak-
ing.

The next day, the membrane was washed 3 times with washing solution (Tab. 5) for 10 min
each at RT.

The HRP—conjugated secondary antibody was diluted 1:20000 in 10 mL of blocking solution
was added to the membrane for 45 min at RT. The membrane was washed 3 times with wash-
ing solution.

To reveal the specific bands, the membrane was incubated with 1,5 mL of a substrate solution
(Tab. 10) for 1 min or 5min at RT that produces a chemoluminescent signal which can be
detected after exposure on an X—ray film. The image is then revealed using a film developer.

3.7.7. Immunoprecipitation

An immunoprecipitation was performed to increase the ORF1 concentration to ease the de-
tection by western blot and to purify the protein for mass spectrometry.

After electroporation the cells were seeded in at least one 10cm dish and grown between 4h
and 3 days. Then, the cells were lysed in a larger amount (400 uL—1 mL) of lysis buffer and IP
was either performed directly or lysates were stored at —20 °C.

Next, protein G sepharose beads were equilibrated with lysis buffer by washing and centrifug-
ing them 3 times at 6000 rpm at 4 °C. To remove proteins binding unspecifically to the beads,
the cell lysate (500 pg) was first pre—cleared with 40 pL of beads for 30 min at 4 °C on a spinning
wheel. Afterwards, the pre—cleared cell lysate was incubated with the tag directed antibody
(Tab. 12) for 2h at 4 °C on a spinning wheel. Now, 40 uL of beads were added to the cell lysate
antibody mixture and incubated for another 2 h in the same conditions. After this, the beads
were washed 6 times with 500 uL PBS NP—40 0.5%.

Finally, the proteins attached to the beads were eluted in 50 pL of 4x Laemmli Buffer by heat-
ing them for 10 min at 70 °C.

Afterwards, the immunoprecipitates can be analyzed by SDS—PAGE followed by western blot-
ting or mass spectrometry (section 3.7.6 or section 3.7.8).
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3.7.8. Mass Spectrometry

Mass spectrometry (MS) is a technique used to detect, sequence and quantify molecules
based on their mass to charge (m/z) ratio.

To be measured by the spectrometer, the molecules are ionized in the gas phase by electronic
ionization. Thus the molecules undergo fragmentation and are separated by the mass spec-
trometer according to their m/z ratio. A magnetic field then deflects the path of the individual
ions based on their m/z ratio and subsequently they hit the ion detector. The produced result
displays the m/z ratio of the ions versus their abundance.

The spectrometer consists of 3 principal components. An ion source that ionizes the molecules
and produces the gas phase, an analyzer that sorts ions according to their m/z ratio and a
detector that records the abundance for each resolved ion species.

Proteins are very big molecules that cannot be resolved by a mass spectrometer, therefore
they need to be digested into smaller peptides. The most commonly used enzyme is trypsin,
but other enzymes can be used as well.

The sample preparation for analysis by mass spectrometry can be found in previous sections
(Chapter 3.7.7, 3.7.4 and 3.7.5). To sum it up, after electroporation of the tagged HEV p6
genome in PLCS3 cells, the cells were lysed and the tagged ORF1 protein was immunoprecip-
itated. Next, the eluate (40 uL+ 20 yL) was separated in 2 fractions on a SDS gel. One half of
the SDS gel was subjected to western blot and the other half was stained with colloidal blue.
With the help of the revealed film, the desired bands were cut from the SDS gel. Finally, the
proteins from the band were analyzed by the mass spectrometer.

NanoLC-MSMS analyses of the protein digests were performed on a UltiMate—3000 RSLC-
nano System coupled to a Q—-Exactive instrument (Thermo Fisher Scientific). Collected raw
data were processed and converted into *.mgf peak list format with Proteome Discoverer 1.4
(Thermo Fisher Scientific). MS/MS data were interpreted using search engine Mascot (ver-
sion 2.4.0, Matrix Science) with a tolerance on mass measurement of 0.2 Da for precursor and
0.2 Da for fragment ions, against a composite targetdecoy database (40584 total entries) built
with Swissprot Homo sapiens database (TaxID=9606, 20 May 2016, 20209 entries) fused
with the sequences of ORF2 (HO9E9C9-HEV) and a list of classical contaminants (119 en-
tries). Carbamidomethylation of cysteine residues, oxidation of methionine residues, protein
N-terminal acetylation and propionamidation of cysteine residues were searched as variable
modifications. Up to one trypsin or three Asp—N missed cleavage were allowed. Semi—specific
cleavage was also authorized. Peptides were filtered out according to the cutoff ion score >
25 and a minimal size of 7 amino acid residues. The MS experiments were carried out by our
collaborator Jean—Michel Saliou (Proteomics and modified peptides platform, Institut Pasteur
de Lille).
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4. Objectives

The objective of this study is the characterization of the HEV replicase and thereby the repli-
cation step during the life cycle of the virus. This main goal can be divided into three different
subgoals.

The first objective is the identification of the subcellular localization of HEV replication. The
second subgoal consists of the analysis of cleavage of the ORF1 protein, since it is currently
unknown whether or not the protein is processed. Thirdly, we investigated whether or not the
ORF1 protein induces membrane rearrangement in host cells.

All subgoals require the use of antibodies to detect the ORF1 protein (Immunofluorescence
and Western Blot). However, there is no commercial or functional antibody against the ORF1
protein available, therefore we inserted tags into the non—structural protein genome. The very
first part of this thesis serves to validate the tagged constructs in different assays to ensure
viral replication and infectivity of HEV are preserved and legitimate the epitope—tag strategy.

Then, the ORF1 expression and processing were studied overtime by Western blotting by
using either the Gaussia luciferase replicon system, the heterologous expression system and
an HEV cell culture system.

Furthermore, the characterization of potential cleavage products was undertaken by mass
spectrometry analysis to identify their sequences.

Not only the HEV replicase was studied but also its subcellular localization and colocalization
with host cellular markers as well as with viral RNA. This was carried out by in situ hybridiza-
tion with probes using the RNAscope® technique.

The identification of membrane rearrangement by the ORF1 protein was studied by transmis-
sion electron microscopy and immuno—gold staining.
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5. Results

5.1. HEV constructs

In this study, three different systems were used to characterize the HEV replicase (Fig. 27).
The HEV p6 contains all three viral genes in full length and is therefore infectious. The pro-
ductive cell lines for HEV are PLCS3 cells (Tab. 6), a cell culture system that was developed in
the HEV lab [186]. The HEV p6 allows the most accurate interpretation of the viral life cycle
as all three phases (entry, replication and egress) are represented.

The HEV p6-GLuc replicon contains the full length ORF1 gene and a Gaussia luciferase re-
porter gene that substitutes the majority of the ORF3 and the ORF2 protein. This substitution
allows to quantitatively analyze the replication step in isolation. The p6—GLuc replicon can be
manipulated in a BSL-2 facility since it is not infectious.

The heterologously expressed HEV pTM plasmid contains the full length ORF1 gene as well.
It does not contain the other viral proteins, but they can be expressed by transfection of a sep-
arate plasmid. The advantage of this plasmid is the T7—controlled expression of the ORF1
protein in H7—T7—-IZ cells that constitutively express the T7 polymerase. Furthermore, a sep-
arate expression of the ORF1 protein alone allows us to study effects that may be induced by
the ORF1 protein only.

In this report, the main focus lies on the HEV p6 and the HEV p6—GLuc replicon. Results
concerning the heterologously expressed ORF1 can be found in more detail in the PhD thesis
of Cyrine Bentaleb.
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Figure 27: HEV constructs that were used in this study. (A): Full length HEV p6 genome
that contains ORF1, ORF2 and ORF3. JR= junction region, UTR= untranslated region.
(B): HEV p6—GLuc replicon that contains the full length ORF1 protein and truncated ORF2
and ORF3 protein. The majority of the ORF2 and the totality of the ORF3 was replaced
by a Gaussia luciferase reporter gene. (C): The HEV pTM ORF1 plasmid contains the full
length ORF1 gene that lies under the control of the T7 promoter.

5.2. Insertion of Tags into the ORF1

As there is no commercial and functional antibody available against the ORF1 protein, 2 dif-
ferent epitopes were inserted in 7 locations of the orf1 sequence (Fig. 28). All location sites
starting with an H represent the insertion of an HA tag while all sites starting by V indicate a
V5 epitope insertion.

The goal when choosing a location for inserting a tag was to not impact the replication efficacy
of the p6—wt—GLuc replicon or the p6 HEV.

The H1 location lies at the C—terminus of ORF1 in front of the stop codon, so that the tag
would not disturb the integrity of the polyprotein.

All the other epitopes were inserted into the HVR of ORF1, since this region can tolerate small
insertions and deletions without compromising the replication ability of the polyprotein. Some
insertions have even led to an increase of the adaption of the virus to cell culture, notably the
insertion of the human ribosomal S17 protein [102].

The H2 and V2 positions were chosen based on an insertion that has been found in a different
HEV strain. In this case, the S19 ribosomal protein insertion was found in this position while
the virus was still replicating (Fig. 28 (A) [102] ). Therefore, this position appeared to be a
promising epitope insertion site.
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The H3 and H4 epitopes are located at the beginning and the end of the S17 insertion respec-
tively. And the H5 and H6 are inserted into the proline rich region of the HVR while conserving
the position of the proline residues (Fig. 28 (C)).

Finally, the V1 insertion site was chosen based on a sequence alignment between the V5
epitope and the HVR amino acid sequence. A position was found, where four amino acids
could remain unchanged, whereas three amino acids were mutated and seven were inserted
(Fig. 28 (B)).

Other tags (HA and c—myc) in 6 different positions were previously tested as well, however,
they did not replicate efficiently or the ORF1 protein was not detectable in immunofluores-
cence or western blot experiments (data not shown).

At first, all tags were inserted into the p6—wt—GLuc replicon genome to test their replication
efficacy. If the tagged constructs showed a similar replication capacity as the p6—wt—GLuc,
the tags were further inserted into the infectious p6 genome.
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Figure 28: Insertions of HA and V5 epitopes into the ORF1 sequence. (A)The ORF1 and
its functional domains are designated as methyltransferase (MeT), Y domain (Y), papain—
like cysteine protease (PCP), hypervariable region (HVR), macro domain (X), helicase
(Hel), RNA—dependent RNA polymerase (RdRp). Insertion position of an HA epitope at
the C—terminus of ORF1 is localized (H1). A focus on the HVR enables to locate the
human S17 ribosomal protein insertion (S17) of the HEV Kernow C—1 p6 strain [102].
Two other sites of insertion of V5 or HA epitopes are shown: V1 and V2 for V5 epitope
insertions and H2 for HA epitope insertion. (B) Insertion strategy for the V1 epitope:
Alignment of the V5 epitope and the HVR. Amino acids that remained unchanged are
in red. Mutated amino acid residues are in blue and inserted amino acid residues are
in grey. (C) Insertion strategy for the H5 and H6 epitope. The goal was to keep the
proline—residues in the proline rich region unchanged. The color scheme is the same as
in (B).
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5.3. Replication Kinetics
5.3.1. Replication Efficacy of the p6—-GLuc replicons

The luciferase activity of the p6—wt—GLuc and tagged p6—GLuc constructs was monitored to
determine their replication efficacy and the impact of the inserted epitope on the replication
efficacy of the replicon.

PLC3 and Huh7.5 cells were electroporated with p6—GLuc replicon RNA and plated in 24 well
plates. Two clones of each replicon constructs were analyzed to compare their replication
performance.

As the Gaussia luciferase is secreted from the cell, the supernatant was sampled over the
course of 5 days starting from 1dpe. The replication fold was determined by normalizing the
obtained relative light units of all time points to 1dpe (Chapter 3.3.1).

The p6—GAD—-GLuc serves as a negative control in this experiment as it is a non—replicative
mutant containing a mutation from GDD to GAD in a conserved catalytic motif of the RdRp,
which abolishes replication [387].

Indeed, it can be observed that the p6—GAD—GLuc non-replicative control shows a substan-
tially lower replication fold (replication fold <2) in PLCS3 cells (Fig. 29).

The tagged constructs showed different replication efficacies.

The p6—-H1-GLuc and p6—H2-GLuc show a low to moderate degree of replication com-
pared to the p6—wt—GLuc over the course of 5 days (at day 5 (13%) and (24%) respectively),
whereas the other p6—GLuc HA tagged constructs (H3—H6) show a more varied replication
efficacy ranging from 10% to 48% . In preliminary experiments, we tried to detect the HA—
tagged ORF1 protein in lysates from p6—GLuc—electroporated PLC3 cells and the H3—H6
tagged constructs were not detected at all, while the H1 and H2 tagged ORF1 showed a faint
band (data not shown). Therefore, the H3 to H6 constructs were not considered for further
applications.

The insertion of the HA tag in the H1 position shows only 13% of the replication efficacy of
the p6—wt—GLuc at day 5. The lower Gaussia luciferase expression in this construct is prob-
ably due to the insertion of the HA tag into a regulatory element, the subgenomic promoter,
located between the C—terminus of the RdRp and the transcription starting site of the subge-
nomic RNA (Fig. 27 (B)) [97].The V5 tagged p6—GLuc constructs replicate with an efficacy of
at least 65% at 5dpe compared to the p6—wt—GLuc in both cell lines. The p6—V1-GLuc clone
2 replicates most efficiently with up to 91% compared to the p6—wt—GLuc.

It is important to note that the insertion of the H2 epitope is located at the same position as
the V2 tag. Although, the p6—H2—-GLuc construct replicates less efficiently than the p6-V2—
gluc replicon. The loss of replication capacity might be caused by their different sequence
compositions.
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Figure 29: Replication efficacies of HEV replicons expressing tagged ORF1 in PLC3 cells
as measured by luciferase activity. The relative light units (RLU) were measured everyday
for 5 dpe by quantification of the Gaussia luciferase in the cell supernatant using a lumi-
nometer. Replication fold increases of the tagged p6—GLuc replicons and non—tagged
p6-GLuc replicons (wt, GAD) were normalized to 1 dpe. The p6—GAD—-GLuc is a non—
replicative construct that possesses a mutation from GDD to GAD which inactivates the
ORF1 polymerase. Experiments were conducted three times with 3 technical replicates.
(n=3).

The replication fold over the course of 5 days of all replicons that were selected for further
studies (p6-V1-GLuc, p6—-V2-GLuc, p6—H1-GlLuc and p6—H2—-GLuc) as well as the non—
tagged p6—wit—GLuc and the p6—GAD-GLuc is shown in Fig. 30. The replication fold of all
constructs increases over time until 5dpe. It appears even more clearly that the V5 tagged
replicons show a very similar kinetics to the non—tagged p6—wt—GLuc, whereas the HA tagged
replicons show an impaired activity. The replication profile in PLC3 and Huh7.5 cells is fairly
similar, however, the overall replication folds in Huh7.5 were approximatively 10 times reduced
compared to those in PLC3 cells (Fig. 30).

Additionally, all constructs were analyzed in the presence of a replication inhibitor: after elec-
troporation of PLC3 and Huh7.5 cells with the tagged and p6—wt—GLuc constructs, the repli-
cation was inhibited with sofosbuvir and monitored during 5 days (Fig. 30 (C&D)). Sofosbuvir
is a nucleoside analog that was discovered as a treatment of HCV [388] and it specifically
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inhibits the replication of HEV as well [328].

As a result, the replication efficacies of all constructs were significantly diminished by a factor
of approximately 10 compared to their non—treated counterparts. For example, the sofosbuvir
decreased replication efficacy of p6—wt—GLuc by 82% compared to the non—treated p6—wit—
GLuc. These results were confirmed in Huh7.5 cells as well (Fig. 30 D). Therefore, it can be
concluded that the shown kinetics were truly based on the replicative capacity of the replicon.
Furthermore, the impact of sofosbuvir was proven by staining the ORF2 protein in electro-
porated PLC cells on coverslips untreated or treated with sofosbuvir (Appendices Fig.46). It
was found that upon sofosbuvir treatment, the ORF2 staining in the cytoplasm disappeared
and also the nuclear staining, while still present, appeared fainter. Thereby proving that the
sofosbuvir inhibition was successful.

In conclusion, the p6—V1-GLuc and p6—V2—-GLuc as well as the p6—H2—GLuc show a moder-
ate to efficient replication with the p6—V1-GLuc construct replicating most efficiently. Also, the
replication of all constructs was successfully inhibited by sofosbuvir. Therefore, the epitopes
V1, V2 and H2 were inserted into the HEV p6 infectious strain. However, since the H1 inser-
tion diminishes the transcription of subgenomic RNA, this epitope was not inserted into the
p6 infectious strain but only into the ORF1 heterologously expressed from the pTM plasmid.
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Figure 30: (A)&(B) Replication efficacies of HEV replicons expressing tagged ORF1 in
PLC3 and Huh7.5 cells as measured by luciferase activity. The relative light units (RLU)
were measured everyday for 5 dpe by quantification of the Gaussia luciferase in the cell
supernatant using a luminometer. Replication fold increases of the tagged p6—GLuc repli-
cons (V1, V2, H1, H2) and non—-tagged p6—GLuc replicons (wt, GAD) were normalized
to 1 dpe. The p6—GAD-GLuc is a non-replicative construct that possesses a mutation
from GDD to GAD which inactivates the ORF1 polymerase. n=3. (C)&(D) Replication
inhibition of p6—-GLuc replicons in PLC3 and Huh7.5 cells in presence of sofosbuvir. Cells
were electroporated with the tagged p6—GLuc replicons (V1, V2, H1, H2) or non-tagged
p6—GLuc replicons (wt). Four hours post—electroporation, sofosbuvir, an effective poly-
merase inhibitor, was added to the cell medium at a final concentration of 20uM. The
relative light units (RLU) were measured at day 5 post—electroporation by quantification
of the Gaussia luciferase in the cell supernatants using a luminometer. Replication fold
increases were normalized to 1 dpe. Percentages of replication were calculated to the
non—treated corresponding construct. n=3.
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5.3.2. Quantification of RNA in p6—GLuc replicon cells

The quantification of HEV RNA of the p6—GLuc replicons was performed to monitor the impact
of the insertions on intracellular RNA levels.

PLCS3 cells were electroporated with p6—GLuc replicon RNA and at each time point, RNA was
extracted and reverse transcribed into cDNA (Chapter 3.3.2). Two qPCRs were set up in the
lab targeting the orf1 gene or the Gaussia luciferase gene (probe design after [335] and [97])
(Fig. 31 (A)). The probe targeting the ORF1 gene enables us to quantify the genomic copy
number whereas the probe targeting the GLuc gene quantifies both genomic and subgenomic
RNA.

In these experiments, the p6—wt—GLuc serves as a positive control for efficient replication,
the p6—GAD—-GLuc is a non replicative mutant and the PBS control does not contain any
viral RNA. Indeed, the PBS control did not show any amplification above background noise
when targeted by the ORF1 probe or by the GLuc probe, hence its omission in Fig. 31. The
p6—-GAD-GLuc RNA amplification decreases from a copy number of 1.86x10° for GLuc and
1.2x108 for ORF1 to 2.65x10° and 3.32x10* copy numbers over time.

The gene copy numbers detected by the GLuc probe are approximately 10 fold higher com-
pared to the ORF1 probe. Since the GLuc probe detects both the genomic and subgenomic
genomes, the difference of a factor 10 is likely attributed to this fact.

The p6—wit—GLuc and p6—V5—GLuc RNA levels increase steadily over the course of 3 days in
the case of the GLuc targeted gene (Fig. 31 (C)), while they stay relatively constant for the
ORF1 targeted gene (Fig. 31 (B)). The genome copy number targeted by the ORF1 probe in-
creases between 1.06-2.69 fold, while the increase amounts to 12—20.5 fold for GLuc targeted
copy numbers. On the other hand, ORF1—probed RNA levels increase slightly over 3 days for
the p6—H1-—GLuc. On the contrary, GLuc—probed RNA quantity of p6—H1-GLuc does not
increase as much as the p6-—wt-—GLuc RNA copy numbers. In the case of p6—H1—GLuc,
the number of ORF1—probed genome copies increases 3.1 fold over time, thereby lying in the
range of the other functional constructs (Fig. 31 (B) ). On the contrary, GLuc—probed RNA
levels increase only by 2 fold (Fig. 31 (C)). This results led us to believe that the insertion of
the H1 epitope at the C—terminus of the orf1 gene impacts the transcription of subgenomic
RNA negatively.

The H2 tag was not tested in this context, since it was decided to include it in specific experi-
ments at a later time point.

As a consequence the H1 tag was not inserted into the p6 HEV and only the V1, V2 and H2
tagged constructs were further characterized.
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Figure 31: HEV RNA quantification in p6—GLuc electroporated—PLC3 cells expressing
wild type or epitope—tagged ORF1. The probe design placement is shown in (A). Intracel-
lular viral RNAs were quantified at 4 h, 1, 2 and 3 dpe by RT-qPCR targeting either ORF1
(B) or GLuc (C). Experiments were conducted three times with 2 technical replicates.

5.3.3. Quantification of RNA in p6 electroporated cells

To validate the insertion of the previously selected tags in the HEV p6 infectious system as
well, PLC3 were electroporated with tagged or p6—wt RNA. At each time point, RNA was
extracted from the cells and cellular supernatant and reverse transcribed into cDNA. For the
gPCR of the orf1 gene, the probe from chapter 5.3.2 was used, while the probe targeting the
ORF2/ORF3 overlap was published previously [381]. The probe targeting the ORF1 gene
enables us to quantify the full genome copy number whereas the probe targeting the ORF2
gene targets both genomic and subgenomic RNA.

In addition to the analysis of intracellular RNA, the RNA of the supernatants were extracted
and quantified as well, since the HEV p6 RNA can form viral particles that leave the cell.

In these experiments, the p6—wt serves as a positive control for efficient replication and the
PBS negative control does not contain any viral RNA (Mock). Indeed, the amplification of the
PBS control was below the limit of detection at all time points for both orf1 and orf3/2 probes
(Fig. 32).

The gene copy numbers detected by the orf3/2 probe remain higher in cell lysates compared
to the ORF1 probe, by approximately 2-5 fold. Since the orf3/2 probe detects both the ge-
nomic and subgenomic RNA and the orf1 probe only detects genomic RNA, it is logical that
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the detected ORF2 gene copy number is higher.

Overall, the orf1 and orf2 copy numbers between the p6—wt and the tagged p6 constructs are
similar. In cellular extracts, the p6—wt and V5 tagged p6 RNA increase between 4h and 3dpe
and remain stable until 7dpe regarding the RNA detected by the orf1 (Fig. 32 (B)) and orf3/2
(Fig. 32 (C)) probes.

In contrast, in cell supernatants, the RNA targeted by the orf1 and the orf3/2 probes of the
p6—wt and the V5 tagged constructs decreases slightly at 1 dpe and remains constant from
3dpe onwards (Fig. 32 (D,E)). Also, the RNA levels in the supernatant of orf1 and orf2/3 are
similar. This is likely because of the absence of the subgenomic RNA in the cell supernatant.
In general, the RNA levels of the p6—wt and the V5—tagged constructs are comparable. Thus,
the RNA levels are not affected by the insertion of an V5 epitope into the orf1 gene. This
is in line with the luminometry results that showed an efficient replication of the V5 tagged
replicons compared to the wt replicon.

As a conclusion, the p6-V1, p6-V2 and p6—H2 constructs were subjected for further evalua-
tion with a focus on the V1 and V2 construct.
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Figure 32: HEV RNA quantification in p6 electroporated—PLC3 cells expressing wild type
or epitope—tagged orf1. Probe design placement is shown in (A). Intracellular (B,C) and
extracellular (D,E) viral RNAs were quantified at 4 h, 1, 3, 5 and 7 dpe by RT-gPCR
targeting either orf1 (B,D) or orf3/2 (C,F). Experiments were conducted three times with
2 technical replicates.
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5.4. Determination of Infectious Titers

To further validate the insertion of the different tags in the HEV p6 genome, infectious titers of
all constructs were determined.

Similarly to the procedures mentioned above, PLC3 cells were electroporated with HEV p6
tagged and non—tagged constructs and incubated with HEV medium 1 day after electropora-
tion. After 10 days, the infectious supernatant was diluted in a 1/10 manner and Huh7.5 cells
were infected with the pure and diluted supernatant. Three days later, the ORF2 protein was
labeled by immunofluorescence and the infectious titer was measured (Chapter 3.2.3).
Furthermore, the supernatant of electroporated PLC3 and infected Huh7.5 as well as the
Huh7.5 cell lysates were analyzed by western blot.

5.4.1. Validation by staining of the ORF2 protein

To measure the infectious titer of all constructs, the Huh7.5 cells were stained with anti—-ORF2
antibody 1E6 (see Tab. 12) and infected cells were counted.

Measuring foci forming units revealed that the infectious titers lie between 4x10%/mL and
6x10*/mL for the p6—wt and the V5 tagged constructs. In contrast, the infectious titer of the
p6—H2 lies at 2x10%/mL. The ratio of all titers is shown in figure 33 (A) and it can be observed
that the p6-V1 and p6-V2 constructs’ infectious titers are similar to the non—tagged p6 (94%).
The p6—H2 construct, however, shows only 40% of the infectivity compared to the p6—wt.
The staining of the infected Huh7.5 cells was further verified by confocal microscopy. The im-
munofluorescence images (Fig. 33 (B)) show a cytoplasmic and nuclear localization of ORF2.
The intensity and the pattern of the signal was similar between the p6—wt and the V5 tagged
constructs, which is in line with the infectious titers mentioned above.

The ORF2 protein pattern of the Huh7.5 cells infected with the supernatant of H2 electropo-
rated PLC3 cells also shows a nuclear and cytoplasmic localization, but the staining remains
mainly nuclear. This seems logical since the infectivity of the p6—H2 construct is impacted
due to the HA epitope.

To conclude, the V5 epitope has no significant impact on the infectivity of the tagged con-
structs. In contrast, the HA tag lowers the infectivity by more than 50%.

5.4.2. Analysis of Cell Supernatants and Lysates

To finish the characterization and validation of our tagged constructs, the expression of ORF1
and ORF2 after infection of Huh7.5 cells was analyzed. The supernatants of electroporated
PLC3 and infected Huh7.5 as well as the Huh7.5 cell lysates were subjected to western blot
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analysis.

Therefore, the ORF2 protein was detected in all three fractions and additionally, the infected
Huh7.5 cell lysate was stained for the V5 tagged ORF1 as well.

In Fig. 33 (C) it can be observed that the ORF2 expression in the supernatant of PLC3 cells
electroporated with the p6 wt and the tagged constructs is nearly identical. Very similar ex-
pression levels of the capsid protein concerning all constructs can be found in the supernatant
of infected Huh7.5 cells as well. Although, the ORF2 expression in the supernatant of Huh7.5
cells is lower compared to those in PLC3 cell supernatants. In contrast, the ORF2 expression
in lysates of Huh7.5 cells infected by the different p6 viral particles produced by PLCS3 cells
differs substantially. While p6—wt and V5—tagged p6 viral particles induce similar ORF2 levels
in Huh7.5 cells, it is not the case for the p6—H2 particles produced by PLC3 cells. Quantifica-
tion of the ORF2 band intensity show a decrease of 82% compared to the band detected in
Huh7.5 infected by the p6—wt. This is in line with the previous results acquired from measur-
ing the infectious titers and the less intense phenotype seen by confocal microscopy.

In addition, the ORF1 protein could be detected in cells infected with the p6—V1 and p6-V2
at a size of approximately 190 kDa (Fig. 33 (C)). The signal is fainter compared to the ORF2
protein signal, implying that the ORF1 protein is less expressed than the ORF2 protein.

On the other hand, the Huh7.5 cells infected by p6—H2 did not show any detectable expres-
sion of the ORF1 protein. This is likely due to the fact that this construct achieves a lower
infectious titer and is less replication competent according to the luminometry experiments.
All'in all, the insertion of the V5 epitope in the p6—wt appears to have little to no impact on the
ORF2 expression in the supernatant or lysates of infected cells. On the contrary, the HA tag
of the p6—H2 diminishes the ORF2 expression in Huh7.5 cell lysates.

In conclusion, the main focus of this study lies on the V5 tagged p6 and p6—GLuc constructs.
Furthermore, the V1, V2 and the H2 epitopes were also inserted into the heterologously ex-
pressed plasmid.
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Figure 33: (A) Infectious titers of HEV p6 expressing epitope-tagged ORF1 polyprotein.
Ten dpe, supernatant of PLC3 cells electroporated with p6-wt, p6—-V1, p6-V2 or p6—H2
were collected to infect Huh7.5 cells. Three dpi, cells were fixed and stained with anti-
ORF2 antibody (1E6). The number of positive cells from 3 experiments were counted in
triplicate. Statistical analysis was performed using the Mann—Whitney test. (B) Huh7.5
cells were infected with the supernatant of PLC3 cells that were electroporated with HEV
p6 expressing non—-tagged ORF1 (p6—wt), V5—-tagged (p6—-V1, p6—V2) or HA—-tagged (p6—
H2) replicase. Huh7.5 infected with mock-electroporated PLC3 cell supernatant served as
negative control (Mock). Three dpi, cells were fixed, permeabilized and stained with the
anti-ORF2 antibody (1E6, red). Nuclei were stained with Dapi (blue). Scale bar = 30um.
(C) PLC3 cells were electroporated with p6—wt, p6-V1, p6-V2 and p6—H2. Ten dpe,
proteins of cell supernatants were separated by SDS-PAGE electrophoresis, transferred
onto a nitrocellulose membrane and probed with an anti-ORF2 antibody (1EB6, first panel,
PLC3 sup.). Huh7.5 cells were infected with PLC3 supernatants. Three dpi, Huh7.5
supernatants were also analyzed for ORF2 expression (1E6, second panel, Huh7.5 sup.).
In parallel, Huh7.5 cells were lysed and total protein extracts were probed with anti—V5,
ORF2 (1E6) and tubulin antibodies (last 3 panels, Huh7.5 lysates



5. Results 107

5.5. ORF1 expression over time

The expression of the ORF1 protein was analyzed over time to study its kinetics and to exam-
ine whether or not potential cleavage products can be observed. After electroporation of the
p6—GLuc replicon and the p6 infectious strain, the cells were cultured between 4h and 25d
and then lysed (Chapter 3.7.1). Also, kinetic variations of ORF1 heterologously expressed
was studied alongside. The ORF1 sequence is identical in all three expression systems.
Then, the proteins were separated by SDS PAGE and the V5 or HA tagged ORF1 was de-
tected by western blot (Chapter 3.7.6).

The full length ORF1 protein has a size of approximately 194 kDa, thus a signal at a higher
molecular weight than the top marker (180 kDa) is expected concerning all three systems that
are being studied.

5.5.1. Expression of the ORF1 protein in p6 replicon cells

In Fig. 34 (A) the immunoblot of the V5 tagged ORF1 protein expressed through the p6—GLuc
replicon is shown. Cells electroporated with the non—tagged p6—wt—GLuc replicon and the
PBS control served as negative controls. Indeed, no signal for both negative controls can be
observed. At higher than 180 kDa a signal was detected at all time points. This band corre-
sponds to the full length form of ORF1, since the predicted molecular weight is calculated to
be 194kDa. Interestingly, bands of smaller molecular weight were present that might corre-
spond to potential cleavage products. In total, 6 bands can be identified and the band pattern
is summed up in Tab. 26.

It is remarkable that the ORF1 protein can be observed very early on (4hpe), however, it is
not clear whether this early onset expression is truly due to the replication of the replicon or a
result of transcription and translation of the electroporated RNA.

The signal intensity of all bands is similar between 4hpe—12hpe, but on day 1 the intensity
decreases, but is still detectable at day 3, and at later time points the ORF1 is not detectable
altogether (data not shown). This is likely due to the inability of the replicon to be passed on
after cell division. Also, the replicon does not produce viral particles, thus neighboring cells
can not get infected.

At this point, the band pattern can not be interpreted since the V5 tag is situated in the HVR,
for that reason, the N—terminus and C—terminus of each potential cleavage product is un-
known.
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5.5.2. Expression of the ORF1 protein in p6 electroporated cells

Next, the ORF1 expression of the p6 infectious constructs was analyzed in a similar manner.
Similarly to the band pattern obtained from the p6—GLuc replicon system, the major band
is detected at higher than 180 kDa and smaller bands can be seen between approximately
90 kDa and 180 kDa for the V5 tagged ORF1 (Fig. 34 (B) & Tab. 26). Contrarily to the p6—
GLuc replicon kinetics, the V5 tagged ORF1 expression under the p6 infectious system can
be detected until 25 dpe. In this case, the viral particles can infect neighboring cells and
therefore are propagated even after several passages. The signal gradually decreases over
time, but at 25 dpe the full length ORF1 and also its potential cleavage products are detected
albeit less intense. The highest band intensity can be found between 4h and 3 dpe. However
it is possible that the ORF1 expression at the early time points is not a result of viral replication
yet, but due to translation of electroporated RNA.

Overall, the band patterns of the two different systems are similar, but several differences can
be found (Tab. 26). For example, the infectious p6—V1 produces 6 bands and not 5, which lie
between 90 kDa and 180 kDa. Likewise, the potential cleavage products can not be interpreted
so far, since it is unknown whether the cleavage occurs at the N— or at the C—terminus of the
polyprotein. The results obtained with the p6—V1 and p6—V2 were also in part confirmed by
the expression of the p6—H2 construct in PLC3 cells (Fig. 47). The full length ORF1 protein
was detectable at early and later time points (1dpe—25dpe), however smaller bands were not
visible, even at longer exposure times.

5.5.3. Expression of the heterologously expressed ORF1 protein

The expression Kinetics was also studied in H7—T7—-1Z cells that heterologously express the
ORF1 protein (Fig. 34 (C)). The experiments concerning this part were conducted by Cyrine
Bentaleb and more details can be found in her PhD thesis manuscript. The identified minor
bands are summed up in Tab. 26, the most intense bands are labeled by stars.

Table 26: Band Pattern of the ORF1 protein. Stars correspond to the in Fig. 34 marked
bands.

p6—GLuc replicon infectious p6 heterologous  expres-
sion

180 180 (***) 180

150 (***) 150 (**) 160 (***)

130 120 130 (**)

120 (**) 110 110 (%)

100 100 (%) 100

95 (*) 90 95
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Figure 34: Expression of the V5—tagged ORF1 protein over time in different cellular sys-

tems.
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Figure 34 (previous page): Expression of the V5-tagged ORF1 protein over time in
different cellular systems. The stars indicate the most intense putative cleavage ORF1
products for each system. (A) Expression of the ORF1 protein in the p6—GLuc replicon
system. PLC3 cells were electroporated with a replicon expressing the wild type un-
tagged ORF1 protein (wt) or the V5-tagged ORF1 (V1 or V2). Total cell lysates were
collected in presence of protease inhibitors at 4, 8, 12 hpe and 1 and 3 days post—
electroporation (dpe). Mock—electroporated cells served as negative control (C). The
band migrating higher than 180 kDa corresponds to the full-length ORF1 protein (ORF1).
The immunoblot was probed either with an anti—V5 antibody or an anti—tubulin antibody
to control for even loading. Molecular weight markers are indicated in kilodalton. (B) Ex-
pression of the ORF1 protein in the infectious p6 cell culture system. PLC3 cells were
electroporated with the p6 infectious strain expressing the wildtype untagged ORF1 pro-
tein (wt) or the V5-tagged ORF1 (V1 or V2). Total cell lysates were collected in presence
of protease inhibitors at 4, 8, 12 hpe and 1, 3, 15, 25 dpe. Mock—electroporated cells
served as negative control (C). The band migrating higher than 180 kDa corresponds to
the full-length ORF1 protein (ORF1). The immunoblot was probed either with an anti—V5
antibody or an anti-ORF2 (1E6) antibody or an anti—tubulin antibody to control for even
loading. Molecular weight markers are indicated in kilodalton. (C) Heterologous expres-
sion of the HEV p6 ORF1 protein. H7-T7-IZ cells were transfected with a pTM plasmid
expressing the wild type untagged ORF1 protein (wt) or the V5-tagged ORF1 (V1 or
V2). Total cell lysates were collected in presence of protease inhibitors at 8 hours post—
transfection (hpt), 1dpt, 2dpt and 3dpt. Mock—transfected cells served as negative control
(C). The band migrating higher than 180 kDa corresponds to the full-length ORF1 protein
(ORF1). The immunoblot was probed either with an anti—V5 antibody or an anti—tubulin
antibody to control for even loading. Molecular weight markers are indicated in kilodalton.

5.5.4. Comparison of the ORF1 expression systems

In the previous subchapter it became apparent that the band pattern of the ORF1 protein
is similar in the three expression systems used, however the potential cleavage bands have
slightly different sizes dependent on the system used. It was therefore of interest to compare
the band pattern while migrating all samples on the same SDS—-PAGE gel.

The limiting factor in these experiments is the low intensity of the ORF1 full length expression
and even more so of the smaller bands. Thus, it was decided to perform an immunoprecipita-
tion to enrich the tagged ORF1 proteins (Chapter 3.7.7).
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Figure 35: Immunoprecipitation of the ORF1 protein in all three expression systems.
H7-T7—-1Z cells were transfected with the ORF1-V1 and lysed 1dpe. PLC3 cells were
electroporated with either p6—V1-GLuc or p6—V1 RNA and lysates were collected 3dpe.
The IP was performed using the polyclonal goat anti—V5 antibody and the immunoblot
was probed with a monoclonal mouse anti—V5 antibody (Tab.12). Cells transfected or
electroporated with the non—tagged ORF1 served as a negative control. Molecular weight
markers are indicated in kilodalton.

In Fig. 35 it can be observed that the intensities of the full length ORF1 protein are similar
among all three systems, however, the smaller bands are detected in different intensities. Next
to the full length ORF1, the heterologously expressed ORF1-V1 produces the main bands at
160 and 130kDa, the p6—V1-GLuc shows two faint bands at 180kDa and 160kDa and for
the p6-V1 construct bands at 180kDa, 160kDa, 140kDa, 130kDa, 110kDa and 95kDa are
detected . Following the IP of the PLC3/p6-V1, a better separated band pattern was detected
compared to the crude lysate labeling (Fig. 34).

This time, the band at 160kDa (***) is in common between all tested systems. As it was stated
in the previous part, the pattern is difficult to interpret, since it is unclear whether the potential
cleavage occurs at the N— or at the C—terminus.
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The difficulty of these experiments lies in the reproducibility of the detection of the potential
cleavage product bands, since the band detectability can vary slightly among experiments.
This might be due to a tight temporal regulation of their expression or their potential process-

ing.

5.6. Cleavage of ORF1

It still remains uncertain if or how the ORF1 polyprotein might be cleaved. While a PCP
domain was bioinformatically assigned in the ORF1 protein based on sequence homology
[104], no enzymatic potential of this domain has been shown to date. Furthermore, a recent
article challenged the borders and functionality of this domain, claiming that instead a fatty
acid binding domain was identified downstream of the putative PCP domain [130]. Therefore,
several protease inhibitors were tested on PLC3 cells that express the p6—GLuc replicon. The
luciferase activity, the band pattern and the phenotype in regards of subcellular distribution
were evaluated.

Furthermore, to exclude the possibility of the minor bands being the product of degradation,
the proteasome was inhibited and the band pattern of the ORF1 protein was analyzed.

To gather more information concerning the potential cleavage products observed over time
(Chapter 5.3), it was attempted to sequence all products by using mass spectrometry (MS).

5.6.1. Inhibition of the Proteasome

Proteasomes are large, multicatalytic protein complexes that cleave proteins into peptides
intracellularly [389]. Usually, polymerized ubiquitin molecules serve as a signal for proteins
to be shuttled towards the proteasome and subsequently being broken down proteolytically
[390, 391].

In Fig. 34 it can be seen that next to the full length ORF1 protein, several bands of smaller
sizes appear on western blot starting from 4hpe until 25dpe. While these bands could corre-
spond to potential cleavage products, the possibility remains that these bands are a product of
degradation. Thus, if the minor bands in question are indeed the result of protein degradation
by the proteasome, they would be expected to disappear when treated with the proteasome
inhibitor lactacystin.

The successful inibition of the proteasome was controlled using the HSP70 as a marker. This
protein accumulates upon inhibition of the proteasome [392].

Therefore, cells electroporated with PBS, the p6—wt—GLuc and the p6—V1-GLuc replicon were
treated with lactacystin and evaluated on western blot (Fig. 36, (B)). Since the lactacystin



5. Results 113

molecule was dissolved in methanol, each sample was incubated also with methanol alone.
It can be observed that while the tubulin control shows the same amount of protein in all sam-
ples, the HSP70 protein quantity increases slightly when treated with lactacystin in all three
samples. As a consequence, it can be concluded that the inhibition of the proteasome was
successful.

When treated with lactacystin, the tagged ORF1 protein shows a nearly identical band pat-
tern compared to the non—treated or methanol treated samples. The full length ORF1 protein
shows the strongest signal, but the typical minor bands are present as well. When compar-
ing the intensities of the non—treated cells expressing the ORF1 protein and the lactacystin
treated cells, no difference can be stated. This implies that the inhibition of the proteasome
does not abolish the appearance of smaller bands. Thus, based on this experiment the ob-
served minor bands are likely not the result of degradation by the proteasome.

In parallel, the inhibition of the proteasome was tested in H7—T7-IZ cells that were transfected
with the wi—ORF1 and the tagged ORF1. The experiment was run at the same time by Cyrine
Bentaleb. As can be seen in Fig. 36 (A), the same results were obtained that were previously
described, corroborating the indication that the potential cleavage products are not a product
of degradation.
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Figure 36: Treatment of cells expressing the V1—tagged ORF1 with the proteasome in-
hibitor lactacystin. NT: Non—treated samples, V: samples treated with methanol, since
lactacystin was dissolved in methanol, lact: samples treated with 30uM lactacystin for
8h at 3dpe. HSP70 served as a positive control, since it accumulates when the protea-
some is inhibited. The stars indicate the most intense putative cleavage ORF1 products.
(A) H7—T7-1Z cells expressing the V1—-tagged ORF1 treated with lactacystin show the
full length ORF1 protein and smaller bands. (B) P6-V1-GLuc electroporated PLC3 cell
lysates still show smaller bands in addition to the full length ORF1 upon treatment with
lactacystin.

5.6.2. Protease Inhibition of ORF1

According to the bioinformatical analysis, that shows sequence homology to the RUBV pro-
tease domain, HEV possesses a papain like cysteine protease. Additionally, a zinc binding
motif was identified within the PCP. In order to characterize these potential features, inhibitors
of cysteine proteases and zinc chelators were chosen. The selection of the molecules to be
tested was also based on a report by Saraswat et al. who analyzed the effect of a range of
inhibitors and chelators on an in vitro model of HEV [129]. All molecules and concentrations
can be found in Tab. 23.
Similarly to the luciferase kinetic experiments (Chapter 5.3.1) the replication efficacy of the

p6-wt—GLuc replicon was followed over 5 days. The cells were treated with the different in-

hibitors right after electroporation until the endpoint of the experiment. The replication fold

was calculated by comparing the RLU values of each time point to 1dpe.
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Figure 37 shows the percentage of the replication fold of the p6—wt—GLuc replication treated
with each molecule compared to the untreated p6—wt—GLuc. The p6—GAD—gluc and the
p6—wt—GLuc treated with sofosbuvir serve as negative or non—replicative controls in this ex-
periment.

The effect of the cysteine protease inhibitors E64d and Antipain with the concentrations used
(1,10 and 50 or 10, 100 and 200uM) on the p6—wt—GLuc replication was not significant (Chap-
ter 7 Fig. 37 (A)). The replication fold remained at 77% or higher compared to the non—treated
p6-wt—GLuc. E64d does not exhibit any cytotoxicity at the concentrations used and Antipain
shows a decreased cell viability at the highest dose used (Fig. 48).

Leupeptin, a cysteine and serine protease inhibitor, showed slightly elevated inhibition at
500uM of the p6—wt—GLuc replication compared to the previously described cysteine pro-
tease inhibitors. The replication fold on day 5 is inhibited by 43%, while maintaining almost
complete cell viability (Appendices Fig. 48).

The chelator EDTA did not decrease the p6—wt—GLuc replication fold at any concentration,
nor was it toxic on PLC3 cells. On the other hand, the chelator TPEN showed cytotoxicity at
10uM. At the lower concentrations tested, no inhibitory effect on the replication efficacy could
be stated.

Finally, the molecule Velpatasvir, that acts on the zinc binding pocket of the HCV NS5A
through a yet unidentified mechanism of action, only showed a moderate effect on the repli-
cation fold of the p6—wt—GLuc replicon. Its ICso on Huh7 cells expressing HCV is 50pM. At
this concentration, no effect was observed but at higher concentrations it showed a moderate
degree of inhibition of HEV replication (37% decrease compared to the p6—wt—GLuc).

To conclude, according to the luciferase kinetic experiments, there is little to no effect of the
selected molecules on the HEV replicon replication fold. Nevertheless, it was tested whether
or not any of the molecules had an impact on the band pattern of the ORF1 protein by per-
forming a western blot (Fig. 37 (B)) against the V5 epitope. PLC3 cells electroporated with
the p6—V1—gluc were incubated with all molecules listed above at the highest working con-
centration (concentration 3, except for TPEN where concentration 1 was used) for 3d and then
lysed. Mock—electroporated PLCS3 cells served as a negative control.

At 3dpe it can be observed that the band pattern does not change upon incubation with any
of the compound molecules. The full length ORF1 as well as potential cleavage products are
visible in a similar intensity.

Lastly, the subcellular ORF1 distribution while treated with the molecules Leupeptin, Vel-
patasvir and Sofosbuvir in PLC3 cells was observed at 3dpe (Fig. 37 (C)). Leupeptin and
velpatasvir were chosen since they decreased the replication of the HEV replicon most com-
pared to the other molecules tested. Sofosbuvir served as a positive control for successful
HEV replication inhibition. Therefore, PLC3 cells were electroporated with the p6—-V1 and with
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PBS as a negative control.

It can be observed that the distribution of the ORF1 protein in the cells when treated with
either Leupeptin or Velpatasvir did not change when compared to the untreated condition.
Treatment with sofosbuvir, however, abolished the V5 staining in p6-V1 electroporated PLC3
cells.

In conclusion, it appears that none of the selected compounds had an effect on the replica-
tion of the p6—GLuc replicon or the expression of the ORF1 protein. Therefore, the results of
Sarawat et al. are not applicable to our cellular system.
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Figure 37 (previous page): (A) PLC3 cells were electroporated with the p6—wt—GLuc or
the p6—-GAD-GLuc replicon and treated with the following compounds: E64d, Antipain,
Leupeptin, EDTA, TPEN, Velpatasvir and Sofosbuvir with three different concentrations
mentioned in Tab. 23 . Replication Folds were normalized to 1dpe and then compared to
the wt (=100%) at 5dpe. n=3. (B) PLC3 cells were electroporated with the p6—-V1-GLuc
and treated with the same compounds as in (A) (concentration 3). Lysates were collected
at 3dpe and the western blot was revealed with the anti-V5-antibody and tubulin as a
loading control. The stars indicate the most intense putative cleavage ORF1 products.
(C) PLC3 cells were electroporated with the p6—wt and the p6—V1, seeded onto coverslips
and treated with Sofosbuvir, Leupeptin and Velpatasvir at concentration 3 for 3 days. It
was stained against the V5 epitope, images were taken using a confocal microscope.

5.6.3. Mass spectrometry of ORF1

Mass spectrometry (MS) is a technique that identifies protein sequences after digesting them
into smaller peptides of 7 — 35 residues. The sequence of the full length ORF1 protein is al-
ready known, however the sequence of the smaller putative cleavage product bands remains
mysterious. One of the difficulties of this experiment is the low abundance of the smaller
bands, therefore several attempts were necessary to amplify and purify the V5—tagged bands
to a maximum by performing an IP before submitting them to MS.

Therefore, PLC3 cells expressing the p6—-V1 were immunoprecipitated by using a V5 antibody
and the eluate was loaded onto a SDS—PAGE gel that was subsequently stained by a colloidal
blue solution. On the same gel, a sample where H7-T7-IZ cells expressing the V1 tagged
ORF1 protein was run side by side. At the same time, both samples were transferred onto a
membrane and a western blot was performed (Chapter 3.7.8 ).

On the colloidal blue stained gel (Fig. 38 (A)) a band at higher than 180kDa is visible which
corresponds to the full length ORF1. Unfortunately, the minor bands that can be seen on the
western blot right next to it (Fig. 38 (B)), are not found on the gel, since their protein amount
is not high enough. Therefore, the bands that were invisible on the colloidal blue stained gel
were cut according to the western blot that was run at the same time (Fig. 38 (C&D) white
and black boxes).

The bands 1-7 belong to the p6-V1 sample, bands 11-16 represent the ORF1-V1 sample
and bands 8-10 correspond to bands that were specifically visible on the colloidal blue gel
but not on western blot.

Band 1 was clearly identified as the full length tagged ORF1 protein. Its sequence coverage
amounted to 38% and 129 spectra were observed. The N—terminus was identified but the
scores of the first peptide actually were relatively low at 14 and 6. A score higher than 15 was
considered reliable. Bands 2—7 show a sequence coverage of 18-32% and the spectra count
was between 41 and 87. With exception of bands 3 and 5, all the other bands start with the
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peptide 1-8 which corresponds to the N—-terminus of the polyprotein. The C—terminus were
the peptides ending at 1706 or 1734 for bands 2—7.

Similarly to the p6—V1, the sequence coverage of the heterologously expressed ORF1 ranges
from 17-40%. The spectra count was slightly higher compared to the p6—V1 construct (63—
195). The full length ORF1 protein was identified (band 11), but only between the peptides
1-1494. The N—terminus for the minor bands (12—16) was identified as the peptide 1-8 with a
score of higher than 15 for at least one spectrum for each band. The C—terminus for all minor
bands lays between the peptides 1398 and 1706.

The bands 8, 9 and 10 were visible on the colloidal blue stained gel, but they were not de-
tected by western blot. The MS analysis shows that these bands too correspond to the full
length ORF1 protein with a sequence coverage of 39, 55 and 71%. Of note, the spectra count
was comparatively high too ranging from 125-672. At this point, it is unclear why the ORF1
protein, while detectable by colloidal blue staining, is not recognized by the V5 antibody on
western blot. It can be speculated that these bands represent the aggregation of the ORF1
protein or parts of the ORF1 protein since they migrate at higher molecular weight.
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Figure 38 (previous page): H7-T7-IZ cells were transfected with a pTM plasmid ex-
pressing a V5-tagged ORF1 protein (ORF1-V1). PLC3 cells were electroporated with
the p6-V1 construct expressing a V5-tagged ORF1 (p6-V1). Mock—transfected or —
electroporated cells were used as negative controls (Mock). Lysates of each cell line
were immunoprecipitated with the V5 antibody (Tab. 3). Next, the eluate was partitioned
in 2 fractions and resolved by SDS—PAGE electrophoresis. Five per cent of the eluate was
probed with the anti-V5 antibody (B,D) and most of the eluate was stained with colloidal
blue (A,C). Following precise alignment of the revealed film and the colloidal blue stained
gel, the desired bands were cut from the gel and analyzed by nano—scale liquid chro-
matography coupled to tandem mass spectrometry after in—gel trypsin digestion. White
rectangles highlight the numbered bands of interest that were analyzed (Supplementary
Fig. C,D).

Table 27: Results of the mass spectrometry analysis

Band num- Sequence Number of N-terminal C—terminal peptides
ber/construct  coverage[%)] spectra peptides (score)
(score)

1/p6-V1 38 129 1-8 (14) 1758-1777(25)
2/p6-V1 32 87 41-53 (78) 1720-1734 (65)
3/p6-V1 31 68 54-69 (15) 1720-1734 (95)
4/p6-V1 32 83 1-8 (1) 1695-1706 (41)
5/p6-V1 30 68 41-53 (77) 1720-1734 (79)
6/p6—-V1 20 48 1-8 (7) 1695-1706 (16)
7/p6-V1 18 41 1-8 (6) 1695—-1706 (19)
8/ORF1-V1 39 125 1-8 (5) 1720-1734 (69)
9/0RF1-V1 55 321 1-8 (18) 1758-1777 (87)
10/ORF1-V1 71 672 1-8 (71) 1758-1777 (87)
11/ORF1-V1 35 195 1-8 (17) 1485-1494 (10)
12/0ORF1-V1 40 185 1-8 (24) 1651-1662 (58)
13/ORF1-V1 31 102 1-8 (24) 1695—-1706 (30)
14/ORF1-V1 19 75 1-8 (25) 1651-1662 (32)
15/0RF1-V1 17 63 1-8 (18) 1651-1662 (18)
16/0ORF1-V1 17 66 1-8 (24) 1390—-1398 (40)
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5.7. Subcellular Fractionation of ORF1

To identify the subcellular compartment in which the ORF1 protein and potentially the viral
replication site are located, cellular fractions were separated by using the subcellular frac-
tionation kit (Tab. 10). This kit allows the extraction of the cytoplasmic soluble fraction, the
cytoplasmic membranous fraction, the nuclear soluble fraction, the nuclear chromatin bound
fraction and the cytoskeleton (Chapter 3.7.3).

To start with, the heterologously expressed ORF1 was analyzed by western blot (Fig. 39 (A)).
The full length ORF1 protein is detected in all the fractions except the nuclear chromatin—
bound fraction. Potential cleavage products are predominantly visible in the cytoplasmic frac-
tion and in the cytoskeleton fraction.

Next, the V5 tagged replicons were analyzed. Fig. 39 (B) shows the presence of the un-
cleaved ORF1 protein in all subcellular fractions at 3dpe. With the exception of the nuclear
chromatin bound fraction, the band pattern appears very similar throughout all fractions. The
bands at 150 kDa, 130 kDa and 100 kDa show up most prominent in all extracts except for
the nuclear chromatin bound fraction. This indicates that the ORF1 protein is not only present
in the cytoplasm and the nucleus, but also, that it might interact with cytoplasmic membranes
and also the cytoskeleton.

In Fig. 39 (C) the distribution across cellular fractions of the p6—-V5 tagged ORF1 protein at
3dpe is demonstrated. The uncleaved polyprotein is present in all subcellular fractions. Po-
tential cleavage proteins are visible as well in all fractions except for the nuclear chromatin
bound extract.

The band pattern between the different fractions is similar, however, it varies especially be-
tween the cytoplasmic and the nuclear fractions. A band at 160 kDa is detected in the nuclear
soluble and cytoskeleton fractions, but not in the cytoplasmic fractions.

When comparing the results obtained with the p6—GLuc replicon and the p6 infectious system,
it is noticeable that the band pattern is similar. The most intense band remains the uncleaved
ORF1. Potential cleavage bands appear in all fractions except for the nuclear chromatin bound
fraction. However, in the replicon expressing cells and H7—T7—-IZ cells expressing the ORF1
protein, there is no difference between the band patterns among the different subcellular frac-
tions, as it is detectable in the p6 expressing cells.
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Figure 39 (previous page): (A) H7—-TZ-IZ cells were transfected with the vector express-
ing the non—-tagged ORF1 wildtype protein (ORF1-wt) and the V5-tagged ORF1 proteins
(ORF1-V1, ORF1-V2). Eight hours post—transfection, cells were collected and cellular
fractions were separated as follows: Cs = cytoplasmic soluble fraction, Cm = cytoplasmic
membranous fraction, Ns = nuclear soluble fraction, Nc = nuclear chromatin—bound frac-
tion, Ck = cytoskeleton. Immunoblots were probed with antibodies directed against the
V5 epitope. Other antibodies were used to monitor for fraction enrichment: anti—tubulin
as a marker of the cytoplasmic soluble fraction, anti—calnexin as a marker of cytoplas-
mic membranous fraction and anti—lamin B1 as a marker of nuclear envelope. Molecular
weight markers are indicated in kilodalton. (B) PLC3 cells were electroporated with the
p6—GLuc replicons expressing the non—-tagged wildtype ORF1 (p6—wt—GLuc), and the
V5-tagged ORF1 (p6-V1-GLuc, p6-V2-GLuc). Three days post—electroporation, cells
were collected and cellular fractions were separated and named as above. The above-
mentioned antibodies were used to reveal the immunobots. Molecular weight markers
are indicated in kilodalton. (C) PLC3 cells were electroporated with the p6 expressing
the non-tagged wildtype ORF1 (p6), and the V5-tagged ORF1 (p6-V1, p6-V2). Four
hours post—electroporation, cells were collected and cellular fractions were separated and
named as above. The above—mentioned antibodies were used to reveal the immunoblots.
Molecular weight markers are indicated in kilodalton.

5.8. Membrane Rearrangement induced by ORF1

Whether or not the non—structural protein induces membrane rearrangement in host cells was
investigated by electron microscopy (Chapter 3.5.3).

These experiments were conducted in collaboration with Pr. P. Roingeard (plateforme IBiSA,
Université F. Rabelais, Tours).

Prelimiary data generated by transmission electron microscopy suggested that vesicles are
formed upon HEV p6 electroporation in PLC3 cells (Fig. 40). The vesicles appear in clusters
and are surrounded by an electron—dense membrane (Fig. 40 (A) white arrows). These find-
ings suggested that HEV can indeed induce membrane rearrangement in host cells.

To test this hypothesis, we wanted to identify which role the ORF1 protein could play in this
process. First, PLC3 cells electroporated with p6—V1 were subjected to a immuno—gold stain-
ing at various time points post electroporation (4hpe, 3dpe, 10dpe). All procedures were
carried out by Cyrine Bentaleb at the facility of our collaboration partner.

Unfortunately, several anti—V5 antibodies were unable to detect a specific signal in PLC3 cells.
As a next step, PLC3 cells electroporated with the p6—H2 was used in order to test a different
primary antibody. However, even different anti-HA antibodies failed to specifically stain the
ORF1 in PLC3 cells (Appendices Fig. 49).

Finally, this goal was no longer pursued during this thesis.
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Figure 40: Ultrastructure of PLC3 cells electroporated with the HEV p6. PLC3 cells were
electroporated with the p6 (A) or PBS (B) and were cultured for several days. After fixa-
tion, the cells were analyzed by transmission electron microscopy.

5.9. Subcellular Localization of ORF1

The subcellular localization of the tagged ORF1 protein was studied through immuno—labeling
and in situ hybridization.

To begin with, the labeling of p6-V1, p6-V2 and p6—H2 in PLC3 cells will be discussed. Fur-
thermore, the detection of HEV positive and negative RNA will be addressed.

All immuno-stainings were performed by using the p6—GLuc replicon, the p6 infectious sys-
tem and the heterologous system.

First, PLC3 cells were electroporated with all tagged p6—GLuc constructs, the p6—wt—GLuc
and a PBS control. At 3dpe, the cells were fixed and the V5 and HA tagged ORF1 was tar-
geted by an anti-V5 antibody and an anti-HA antibody (Chapter 3.5.1). Unfortunately, no
specific signal was detected. This might be due to a low expression of the ORF1 protein in
PLC3 cells.

Next, the same experiment was repeated by using the p6 infectious system in PLC3 cells. As
shown in Fig. 41 (A) the ORF1 protein is localized in the cytoplasm and the nucleus. The nu-
clear labeling appears stronger, however the nucleus is more condensed than the cytoplasm
and might be the reason for this observation.

Furthermore, the ORF1 protein forms perinuclear aggregates that often go hand in hand with
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a nuclear deformation (white arrow, Fig. 41 (A)). It is unclear what these aggregates might
represent, but they were further studied in the following chapters (see 5.9.1 and 5.9.2).
However, the heterologously expressed ORF1 localizes predominantly to the cytoplasm and
only shows a weak nuclear staining (Appendices, Fig. 50 (A)). Similarly to the p6-V1 stain-
ing, the ORF1 accumulates in the perinuclear region that coincides with a deformation of the
nucleus. However, less accumulations were found overall when compared to the staining of
the p6 infectious system.

5.9.1. Co-labeling with viral proteins

The ORF1 protein was co—labeled with several viral or cellular proteins to more accurately
determine the site of viral replication.

At first, the viral capsid protein, ORF2, and the ORF1 protein were co—stained by using
immuno—labeling in PLC3 cells at 3dpe. The ORF2 protein was stained with the commer-
cial antibody 1E6 that recognizes all forms of the ORF2 protein (Fig. 41 (C&D)).

In Fig. 41 (C) it can be observed that ORF2 is distributed in the cytoplasm and the nucleus
of the cell. Furthermore, it forms perinuclear aggregates that often localize next to a nuclear
deformation. When co—labeled with ORF1 it can be seen that the aggregations are partially
overlapping. Apart from the perinuclear foci however, the ORF1 and ORF2 do not seem to
overlap. As a result, the pearson coefficient of the co—staining in the region of interest (ROI)
defined as the perinuclear nugget is 0.57 (Fig.41 (B)).

Furthermore, a stack of more than 40 layers of the co—labeling between ORF1 and ORF2
was analyzed (Fig. 41 (D)). It becomes clear that the ORF1 and the ORF2 protein are both
present in the periculear nugget showing similar intensities over space (Fig. 41 (D) graph).
When the tagged ORF1 and the ORF2/3 are co—expressed in H7—T7—-IZ cells, an overlap in
the perinuclear foci is observed as well (Fig. 50 (B)).

Next, the ORF3 protein was further examined. In PLC3 cells, the ORF3 protein appears in
a spot—like pattern in the cytoplasm (Fig. 41 (E&F)). Interestingly, it also forms aggregations
close to the nucleus that often lie next to a nuclear deformation. Colocalization experiments
show that these foci also partially overlap with the ORF1 protein. In the ROI, a pearson coef-
ficient of 0.54 was found between the ORF1 and the ORF3 protein in the infectious system.
The pearson coefficient of this overlap is similar to the ORF2 colocalization. When the stack
of the co—labeling is analyzed, it can be seen, that the intensities over space are shaped in a
similar pattern (Fig. 41 (F) graph). In this case however, the ORF3 protein produces a higher
intensity compared to ORF1. Additionally, it can be observed in the surfacing mode of the 3D
image that the ORF3 protein seems to surround the ORF1 protein.

In the heterologous expression model the overlap between ORF1 and ORF3 in the perinuclear
region is furthermore confirmed (Fig. 50 (C)).
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Figure 41: Co—localization of the HEV proteins in the host cell.
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Figure 41 (previous page): (A) PLC3 cells were fixed and permeabilized 3 days af-
ter electroporation with the p6 wildtype non—tagged strain (p6) or the p6 expressing the
V5-tagged ORF1 protein (p6-V1, p6—-V2). Cells were stained with an anti—V5 antibody
(red) and nuclei were stained with DAPI (blue) prior to analysis by confocal microscopy.
Mock—electroporated cells served as negative control. Scale bar = 20um. (B) Pearson
coefficients were calculated using JACoP plugin from Imaged software using the perin-
uclear nugget as ROI. Mean (+/— standard deviation) of 30 analyzed cells are indicated.
(C) Co—labeling of the V5-tagged HEV replicase with ORF2 in PLC3 cells. Cells were
treated as above (A). Then, the viral proteins were co—labeled with antibodies directed
against the V5 epitope (ORF1, red) and ORF2 (1EB6, green) prior to analysis by confocal
microscopy. Scale bar = 20um. (D) A stack of the co—staining performed as in (C) of at
least 40 layers with an interval of 0.15um was analyzed. A 3D surfacing (top), the stack
(middle) and a graph covering the slice (bottom) are shown. (E) Co—labeling of the V5—
tagged HEYV replicase with ORF3 in PLC3 cells. Cells were treated as above (A). Then,
the viral proteins were co-labeled with antibodies directed against the V5 epitope (ORF1,
red) and ORF3 (green) prior to analysis by confocal microscopy. Scale bar = 20um. (F)
A stack of the co—staining performed as in (E) of at least 40 layers with an interval of
0.15um was analyzed. A 3D surfacing (top), the stack (middle) and a graph covering the
slice (bottom) are shown.

5.9.2. Co-labeling with cellular markers

The ORF1 protein was co—stained with several cellular markers to identify the subcellular
compartment of viral replication.

Based on the results of another student in the lab, Kevin Hervouet, different markers of the
recycling endosomal pathway were chosen. It was shown by him that the proteins CD71
and Rab11 colocalize with the ORF2 protein in the perinuclear aggregates [393]. CD71 is
the transferrin receptor | that is localized on the plasma membrane and gets internalized via
endosomes, due to which it is transferred again to the plasma membrane [394]. In Fig. 42
(A&B) the overlap between CD71 and the ORF1 protein is shown. Here, a partial colocaliza-
tion (pearson coefficient of 0.42) can be observed concerning the above mentioned foci. The
overlap was also further characterized as can be found in Fig. 42 (B). Similarly to the analyses
performed with ORF1 and ORF2 or ORF3, a stack of images was acquired to reconstruct a
3D image. It can be observed from the surfacing representation that while also overlapping,
CD71 seems to surround ORF1. The intensity graph shows an intensity over distance pattern
that is very similar for both analyzed proteins, however, the intensity of CD71 around 3 fold
higher than the intensity of ORF1.

Another marker of the endosomal pathway, that has been shown to be exploited by pathogens,
Rab 11, was studied. Rab 11 is a small GTPase that is localized in the recycling endosome
[395] and it also forms perinuclear aggregates that overlap with the aggregates formed by
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the ORF1 protein (Fig. 42 (C&D)). The pearson coefficient amounts to 0.69, which marks
the highest level of colocalization among all proteins tested. Indeed, the surfacing depiction
shows an obvious colocalization between Rab11 and ORF1 (Fig. 42 (D)). This is further cor-
roborated by the intensity plot of the two proteins. In this case, the ORF1 shows a higher
intensity over distance than Rab11.

Protein kinase C and casein kinase substrate in neurons 2 (PACSIN2) is a lipid—binding pro-
tein that promotes the tubulation of the phosphatidic acid—containing membranes, that has
been implicated in the assembly of HCV [396].

In Fig. 42 (E) it can be seen that PACSIN2 is present where the perinuclear nuggets are
formed, however it does not accumulate in that region. The pearson coefficient of the overlap
with ORF1 lies therefore at 0.23.

On the other hand, the Eps15 homology domain protein 1 (EHD1) is recruited by PACSIN2
alongside long tubular membranes (in the tubular recycling endosome or TRE), however it is
unclear how EHD1 is recruited to these tubular endosomes [397]. The association between
EHD1 and ORF1 is found regarding the perinuclear accumulations as can be seen by a pear-
son coefficient of 0.49 and in Fig. 43 (C).

Another cellular factor that was tested is the CD63, that belongs to the tetraspanin family. It
has shown to be involved in the exit and entry of viruses [398]. In this case however, it does
not seem to colocalize with the ORF1 protein (pearson coefficient of 0.1). On the other hand,
it is noteworthy that the distribution pattern of CD63 differed between PBS electroporated cells
and cells electroporated with HEV (Fig. 43 (A)). The CD63 protein in PBS electroporated cells
is evenly distributed throughout the cytoplasm, whereas in cells electroporated with the p6—wt
or tagged constructs the labeling seems stronger and more small aggregates seem to form in
the vicinity of perinuclear aggregates.

In fact, several members of the tetraspanin family have been shown to be involved in the life
cycle of different viruses [399]. CD81 is also a member of this family; it has been shown to
interact with HCV [400, 401]. However it does not seem to directly associate with ORF1 of
HEV (Fig. 43 (B)). It even seems to adopt a pattern that evades the ORF1 protein, as the
pearson coefficient reaches -0.1.

All'in all, it appears that HEV uses the recycling endosomal pathway during its life cycle. The
colocalization within the perinuclear aggregates between the cellular markers and the ORF2
protein led to the hypothesis that viral assembly takes place in this location [393]. Based on
this hypothesis, a second one can be formed: the site of viral replication might be close to the
site of viral assembly.
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Figure 42: Co—labeling of the HEV V5-tagged ORF1 protein with several cellular markers
in the p6 cell culture system.
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Figure 42 (previous page): The wt (p6—wt) and V5—tagged ORF1 proteins (p6-V1) were
expressed in PLC3 cells electroporated with the p6 HEV strain. Three dpe, cells were
co—labeled with anti-V5 antibody (red) and cellular markers antibodies (green) directed
against CD71 (A&B), Rab11 (C&D) and PACSIN2(E). Cell nuclei were stained with DAPI
(blue). Mock—electroporated cells served as negative controls (Mock). Images were taken
with a confocal microscope. Scale bar = 20um. (B&D) A stack of the co—staining per-
formed as in (A) of at least 40 layers with an interval of 0.15um was analyzed. A 3D
surfacing (top), the stack (middle) and a graph covering the slice (bottom) are shown.(F)
Pearson coefficients were calculated using JACoP plugin from ImagedJ software using
the perinuclear nugget as ROI. Mean (+/— standard deviation) of 30 analyzed cells are
indicated.
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Figure 43: Co—labeling of the HEV V5-tagged ORF1 protein with the cellular markers
CD63, CD81 and EHD1 in the p6 cell culture system.



5. Results 132

Figure 43 (previous page): The wt (p6—wt) and V5—-tagged ORF1 protein (p6—-V1) were
expressed in PLC3 cells electroporated with the p6 HEV strain. Three dpe, cells were
co—labeled with anti-V5 antibody (red) and cellular markers antibodies (green) directed
against CD63 (A), CD81 (B) and EHD1(C). Cell nuclei were stained with DAPI (blue).
Mock—electroporated cells served as negative controls (Mock). Images were taken with a
confocal microscope. Scale bar = 20um.

5.9.3. Detection of HEV RNA inside the host cell

The RNA staining was performed by employing the RNAscope® method by Advanced Cell
Diagnostic, Inc. (ACDbio).

The principle of this technique is the in situ hybridization of target specific probes to RNA and
the augmentation of the fluorescent specific signal through multiple amplification steps.
Probes were designed against genomic RNA, subgenomic RNA and negative—stranded HEV
RNA (Fig. 44 (A)). PLC3 cells electroporated with p6—wt RNA were first stained for genomic,
subgenomic and negative—stranded RNA.

To follow the kinetics of the viral RNA localization inside the HEV—infected cells, a time course
experiment was set up. P6—wt and PBS electroporated cells were fixed at 4hpe, 3dpe and
6dpe and further labeled for positive—stranded genomic and subgenomic RNA and negative—
stranded RNA (Fig.44 (B)). At 4hpe, the labeling of the negative—stranded RNA is located
close to the cell nucleus. Subgenomic and genomic RNA are partially colocalizing with
negative—stranded RNA at 4hpe, while subgenomic RNA even seems to surround negative—
stranded RNA. The pearson coefficient of the overlap between negative—stranded RNA and
subgenomic RNA reaches 0.68, which corresponds to a moderate to high amount of colocal-
ization.

At 3dpe, accumulations of especially genomic and subgenomic RNA are visible close to the
cell nucleus, while they are also dispatched throughout the cell. The pearson coefficient of
positive—sense RNA and negative—stranded RNA decreased slightly when compared to 4hpe
from 0.51 to 0.37 for probe targets A and B and from 0.68 to 0.54 for probe targets C and B.
The decrease might be caused by the loss of intensity of negative—stranded RNA. The pear-
son coefficient between probe targets A and C stays similar between 4hpe and 3dpe (0.39
and 0.41 respectively) as does their signal intensity.

The last time point, 6dpe, shows a more diffuse pattern for all three types of HEV RNA in
PLC3 cells. The staining of the negative—stranded RNA at this time point adopts a dot-like
pattern, some of them displaying a rather intense fluorescence while other foci being more
diffuse. Of note, some similar intense dots (although slightly smaller) are also shown in the
mock—electroporated cells. And while the subgenomic RNA is more and more dispersed
throughout the cell maintaining its high intensity, the genomic RNA loses part of its signal in-
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tensity. The pearson coefficient for negative—stranded RNA and genomic RNA at 6dpe stays
similar to the one at 3dpe (0.38 for both of them). While the colocalization between subge-
nomic and negative—sense RNA decreases (0.53 to 0.43), the overlap between subgenomic
and genomic RNA increases slightly (0.41 to 0.52).

Next, HEV genomic RNA was co—labeled with the ORF1 protein (Fig. 44 (D)). Therefore,
PLCS3 cells were electroporated with the p6—V1 construct and PBS as its negative control.
The PLC3 cells were fixed at 4hpe, 3dpe and 6dpe to analyze the genomic positive—stranded
RNA and ORF1 protein expression over time. At 4hpe, the ORF1 staining is of low inten-
sity and overlaps partially with genomic RNA, the pearson coefficient is relatively low (0.39,
Fig. 44 (E) ). At 3dpe the ORF1 protein shows its typical nuclear distribution together with a
faint staining in the cytoplasm and the more intense perinuclear accumulations. The positive—
stranded genomic RNA colocalizes with the accumulations and partly with the cytoplasmic
staining as well. A pearson coefficient of 0.44 was measured. At 6dpe the ORF1 protein is
located in the nucleus and the cytoplasm, but the perinuclear accumulations do not occur any
longer. The positive—stranded RNA staining becomes fainter and does not any more overlap
with the ORF1 staining, which is also expressed by a pearson coefficient of 0.05.
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Figure 44: in situ labeling of positive— and negative—sense HEV RNA.
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Figure 44 (previous page): PLC3 cells were electroporated with non—tagged p6 or V5—
tagged p6 strains (p6—wt and p6-V1, respectively). Cells were grown on coverslips, fixed
and stained at 4 hpe, 3 dpe and 6 dpe. Mock—electroporated cells served as negative
control. Cell nuclei were stained with Dapi (blue). Images were taken on a confocal mi-
croscope. Scale bar = 20 um. (A) Schematic overview of the RNAscope® probe location.
Probe A targets the positive—sense genomic RNA and is located in the RdRp domain
of ORF1 (purple). Probe B targets the negative—sense RNA and is also located in the
RdRp but does not overlap with probe A. Probe C targets the positive—sense subgenomic
RNA, by hybridizing at the ORF3 (red) / ORF2 (blue) overlap. (B) PLC3 cells electropo-
rated with the p6—wt strain were sequentially stained with probes A (white), B (red) and C
(green). (C) Pearson’s correlation coefficients were calculated using JACoP plugin from
Imaged software using the whole cell as ROIl. Mean (+/— standard deviation) of 25 ana-
lyzed cells are indicated. (D) PLCS3 cells electroporated with the p6—V1 strain was stained
with probes A (red) while the V5-tagged—ORF1 was stained in green. (E) Pearson’s cor-
relation coefficients were calculated using JACoP plugin from ImagedJ software using the
whole cell as ROI. Mean (+/— standard deviation) of 25 analyzed cells are indicated.

Secondly, the genomic RNA was co—labeled with the other viral proteins and two of the
above mentioned cellular factors (Fig. 45). The ORF2 protein staining is characterized by a
nuclear and cytoplasmic labeling together with perinuclear accumulations that often coincide
with a deformation of the nucleus (Fig. 45 (A)). These accumulations were also observed
for genomic positive—stranded at 3dpe as well. Indeed, the accumulations of positive—sense
genomic RNA and the ORF2 protein colocalize as shown by pearson coefficients of 0.6 (Fig.
45 (E)).

Thirdly, the genomic HEV RNA was co-stained with the ORF3 protein (Fig. 45 (C)). Since
the ORF3 and the ORF2 colocalize as well in this exact region, an overlap can be observed
between the ORF3 protein and positive—stranded genomic RNA at 3dpe (Pearson coefficient
of 0.73).

Furthermore, 2 cellular markers were examined regarding their interaction with viral RNA (Fig.
45 (B&D)). As described before, Rab11 is a protein of the endosomal recycling pathway that
is found as well in the perinuclear accumulations overlapping with all three viral proteins. At
3dpe of the p6—wt in PLC3 cells, it can be observed that a partial overlap between positive—
sense RNA and Rab11 is formed in the perinuclear region, reflected by a Pearson coefficient
of 0.48.

Also, a partial overlap between viral genomic RNA and the tetraspanin CD63 is show in Fig.
45 (D) . The Pearson coefficient amounts to 0.53, which might indicate a partial association
between CD63 and genomic positive—sense RNA. It is interesting to note, that the ORF1
protein did not seem to associate with CD63 (Fig. 43 (A) & Fig. 42 (F), however, the positive—
sense genomic RNA appears to colocalize partially.
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In conclusion, HEV positive— and negative—sense RNA as well as subgenomic RNA are lo-
cated in the perinuclear region at 3dpe. At this time point, colocalization between positive—
sense genomic RNA and all viral proteins in the nugget—shaped foci was observed, thereby
further corrobating the hypothesis that viral replication and assembly take place in close prox-
imity to each other in the perinuclear region.
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Figure 45: In situ labeling of positive—sense HEV RNA and viral or cellular proteins. PLC3
cells were electroporated with non—tagged p6 (p6—wt and p6—V1) or with PBS (Mock) as
a negative control. Cells were grown on coverslips, fixed and stained at 3 dpe. Cell nuclei
were stained with Dapi (blue). Images were taken on a confocal microscope. Scale bar
= 20 um. (A) PLCS cells electroporated with the p6—wt strain was sequentially stained
with probes A (red) while ORF2 protein was stained in green using the 1E6 monoclonal
antibody. (B) PLCS3 cells electroporated with the p6—wt strain was sequentially stained
with probes A (red) while Rab11 was stained in green. (C) PLC3 cells electroporated with
the p6—wt strain was sequentially stained with probes A (red) while ORF3 protein was
stained in green using the polyclonal anti-ORF3 antibody. (D) PLC3 cells electroporated
with the p6—wt strain was sequentially stained with probes A (red) while CD63 was stained
in green. (E) Pearson’s correlation coefficients were calculated using JACoP plugin from
Imaged software using the perinuclear nugget—shaped accumulations as ROIl. Mean (+/—
standard deviation) of 25 analyzed cells are indicated.
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6. Discussion

There are still many unanswered questions regarding the life cycle of hepatitis E virus. In
this study, we focused on the replication step of the virus, which involves foremost the non—
structural protein ORF1. Our goal was to characterize ORF1 maturation and subcellular lo-
calization during viral replication.

Out of all three viral proteins, ORF1 is the least studied one, which is due to low expression
levels and the lack of a commercial and functional antibody. Thus, we inserted different tags
into ORF1 to detect the ORF1 protein.

This approach has been used in a study by Szkolnicka ef al. which employed a trans-
poson based screen to insert HA tags into the ORF1 protein [222]. They successfully in-
serted the epitope and were able to localize the ORF1 through indirect immunofluorescence
in HepG2/C3A cells.

In the following, the validation of our epitope tagged systems as well as our goals to charac-
terize the maturation and the subcellular localization of ORF1 will be discussed.

6.1. System Validation

Similarly to the approach by Szkolnicka et al., we aimed to insert epitopes without disrupting
viral replication [222]. Therefore, we controlled the replicative capacity by first inserting the
epitope tags in a replicon containing the Gaussia luciferase as a read—out.

In first attempts, HA tags were inserted at the borders of the different predicted domains of the
ORF1 protein. To test their replication ability, the tags were inserted into the p6—GLuc repli-
con and the luciferase activity was monitored over the course of 5 days. It became apparent
that the insertion in these positions completely abolished replication (data not shown). One
reason for this result might be that the bioinformatically assigned domains do not correspond
exactly to the actual domain borders, so that the tag insertion might have interrupted the do-
main. Another hypothetical reason might have been the disruption of the 3D structure of the
polyprotein.

To avoid a modification of the ORF1 conformation, an HA tag was thus inserted at the C—
terminus of the ORF1 protein, right before the stop codon (Chapter 5.2, Fig. 28). Another
advantage of this insertion site is the traceability of the tagged protein, since in the event of a
possible cleavage, we can determine more precisely in which region of the protein the cleav-
age may occur.

As a next step, the HVR was chosen as an epitope tag insertion site, since it is the most
variable part of the ORF1 genome and it is known to tolerate small insertions and deletions
[102, 145]. After aligning 44 HEV ORF1 sequences, we indeed confirmed the variability of
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this region. The previously mentioned study by Szkolnicka et al., also found that the HVR was
the most tolerant region for insertions.

At first, the HA epitopes were inserted in several strategic places (Fig. 28): The H2 position
was derived from the strain LBPR—-0379 that contains a S19 insertion that confers a growth
advantage in cell culture [102, 145] (Fig. 28 (A)). Since this site was known to tolerate a rela-
tively large insert (117nt), first the H2 and later the V2 were placed in this exact position.
Next, the H3 and H4 insertion sites were located at the borders of the S17, a region that is
specific and unique to the Kernow C1 strain (Fig. 28 (A)). The H5 and H6 were inserted in
a way that conserves the proline residues in the proline—rich region of the HVR (Fig. 28 C).
Next to the HA tags, V5 epitopes were tested as well. The V2 tag is situated in the exact
same position as the H2 tag. The V1 tag on the other hand was based on a different insertion
strategy: after aligning the V5 epitope sequence with the complete HVR region of the ORF1
protein, a region was identified, where 4 amino acids were identical, 3 amino acids had to be
mutated and 7 amino acids needed to be inserted to reconstitute the V5 epitope with a lesser
impact on the HEV genome (Fig. 28 (B)).

On day 5, the replication efficacies were compared to those of the p6—wt—GLuc (Chapter 5.3,
Fig. 30 (A&B)). Out of all constructs, the p6—V1-GLuc replicon showed the most promising
replication efficacy as it was comparable to the p6—wt—GLuc. By inducing the least amount
of change into the HEV genome, the V1 insertion did not affect the replication efficacy signif-
icantly. Moreover, one of the tags used in the study by Szkolnicka et al. also identified this
insertion site (shifted by one amino acid) as the most tolerable, thereby confirming the validity
of our insertion choice.

The p6—V2—-GLuc construct also showed a replication efficacy relatively close to the p6—wt—
GLuc. However, the p6—H2—-GLuc replicon replicates less efficiently even though both epi-
topes are situated in the exact same position. This implies that not only the insertion site
matters concerning its tolerability, but also the amino acid sequence composition. On the
other hand, Szkolnicka et al. inserted an HA tag 5 amino acids upstream of this site in a
different strain while maintaining the replication ability of their replicon. Therefore, it is difficult
to explain the success of one tag insertion and the defeat of the other.

Collectively, the HA tagged p6—GLuc replicons showed a lower replication efficacy compared
to the wt replicon (9-34%). The H1 position is located within the subgenomic promoter that
was likely disrupted by the HA insertion, which therefore reduced subgenomic expression
[97]. The specific reasons for the low replicative capacity of the other HA tagged replicons
are unclear. As a consequence, neither the H1 nor the H3—H6 were inserted into the p6 in-
fectious genome. Initially, the H2 was not inserted into the p6 infectious genome either due
to its lower replication efficacy compared to p6—V2—-GLuc. However, when we encountered
difficulty concerning the V5 antibody during the immuno—gold labeling, we tried to circumvent
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the problem by using an HA antibody to continue these experiments. Since the H2 insertion
is in the same position as the V2, we have included this construct in our analysis but at a later
time point.

The HA tags in the H2 position on the other hand, were used in the heterologous system,
since it relies on T7—driven expression and not on replication.

Next, the intracellular RNA levels of the tagged replicons were determined to further address
the impact of the selected tags on the replication of the replicons (Chapter 5.3.2).

By using one probe against genomic RNA and another against subgenomic RNA, it was found
that the expression levels of the p6—V1—-GLuc and the p6—V2—GLuc were overall comparable
to the p6—wt—GLuc. This indicates that the tag insertion does not have an impact on the
expression of intracellular genomic and subgenomic RNA. Furthermore, the V1 and V2 tags
were inserted into the p6 infectious genome, where the intracellular and extracellular RNA
levels were verified by using probes against genomic and subgenomic RNA (Chapter 5.3.3).
In line with the previous results, the p6—V1 and the p6—V2 RNA levels behave similarly to the
non—tagged p6—wt, implying that the tag insertion in these two positions do not affect HEV
intra— or extracellular RNA levels (Fig. 32). In all three cases, intracellular genomic RNA
reached up to 3.9x107 copy numbers/ug and extracellular RNA reached up to 7.2x10” copy
numbers/mL.

Finally, the impact of the tags on the infectivity of HEV was studied by measuring the construct
specific infectious titers (Chapter 5.4). The p6—wt showed an infectious titer of 10* FFU/mL,
which was also reached by the p6—-V1 and p6—-V2 constructs. Also, the expression of ORF2
between the p6—wt and the V5 tagged p6 constructs was compared in electroporated PLC3
cells as well as Huh7.5 cells infected with viral particles produced by PLC3 cells. It was
observed that the ORF2 expression in both cases remained at the same level. Thus, the in-
sertion of a V5 tag in both positions does not abrogate viral infectiousness or the expression
of the ORF2 protein.

Taken together it can be concluded that the V1 and V2 insertion positions have no impact
on viral replication or viral infectivity. On the other hand, the HA tagged constructs lead to a
major decrease of HEV replication, therefore they could not be used in a replicative system.
The H1 and H2 insertions could be used in a heterologous expression system and the V1 and
V2 epitope tags were used in all three available systems.

6.2. Maturation of the non-structural protein

After validating the insertion of the four epitope tags in at least one of the described systems,
our next goal was the characterization of the maturation of ORF1. In positive—stranded RNA
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viruses it is common for the non—structural or the structural proteins to undergo processing.
HCV for example gets cleaved by the protease encoded by the NS3 [402] and SARS-CoV 2
possesses even 2 proteases that cleave the non—structural proteins [403, 404].

As it was previously mentioned (Chapter 1.6.2), the potential processing of the non—structural
protein of HEV remains controversial in the literature [138]. While there is evidence for and
against processing, most reports were using heterologously expressed ORF1 or cell free sys-
tems to acquire their data. The last reports that were using replicon systems [101, 222] were
only able to detect the full length ORF1 protein by immunoblotting.

Hence, we sought to analyze the expression of the tagged non—structural protein in our three
different systems: the heterologous expression, the p6—GLuc replicon and the p6 infectious
systems (Chapter 5.5). In all 3 expression systems, the ORF1 protein is already expressed at
early time points (4h—8hpt). A major band at higher than 180kDa can be observed that corre-
sponds to the full length protein. At the same time, smaller bands between 90 and 180kDa are
visible as well. These smaller bands that exist in lower abundance than the full length ORF1
might be the product of ORF1 cleavages. Their early expression might be due to an early
requirement of these potential cleavage for the replication of HEV, but it is not clear whether
replication takes place so early on, since the electroporation process delivers a substantial
amount of RNA into the cell. As time progresses, the abundance of these products decreases
further (Fig. 34 (C)), which can be observed in the infectious system until 25dpe, which might
imply that viral replication slows down over time. In a study on poliovirus it was shown that
viral replication slows down over time too, as resources are depleted in the cell [405]. The
band pattern of the smaller bands between the 3 systems is similar but it is not exactly the
same. Also, the potential cleavage products seem more numerous in the p6 infectious system
following a V5 IP (Fig. 35). Since the sequence of these smaller bands are still unknown, it is
difficult to interpret these results.

Furthermore, we aimed to address the nature of the potential cleavage bands: are they in-
deed specific cleavage bands or are they the product of protein degradation?

To answer this question, we decided to perform a proteasome inhibition with the specific in-
hibitor lactacystin [406] (Chapter 5.6.1). If the smaller bands were indeed a product of protein
degradation, we would expect them to disappear after treatment with lactacystin, since protein
degradation should be inhibited. To control for the successful inhibition of the proteasome, we
also probed for the HSP70 protein which is known to accumulate in this case. Indeed, we
observed a slight increase of this protein when the cells were treated with the inhibitor.

Upon treatment with lactacystin at 3dpe of PLC3 cells electroporated with the HEV replicon
or H7—T7-1Z cells transfected with the V1—tagged ORF1, we could observe that the smaller
bands between 90—180kDa were still visible on the immunoblot in both cases. The intensity of
the bands of the non—treated cells and the lactacystin treated cells was comparable as well.
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This implies that the observed smaller bands are likely not degradation products.

The next question surrounding the potential processing mechanism of the non—structural pro-
tein concerns the PCP domain of ORF1. The bioinformatical analysis by Koonin et al., in
1992 found a sequence homology to members of the Rubivirus family that stated the occur-
rence of a PCP domain [104]. However, an enzymatic activity of this domain has yet to be
proven. In a report by Saraswat et al., in order to characterize the nature of the HEV pro-
tease, they used an FTC-based casein assay to determine the effects of several inhibitors
on the protease activity [129]. The protease domain had been expressed in baculovirus and
was purified to be used in a cell-free assay. In their inhibition assay, 12 compounds belong-
ing to different groups of protease inhibitors (serine proteases, aspartic proteases, amino—
peptidases, metallo—endoproteases, cystein proteases) were tested. Based on their choice of
compounds, we selected four molecules to test their effect in a replicative system. Addition-
ally, we chose a specific zinc—chelator since the same report revealed this ion to be required
as an optimal reaction component. Lastly, the direct acting antiviral velpatasvir was chosen,
a molecule that efficiently inhibits HCV replication by binding to domain | of the NS5A, which
binds one zinc ion and is involved in viral replication [407, 408]. Sofosbuvir was chosen as
a control as it is a nucleoside analogon that inhibits HEV replication [328]. After selecting
these molecules, preliminary experiments to ensure their functionality and the permeability of
the molecules were conducted using two different Renilla luciferase replicons: a 229E coron-
avirus replicon that is susceptible to all cysteine protease inhibitors and zinc chelators and an
HCV replicon that can be inhibited by velpatasvir. In both cases, the expected inhibition was
found at the specific working concentrations.

Next, we performed a replication kinetics experiment by using the p6—GLuc replicon with a
luciferase activity read—out (Chapter 5.6.2). By comparing the non—treated p6—GLuc replicon
with the compound treated replicon, we show that the HEV replication is only moderately or
not at all inhibited by the selected molecules (Fig. 37 (A)). The ion chelator EDTA had no im-
pact on HEV replication, since it is likely not very specific for zinc. TPEN, the zinc ion chelator,
showed cytotoxicity at the highest dose tested and no effect at a smaller dose. Although, it
could be interesting to test several intermediary doses to determine its exact cytotoxic dose
and its activity on HEV replication at a non cytotoxic dose. Also, velpatasvir did not signifi-
cantly impact HEV replication, even at higher doses tested, nor did it modify its subcellular
localization. Therefore, the zinc binding to HEV protease may not be as essential for HEV
replication as it is for HCV.

The cysteine protease inhibitors E64d, antipain and leupeptin showed a moderate degree of
inhibition at the highest dose tested. However, the reduction of replication efficacy is not sig-
nificantly different compared to the non—inhibited replication. These results stand in contrast
to the finding published by Saraswat et al. [129]. Their team used a cell-free system to test
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the protease inhibitors with a FTC—casein based protease assay. This is different from our
GLuc replicon in PLCS3 cells, since the used compounds might behave differently within cells
compared to a cell-free system. In cells, drugs could get degraded or are even cytotoxic at
certain concentrations, therefore the discrepancy between the results might be explained. In
the context of a replicative system, the protease activity of the PCP (or a cellular protease)
towards ORF1 has not yet been proven, therefore it cannot be excluded that this domain is
not functional.

Next, the effect of these compounds on HEV expression was tested by western blot. All
in all, it can be stated that no difference between the bands derived from the non—inhibited
p6—V1—gluc versus the inhibited p6—V1—gluc could be observed. Both the band pattern and
intensity remained unchanged upon treatment with all compounds. Additionally, no difference
was observed between the subcellular ORF1 localization obtained by IF. Taken together, the
replication kinetics, the immunoblot and IF results confirm that no impact of protease inhibitors
or ion chelators on HEV replication could be observed.

On the other hand, a relatively recent report by Proudfoot et al. challenged the PCP domain
and identified a fatty acid binding domain instead of a protease domain [130]. Additionally,
the newly identified domain seems to be placed further downstream compared to the initially
assigned PCP domain (Fig. 8). While these results need to be further characterized, they
might offer evidence why the tested cysteine protease inhibitors had no specific impact on
HEV replication. Also, it is possible that a protease of the host cell might be responsible for
the processing of the ORF1 protein. Inversely, the HEV protease might target host cell pro-
teins, however, we did not investigate these leads any further.

At last, we were interested in finding out the sequence of the observed potential cleavage
products of the ORF1 protein. We used mass spectrometry to analyze the observed bands
(Chapter 5.6.3). Therefore, a large IP was performed using H7—T7-IZ cells transfected with
the ORF1-V1 or PLC3 cells electroporated with the p6—-V1. After SDS—PAGE electrophoresis
the bands of interest were cut from the colloidal blue stained gel and submitted to mass spec-
trometry. A western blot with the same samples was run in parallel. Since immunoblotting is
a more sensitive technique, bands that were unable to be stained by the colloidal blue could
still be cut according to the western blot results. In fact, only the full length ORF1 band was
successfully stained by colloidal blue, since it is produced in higher amounts. The other bands
were only present in low amounts, which was the limiting factor that prevented us from going
further along that line. As a result, the full length ORF1 protein was identified with certainty
by mass spectrometry (sequence coverage of 38% for the p6—-V1 and 35% for the ORF1-V5).
The analyses of the smaller bands resulted in the identification of parts of the ORF1 pro-
tein, however, they covered less sequence information, smaller number of spectra and overall
lower scores per identified peptide. Indeed, the low expression levels of these products in
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both analyzed systems prevented the reliable identification of their cleavage sites. However,
it appeared that the N—-terminus of the identified smaller bands was stable and corresponded
to the N—terminus of the polyprotein. This could hint towards a cleavage from the C—terminus
rather than from the N—terminus.

In addition, an immunoprecipitation with an anti-HA—antibody using H7-T7—-IZ lysates that
expressed the ORF1-H1 was used to identify the sequence of potential cleavage products.
By using the anti-HA—antibody we hoped to increase the amount of protein that can be cou-
pled to the beads, however, the MS/MS analysis did not yield any detectable ORF1 sequence
(data not shown).

All in all, the results from the MS confirmed that the detected protein bands of lower abun-
dance contained parts of the ORF1 protein, but no conclusive sequence identification could
be attributed to the potential cleavage products.

6.3. Membrane Rearrangement

The next objective of this study was to investigate whether the viral replicase induces mem-
brane rearrangement in host cells. It is common for positive—standed RNA viruses to induce
membrane rearrangement in cells and preliminary data from our lab suggested that HEV
could induce the formation of clusters of vesicles inside the host cell cytoplasm (Chapter 5.8).
However, a closer analysis of PLC3 cells showed that these vesicles are likely the result of
an over—active Golgi apparatus which is specific for this cell line, as these vesicles were also
present in mock—electroporated cells.

Furthermore, we were not successful in detecting the ORF1 protein in PLC3 cells electropo-
rated with the p6—V1 or the p6—H2 using immuno—gold labeling. The tight temporal regulation
and the low expression levels of ORF1 are likely responsible for the absence of ORF1 detec-
tion in cryo—sections.

As a result, whether or not ORF1 induces membrane rearrangement remains inconclusive.

6.4. Subcellular Localization of HEV Replication

In which subcellular compartment does HEV replication take place? Generally, positive—sense
single stranded RNA viruses replicate in the cytoplasm of the cell.

In previous studies on HEV, the non—structural protein was found in the cytoplasm colocalizing
with the other viral proteins and markers of the ERGIC, Golgi and exosomes [166, 222]. To
answer this question in our system, we were interested in the localization of the ORF1 protein
in the cell, but also the localization of viral genomic and subgenomic RNA.

To begin with, subcellular fractionation of cells expressing the ORF1 protein was undertaken,
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that isolates two cytoplasmic fractions, two nuclear fractions and the cytoskeleton (Chapter
5.7). Interestingly, the ORF1 protein was dispersed throughout all the subcellular fractions in
all three systems used. Of note, the full length protein was present in all fractions, and the
potential cleavage products were observed in all fractions except the nuclear chromatin bound
fraction. In this fraction, the abundance of the full length ORF1 was the lowest as well. It is
further interesting to note, that the band pattern varied slightly among the different fractions.
In the p6 infectious system, one band at 150kDa appeared only in the nuclear soluble and cy-
toskeleton fractions and was not visible in the two cytoplasmic fractions. The heterologously
expressed ORF1-V1 and —V2 showed a less intense band pattern in the nuclear soluble frac-
tion compared to the other systems. However, without the sequence information it is difficult
to interpret the band pattern. It is possible however, that certain potential cleavage products
are required only in certain fractions if they serve a specific purpose.

In line with these results are the findings of the ORF1 protein localization obtained by im-
munofluorescence (Chapter 5.9.1). Both the heterologously expressed ORF1 and the infec-
tious p6—ORF1 are localized throughout the cell in the cytoplasm and the nucleus. Again,
the staining of the heterologously expressed ORF1-V1 is less intense in the nucleus than in
the cytoplasm, thereby confirming the finding observed by subcellular fractionation. Unfortu-
nately, the p6—V1-GLuc replicon was unable to be detected in PLCS3 cells by IF. This is likely
due to a lower expression of the ORF1 protein in the cell. The nuclear labeling of the ORF1
protein stands in contrast to the findings reported by Szkolnicka et al. who showed a cyto-
plasmic only localization of the ORF1. The difference in localization might be due to different
strains of the genotype 3 HEV being used. The Kernow p6 strain contains a S17 insertion in
the HVR of the ORF1 that potentially could act as a nuclear localization signal (NLS) [409].
Furthermore it is not uncommon even for RNA virus non—structural proteins to exert functions
non-related to viral replication, which could be an explanation for their localization in the nu-
cleus (Dengue virus [410], SFV [411], Equine arteritis virus [412] non—structural proteins are
found in the nucleus at early stages of infection, but it is not yet known for which exact reason
they are transported to the nucleus). However, it is still unclear if the full length ORF1 or po-
tential cleavage products migrate into the nucleus and which purpose it serves.

The ORF1 labeling also shows peri—nuclear nugget—shaped accumulations that often coin-
cide with a nuclear deformation. This pattern has been previously observed for the ORF2 and
ORF3 protein of the Kernow C1 strain as well [393]. Indeed, a partial overlap between the
ORF1 and the other viral proteins was observed in the present study, which is in line with the
findings reported by Szkolnicka et al.. In the perinuclear nugget—shaped accumulations, the
pearson coefficient for the overlap between ORF1 and ORF2 amounts to 0.57 and between
ORF1 and ORF3 it is 0.54. These coefficients are moderate, but show a certain degree of
overlap between the ORF1 and the other viral proteins. Also, when the ORF1-V1 was (het-
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erologously) expressed on its own, only few cells were observed that showed the perinuclear
accumulations. However, when co—expressed with ORF2 or ORF3, the nugget-shaped accu-
mulations were visible more abundantly. This might indicate, that the ORF1 protein does not
induce these structures by itself.

As it was reported by Bentaleb et al., the ORF2 protein colocalizes with several cellular factors
located in the endosomal recycling compartment (ERC), indicating the site of HEV assembly.
Interestingly, an overlap between ORF1 and the same factors has been found in this study as
well (Chapter 5.9.2) [393]. The ERC is responsible for mediating cargo to the plasma mem-
brane and it is involved in several cellular processes. Pathogens such as viruses have been
hijacking the ERC during infection [413, 414]. ORF1 partially overlaps with the factors Rab11,
CD71 and EHD1 (Fig. 42&43).

The transferrin receptor I, CD71, is a membrane glycoprotein responsible for cellular iron
uptake [415]. It is localized at the plasma membrane, gets internalized via endosomes and
is transported back to the plasma membrane [394]. Additionally, it serves as a receptor for
arenaviruses [416]. Upon HEV infection, it forms perinuclear nugget—shaped foci that overlap
with all viral proteins. The pearson coefficient for the overlap with ORF1 is relatively low which
is probably due to an only partial overlap in the previously mentioned foci.

Rab11 (a small GTPase) is a key player in the ERC and is involved in processes such as
promoting epithelial and endothelial barrier integrity, sensing and immobilizing pathogens,
and repairing pathogen—induced cellular damage. Many bacterial or viral pathogens exploit
Rab11 trafficking to invade or escape from the host cells [395]. The pearson coefficient be-
tween ORF1 and Rab11 is higher compared to the coefficient between ORF1 and CD71,
which is likely attributed to the fact that the Rab11 staining is primarily located to the perinu-
clear accumulations.

Protein kinase C and casein kinase substrate in neurons (PACSIN) family members are in-
volved in several cellular processes such as clathrin—dependent and —independent endocy-
tosis, caveolae formation, vesicle trafficking, actin dynamics, and cell migration [417—421].
Furthermore, PACSIN2 (also known as syndapin 2) is implicated in the propagation of HIV
[422, 423] and it interacts with the NS5A of HCV to promote viral assembly [396]. The ERC is
functionally interconnected with the tubular recycling endosome (TRE) whose morphogene-
sis is controlled by PACSIN2 [424—-428]. Also, PACSINZ2 recruits EHD1 to the TRE [397, 429].
The overlap between ORF1 and EHD1 is also mainly focused in the perinuclear nugget—
shaped foci. Therefore it can be stated that the ORF1 localization extends to the TRE. The
viral proteins ORF2 and ORF3 co—distribute with markers of the late endosome CD63 and
CD81, which are tetraspanins found in multivesicular bodies (MVBs). Also, Szkolnicka et al.
observed colocalization between ORF1 and CD63 as well as CD151 [222]. However, no colo-
calization was observed for ORF1 and these two cellular proteins. This might indicate that
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ORF1 of the p6 strain specifically localizes to the ERC and the TRE and not late endosomes.
Taken together, these results suggest that the place of viral replication is in close proximity to
the site of HEV assembly.

To confirm this first evidence, we were looking to localize HEV RNA within the cell (Chapter
5.9.3). An indicator for the replication of RNA viruses (that are not retroviruses) is the oc-
currence of double stranded RNA. Initially, it was planned to stain double stranded RNA with
the antibody J2 in PLCS3 cells electroporated with the HEV p6. Unfortunately, the antibody
staining at 3dpe did not reveal any specific labeling. This may be caused by low expression
levels of double stranded RNA due to a slow replication of the virus.

Therefore, we were opting for a technique that can specifically and sensitively detect HEV
RNA in fixed cells and we decided to set up the RNAscope® technique for in situ hybridiza-
tion. This technique was also used to successfully visualize HCV and Zika RNA in fixed cells
[245, 430].

The negative—sense RNA is primarily an indicator for viral replication since its only purpose
serves as a template for positive—stranded RNA. It can be seen that HEV negative—sense
RNA was most prevalent at early time points and its intensity faded over time (Fig. 44). This
points towards an early onset of HEV replication that slows down over time as it was seen on
the expression of ORF1 and potential cleavage products on Western blot (Fig. 34).
Positive—stranded genomic RNA was further co—stained with all viral proteins at 3dpe. In-
deed, positive—stranded genomic RNA did co—localize with ORF1, ORF2 and ORF3 in the
perinuclear foci indicated by Pearson coefficients of 0.44, 0.49 and 0.57, respectively.
Positive—stranded RNA was also co—labeled with the cellular factors Rab11 localized in the
ERC and CD63 in the late endosomes. Similarly to the co—staining of ORF1, Rab11 was
found to overlap partially with postive—sense RNA. However, while ORF1 did not appear to
colocalize with CD63, positive—sense RNA showed a higher degree of colocalization. Taken
together, the visualization of RNA corroborates the hypothesis that the site of HEV replication
and assembly are in close proximity to each other.
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6.5. Conclusion

To conclude, we successfully inserted two V5 epitopes (V1 and V2) into the HVR of ORF1 of
HEV that allowed the detection of the ORF1-tagged protein by anti—-V5 antibodies, while the
replication of the virus or the replicon is not negatively impacted. Furthermore, genomic and
subgenomic RNA levels as well as the infectivity of the newly generated constructs remained
comparable to those of the non—tagged p6—wt.

By using the V5 tagged HEV, it was found that the ORF1 protein is detected very early on
after electroporation and is still detectable after 5 passages (4hpe—25dpe). Moreover, next to
the full-length ORF1 protein that has an expected size of 194kDa, smaller bands that could
correspond to potential cleavage products were visible too. These bands are likely not the
result of degradation, as the inhibition of the proteasome did not abrogate the occurrence of
these proteins. Unfortunately, we did not fully identify the sequence of these bands, however,
it seems that they are rather cleaved from the C—terminus than the N-terminus, as the identi-
fied peptides of all minor bands matched the N-terminus of the full-length ORF1 protein.
The nature of the protease that might be responsible for the potential processing is unclear,
as cysteine protease inhibitors did not result in a lowered replication capacity.

It also remained inconclusive whether or not the viral replicase induces host cell membrane
rearrangement as positive—sense RNA viruses usually do. Unfortunately, the tagged ORF1
protein could not be detected by immuno—electron microscopy.

On the other hand, the ORF1 localization was identified by immuno—labeling. It was observed
that the ORF1 protein localizes to the cell nucleus and is diffused in the cytoplasm to lower
extent. It also forms perinuclear nugget—shaped foci in which it co—localizes with the other
viral proteins ORF2 and ORF3. This site has recently been characterized as a hypothetical
site of HEV assembly, that recruits cellular proteins of the ERC (Rab11, CD71, EHD1) [393].
Indeed, the ORF1 protein also co—localizes to these proteins implying that the site for viral
replication and viral assembly are in close proximity to each other. Finally, in situ hybridization
of HEV positive— and negative—stranded RNA corroborates these findings as co—localization
with the previously mentioned viral and cellular proteins can be stated.

All in all, this study helped to gain a better understanding of the possible maturation of the
HEYV viral replicase and the localization of its replication site in host cells.
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7. Perspectives

This report on the characterization of the hepatitis E virus replicase opens up new possibilities
for further studies. By using the described cell culture system and/or the different V5 tagged
constructs, new leads could be pursued in the future.

In order to characterize especially the PCP domain of HEV, it may be a worthwhile to explore
further the idea of the potential fatty acid binding domain. A collaboration with the team of
Proudfoot et al. who published their results in 2020 could be of interest. In this context, it
could be an idea to test FABD binding competitors on the HEV replicon to characterize this
potential domain further.

The p6—Giluc replicon could also be used to evaluate a more important number of FABD bind-
ing competitos or inhibitors of the HEV replication in general, since the Gaussia luciferase
read—out is compatible with a high—throughput screening assay. This would allow to char-
acterize the replication through the mechanism of action of different compounds and at the
same time it could potentially lead to an opportunity to develop a treatment against the virus.
It would also be possible to use a replicon with GFP in place of the Gaussia luciferase to set
up a high—-throughput assay so that the read—out could be analyzed by a high—content imag-
ing platform.

Furthermore, the sequencing of the potential cleavage products of the ORF1 protein still
needs to be improved. The low abundance of the proteins of interest likely calls for more
sensitive technologies. Unfortunately, there is not yet a universally used improved technique
for this goal, however, the latest developments in the domain of protein sequencing need to
be followed. For example, it is possible to couple mass spectrometers with a nanopore ion
source in order to sequence single molecules. The techniques improves sensitivity and allows
for the detection of post—translational modifications [431]. Other new technologies consist of
DNA technologies for protein sequencing and biological and solid state nanopores, that are
however, only in the early steps of development [431].

Finally, the localization of ORF1 could be further characterized. In preliminary experiments
we mutated a potential nuclear localization signal (NLS) that was described by Kenney&Meng
in 2015 [409] to analyze the effect of this signal on the subcellular localization of ORF1. Un-
fortunately, the NLS mutants were no longer replication competent and could not be further
studied. However, it would be possible to only mutate part of the NLS or the S17 region (that
contains the NLS) could be inserted into a different strain of the same genotype to study its
effect on the ORF1 localization. Also, it would be interesting to confirm the subcellular local-
ization of HEV that we observed in our cell culture systems also in in vivo tissue samples. It
would be feasible to perform not only indirect immuno—labeling of the non—structural protein
but also in situ RNA hybridization to detect positive— and negative—stranded RNA in those
samples.
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To conclude, it would be very interesting to establish collaborations as well as use the newest
state—of-the-art techniques to pursue the goal to characterize the replication step of the HEV
life cycle.
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Appendices

A. Inhibition with Sofosbuvir

PLC3 cells / p6 infectious strain
No treatment Sofosbuvir (20 pM)

ORF2 ORF2/Dapi ORF2 ORF2/Dapi

Figure 46: Immunofluorescence of p6-electroporated PLC3 cells in presence of sofosbu-
vir (20uM). Three days post—electroporation with the infectious p6—wt, p6—V1 or p6-V2
strain, PLC3 cells were fixed and stained in red with an anti-ORF2 antibody (1E6, Milli-
pore). Nuclei were stained with Dapi (blue). Mock—electroporated PLC3 cells served as
negative control. Scale bar = 20 uM
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Figure 47: PLC3 cells were electroporated with the p6 infectious strain expressing the
wildtype untagged ORF1 protein (wt) or the HA-tagged ORF1 (H2). Total cell lysates were
collected in presence of protease inhibitors at 1, 15 and 25 dpe. Mock—electroporated
cells served as negative control (C). The band migrating higher than 180 kDa corresponds
to the full-length ORF1 protein (ORF1). The immunoblot was probed either with an anti—
HA antibody or an anti—tubulin antibody to control for even loading. Molecular weight
markers are indicated in kilodalton.
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Figure 48: Cell viability assay of electroporated PLC3 cells with protease inhibitors and
ion chelators. PLC3 cell were electroporate with the p6—V1-GLuc replicon and treated
with the following compounds: E64d, Antipain, Leupeptin, EDTA, TPEN, Velpatasvir and
Sofosbuvir with three different concentrations mentioned in Tab. 23. Cell viability was
normalized to mock electroporated PLC3 cells (=100%) at 5dpe.
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Immuno-gold staining of the HA-tagged ORF1

Figure 49: Immuno—gold staining of p6—H2 electroporated PLC3 cells. PLC3 cells were
electroporated with the p6—H2 and fixed at 3dpe. An anti-HA antibody was used to stain
the ORF1 protein, the secondary antibody was coupled to gold beads with a size of 6nm.
No specific signal was detected and overall only few beads were visible.
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E. Subcellular Localization of the heterologously
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Figure 50: (A) H7—T7-1Z cells expressing either the wildtype ORF1 (ORF1—wt) or the
V5—tagged ORF1 proteins (ORF1-V1, ORF1-V2) were fixed and permeabilized 8 h after
transfection. Cells were stained with an anti—V5 antibody (red) and nuclei were stained
with DAPI (blue) prior to analysis by confocal microscopy. Mock—transfected cells served
as negative control. Scale bar = 20um. (B) Co—labeling of the V5—tagged HEV replicase
with ORF2 in H7-T7-IZ cells. Cells were treated as above. Then, the viral proteins were
co—labeled with antibodies directed against the V5 epitope (ORF1, red) and ORF2 (1E6,
green) prior to analysis by confocal microscopy. Scale bar = 20um. (C) Co-labeling of
the V5—-tagged HEV replicase with ORF3 in H7—T7-IZ cells. Cells were treated as above.
Then, the viral proteins were co—labeled with antibodies directed against the V5 epitope
(ORF1, red) and ORF3 (green) prior to analysis by confocal microscopy. Scale bar =
20pm.
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Hepatitis E virus (HEV) is the major cause of acute hepatitis worldwide. HEV is a
positive-sense RNA virus expressing three open reading frames (ORFs). ORF1 encodes
the ORF1 non-structural polyprotein, the viral replicase which transcribes the full-
length genome and a subgenomic BRNA that encodes the structural ORF2 and ORF3
proteins. The present study is focused on the replication step with the aim to determine
whether the ORF1 polyprotein is processed during the HEV lifecycle and to identify
where the replication takes place inside the host cell. As no commercial antibody
recognizes ORF1 in HEV-replicating cells, we aimed at inserting epitope tags within
the ORF1 protein without impacting the virus replication efficacy. Two insertion sites
located in the hypervariable region were thus selected to tolerate the V5 epitope
while preserving HEV replication efficacy. Once integrated into the infectious full-length
Kernow C-1 p6 strain, the V5 epitopes did neither impact the replication of genomic
nor the production of subgenomic RNA. Also, the V5-tagged viral particles remained
as infectious as the wildtype particles to Huh-7.5 cells. Next, the expression pattern
of the V5-tagged ORF1 was compared in heterologous expression and replicative HEV
systems. A high molecular weight protein (180 kDa) that was expressed in all three
systems and that likely corresponds to the unprocessed form of ORF1 was detected
up to 25 days after electroporation in the p6 cell culture system. Additionally, less
abundant products of lower molecular weights were detected in both in cytoplasmic and
nuclear compartments. Concurrently, the V5-tagged ORF1 was localized by confocal
microscopy inside the cell nucleus but also as compact perinuclear substructures in
which ORF2 and ORF3 proteins were detected. Importantly, using in situ hybridization
(RNAScope®), positive and negative-strand HEV RNAs were localized in the perinuclear
substructures of HEV-producing cells. Finally, by simultaneous detection of HEV
genomic RNAs and viral proteins in these substructures, we identified candidate
HEV factories.

Keywords: HEV p6, positive-strand RNA virus, ORF1 processing, Gaussia luciferase replicon, epitope tag, RNA
hybridization, endocytic recycling compartment, replication complexes
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INTRODUCTION

Hepatitis E virus (HEV) is one of the leading causes of acute
hepatitis worldwide (WHO, 2021). Amongst the 20 million
infections estimated by WHO every year, 3.3 million cases are
symptomatic. Although HEV infection is usually self-resolving in
the general population with a mortality rate of 0.5 to 4% due to
fulminant hepatitis, the immunocompromised patients, mainly
organ transplant recipients, may suffer from chronic hepatitis
and cirrhosis (Lhomme et al., 2020). Elevated mortality rates
(up to 25%) have also been recorded among pregnant women
in developing countries as well as in patients with pre-existing
liver diseases (Pérez-Gracia et al., 2017; Lhomme et al., 2020;
Webb and Dalton, 2020). In addition, both chronic and acute
HEV infections can lead to neurological disorders or kidney
injuries and impaired renal function (Lhomme et al.,, 2020;
Webb and Dalton, 2020).

Hepatitis E virus is classified in the Hepeviridae family
and the four genotypes (gt 1-gt 4) that account for most of
the human infections, are included within the Orthohepevirus
A genus (Smith and Simmonds, 2018). HEV gt 1 and 2
are transmitted through fecal-oral route and can cause large,
primarily waterborne outbreaks in resource-limited settings.
Ingestion of undercooked swine or game meat is the primary
mode of zoonotic transmission of HEV gt 3 and 4 in middle- and
high-income areas (Kamar et al., 2017).

The HEV genome is a positive-sense, 5'-capped, single-
stranded RNA of ~7.2 kb in length. It is organized into three
open reading frames (ORFs): ORF1, ORF2, and ORF3 (Wang
and Meng, 2021). ORF1 encodes the ORFI non-structural
polyprotein, which contains several functional domains essential
for viral replication. ORF2 encodes the ORF2 viral capsid protein,
which is involved in particle assembly, binding to host cells
and eliciting neutralizing antibodies (Schofield et al., 2000;
Shiota et al.,, 2013). ORF3 encodes a small multifunctional
phosphoprotein involved in virion morphogenesis and egress
[reviewed in Glitscher and Hildt (2021)]. ORF2 and ORF3
are partially overlapping and the corresponding proteins are
translated from a subgenomic RNA of 2.2 kb in length (Graff
et al., 2006). Another small viral protein, named ORF4, only
expressed in genotype 1 HEV, was shown to interact with several
host and viral proteins and enhance viral replication (Nair et al.,
2016; Yadav et al., 2021).

ORF1 is the largest ORF in the viral genome and encodes
a non-structural polyprotein where several domains have been
bioinformatically assigned based on homology with Rubi-like
viruses, i.e., Rubivirus, Betateravirus, and Benyvirus (Koonin
etal,, 1992). Although several domains such as methyltransferase
(Met), helicase (Hel) and RNA-dependent RNA polymerase
(RdRp) have been reported to be enzymatically active, the
function of the Y and X-domains as well as the highly disordered
hypervariable region (HVR) remain elusive (Wang and Meng,
2021; Figure 1C). In addition, the precise location of the
protease region (known as papain-like cysteine protease, PCP)
and its enzymatic activity are still a matter of debate (LeDesma
et al., 2019; Proudfoot et al., 2019). Whether or not the HEV
polyprotein gets processed by the PCP or cellular proteases

remains a difficult question to address considering the low
expression level of the polyprotein in HEV cell culture systems
as well as the scarcity of functional specific antibodies (Debing
et al,, 2016; Lenggenhager et al., 2017; Nimgaonkar et al., 2018;
Kenney and Meng, 2019).

In this study, we sought to characterize the ORFI replicase.
The insertion of epitope tags into the HEV replicase came to
us as the best strategy to track the polyprotein inside the host
cell and identify its potential cleavage products. The HVR was
chosen based on amino acid (aa) ORF1 sequence alignments
as well as its capacity to tolerate inserted fragments arising
either from duplication of viral genome or from human genes
(Shukla et al., 2011, 2012; Nguyen et al., 2012; Johne et al,
2014; Lhomme et al., 2014). Additionally, the HVR region of
the HEV83-2-27 strain of gt 3 has been recently reported to
tolerate the insertion of an HA epitope and a small luciferase
reporter gene (Szkolnicka et al., 2019). In our study, we attempted
to insert V5 or HA epitopes into the HVR of gt 3 Kernow
C-1 p6 strain, taking advantage of the homology existing
between the HEV and V5 epitope aa sequences and also of
a naturally occurring insertion in the HEV genome (Nguyen
et al., 2012; Figure 1C). At first, a p6-GLuc replicon expressing
the Gaussia Luciferase (GLuc) reporter gene under the control
of the epitope tagged-ORF1 was used to select insertion sites
that did not impact replication efficacy (Shukla et al., 2012;
Emerson et al., 2013; Figure 1B). Two positions located into
the HVR were selected as the V5 insertions did neither impact
the Gaussia luciferase secretion nor the transcription of genomic
and subgenomic viral RNAs. Also, the V5-tagged viral particles
remained as infectious as the wildtype particles to Huh-7.5 cells.
Next, the expression of the selected epitope-tagged ORF1 was
analyzed in the p6-GLuc replicon, heterologous and p6 cell
culture systems. The full-length ORF1 protein as well as less
abundant products of lower molecular weight were detected
in all systems, both in cytoplasmic and nuclear compartments.
Simultaneous detection of HEV genomic / subgenomic RNAs
by fluorescence in situ hybridization (RNAscope®) and ORF1
protein by immunofluorescence identified candidate HEV
replication complexes as compact perinuclear nuggets in
which ORF2 and ORF3 proteins were also detected. Finally,
partial co-localization of viral proteins with cellular markers
of the endocytic recycling compartment (ERC) unveiled the
composition of the HEV replication factories.

MATERIALS AND METHODS

Plasmids

The plasmid pBlueScript SK (4) carrying the DNA of the full-
length genome of HEV gt 3 Kernow C-1 p6 strain (GenBank
accession number JQ679013) was kindly provided by Dr.
S.U. Emerson (Figure 1A). The HEV p6-wt-GLuc replicon,
constructed from the HEV gt 3 Kernow C-1 p6 strain was also
obtained from Dr. Emerson (Figure 1B). This replicon possesses
a Gaussia Luciferase (GLuc) reporter gene that substitutes the 5
part of the ORF2 gene and most part of the ORF3 gene (Shukla
et al., 2012; Emerson et al, 2013). A p6-GAD-GLuc mutant
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FIGURE 1 | Localization scheme of epitope tag insertions within the ORF1 polyprotein of HEV. (A) Scheme of the HEV Kernow C-1 p6 (GenBank accession number
JQ679013) genome and encoded proteins. The full-length HEV genome (7.2 kb) is composed of 5" and 3’ non coding regions (NCR) as well as three open reading
frames: ORF1 (purple) encoding the HEV replicase, ORF2 (red) and ORF3 (blue) encoding the capsid and a small phosphoprotein, respectively. The HEV
subgenomic RNA of 2.2 kb is depicted as a thin black line. The probes used in RT-gPCR experiments are located as small colored rhombus: ORF1-specific probe
(dark purple) and ORF2/ORF3-specific probe (dark blue). The full-length of the ORF1 protein cannot be represented at the scheme scale (purple dashed lines).

(B) Scheme of the HEV p6-GLuc replicon genome and encoded proteins. The Gaussia luciferase (GLuc, green) replaces the ORF3 and the N-terminus of ORF2 in
the HEV p6-GLuc replicon. (C) The ORF1 is enlarged and its functional domains are designated as methyltransferase (MeT), Y domain (Y), papain-like cysteine
protease (PCP), hypervariable region (HVR), macro- or X-domain (X), helicase (Hel), RNA-dependent RNA polymerase (RARp). Insertion position of an HA epitope at
the C-terminus of ORF1 is localized (H1, arrowhead). C-terminal nucleotide and aa sequences of RdRp are detailed for the ORF1 untagged wildtype (ORF1-wt) and
HA-tagged (ORF1-H1) proteins with inserted epitope sequence highlighted in blue (box). A focus on the HVR enables to locate the human S17 ribosomal protein
insertion (S17) of the HEV Kernow C-1 p6 strain and the prolin-rich region (Pro-rich). An asterisk points at the 2,202-2,252 region whose nucleotide and aa
sequences are detailed (box). Two other sites of insertion of V5 or HA epitopes are shown (arrowheads): V1 and V2 for V5 epitope insertions and H2 for HA epitope
insertion. Part of the HVR sequences of the wild-type (ORF1-wt) as well as the epitope-tagged ORF1 are presented (ORF1-V1, ORF1-V2, ORF1-H2). Mutated
nucleotides and aa residues are in red. Inserted nucleotides and aa residues are in blue.
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replicon in which the ORF1 polymerase active site GDD was
mutated to GAD to prevent any replication was used as a negative
control (Emerson et al., 2013).

The plasmids pTM-ORF1, pTM-ORF3/2 and pTM empty
vector were kindly provided by Dr. J. Gouttenoire from the
University of Lausanne (Switzerland) and have been previously
described (Lenggenhager et al., 2017). The pTM-ORF1 vector
contains the full-length sequence of the ORF1 protein. The pTM
empty vector, was used as a negative control.

Epitope Tag Insertions

The HA and V5 epitopes were inserted in three different positions
of the ORF1 sequence (Figure 1C). According to the insertion
position, the constructs harboring the HA epitope are named H1
or H2 and the constructs harboring the V5 epitope are named V1
or V2. The pBlueScript SK(+) harboring the p6-GLuc replicon
was used as a template. Sequences of the primers used to make
the tagged ORF1 constructs can be found in Table 1. Prior
to the fusion PCR step, DNA fragments located upstream and
downstream to the epitope insertion sites were amplified by PCR

using the Q5® High-Fidelity 2x Master Mix (NEB) with relevant
primers (Table 1) on a ProFlex PCR system (Life Technologies).
After purification, fragments were ligated by performing a fusion
PCR. The fused fragments were amplified by another PCR using
the relevant external primer pairs (Table 1). Next, pBlueScript
SK(+) harboring the p6-GLuc / p6 genomes or pTM-ORF1
vectors and epitope-tagged inserts were restricted by the suitable
restriction enzymes (Table 1) and subsequently ligated using
the T4 DNA ligase (NEB). Finally, E. coli (strain TOP10) were
transformed with the ligated plasmid, selected clones were grown
overnight at 37°C under agitation and the plasmid DNA was
extracted and purified using the NucleoSpin plasmid Mini or
Midi kit (Macherey-Nagel).

Capped mRNA Synthesis

First, the plasmid DNA of p6-GLuc and p6 constructs were
linearized using the Mlul restriction enzyme (NEB). Next,
the DNA was mixed with sodium acetate (3 M, pH 5.5)
and chloroform /isoamyl alcohol (96v / 4v) and centrifuged
at 14,000 rpm for 4 min. Following precipitation with

TABLE 1 | Sequences of primers and probes used to make the epitope tagged-ORF1 constructs and to quantify the genomic and subgenomic HEV RNAs by RT-gPCR.

Primer/probe name Primer/probe sequence (5'- > 3')

Restriction enzyme /
epitope / reference

H1-Up-F-ext GTCATGCATGGTATTTGAAAATGACTTTTCGG Nsil
H1-Up-R-int GGCGTAGTCGGGCACGTCGTAGGGGTATTCTACCCGCTGTATGATGGAATTTG HA
H1-Do-F-int TACCCCTACGACGTGCCCGACTACGCCTGAATAACATGTTTGTTGCATCGCCC HA
H1-Do-R-ext TGGTCGCGAAGTTGCTGGCCACGGCC Nrul
H2-Up-F-ext GCGATATCCAAGGGCATGCGCCGGTTG EcoRV
H2-Up-R-int GGCGTAGTCGGGCACGTCGTAGGGGTAATCACTAGCAGGCGGGGTAGGG HA
H2-Do-F-int TACCCCTACGACGTGCCCGACTACGCCATTTGGGCGTTACCACCGCCCTCCG HA
H2-V1-V2-Do-R-ext TGCATATGTAGCAGCAACAGGTG Ndel
V1-F-ext GAGGCGGCCGCCCCTGCTTCGGCTGCTGCCCCGGGGAAGCCCATCCCTAACCCGCTCCT Notl / V5
CGGTCTCGATTCTACGCCTGCTAGTGATATTTGGGCG
V2-Up-F-ext AGGCGGCCGCCCCTGC Notl
V2-Up-R-int CGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCATCACTAGCAGGCGGG V5
GTAGGG
V2-Do-F-int GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGATTTGGGCGTTACCACC V5
GCCCTCCG
RT-gPCR—Fwd ORF1 primer AAGACATTCTGCGCTTTGTT Yin et al., 2017
RT-gPCR—Rev ORF1 primer TGACTCCTCATAAGCATCGC Yin et al., 2017
RT-gPCR—ORF1 probe CCGTGGTTCCGTGCCATTGA Yin et al., 2017
RT-gPCR—Fwd ORF2 primer GGTGGTTTCTGGGGTGAC Jothikumar et al., 2006
RT-gPCR—Rev ORF2 primer AGGGGTTGGTTGGATGAA Jothikumar et al., 2006
RT-gPCR—ORF2 probe TGATTCTCAGCCCTTCGC Jothikumar et al., 2006
RT-gPCR—Fwd GLuc primer TCTGTGTGTGGACTGCACAA Ding et al., 2018, this study
RT-gPCR—Rev GLuc primer TGGATCTTGCTGGCAAAGGT Ding et al., 2018, this study
RT-gPCR—GLuc probe GGCTTGCCAACGTGCAGTGT Ding et al., 2018, this study

Each primer is named according to (i) the epitope insertion site (H1, H2, V1 or V/2), (i) upstream (Up) or downstream (Do) fragment, (iii) forward (F) or reverse (R) sense
and (iv) external (ext) or internal (int) position.
First, upstream and downstream fragments are amplified separately for each construct (i.e., for p6-H1-GLuc: upstream fragment amplified using H1-Up-F-ext / H1-Up-

R-int and downstream fragment amplified using H1-Do-F-int / H1-Do-R-ext).

Second, upstream and downstream fragments are fused thanks to the overlapping region.

Third, the whole fragment containing the epitope is amplified using external primers (i.e., for p6-H1-GLuc: H1-Up-F-ext / H1-Do-R-ext).
Note that the same primer H2-V/1-V/2-Do-R-ext was used for p6-H2-GLuc, p6-V1-GLuc and p6-V2-GLuc constructs.

The p6-V1-GLuc construct was made using a single round of amplification and one primer pair: V1-F-ext / H2-V/1-V2-Do-R-ext.
Restriction sites are underlined in external primers.
HA or V5 epitope sequence is highlighted in bold.
Primers and probes used in RT-qPCR are listed.

Fwd, forward; Rev, reverse.
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absolute ethanol, the DNA was washed twice with 70%
ethanol, dried and suspended in RNase free water. The
capped mRNAs were synthetized by in-vitro transcription
of the Mlul-linearized DNA according to the mMESSAGE
mMACHINE kit (Ambion) procedure and stored at —80°C
before electroporation in PLC3 cells.

Cell Culture and Transfection

PLC3 cells are a subclone of the PLC/PRF/5 (CRL-8024)
hepatoma cells and were characterized as highly replicative
and productive cell line for HEV (Montpellier et al,, 2018).
PLC3 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, ThermoFisher Scientific) containing 10% inactivated
fetal calf serum and 1% non-essential aa (ThermoFisher
Scientific, DMEM complete).

Capped mRNA of either luciferase p6 replicons (p6-wt-GLuc,
p6-GAD-GLuc mutant replicons and HA- or V5-ORF1-tagged
p6-GLuc replicons, named as p6-H1-GLuc, p6-H2-Gluc, p6-
V1-GLuc and p6-V2-GLuc) or p6 infectious strains (p6-wt and
V5-tagged ORF1 p6 constructs named as p6-V1 and p6-V2) were
electroporated in PLC3 cells as follows. After trypsinization, cells
were suspended in DMEM complete medium and washed twice
in Opti-MEM medium (ThermoFisher Scientific). Three million
cells were electroporated with 10 pug of RNA and suspended in
DMEM complete medium.

Huh-7.5 cells (RRID:CVCL_7927) are hepatoma cells
derived from Huh-7 cells (Blight et al, 2002). They were
grown and electroporated with the luciferase p6 replicons as
described above.

Electroporated PLC3 or Huh-7.5 cells were treated with
the HEV-replication inhibitor sofosbuvir (Selleck Chemicals) at
20 wM final concentration as previously published (DaoThi et al.,
2016; Farhat et al., 2018).

Huh-7-derived H7-T7-IZ cells (Romero-Brey et al., 2012)
stably expressing the T7 RNA polymerase were kindly provided
by Dr. R. Bartenschlager (University of Heidelberg, Germany).
H7-T7-1Z cells were maintained in a DMEM completed medium
supplemented with 50 pg/ml of Zeocin (InvivoGen) and used
for transfection of the T7 promoter-driven pTM expression
vectors. The pTM plasmids were transfected into H7-T7-1Z
cells using TransIT®-LT1 Transfection Reagent (Mirus Bio LLC)
following the manufacturer’s recommendations with a ratio ADN
to transfection reagent of 1 to 3.

PLC3 cells were authenticated by STR profiling
(Multiplexion). Huh-7.5 and H7-T7-1Z cells were authenticated
by Multiplex Cell Authentication (Multiplexion).

Luciferase Assay

The electroporated cells were seeded in 24-well plates
(80,000 cells/well) and incubated for 5 days at 37°C and
5% CO;. The supernatants were sampled at 1, 3, 4 and
5 days post-electroporation (dpe) and stored at —20°C until
luminometer reading.

The supernatants were centrifuged at 14,000 rpm for 5 min
and next, the samples were diluted 1:100 in 1x passive lysis buffer
(Promega) and 5 pl were transferred into a white Nunc 96-well
plate. At 1 s after injection of 20 pl of the substrate solution

(Renilla Luciferase Assay System, Promega), relative light units
(RLUs) were acquired on a Centro XS* LB 960 luminometer
(Berthold Technologies) during 10 s.

Quantification of Viral RNA

After electroporation of PLC3 cells with the p6 luciferase
replicons or the infectious p6 strains, total RNA was extracted
from cellular supernatants (QIAamp Viral RNA Mini Kkit,
Qiagen) or cells (NucleoSpin RNA plus kit, Macherey-Nagel)
at different time post-electroporation (4 hpe-7 dpe). The RNA
was next converted to ¢cDNA by using a polydT primer
and following the AffinityScript Multiple Temperature cDNA
Synthesis kit instructions (Agilent Technologies). In order to
quantify the HEV genome, a standard curve was prepared
by diluting the in vitro-transcribed HEV p6 plasmid in total
RNA extracted from mock electroporated PLC3 cells. For
the quantification of intra- and extra-cellular HEV RNA,
primers and probes were designed against genomic and
subgenomic RNAs according to previously published literature
(Table 1; Jothikumar et al, 2006; Yin et al, 2017; Ding
et al, 2018). The viral RNA copy numbers were quantified
by qPCR (TagMan Gene Expression Assay, MGB-FAM-dye,
ThermoFisher Scientific) using the QuantStudio3 Thermocycler
(Applied Biosystems).

Cell Lysis, Subcellular Fractionation and

Immunoblotting
The cells were lysed in Bl buffer (100 mM NaCl, 2 mM
EDTA, 1% Triton-X100, 50 mM Tris-HCI, 0.1% SDS) including
1 mM PMSF and 1 x protease inhibitors (cOmplete™ protease
inhibitor cocktail, Roche) and stored at —20°C in 1 x Laemmli
buffer until usage. Subcellular fractionation was performed
using the subcellular protein fractionation kit for cultured cells
following the supplier instructions (ThermoFisher Scientific).
The non-infectious samples were heated at 70°C for 10 min
while the infectious samples were inactivated at 80°C for
20 min. Samples were then loaded on an 8% SDS-PAGE gel and
then transferred onto a nitrocellulose membrane (Hybond-ECL,
Amersham). The membrane was incubated in blocking buffer
(1 x PBS with 5% milk and 0.2% Tween-20) for 1 h at RT
under constant shaking. The primary antibody (Table 2) was
incubated overnight at 4°C under constant shaking in 1 x PBS
containing 0.2% Tween-20 and 2% BSA. The membrane was
washed three times with a solution of 1 x PBS and 0.2%
Tween-20, which was followed by an incubation with a suited
peroxidase-conjugated secondary antibody in blocking buffer for
45 min at RT. The membrane was washed again three times.
Finally, the proteins were detected by chemiluminescence using
the Pierce ECL Western Blotting Substrate (Life Technologies)
and a developer.

Infectious Titers

After electroporation of PLC3 cells with p6-wt, p6-V1 or p6-
V2 RNA or PBS, 1 x 10° cells were seeded into T-75 flasks
in DMEM complete medium. Eight hours after seeding, the
medium was changed to HEV medium: DMEM/M199 (1v:1v),
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TABLE 2 | List of primary antibodies used in this study.

Name Target / epitope Host species / Supplier / reference Antibody Dilution  Dilution
isotype / registry used in IF  used in
clonality* number IB/IP

V5 GKPIPNPLLGLDST Mouse IgG2a Abcam AB_471093 1:500 n/a

V5 GKPIPNPLLGLDST Mouse IgG2a Invitrogen AB_2792973 n/a 1:1000

V5 GKPIPNPLLGLDST Goat Polyclonal Abcam AB_307037 n/a |P**

HA YPYDVPDYA Rat IgG1 Roche AB_2687407 1:250 1:1000

HEV ORF2 (1E6) GDSRWIQDYDNQHEQDRPTPSPA Mouse IgG2b Millipore AB_827236 1:800 1:1000

HEV ORF3 ANPPDHSAPLGVTRPSAPPLPHVWDLPQLGPRR  Rabbit Polyclonal  S. Emerson (Graff et al., 2005) n/a 1:1000 n/a

CD63 Tetraspanin—Large extracellular loop Mouse IgG1 BD Pharmingen AB_396297 1:100 n/a

CD71 Transferrin receptor Mouse IgG1 Santa Cruz AB_1120670 1:100 n/a

CD81 Tetraspanin—Large extracellular loop Mouse IgG1 S. Levy (Oren et al., 1990) AB_627192 1:100 n/a

Rab11 Rab11 Rabbit (D4F5) Cell Signaling AB_10693925 1:100 n/a

MICAL-LA1 Molecule Interacting with CasL-like1 Rabbit Polyclonal Abcam n/a 1:100 n/a

EHD1 Eps15 homology domain protein 1 Rabbit Polyclonal Abcam AB_10864800 1:1000 n/a

PACSIN2 Protein Kinase C and Casein Kinase Substrate in ~ Rabbit Polyclonal MyBiosource n/a 1:1000 n/a

Neurons 2

y-Tubulin y-Tubulin N-terminal region Mouse IgG1 Sigma-Aldrich AB_532292 n/a 1:4000

Lamin B1 Nuclear envelope marker Rabbit Polyclonal Abcam AB_443298 n/a 1:1000

SP-1 Human Specificity Protein 1 (aa 18-303)—soluble  Rabbit Polyclonal Thermofisher AB_2546641 n/a 1:2000

nuclear fraction marker

Calnexin Human Calnexin—ER membrane marker Rabbit Polyclonal Abcam AB_2069006 n/a 1:1000

*When clonality is not mentioned, the antibody is monoclonal.

**The antibody quantity used in immunoprecipitation is given in the Materials and Methods section.

IF, immunofiuorescence; IB, immunoblot; IF, immunoprecipitation; n/a, non-applicable.

1 mg/ml of lipid-rich albumin (AlbuMAX™ T Lipid-rich BSA,
ThermoFisher Scientific), 1% non-essential aa and 1% pyruvate
sodium (ThermoFisher Scientific). Then, the HEV producing
cells were incubated at 32°C and 5% CO; for 10 days.

Next, Huh-7.5 cells seeded into coated 96-well plates (8,000
cells/well) were infected with undiluted and serially diluted
supernatants from HEV-producing cells. The inoculum was
removed after 8 h and cells were overlaid with fresh medium.
Three days post-infection at 37°C and 5% CO, cells were fixed
and processed for indirect immunofluorescence with anti-ORF2
antibody 1E6 (Millipore). For confocal microscopy analysis,
Huh-7.5 cells were seeded on glass coverslips in 24-well plates and
infected with 500 1 of undiluted infectious cell supernatant.

Indirect Immunofluorescence

Cells were first fixed with 3% paraformaldehyde for 20 min,
washed three times with 1 x PBS, then permeabilized for
5 min with cold methanol and subsequently with 0.5% Triton
X-100 for 30 min. Cells were incubated with 10% goat serum
diluted in 1 x PBS for 30 min at RT and then stained with
primary antibodies (Table 2) for 30 min at RT followed by
three washes with 1 x PBS and then incubated with a suited
secondary antibodies for 20 min at RT. DAPI (4',6-diamidino-
2-phenylindole, 1:500) was used to stain the nuclei. Finally,
coverslips were mounted with Mowiol®4-88 (Calbiochem) on
glass slides. Cells were analyzed using an LSM880 confocal laser-
scanning microscope (Zeiss) using a x63/1.4 numerical aperture
oil immersion lens. The images were next processed using the
ImageJ and Fiji softwares.

Colocalization studies were performed by calculating the
Pearson’s Correlation Coefficient (PCC) using the JACoP plugin
of Image] and Fiji softwares. The PCC examines the relationship
between the intensities of pixels from two channels in the same
image. Twenty-to-thirty whole cells or regions of interest (ROI)
were analyzed to calculate the PCC mean. A PCC of 1 indicates
perfect correlation, 0 no correlation, and —1 a perfect anti-
correlation.

Immunoprecipitations

Immunoprecipitations (IP) were performed with cell lysates of
either electroporated PLC3 cells (3 dpe) or transfected H7-T7-
IZ cells (1 dpt). Protein G sepharose beads (GE Healthcare,
40 pl per IP) were equilibrated in Bl lysis buffer by washing
and centrifuging them at 6,000 rpm at 4°C. The beads were then
incubated with the anti-V5 goat polyclonal antibody (Abcam,
1 pg of anti-V5 per mg of total proteins) in B1 buffer overnight
at 4°C on a spinning wheel. The cell lysates were pre-cleared
with 40 pl of beads without specific antibodies for 30 min
on a spinning wheel. Next, the pre-cleared cell lysates were
added to the antibody-bound beads for 2 h at RT. After this,
the beads were washed six times with 1 x PBS containing
0.5% NP-40. The samples were heated for 10 min at 70°C or
inactivated at 80°C for 20 min and loaded on an 8% SDS-
PAGE gel.

Mass Spectrometry Analysis
Proteins were resolved by SDS-PAGE. Colloidal blue stained
bands corresponding to ORF1 proteins in WB were cut for
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in-gel digestion with trypsin. NanoLC-MS/MS analyses of the
protein digests were performed on an UltiMate-3000 RSLCnano
System coupled to a Q-Exactive instrument (Thermo Fisher
Scientific), as previously described (Montpellier et al., 2018).
Collected raw data were processed and converted into *.mgf
peak list format with Proteome Discoverer 1.4 (Thermo Fisher
Scientific). MS/MS data were interpreted using search engine
Mascot (version 2.4.0, Matrix Science) with a tolerance on
mass measurement of 0.2 Da for precursor and 0.2 Da for
fragment ions, against a composite target decoy database
(40,584 total entries) built with Swissprot Homo sapiens
database (TaxID = 9,606, 20 May 2016, 20,209 entries) fused
with the sequences of ORF1 (p6_AFD33683) and a list of
classical contaminants (119 entries). Carbamidomethylation
of cysteine residues, oxidation of methionine residues, protein
N-terminal acetylation and propionamidation of cysteine
residues were searched as variable modifications. Up to one
trypsin missed cleavage was allowed. Semi-specific cleavage was
also authorized.

In situ Labeling of Viral RNA

The RNAscope® is a branched DNA in situ hybridization
technology that specifically and sensitively detects RNA in fixed
cells or tissues. First, three pools of dual Z-shaped probes of
18-25 nucleotides were designed against the HEV genomic and
subgenomic RNAs (Advanced Cell Diagnostics Bio-Techne, ACD
Bio, Figure 8A). Two probes need to bind next to each other to
produce a specific signal. Each target probe set contains a pool of
20 oligo ZZ pairs.

PLC3 cells electroporated with p6-wt or p6-V1 infectious
strains were fixed in 3% PFA for 20 min. Coverslips holding
the fixed cells were attached to glass slides with a drop
of nail polish and hydrophobic barriers were drawn around
them with the ImmEdge Hydrophobic Barrier Pen (ACD Bio).
Next, fixed cells were pre-treated according to the supplier
instructions (RNAscope® H,0O, and Protease Reagents). First,
the cells were treated with H,O, for 10 min at RT and
then washed twice with 1 x PBS. Next, the protease III was
diluted 1:15 and incubated for 15 min at RT; slides were
washed twice. Then, the RNAscope assay was carried out
following the user manual precisely (RNAscope Detection Kit
Multiplex Fluorescent Reagent Kit v2 (Wang et al., 2012; Liu
et al, 2019). The positive and negative strand of genomic
viral RNAs were targeted by probe A (ref. 1030631-C2, ACD
Bio) and probe B (ref. 579841-C3, ACD Bio), respectively
(Figure 8A). Probe C (ref. 586651-C1, ACD Bio) targeted
the positive strand of subgenomic RNA (Figure 8A). The
RNAs were labeled using the Opal 520, Opal 570 and
Opal 650 as fluorophores (Akoya Biosciences). Subsequently,
immunofluorescent labeling using either the anti-V5, 1E6 or
anti-ORF3 antibodies could be performed (Table 2). Finally,
coverslips were mounted and cells were analyzed by confocal
microscopy as mentioned above.

Statistical Analysis
Mann-Whitney statistical tests were performed with R version
3.6.1. Any test with a p value < 0.05 is declared as significant.

RESULTS

Insertion of Epitope Tags in the ORF1
Polyprotein of Hepatitis E Virus

Since there is no commercial antibody that recognizes the ORF1
protein in HEV-replicating cells, we first sought to insert epitope
tags in the ORFI sequence in a way to preserve the HEV
replication and to allow the characterization of the HEV replicase.
We aligned 44 aa sequences from different HEV genotypes to
identify variable regions which are generally more prone to accept
epitope insertions without impacting viral replication. Indeed,
the HVR stood out as the region with the highest divergence
of the entire HEV genome, thus confirming previous reports
(Munoz-Chimeno et al., 2020). Focusing on the HVR, we next
aligned several epitope aa sequences with that of HEV in an
aim to identify similar aa and to ease epitope insertion with the
least disruption. Such a location highly similar to the V5 epitope
aa sequence was found in the HVR (Figure 1C). While 4 aa
residues remained unchanged (G729, P731, P733, P735), 3 were
mutated (L730K, H7321, T734N) and 7 were inserted to generate
the full V5 epitope (V1, Figure 1C). In a second approach, we
took advantage of the report by Nguyen et al. (2012) to insert a
V5 and a HA epitope tags at position 2,143 (V2, H2, Figure 1C;
Nguyen etal., 2012). These authors isolated a HEV gt3 strain from
a chronically infected patient in which the human S19 ribosomal
coding sequence was inserted at that corresponding position and
led to a HEV replication advantage in cell culture (Nguyen et al.,
2012). Finally, a HA tag was also introduced at the C-terminus of
the RdRp, since avoiding an insertion within the ORF1 protein
was supposed to maintain viral replication (H1, Figure 1C).

Replication of HEV p6 Replicons
Expressing Epitope-Tagged ORF1

To evaluate whether epitope insertions modify the replication
efficacies, we made use of the HEV Gaussia luciferase replicon
(GLuc) in which the GLuc reporter gene is transcribed by the
ORF1 viral replicase (Figure 1B; Shukla et al.,, 2012; Emerson
et al, 2013). The luciferase, secreted in cell supernatants, is
used as a readout of ORF1 replication efficacy. To measure the
impact of V5 and HA epitope insertion on HEV replication,
we electroporated the GLuc replicons expressing wt ORF1
(p6-wt-GLuc), polymerase-inactivated GAD mutant (p6-GAD-
GLuc), HA-tagged ORF1 (p6-H1-GLuc, p6-H2-GLuc) or V5-
tagged ORF1 (p6-V1-GLuc, p6-V2-GLuc) in PLC3 and Huh-7.5
cells, which have been described as efficient HEV cell culture
systems (Farhat et al., 2018; Montpellier et al, 2018). The
replication efficacies were analyzed over a course of 5 days post-
electroporation (dpe) and replication folds (normalized to 1 dpe)
were compared (Figures 2A,B). The p6-H1-GLuc and p6-H2-
GLuc replicons, respectively, showed a 95 and 80% reduction
of replication efficacies at 5 dpe, as compared to the p6-wt-
GLuc replicon in PLC3 cells. In Huh-7.5 cells, the replications
efficacies of both constructs were also drastically reduced (97 and
76% reduction for p6-H1-GLuc and p6-H2-GLuc, respectively).
Due to poor replication efficacies, these constructs were not
further characterized. In contrast, the replication kinetics of the
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FIGURE 2 | Replication efficacies of HEV p6 replicons and infectious strain expressing epitope-tagged ORF1. (A,B) Replication efficacies of HEV replicons
expressing tagged ORF1 in PLC3 (A) and Huh-7.5 cells (B) as measured by Iuciferase activity. The relative light units (RLU) were measured everyday for 5 days
post-electroporation (dpe) by quantification of the Gaussia Iuciferase in the cell supernatants using a luminometer. Replication fold increases of the tagged p6-GLuc
replicons (V1, V2, H1, H2) and non-tagged p6-GLuc replicons (wt, GAD) were normalized to 1 dpe. The p6-GAD-GLuc is a non-replicative construct that possesses
a mutation from GDD to GAD which inactivates the ORF1 polymerase. Experiments were conducted three times with three technical replicates. (C-F) HEV RNA
quantification in p6 electroporated-PLC3 cells expressing wild type or epitope-tagged ORF1. Intracellular (C,D) and extracellular (E,F) viral RNAs were quantified at
4 h post-electroporation (hpe), 1, 3, 5, and 7 dpe by RT-qPCR targeting either ORF1 (C,E) or ORF2 (D,F). Mock-electroporated cells were used as negative controls
and fluorescence signal was at or below the detection limit. Experiments were conducted three times with two technical replicates.

p6-V1-GLuc and p6-V2-GLuc replicons were similar to that of Of note, in the presence of sofosbuvir (20 M), a nucleotide
p6-wt-GLug, in both PLC3 and Huh-7.5 cell lines (Figures 2A,B).  analog that efliciently inhibits HCV and HEV polymerases
Thus, the V5 epitope insertions at the selected positions in the (DaoThi et al., 2016; Farhat et al., 2018), the replication efficacies
ORF1 HVR do not alter HEV replication. of all replicons were inhibited at 5 dpe by 76 to 87% in
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PLC3 cells and by 73 to 92% in Huh-7.5 cells (Supplementary
Figures 1A,B). These results indicate that the insertion of epitope
tags in the ORF1 does not affect the sofosbuvir efficacy to inhibit
HEV replication.

Replication of HEV Infectious Genome
Expressing Epitope-Tagged ORF1

The V5 epitope was next introduced into the p6 infectious full-
length genome at two positions, leading to the p6-V1 and p6-V2
constructs (Figure 1C). Intra- and extracellular HEV RNA levels
were measured from 4 h post-electroporation (4 hpe) to 7 dpe,
by RT-qPCR using probes against the genomic RNA (ORF1
probe, Figure 1A and Table 1) or the genomic and subgenomic
RNAs (ORF2 probe, Figure 1A and Table 1). The intracellular
RNA levels increased rapidly for p6-V1 and p6-V2 constructs
within 1 dpe to reach approximately 1 x 10® copies / jug RNA
(ORF1 probe, Figure 2C) and 2 x 10® copies / jug RNA (ORF2
probe, Figure 2D) at 3 dpe. Then, the RNA levels decreased
slightly but remained above 3 x 107 (ORFI probe, Figure 2C)
and 7 x 107 (ORE2 probe, Figure 2D) copies / pg RNA at
7 dpe. The intracellular RNA copy numbers of the p6-V1 and
p6-V2 constructs followed similar kinetics to that of p6-wt from
4 hpe to 7 dpe. In the cell supernatants, all RNA copy numbers
decreased during the first day, then increased to reach a level
of 5.5 x 107 (ORF1 probe, Figure 2E) and 9 x 107 (ORF2
probe, Figure 2F) copies / ml at 3 dpe and remained constant
toward the end of the experiment. The RNA levels measured
for the p6-V1 and p6-V2 constructs in the cell supernatants
were comparable to the p6-wt RNA level evolution. Moreover,
to check whether ORF2 expression from subgenomic RNA was
not altered, PLC3 cells electroporated with the p6-V1 or p6-
V2 constructs were processed for ORF2 immunofluorescence
(Supplementary Figure 1C). V5-tagged-HEV-producing cells
displayed an ORF2 fluorescent labeling similar to that of p6-wt-
electroporated cells. Additionally, the expression of ORF2 was
inhibited by sofosbuvir as a much lower fluorescent signal could
be visualized in the treated electroporated cells compared to the
non-treated cells (Supplementary Figure 1C). Taken together,
these results indicate that the insertions of V5 epitopes at the
selected positions in ORF1 HVR do not affect replication efficacy
of the p6 genome in PLC3 cells.

Expression and Processing of the
V5-Tagged Hepatitis E Virus Replicase

We next sought to analyze the expression and processing of
the ORF1 polyprotein in HEV replicative systems. Since the
ORF1 protein has been largely studied in heterologous expression
systems, we compared the expression and maturation of V5-
tagged ORF1 in replicative and heterologous systems. For this
purpose, the V5-tagged ORF1 were cloned downstream of the T7
promoter into the pTM plasmid and expressed in H7-T7-1Z cells,
as previously described (Lenggenhager et al., 2017).

First, the expression of the V5-tagged ORF1 was analyzed
from 8 h (8 hpt) to 3 days post-transfection (3 dpt) in the H7-T7-
I1Z heterologous expression system. As early as 8 hpt, the ORF1
protein was detectable by anti-V5 immunoblot as a major band

migrating above 180 kDa, a size that corresponds to the expected
molecular weight of the full-length ORF1 (Figure 3A). This major
band was present at every time points and was accompanied by
several lower molecular weight bands of lesser intensity, ranging
from 95 to 170 kDa, which may correspond to ORF1 cleavage
products (Figure 3A, stars). Second, the expression kinetics of the
V5-tagged ORF1 protein was monitored by immunoblot, from
4 hpe to 3 dpe, in PLC3 cells electroporated with the p6-wt-GLuc,
p6-V1-GLuc and p6-V2-GLuc replicons (Figure 3B). As early as
4 hpe, a band of high signal intensity was detected above 180 kDa,
which corresponds to the full-length ORF1 protein. Additionally,
several bands of lower molecular weights (95 to 170 kDa) were
also detected and may correspond to potential cleavage products
of the ORF1 polyprotein. At 3 dpe, the overall smaller-size band
pattern ranging from 95 to 170 kDa was comparable to the
band profile observed at early time points. At last, the expression
profiles of the V5-tagged ORFI in PLC3 electroporated with
the p6 infectious strains (p6-wt, p6-V1, p6-V2, Figure 3C) were
compared to the profiles of ORF1 expressed in the replicon and
heterologous systems (Figures 3A,B, respectively). Similarly, the
most intense band was migrating above 180 kDa at every time
points and smaller bands were identified between 95 and 180 kDa.
The V5-tagged ORF1 expression signal was more intense at early
time points (4 hpe-3 dpe) when compared to later time points
(15 and 25 dpe, Figure 3C). The V5-tagged ORF1 expression
level decreased but was still detectable at 15 and 25 dpe, as it
was for the ORF2 capsid protein, thus showing that the HEV
expressing a V5-tagged replicase is able to fulfill its infectious
cycle in the long-term. Thus, the successful expression of ORF1
polyprotein allowed the detection of an abundant full-length
protein but also of less abundant smaller size products in the three
systems analyzed.

To exclude that the V5-tagged ORF1 minor bands were due
to protein degradation, proteasome inhibition experiments were
conducted (Supplementary Figure 2). Upon treatment with
lactacystin (30 WM for 8 h), the V5-tagged ORF1 minor bands
were still detectable in both H7-T7-1Z and PLC3 cells and their
pattern remained unchanged. As a control, we probed for HSP70
protein that accumulated in the lactacystin-treated conditions,
indicating that the proteasome inhibition was successful (Liao
et al.,, 2006; Young and Heikkila, 2010). Thus, these minor ORF1
bands are likely not the result of proteasome degradation.

In an aim to identify these potential ORF1 cleavage products,
V5-immunoprecipitations were set up from cell lysates produced
from all three systems (Figures 4A,B). The pattern of the
smaller-size ORF1 proteins differed from one expression system
to another with some proteins migrating at the same size
(Figures 4A,B, stars). Minor ORF1 bands appeared more
numerous in the p6 infectious cell culture system than in
other systems. As better ORF1 expression levels were achieved
in both the heterologous and p6 cell culture systems, V5-
immunoprecipitations were scaled up from these two systems
and trypsin-digests of some ORFI selected products were
analyzed by nano-scale liquid chromatography coupled to
tandem mass spectrometry (Table 3). The full-length V5-tagged
ORF1 proteins, expressed in the heterologous and infectious
p6 cell culture systems, were identified with 35 and 38% of
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FIGURE 3 | Expression of the V5-tagged ORF1 protein over time in different cellular systems. (A) Heterologous expression of the HEV p6 ORF1 protein. H7-T7-1Z
cells were transfected with a pTM plasmid expressing the wild type untagged ORF1 protein (wt) or the V5-tagged ORF1 (V1 or V2). The H7-T7-IZ cells constitutively
express the T7 polymerase and the ORF1 gene lies under the control of a T7 promoter. Total cell lysates were collected in presence of protease inhibitors at 8 h
post-transfection (hpt) and 1, 2, and 3 days post-transfection (dpt). Mock-transfected cells served as negative control (C). The band migrating higher than 180 kDa
corresponds to the full-length ORF1 protein (ORF1). The immunoblot was probed either with an anti-V5 antibody or an anti-y-tubulin antibody to control for even
loading. Molecular weight markers are indicated in kilodaltons. Stars indicate lower molecular weight ORF1 products. (B) Expression of the ORF1 protein in the
p6-GLuc replicon system. PLC3 cells were electroporated with a replicon expressing the wild type untagged ORF1 protein (wt) or the V5-tagged ORF1 (V1 or V2).
Total cell lysates were collected in presence of protease inhibitors at 4, 8, and 12 hpe and 1 and 3 dpe. Mock-electroporated cells served as negative control (C).
The band migrating higher than 180 kDa corresponds to the full-length ORF1 protein (ORF1). The immunoblot was probed either with an anti-V5 antibody or an
anti-y-tubulin antibody to control for even loading. Molecular weight markers are indicated in kilodaltons. Stars indicate lower molecular weight ORF1 products.

(C) Expression of the ORF1 protein in the infectious p6 cell culture system. PLC3 cells were electroporated with in vitro transcribed genomic RNA of the p6 infectious
strain expressing the wild type untagged ORF1 protein (wt) or the V5-tagged ORF1 (V1 or V2). Total cell lysates were collected in presence of protease inhibitors at 4,
8, 12 hpe and 1, 3, 15, 25 dpe. Mock-electroporated cells served as negative control (C). The band migrating higher than 180 kDa corresponds to the full-length
ORF1 protein (ORF1). The immunoblot was probed either with an anti-V5 antibody or an anti-ORF2 (1E6) antibody or an anti-y-tubulin antibody to control for even
loading. Molecular weight markers are indicated in kilodaltons. Stars indicate lower molecular weight ORF1 products.
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FIGURE 4 | Immunoprecipitation of the V5-tagged ORF1 protein expressed in different cellular systems. (A) HEV p6 ORF1 protein was heterologously expressed in
H7-T7-1Z cells following transfection with the pTM plasmid carrying the untagged (wt) or V5-tagged (V1) construct (left panel). One dpt, total cell lysates were
immunoprecipitated with the polyclonal goat anti-V5 antibody. HEV p6 protein was expressed in the replicon (p6-GLuc) and p6 cell culture (p6) systems (right panel).
Three dpe, PLC3 cells lysates expressing either the untagged (wt) or the V5-tagged (V1) ORF1 proteins were immunoprecipitated using the polyclonal goat anti-V5
antibody. Immunoblots were revealed with a mouse anti-V5 monoclonal antibody. Molecular weight markers are indicated in kilodaltons. Stars indicate lower
molecular weight ORF1 products. (B) In the same conditions as above, the control immunoprecipitations were conducted on the lysates expressing the V5-tagged
ORF1 in all three systems using protein G sepharose beads without antibody (lanes V1c). The other lanes are labeled as in panel (A). Molecular weight markers are

indicated in kilodaltons. Stars indicate lower molecular weight ORF1 products.

peptide coverage, respectively. In spite of several attempts to
reach sufficiently pure tagged-ORF1 protein in high-enough
quantity, the peptide coverage of smaller size ORF1 proteins was
not sufficient to identify any potential cleavage sites. Overall, the
N-terminus of the V5-tagged ORF1 protein bands was better
covered than the C-terminus, suggesting a limited processing

TABLE 3 | Mass spectrometry analysis.

Band number Coverage Number of N-term. C-term.
/ construct (%) identified identified identified
spectra peptides (NSI) peptides (NSI)
1/ p6-V1 38 129 1-8 (2) 1,758-1,777 (1)
2/ p6-V1 32 87 41-53 (1) 1,720-1,734 (1)
3/ p6-V1 31 68 86-94 (1) 1,720-1,734 (1)
4/ p6-V1 32 83 41-53 (2) 1,695-1,706 (1)
5/ p6-V1 30 68 41-53 (1) 1,720-1,734 (1)
6/ p6-V1 20 48 41-53 (1) 1,651-1,662 (1)
7/ p6-V1 18 41 86-94 (2) 1,403-1,414 (1)
8/ ORF1-V1 39 125 41-53 (2) 1,720-1734 (1)
9/ ORF1-V1 55 321 1-8 (3) 1,758-1,777 (3)
10 / ORF1-V1 71 672 1-8 (4) 1,758-1,777 (7)
11/ ORF1-VA 35 195 1-8 (10) 1,405-1,419 (2)
12/ ORF1-V1 40 185 1-8(2) 1,651-1,662 (1)
13/ ORF1-V1 31 102 1-8 (2) 1,695-1,706 (1)
14 / ORF1-VA 19 75 1-8(2) 1,651-1,662 (1)
15/ ORF1-V1 17 63 1-8(2) 1,390-1,398 (1)
16/ ORF1-VA1 17 66 1-8(2) 1,390-1,398 (1)

The full-length ORF1-V/1 of the p6 Kernow C-1 strain is 1,779 aa in length.

Bands 8-10 were visible on the colloidal blue stained gel but were not detected by
the V5 antibodly.

NSI, number of spectrums identifying peptide.

Peptides identified only once with a score lower than 25 were not
taken into account.

at the polyprotein N-terminus especially in the heterologous
system. Some higher molecular weight products (bands 8-10,
Table 3), visible on the Coomassie-stained gel, but not detected
by the V5 antibody, could correspond to ORF1 oligomers.

We next performed subcellular fractionation of V5-tagged
ORF1 expressing cells (Figures 5A,B). The V5-tagged ORF1 full-
length protein (>180 kDa) was detected by immunoblot in the
soluble and membranous cytoplasmic fractions (Cs, Cm) as well
as in the nuclear soluble fraction (Ns) and the nuclear envelope
fraction (Ne) of p6-GLuc and p6 expression systems. The nuclear
chromatin-bound fraction (Nc) only displayed a weak V5 signal
in both expression systems. Also, smaller bands, migrating
between 100 and 180 kDa (already detected in Figure 3), that
could correspond to potential cleavage products of the ORF1
polyprotein, were detected in all fractions except in the Nc
fraction. Notably, a subtle change in the band pattern was
visible in the V5-tagged ORF1 expressed in PLC3 electroporated
with the p6-V1: a signal was detected at 160 kDa in the Ns
and Ne fractions (Figure 5B, three stars). This band was not
detected either the Cs or the Cm fractions. Together, these results
suggest that the ORF1 protein is likely partitioned in different
cell compartments.

V5-Tagged Hepatitis E Virus p6 Remains
Infectious in Cell Culture

We also determined the impact of V5 insertions on HEV
infectivity. Huh-7.5 cells were infected with the supernatant of
PLC3 cells that were electroporated with p6-wt, p6-V1 or p6-V2
RNAs (Figure 6). Three days post-infection, Huh-7.5 cells were
processed for anti-ORF2 indirect immunofluorescence. ORF2-
positive cells were counted and each positive cell focus was
considered as one focus forming unit (FFU). When compared
to the p6-wt, p6-V1 and p6-V2 strains produced infectious
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FIGURE 5 | The ORF1 protein is expressed in different cellular compartments. (A) PLC3 cells were electroporated with the p6-GLuc replicons expressing the
non-tagged wildtype ORF1 (p6-wt-GlLuc), and the V5-tagged ORF1 (p6-V1-GLuc). Three dpe, cells were collected and cellular fractions were separated as follows:
Cs, cytoplasmic soluble fraction; Cm, cytoplasmic membranous fraction; Ns, nuclear soluble fraction; Nc, nuclear chromatin-bound fraction; Ne, Nuclear envelope.
Immunoblots were probed with a mouse monoclonal antibody directed against the V5 epitope. Other antibodies were used to monitor for fraction enrichment:
anti-y-tubulin as a marker of the cytoplasmic soluble fraction, anti-calnexin as a marker of cytoplasmic membranous fraction, anti-SP1 as a marker of nuclear soluble
fraction and anti-lamin B1 as a marker of nuclear envelope. Molecular weight markers are indicated in kilodaltons. Stars indicate lower molecular weight ORF1
products. (B) PLC3 cells were electroporated with the p6 expressing the non-tagged wildtype ORF1 (p6-wt), and the V5-tagged ORF1 (p6-V1). Four hpe, cells were
collected and cellular fractions were separated and named as above. The above-mentioned antibodies were used to reveal the immunoblots. Molecular weight
markers are indicated in kilodaltons. Stars indicate lower molecular weight ORF1 products.
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titers that were not significantly different (Figure 6A, respective
Mann-Whitney p values of 1 and 0.4), indicating that V5-epitope
insertions did not alter HEV assembly and infectivity. Analysis
by confocal microscopy also showed similar numbers of ORF2-
positive cells and staining patterns when comparing Huh-7.5 cells
that were infected with p6-wt versus V5-tagged p6 (Figure 6B).

Of note, at 10 dpe, ORF2 protein expression was also
controlled by immunoblot in the PLC3 cell supernatants that
were used to infect Huh-7.5 cells (Figure 6C, PLC3 sup.). The
OREF?2 protein was detected as efficiently in all PLC3 supernatants
irrespective of the electroporated p6 strain. After 3 days of
infection with PLC3 supernatants producing p6-wt and V5-
tagged-p6 particles, the ORF2 protein was also detected in lysates
and supernatants of Huh-7.5 cells (Figure 6C, Huh-7.5 sup.,
Huh-7.5 lysates). Moreover, the V5-tagged ORF1 protein could
also be detected in Huh-7.5 cell lysates. These data confirm that
the V5-epitope insertions do not affect production and infectivity
of HEV particles.

Subcellular Localization of the
Epitope-Tagged ORF1 Replicase and
Co-localization With ORF2 and ORF3

Proteins
We next took advantage of replicative epitope-tagged ORF1
constructs to analyze the subcellular localization of ORF1

replicase by confocal imaging. PLC3 cells were electroporated
with p6-wt, p6-V1 and p6-V2 RNAs. At 3 dpe, cells were
first processed for single V5 staining. The V5 antibody mostly
displayed a nuclear staining as well as cytoplasmic accumulation
in the vicinity of the nucleus (Figure 7A, white arrowheads).
Secondly, double immunostainings with antibodies directed
against the V5 epitope and ORF2 or ORF3 proteins were
performed. Interestingly, the ORF2 and ORF3 stainings partially
overlapped with the V5 staining in peri-nuclear nugget-like
substructures (Figures 7C,E), a finding that was corroborated
by calculating the Pearson’s correlation coefficients (PCC,
Figure 7B). In line with these observations, super-resolution
confocal microscopy analyses of PLC3 cells electroporated with
p6-V1 and co-labeled with either V5 / ORF2 or V5 / OREF3
antibodies, showed a total overlap of fluorescence intensities
between the V5 signal and both the ORF2 and ORF3 signals
(Figures 7D,F). Altogether these results indicate that V5-tagged
ORF1, ORF2 and ORF3 proteins are co-distributed in compact
structures located in the vicinity of the nucleus of HEV-
producing cells.

Since the ORF1 protein has been largely studied in
heterologous expression systems, we next wanted to
compare the subcellular localization of V5-tagged ORF1
in replicative and heterologous systems. Eight hours post-
transfection with the Vb5-tagged constructs, a mostly
cytoplasmic reticular labeling was observed in H7-T7-1Z
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FIGURE 6 | Infection of Huh-7.5 cells by HEV p6 expressing V5-tagged ORF1 polyprotein. (A) Infectious titers of HEV p6 expressing epitope-tagged ORF1
polyprotein. Ten dpe, supernatants of PLC3 cells electroporated with p6-wt, p6-V1 or p6-V2 were collected to infect Huh-7.5 cells. Three days post-infection,
Huh-7.5 cells were fixed and stained with an anti-ORF2 antibody (1E6). The number of ORF2-positive cells from three independent experiments were counted and
used to calculate infectious titers in focus forming unit (FFU/mL). Statistical analysis was performed using the Mann-Whitney test. (B) Immunofluorescence of HEV
p6-infected Huh-7.5 cells. Huh-7.5 cells were infected with the supernatants of PLC3 cells that were electroporated with HEV p6 expressing non-tagged ORF1
(p6-wt) or V5-tagged (p6-V1, p6-V2) replicase as mentioned above. Three days post-infection, cells were processed for anti-ORF2 immunofluorescence (1E6, red)
prior to analysis by confocal microscopy. Cell nuclei were stained with Dapi (blue). Huh-7.5 cells infected with mock-electroporated PLCS cell supernatant served as
negative control (Mock). Scale bar = 20 um. (C) Expression of epitope-tagged ORF1 and ORF2 proteins in the p6 cell culture system. PLC3 cells were
electroporated with p6-wt, p6-V1 or p6-V2. Ten dpe, total protein extracts were submitted to Western blot and probed with an anti-ORF2 antibody (1E8, first panel,

PLC3 sup.). Huh-7.5 cells were infected with PLC3 supernatants. Three days post-infection, Huh-7.5 supernatants were also analyzed for ORF2 expression (1E6,
second panel, Huh-7.5 sup.). In parallel, Huh-7.5 cells were lysed and total protein extracts were probed with anti-V5, -ORF2 (1E6) and -y-tubulin antibodies (last
three panels, Huh-7.5 lysates). Molecular weight markers are indicated in kilodaltons. ORF1, full-length protein; ORF2g, glycosylated form of ORF2; ORF2c, cleaved

form of ORF2; ORF2intra, intracellular ORF2 form; Tub, y-tubulin.

cells (Supplementary Figure 3A). Also, in H7-T7-1Z cells
co-transfected with the V5-tagged ORF1 and ORF2/ORF3
expressing plasmids, partial staining overlaps of the V5-
tagged replicase with ORF2 and ORF3 proteins were visible
in the cytoplasm but also in perinuclear accumulations
(Supplementary Figures 3B,C). Thus, the heterologous system
recapitulates the partial co-distribution of V5-tagged ORF1 with
ORF2/ORF3 that was also observed in perinuclear substructures
of HEV-producing cells.

In order to locate HEV replication sites, we implemented a
highly sensitive technology (RNAscope®) to detect viral RNA.
Three probes were designed to specifically hybridize to the
positive- and negative- HEV RNA strands (Figure 8A). The
probes A and C target the positive strand of the genomic and
subgenomic HEV RNAs, respectively. The probe B targets the
negative strand of the genomic RNA. The p6-wt-electroporated
PLC3 cells were fixed at 4 hpe, 3 and 6 dpe and, then submitted
to in situ hybridization using probes A, B and C sequentially.
A fluorescent signal was detected for each of the 3 probes
in discrete perinuclear foci in the host cell as early as 4 hpe
(Figure 8B). While fluorescent staining of the negative-sense
RNA (probe B) and subgenomic RNA (probe C) overlapped

(PCCg/c = 0.68 £ 0.05, Figure 8C), the staining of probe A only
partially overlapped with the formers (PCCg/a = 0.52 £ 0.10,
PCCy/c = 0.39 % 0.10, Figure 8C). Three dpe, the positive-
stranded-RNA staining (probes A and C) further expanded all
around the cell nuclei while the negative-stranded-RNA staining
(probe B) remained more condensed as perinuclear foci. At
6 dpe, the staining of genomic and subgenomic positive-sense
RNAs adopted a diffuse pattern in the cytoplasm with a PCCy /¢
reaching 0.53 £ 0.12. The negative-stranded-RNA staining was
closer to a dot-like fainter pattern while the staining overlap
with the 2 other probes decreased (PCCa/p = 0.38 £ 0.27,
PCCpg/c = 0.44 £ 0.29). At every time points, the probe C staining
surrounded the probe A staining while the probe B staining was
the faintest of all.

Next, positive-sense genomic RNA (probe A) were co-labeled
with the viral proteins ORF1, ORF2 and ORF3 (Figures 8D-
F). At 3 dpe, the V5-tagged ORF1 protein co-localized with
the positive-sense genomic RNA within the previously identified
perinuclear foci with a strong PCC 0f 0.76 & 0.11 (Figures 8D,G).
The viral RNA also co-distributed with ORF2 and OREF3
proteins at 3 dpe in p6-wt-electroporated PLC3 cells (Figure 8G,
PCCa/orr2 = 0.60 £ 0.12, PCCa/0rpr3 = 0.73 &£ 0.06). These
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FIGURE 7 | Co-localization of the V5-tagged ORF1 and ORF2/ORF3 proteins in the host cell. (A) PLC3 cells were electroporated with the p6 strain expressing either
the untagged (p6-wt) or the V5-tagged ORF1 (p6-V1, p6-V2) proteins. Three dpe, cells were processed for immunofluorescence using an anti-V5 antibody (red) prior
to analysis by confocal microscopy. Perinuclear nugget-like structures are shown (white arrowheads). The cell nuclei were stained with DAPI (blue).
Mock-electroporated cells served as negative control. Scale bar = 20 wm. (B) Regions of interest (ROI) were drawn around the perinuclear nugget-like structures on
images taken from PLC3 cells electroporated with p6-V1 and co-labeled with antibodies directed against the V5 epitope and the ORF2 (C) or the ORF3 proteins (E).
ROI were used to determine Pearson’s correlation coefficients (PCC) between V5-tagged ORF1 and ORF2 (ORF2) labeling or V5-tagged ORF1 and ORF3 (ORF3)
labeling using JACoP plugin from Imaged software. PCC means (+ standard deviation) were calculated from 30 different ROI. (C-E) Co-labeling of the V5-tagged
HEV ORF1 replicase with ORF2/0ORF3 in PLC3 cells. PLC3 cells were electroporated with p6-wt or p6-V1. Three dpe, viral proteins were co-labeled with antibodies
directed against the V5 epitope (red, V5) and (i) ORF2 [1EB, green, (C)] or (i) ORF3 [green, (E)] prior to analysis by confocal microscopy. Mock-electroporated cells
served as negative control. Antibodies used are listed in Table 2. Scale bar = 20 wm. (D-F) PLCS cells electroporated with p6-V1 and co-stained with anti-V5 and (j)
anti-ORF2 (D) or (i) anti-ORF3 antibodies (F) were analyzed by confocal microscopy with a high resolution Airyscan module. On the top, volume rendering of the 3D
z-stacks (Surfacing) using the Imaris software are shown to visualize the V5-tagged ORF1/ORF2 (D) or ORF1/ORF3 (F) substructures. In the middle, z-stacks are
shown. On the bottom, line graphs show the fluorescence intensities of V5-tagged ORF1 and ORF2 or ORF3 staining measured every 50 nm across the region of
interest highlighted by the white line in the micrograph shown on the left. Scale bars show the indicated length.
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FIGURE 8 | In situ labeling of positive- and negative-sense HEV RNAs. PLC3 cells were electroporated with untagged (p6-wt) or V5-tagged (p6-V1) p6 strains. Cells
were grown on coverslips, fixed at 4 hpe, 3 and 6 dpe and processed for in situ RNAscope® hybridization. Cell nuclei were stained with Dapi (blue). Images were
taken on a confocal microscope. Mock-electroporated cells served as negative control. Scale bar = 20 um. (A) Schematic overview of the RNAscope® probe
location. Probe A targets the positive-sense genomic RNA and is located in the RdRp domain of ORF1 (purple). Probe B targets the negative-sense RNA and is also
located in the RdRp but does not overlap with probe A. Probe C targets the positive-sense subgenomic RNA, by hybridizing at the ORF3 (blue) / ORF2 (red) overlap.
The full-length of the ORF1 protein cannot be represented at the scheme scale (purple dashed lines). (B) PLCS cells electroporated with the p6-wt strain were
sequentially stained with probes A [red, gRNA(+)], B [green, gRNA(-)] and C [cyan, g/sgRNA(+)] at 4 hpe, 3 and 6 dpe. gRNA(+), positive-stranded genomic RNA;
gRNA(-), negative-stranded genomic RNA; g/sgRNA(+), positive-stranded genomic and subgenomic RNAs. (C) Immunofluorescence images of whole PLC3 cells
electroporated with p6-wt and co-labeled with probes A, B and C were used to determine PCC using JACOP plugin from Imaged software. PCC means (+ standard
deviation) were calculated from 30 analyzed whole cells. (D-F) Three dpe, PLC3 cells electroporated with the p6-V1 construct were stained with probe A (red) and (i)
the anti-V5 antibody [green, (D)], (i) the anti-ORF2 [green, 1E6, (E)] or (iii) the anti-ORF3 [green, (F)]. (G) Regions of interest (ROI) were drawn around the perinuclear
nugget-like structures on images taken from PLC3 cells electroporated with p6-V1 or p6-wt and co-labeled with probe A and anti-V5, anti-ORF2 or anti-ORF3
antibody. Twenty ROl were used to calculate mean PCC (+ standard deviation) between probe A and V5-tagged ORF1 (V5-ORF1) labeling or probe A and ORF2
labeling (ORF2) or probe A and ORF3 labeling (ORF3) using JACOP plugin from Imaged software.
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accumulations were also located in the perinuclear proximity of
the cell (Figures 8E,F).

Identification of the Hepatitis E

Virus-Induced Substructures

Recently, the ORF2 and ORF3 proteins were reported to
colocalize with cellular markers of the endocytic recycling
compartment (ERC) in perinuclear substructures (Bentaleb et al.,
2021). To further delineate whether the V5-tagged ORF1 was
also present in these substructures, we conducted co-labeling
experiments of the V5-tagged-ORF1 with ERC markers such as
CD71, Rab11, EHD1 and PACSIN2 in PLC3 cells electroporated
with p6-V1 (Figure 9 and Supplementary Figure 3D). The
V5-tagged ORF1 staining overlapped with CD71 and Rabll
staining in the perinuclear substructures (Figures 9A,C).
Analyses of super-resolution confocal microscopy images further
strengthened these observations showing a total overlap of
fluorescence intensities between V5-tagged-ORF1 and CD71
(Figure 9B) as well as between V5-tagged ORF1 and Rabll
(Figure 9D) in the perinuclear substructures. The V5-tagged
ORF1 colocalized best with Rabll (PCC = 0.67 + 0.08)
whereas the colocalization was moderate with CD71 and EHD1
(PCC =0.42 £ 0.13 and 0.49 % 0.10, respectively, Figure 9F). No
colocalization was found between V5-tagged ORF1 and PACSIN2
(PCC =0.22 £ 0.11, Figure 9F and Supplementary Figure 3D).
In addition, contrary to a previous report (Szkolnicka et al., 2019;
Bentaleb et al., 2021), no colocalization was found between V5-
tagged ORF1 and CD63 or CD81, two markers of multivesicular
bodies, while CD81 labeling appeared surrounding the V5-tagged
OREF1 signal (Figure 9F and Supplementary Figures 3E,F).

DISCUSSION

Due to its low expression level, its tight regulation in time and
space as well as a lack of a commercial antibody (Lenggenhager
et al,, 2017), the non-structural ORF1 protein is the least studied
of the three HEV proteins. Thus, the insertion of epitope
tags within the HEV replicase appeared as a practical strategy
to characterize the subcellular localization and processing of
ORF1 polyprotein. Indeed, a transposon-based approach to insert
HA epitopes in the ORF1 genome has been recently used to
characterize the subcellular localization of the HEV replicase
(Szkolnicka et al., 2019). Similarly, we aimed at finding positions
within ORF1 where epitope tags could be inserted without
disturbing viral replication. After aligning 44 HEV strains, the
HVR appeared as the least conserved domain in the ORFI
sequence. In addition, while presenting the highest divergence
of the entire HEV genome (Mufioz-Chimeno et al., 2020), the
HVR is known to tolerate inserted fragments arising either from
duplication of viral genome or from human genes which were
reported to confer better replication efficacies or adaptation to
cell culture (Shukla et al., 2011, 2012; Nguyen et al., 2012; Johne
et al., 2014; Lhomme et al., 2014).

Recently, a cell culture model derived from the PLC/PRF/5 cell
line has been established in the laboratory to efficiently produce
HEYV particles from the Kernow C-1 p6 strain (Shukla et al., 2012;

Montpellier et al., 2018). In a first approach to identify non-
disruptive insertion sites, the ORF1 HVR aa sequence of the
Kernow C-1 p6 strain was aligned with those of common epitope
tags. Four aa of the HVR were matching with the V5 tag sequence,
while 3 aa had to be mutated and 7 had to be inserted to construct
the full V5 epitope aa sequence (V1, Figure 1). Secondly, a V5 or
HA epitope (V2 and H2, Figure 1) were inserted into the Kernow
C-1 p6 strain in the position where the S19 insertion was found in
a different strain (LBPR-0379) to confer a replication advantage
in cell culture (Nguyen et al., 2012; Shukla et al., 2012). Lastly, an
HA epitope was inserted at the C-terminus of the ORF1 coding
sequence to avoid impacting the structure of the ORFI1 protein
and thereby perturb replication (H1, Figure 1).

At first, the epitopes were inserted into the p6-GLuc replicon
in order to determine the impact of the tag insertion on
its replicative ability. The luciferase activity was measured
over time. Result analyses led to the conclusion that the H1
insertion diminishes the expression of the subgenomic genes,
as luciferase activity was greatly decreased, which is likely due
to the disruption of the subgenomic promoter region (Ding
et al., 2018). Therefore, insertion at the H1 position is likely
to also impact replication in the p6 context but could be of
use in the heterologous expression system. Next, H2 and V2
insertions, which were placed in the same position, impacted
the subgenomic expression differently. While the p6-V2-GLuc
showed similar luciferase activity to the non-tagged p6-wt-
GLuc, the p6-H2-GLuc construct showed a decreased replication
efficacy. Thus, the aa sequence composition of the epitope,
and not only the insertion position, may impact the replicase
activity by modifying its conformational structure. Out of the
four tagged replicons tested, replication efficacies of the p6-V1-
GLuc and p6-V2-GLuc constructs appeared the least affected
by epitope insertion. The luciferase activity of these constructs
resembled those of the non-tagged p6-wt-GLuc. Moreover, the
quantification of extracellular and intracellular viral RNA over
the course of 7 days displayed similar kinetics in PLC3 cells
expressing the p6-wt or the V5-tagged p6 constructs, thus
strengthening the fact that the V5 insertions within the ORF1
HVR did not disturb the HEV replication. In line with these
results, the infectivity of the V5-tagged p6 constructs was not
altered when compared to p6-wt. Therefore, the V5-tagged
constructs were selected to delineate the ORF1 features.

One of our goal was to characterize the processing of the ORF1
protein. Polyproteins encoded by positive stranded RNA viruses
are commonly subjected to cleavage by viral and/or cellular
proteases (Ploss and Dubuisson, 2012; Gu and Rice, 2013; Baggen
et al., 2021; V’kovski et al., 2021). However, in the HEV field,
the literature on ORFI cleavage is highly controversial as there
is evidence for and against cleavage of the non-structural protein
(LeDesma et al., 2019).

In an aim to study potential processing of HEV replicase,
expression of the V5-tagged ORFI protein was analyzed over
time by immunoblotting. In the three different systems tested
in this study, the full-length ORF1 protein and smaller bands
that may correspond to potential ORF1 cleavage products were
detected, especially at earlier time points. This could reflect
the early need for ORF1 to replicate RNA at the viral cycle
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FIGURE 9 | Co-labeling of the HEV V5-tagged ORF1 protein with several cellular markers. The wt (p6-wt) and V5-tagged (p6-V1) ORF1 proteins were expressed in
PLCS3 cells electroporated with the p6 HEV strain. Three dpe, cells were co-labeled with anti-V5 antibody (red) and cellular markers antibodies (green) directed
against CD71 (A,B), Rab11 (C,D), EHD1 (E). Cell nuclei were stained with DAPI (blue). Mock-electroporated cells served as negative controls (Mock). Images were
taken with a confocal microscope. Antibodies used are listed in Table 2. Scale bar = 20 um. PLCS cells electroporated with p6-V1 and co-stained with anti-V5 and
antibodies directed against CD71 (B) and Rab11 (D) were analyzed by confocal microscopy with a high resolution Airyscan module. On the top, volume rendering of
the 3D z-stacks (Surfacing) using the Imaris software are shown to visualize the V5-tagged ORF1/CD71 or Rab11 substructures. In the middle, z-stacks are shown.
On the bottom, line graphs show the fluorescence intensities of V5-tagged ORF1 and CD71/Rab11 staining measured every 50 nm across the region of interest
highlighted by the white line in the micrograph shown on the left. Scale bars show the indicated length. (F) Regions of interest (ROI) were drawn around the
perinuclear nugget-like structures on the immunofluorescence images of p6-V1 electroporated PLC3 cells co-labeled with antibodies directed against the V5 epitope
and CD71, Rab11, EHD1 (A,C,E) and PACSIN2, CD63 and CD81 (Supplementary Figures 3D-F). Thirty ROl were used to calculate PCC (+ standard deviation)
using JACoP plugin from Imaged software.
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onset. Although full-length ORF1 protein was identified by
mass spectrometry with certainty, full sequence identification
of the smaller products was less robust due to their lower
expression levels. The ORF1 protein expressed heterologously
does not seem to be processed from its N-terminus while
in the p6 infectious system, more ORFI potential cleavage
products were detected and the N-terminus of the protein
also seemed more stable than the C-terminus. The expression
of more numerous potential cleavage products in the p6
infectious system may suggest the requirement of all viral
proteins as well as cellular proteins to achieve the full ORF1
processing. As the possibility of degradation cannot be fully
excluded, we inhibited the proteasome with lactacystin and
noted that the observed band pattern and ORF1 quantity
remained unchanged. Thus, the minor ORF1 products may
be the result of natural viral and/or cellular processing
rather than artefactual degradation. Furthermore, the ORF1
protein and its potential cleavage products were detected in
different cellular compartments with slightly different patterns.
For example, a band of 160 kDa was only present in the
nuclear fraction enriched from the p6 cell culture system.
This result may point to the requirement of an ORF1
processing before or upon its translocation into the nucleus.
Nevertheless, without any sequence information, it remained
difficult to assess to which domain of the ORF1 protein this
product may correspond.

RNA viruses generally replicate in the cytoplasm. In
previous studies, the ORF1 protein was found in the
cytoplasm colocalizing with ORF2 and ORF3 viral proteins, and
ERGIC/Golgi markers (Rehman et al., 2008; Szkolnicka et al.,
2019). In our study, the V5-tagged ORF1 proteins, expressed
in the replicon, heterologous and p6 cell culture expression
systems, displayed both a cytoplasmic and nuclear localization
as assessed by subcellular fractionation and immunofluorescence
experiments. The use of the Kernow C-1 p6 strain, that contains
the S17 human ribosomal protein insertion in which an element
could act as a nuclear localization signal (NLS), may account for
this discrepancy (Kenney and Meng, 2015). However, mutations
of the conserved aa in the S17 NLS disrupted the replication
efficacy of the p6-GLuc replicon and did not inhibit the nuclear
localization as assessed by immunofluorescence staining or
immunoblot analysis of subcellular fractions in the heterologous
system (data not shown). In addition, we observed perinuclear
aggregations of the ORF1 protein that often coincide with a
deformation of the nucleus. Recently, ORF2 and ORF3 proteins
as well as cellular markers of the ERC such as Rabll and
CD71 were reported to locate to this region in HEV-producing
cells (Bentaleb et al., 2021). Interestingly, we confirmed partial
overlaps of the ORF1 protein with ORF2 and ORF3 viral proteins
as well as several cellular markers of the ERC, especially in
the nugget-like perinuclear region. These results indicate that
the place of viral replication is in close proximity to the site of
virus assembly. Indeed, in other viruses such as Dengue virus,
replication and assembly take place in the same subcellular
compartment (Welsch et al., 2009).

Lastly, to formerly identify the HEV replication site, we aimed
at locating the negative-sense HEV RNA in the host cell. To

that end, the RNAscope® technique, which enabled to specifically
target and visualize the positive- and negative-RNA-strands of
hepatitis C virus and the positive-RNA-strand of Zika virus, was
implemented (Wang et al., 2012; Liu et al., 2019). We managed
to locate positive-sense genomic and subgenomic HEV RNAs
as well as the negative-sense RNA in the cell. Moreover, co-
distributions of the positive-sense genomic RNA with ORFI,
ORF2 and ORF3 viral proteins were visible within the nugget-
like perinuclear foci. In conclusion, we demonstrated that viral
replication and assembly take place in close proximity in HEV-
producing cells, in perinuclear nugget-like structures that may
constitute the HEV viral factories.
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