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ABSTRACT

Tick-borne encephalitis virus (TBEV) is a very important virus
medically, causing mild or severe encephalitis often with longlasting sequelae. Treatment of tick-borne encephalitis is limited to supportive care, and antiviral drugs are much needed.
The type-I interferon (IFN) system is the first line of host defense against many viruses. Infected cells secrete type-I IFN
to alert neighboring cells. These cells in turn upregulate the
expression of antiviral proteins to protect themselves from the
virus. In this work, we found that the interferon-induced host
protein viperin (virus-inhibitory protein, endoplasmic reticulum-associated, interferon-inducible) has a pronounced antiviral effect against TBEV.
Viperin is an evolutionarily conserved protein with three
domains: the N-terminus, the radical S-adenosyl methionine
(SAM) domain, and the C-terminus. Viperin shows antiviral
activity against a broad spectrum of different viruses. However, its mode of action appears to be virus-specific. We therefore concentrated on determining the antiviral mechanism of
viperin against TBEV. The specific questions addressed in this
thesis are: (1) which steps of the TBEV infectious cycle are targeted by viperin?, (2) which domains of viperin are responsible for its antiviral activity?, and (3) which interaction partners
does viperin need in order to have an antiviral effect against
TBEV?
First, we investigated which step(s) of the TBEV life cycle
viperin targets by using several assays to examine the effects of
viperin on virus binding, entry, genome replication, assembly,
and release. We found that viperin inhibited the replication of
positive-sense genomic RNA and also targeted particle release,
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selectively enhancing the release of membrane-associated capsid particles.
For inhibition of genome replication, viperin was dependent
on the host cellular protein CIAO1 (cytosolic iron-sulfur assembly component 1). CIAO1 interacted with the C-terminus
of viperin and was necessary for the maturation and stability
of viperin, and also for loading of an iron-sulfur cluster onto
the SAM domain. The SAM domain required this iron-sulfur
cluster to perform its function as a radical SAM enzyme, which
was required for the inhibition of TBEV genome replication.
In addition to the SAM domain and the C-terminus, viperin
needed its N-terminus in order to be fully antivirally active
during late replication, since the N-terminus directed viperin
to the endoplasmic reticulum, where genome replication takes
place.
Furthermore, viperin targeted GBF1 (Golgi-specific brefeldin
A-resistance guanine nucleotide exchange factor 1), a host protein known to be involved in the secretory pathway. Interaction between the N-terminus of viperin and GBF1 appeared to
induce an enhance release of capsid particles independently of
the later steps of the classical secretory pathway. The enhanced
secretion of capsid particles by viperin occurred at the expense
of whole, infectious virions and is therefore a completely novel
antiviral mechanism.
In summary, this work identified viperin as a very strong
inhibitor of TBEV, and its antiviral mechanism was characterized in detail. Viperin was found to target multiple steps in
the TBEV infectious cycle by both inhibiting viral RNA replication and inducing secretion of capsid particles. These findings provide new insights into the interplay between TBEV
and viperin, and offer new approaches to our understanding
of the molecular and cellular mechanisms of TBEV infection,
which may contribute to the development of a treatment for
TBEV.
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P O P U L Ä RV E T E N S K A P L I G
S A M M A N FAT T N I N G ( P O P U L A R S C I E N T I F I C
S U M M A RY I N S W E D I S H )

Fästingburen encefalit (TBE) är en sjukdom som orsakas av TBEvirus och överförs till människor genom fästingbett. Hur allvarlig sjukdomen blir varierar från person till person. Några
blir inte ens sjuka, andra får milda influensaliknande symptom, medan vissa får hjärnhinneinflammation (meningit) och/
eller hjärninflammation (encefalit), med symptom såsom huvudvärk, kräkningar, medvetanderubbningar och förlamning.
Symptomen kan vara i flera månader och i 30-50 % av fallen
kvarstår neurologiska besvär. Det finns bra vaccination mot
TBE, men om man blir sjuk finns idag ingen behandling som
gör en frisk, utan det handlar istället om att lindra symptomen.
För att hitta en möjlig behandling är det viktigt att förstå vad
som händer i de individuella cellerna i kroppen när man blir
sjuk och vad cellerna gör för att bekämpa viruset. Eftersom virus använder cellens byggstenar för att föröka sig och sprida
sig till andra celler har cellerna utvecklat mekanismer för att
känna igen och försvara sig mot virus. En central komponent
i cellens tidiga försvar mot virusinfektioner är interferon, som
skickas ut som en varningssignal till närliggande celler. Dessa celler kan då producera proteiner som skyddar dem mot
virusangrepp.
I denna avhandling identifierades och undersöktes ett protein, viperin, som är aktivt i försvaret mot TBE-virus. Vi fann
att viperin kunde förhindra virusökning inne i cellerna, samt
begränsa mängden av funktionella virus som lämnar cellerna.
Viperin arbetar inte ensamt, utan behöver andra proteiner från
cellen för att vara aktivt. Viperin binder till och är beroende av
CIAO1 för att vara fullt fungerande och förhindra tillökning av
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virus arvsmassa i cellen. Ett annat protein som viperin binder
till är GBF1. GBF1 är viktig för transport av nyproducerade
proteiner ut ur cellen. Denna transportled används också av
TBE-virus för att lämna cellen. Viperin påverkar GBF1 så att
bildandet av nya viruspartiklar störs, vilket leder till att färre
hela, fungerande virus kommer ut ur cellen. Istället utsöndras många partiklar som endast består av den inre delen av
viruset, den så kallade kapsiden. Kapsidpartiklarna kan vara
enbart en biprodukt av störd virusproduktion eller så kan de
kanske ha ytterligare funktioner som att aktivera immunsystemets celler, men det återstår att utforska.
Viperin påverkar TBE-virus på två olika sätt och kan därmed bromsa infektionen mycket effektivt. Det här arbetet hjälper oss att i mer detalj förstå hur det antivirala proteinet viperin motverkar TBE-virus. I och med det, har vi identifierat
nya svagheter hos viruset som förhoppningsvis kan utnyttjas i
framtiden för att utveckla läkemedel mot TBE.
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P O P U L Ä RW I S S C H E N S C H A F T L I C H E
Z U S A M M E N FA S S U N G ( P O P U L A R S C I E N T I F I C
S U M M A RY I N G E R M A N )

Frühsommer-Meningoenzephalitis (FSME) ist eine Erkrankung,
die vom FSME Virus ausgelöst und durch Zeckenbiss auf den
Menschen übertragen wird. Nach Ansteckung kann es zu sehr
unterschiedlich ausgeprägtem Krankheitsverlauf kommen.
Während viele Menschen gar nicht erkranken und andere nur
leichte grippeähnliche Symptome zeigen, bekommen andere
eine Hirnhautentzündung (Meningitis) oder/und Hirnentzündung (Enzephalitis), die sich unter anderem in Kopfschmerzen, Erbrechen bis hin zu Bewusstseinsstörungen und Lähmungen äußern. Die Symptome können mehrere Monate anhalten und in einigen Fällen heilt die Krankheit nie vollständig
aus. Es gibt zwar eine gute Impfung gegen FSME, aber einmal
erkrankt gibt es keine Behandlungsmöglichkeit zur Heilung,
lediglich die Symptome können gelindert werden.
Um eine mögliche Behandlung zu finden ist es wichtig, dass
man versteht, was genau in den einzelnen Körperzellen bei einer Erkrankung geschieht und welche Mechanismen dort zur
Bekämpfung des Virus ablaufen. Da Viren die Bausteine der
Zellen nutzen um sich zu vermehren, haben die Zellen im Gegenzug Möglichkeiten entwickelt um die Eindringlinge zu erkennen, sich gegen diese zu verteidigen und benachbarte Körperzellen vor den Angreifern zu warnen. Die Nachbarzellen
können daraufhin Proteine (Eiweiße) produzieren, die sie gegen das Virus schützen.
In dieser Arbeit wurde ein solches antivirales Protein namens Viperin, das die Zellen gegen das FSME-Virus schützt,
identifiziert und genauer untersucht. Wir haben herausgefunden, dass Viperin die Vermehrung des Virus in der Zelle ver-
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hindert und außerdem die Menge an funktionsfähigen, infektiösen Viren, welche die Zelle verlassen, begrenzt. Dabei arbeitet
Viperin nicht alleine, sondern steht in Wechselwirkung mit anderen zellulären Proteinen. Wir konnten zeigen, dass Viperin
auf die Hilfe des Proteins CIAO1 angewiesen ist um voll funktionsfähig zu sein und die Vermehrung des viralen Erbguts in
der Zelle zu verhindern. Ein weiteres Protein mit dem Viperin
in Wechselwirkung steht heißt GBF1. GBF1 ist darin involviert,
dass die in der Zelle hergestellten Proteine die Zelle auf dem
klassischen sekretorischen Transportweg verlassen. Auch das
FSME Virus benutzt normalerweise diesen Weg um die Zelle
zu verlassen. Viperin beeinflusst GBF1 so, dass nicht mehr so
viele ganze, funktionsfähige Viren aus der Zelle kommen, sondern viele Partikel ausgeschieden werden, die nur aus dem
inneren Teil des Virus, dem sogenannte Kapsid, bestehen. Ob
diese Kapsidpartikel nur ausgeschieden werden damit weniger ganze, funktionsfähige Viruspartikel entstehen oder aber
ob sie eine bestimmte Funktion im Körper erfüllen wie z.B. die
Zellen des Immunsystems zu aktivieren, bleibt zu erforschen.
Viperin attackiert also das FSME Virus auf zwei verschiedenen Wegen und schafft es damit sehr wirksam die Infektion
einzudämmen. Die in dieser Arbeit gewonnenen Erkenntnisse darüber, wie das antivirale Protein Viperin gegen das FSME
Virus wirkt, können hoffentlich in Zukunft dazu beitragen, Medikament gegen FSME zu entwickeln.
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Der Weg ist das Ziel.
Konfuzius

Life is a journey, not a destination.
Ralph Waldo Emerson
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Part I
INTRODUCTION AND BACKGROUND

Infectious disease is one of the few genuine adventures
left in the world. The dragons are all dead and the
lance grows rusty in the chimney corner. ... About the
only sporting proposition that remains unimpaired by
the relentless domestication of a once free-living human
species is the war against those ferocious little fellow
creatures, which lurk in dark corners and stalk us in the
bodies of rats, mice and all kinds of domestic animals;
which fly and crawl with the insects, and waylay us in
our food and drink and even in our love.
Hans Zinsser Rats, Lice and History (1935)

1

F L AV I V I R U S E S - A N O V E R V I E W

Flaviviruses are found all over the world and cause hundreds
of millions of infections every year, resulting in tens of millions of cases and thousands of deaths [1]. Many of them are
emerging in new regions and are increasing in incidence [2].
As recently as 2015, Zika virus (ZIKV) emerged in the Americas, creating an outbreak of microencephaly in neonates and
Guillaume-Barre syndrome in adults [3, 4]. Only a few years
before this, in 1999, West Nile virus (WNV) suddenly emerged
in New York, causing cases of severe encephalitis in humans
[5] and has since expanded globally nowadays [6]. That other
flaviviruses will emerge in the near future appears very likely
[1].
The genus Flavivirus belongs to the family Flaviviridae, which
also comprises the genera Hepacivirus, Pestivirus, and Pegivirus
(Figure 1) [7].

YF
V

EV

TB

DENV

W

Unknown vector
Arthropod-specific

V
N

JEV

Mosquitoborne

POWV
LG
TV

Tick-borne

Pestivirus
Hepacivirus

Figure 1: Diagram
showing the four
genera of the Flaviviridae family and
the different groups
within the Flavivirus
genus. This is based
on the phylogenetic
tree published by
Simmonds [7].

Pegivirus
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Pegivirus is the most recently described genus. Until quite
recently, it contained only persistent, non-pathogenic members [8] but it has now been detected in a human patient
with encephalitis [9]. Pestiviruses only cause disease in animals [10]. The Hepacivirus genus contains the important human pathogen hepatitis C virus (HCV), the one-time isolated
GBV-B virus, and several recently described HCV-related animal hepaciviruses [7, 11].
The genus Flavivirus contains at least 53 species, 40 of which
can cause disease in humans [1]. Flaviviruses fall into three
distinct groups: vector-borne (mosquito-borne and tick-borne)
flaviviruses, arthropod-specific flaviviruses, and those with noknown vector (Figure 1) [1]. The vector-borne group is the
largest one, containing around 80% of all flaviviruses, of which
more than two-thirds are mosquito-borne and the remaining
one-third are tick-borne [12]. Important human pathogens
within the mosquito-borne group are dengue virus (DENV)
(serotypes 1–4), WNV, yellow fever virus (YFV), Japanese encephalitis virus (JEV), and ZIKV. In the tick-borne group, human disease is caused by tick-borne encephalitis virus (TBEV),
louping ill virus, Powassan virus, Omsk hemorrhagic fever
virus, Alkhurma hemorrhagic fever virus, and Kyasanur Forest virus [13]. The spectrum of illnesses is broad, ranging from
mild viral syndromes to severe neurological and hemorrhagic
diseases, which in some case even lead to death [1,2]. Effective
vaccines exist only against TBEV, JEV, and YFV and there is no
specific antiviral treatment for any of the flaviviruses [13, 14].
1.1

organization of the flavivirus genome

All flaviviruses have a single-stranded positive-sense RNA genome of approximately 11 kB [15]. The genome contains a
single open reading frame which is flanked by a 5’ and a 3’
untranslated region (UTR) (Figure 2) [15]. Both UTRs con-

1.2 flavivirus proteins

tain secondary structures and also complementary regions for
genome circularization, which are important for genome replication and translation [16–18].
Flavivirus RNA is a multifunctional molecule: apart from
functioning as genomic RNA, which is packaged into newly
generated virus particles, it is used as a template for minusstrand RNA synthesis and as messenger RNA (mRNA) for
polyprotein translation [15].
1.2

flavivirus proteins

The mRNA is translated into a single polyprotein. This single polyprotein is then cleaved by cellular and viral proteases
co-translationally and post-translationally into three structural
proteins and seven non-structural proteins (Figure 2).

5’ UTR
CAP

C prM

open reading frame

E

NS1

host protease

NS NS
2A 2B

NS3

NS NS
4A 4B

viral protease

3’ UTR

NS5
furin

Figure 2: Schematic representation of the flavivirus genome and the
flavivirus polyprotein. The arrangement of the three structural and
seven non-structural proteins within the polyprotein is shown, together with the cleavage sites between them.
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The three structural proteins—capsid (C), precursor of membrane (prM)/ membrane (M) and envelope (E)—form the virion
whereas the non-structural (NS) proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B and NS5) promote a wide range of processes such as polyprotein cleavage, host membrane modulation, genomic replication, virion assembly, and modulation of
the immune response [17,19]. However, it is important to mention that the function of some of these proteins still remains
to be ascertained and that the majority of functions were described in mosquito-borne flaviviruses, and may not be the
same in tick-borne flaviviruses [2].
1.3

flavivirus virion structure

Flavivirus particles are composed of the three structural proteins—C, prM/M, and E—a host-derived lipid bilayer, and the
genomic RNA (Figure 3). One hundred eighty copies of the
glycoproteins prM/M and E are anchored in the host-derived
lipid bilayer that forms the virion surface [20]. In the immature virion, the proteins prM and E form a heterodimer. The
prM is required for the proper folding of the E protein [21] and
to protect it from premature activation and fusion [22,23]. The
180 prM-E hetrodimers are arranged in 60 trimeric spikes [20].
When the virus matures, cleavage of prM to M leads to the
complete conformational rearrangement of the E proteins from
perpendicular trimers to head-to-tail dimers that lie parallel
to the viral membrane [24]. This arrangement gives the mature virion an icosahedral and smooth, golf ball-like surface
without any spikes and with a diameter of approximately 50
nm [25].
Inside this lipid envelope lies the nucleocapsid (NC) [26].
The NC is composed of the genome and multiple copies of
the C protein [27]. The C protein is the structural protein that
is least conserved among different flaviviruses [28]. Neverthe-

1.3 flavivirus virion structure
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Figure 3: Immature and mature TBE virions and a virus-like particle (VLP). The virion is composed of a NC (NC; ssRNA + several
copies of C) surrounded by an host-derived lipid bilayer containing
the structural glycoproteins prM/M and E. VLPs are only composed
of a lipid bilayer with prM/M and E, and they are usually smaller
than the full virion.

less, for all flaviviruses the C protein is highly basic, which
gives it the ability to bind to the viral RNA to form a NC [15,
29]. As was shown for DENV and WNV, the capsid does not
appear to be ordered as an icosahedron around the genome,
but it may either have a specific asymmetric structure or it
may not be in any order at all [25, 27, 30].
Due to the lack of an icosahedral structure, the number of C
proteins in the virion is not exactly known [26], but it exceeds
that of E proteins by approximately threefold [31].
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1.3.1 Subviral Particles and Virus-like Particles
It has been observed that during flavivirus infection, apart
from whole infectious virions, non-infectious subviral particles are also secreted [32–34]. These subviral particles contain only the prM/M and E proteins but have no NC [32].
A probably related type of particle can also be generated by
overexpression of the glycoproteins prM and E in culture cells
(Figure 3) [35, 36]. These virus-like particles (VLPs) are mostly
30 nm in diameter but are sometimes even 50 nm [37]. The
30-nm VLPs have been characterized in detail. They contain
only 60 copies of E and prM and have a different icosahedral
arrangement of the E proteins [38], but they are functionally
very similar to the virion envelope [35]. VLPs are therefore a
useful tool in our examinations of virus assembly and maturation uncoupled from the earlier steps of the virus life cycle,
such as genome replication.
1.3.2 Nucleocapsid and Capsid-Like Particles
As described above, subviral particles consisting of prM/M
and E are secreted during flavivirus infection [32]. In addition
to these subviral particles, infected cells might also secrete NCs
independently of the two other structural proteins. Secretion
of NC particles has been reported both in the serum of infected
patients [39] and in the form of NC-like particles in in vitro
model systems for HCV, a member of the Flaviviridae family
[29]. For the Flavivirus genus however, no in vivo or in vitro
reports exist, but at least ex vivo assembly of C particles in the
presence of single-stranded RNA (ssRNA) or ssDNA has been
reported for TBEV and DENV-2 virus [40–42].

2

T H E F L AV I V I R U S L I F E C Y C L E

2.1

attachment and entry

The flavivirus life cycle starts when the virus binds to its receptor and is taken up into the cell by receptor-mediated endocytosis (Figure 4) [43–46].
The binding is mediated by an interaction between the viral E protein and attachment factors or entry receptors at the
surface of the target cell [43, 44, 47–49]. Flaviviruses appear
to first bind unspecifically to a set of attachment factors in order to concentrate the virus on the cell surface, until it finds
its specific entry receptor(s) [43]. It appears likely that flaviviruses do not use a unique, specific receptor—but rather
an extensive range of molecules—to bind to and enter the host
cell [43, 44, 50]. For the vector-borne flaviviruses, this might be
an adaption that allows infection of both vertebrate and arthropod cells. Additionally, such a broad range of receptors might
enable infection of different cells [17,43] and organs within the
host. For instance, in mice lacking the antiviral protection of
the type-I IFN pathway, Langat virus (LGTV) can be detected
in many parts of the brain, in all the peripheral organs and the
spinal cord [51].
So far, for TBEV, several receptors have been proposed: the
glycosaminoglycan heparan sulfate [52], human laminin-binding protein [53], and human integrin αVβ3 [54]. For LGTV,
recent results have suggested that there is a need for an attachment factor of protein nature, but not of glycan or glycolipid
nature, and have implicated several candidate protein recep-
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Figure 4: The flavivirus life cycle. The flavivirus binds to its receptor, is taken up by endocytosis, and is transported to the endosomes.
The virus is uncoated by membrane fusion with the endosome and
the virus genome is released into the cytoplasm. Next, the genome is
translated and then replicated in vesicles invaginating the endoplasmic reticulum (ER). The newly synthesized RNA is then packed into
virus particles. These virus particles mature during the transport via
the secretory pathway and are finally released to the extracellular environment.

2.2 uncoating

tors [55]. However, no specific entry receptor has been identified yet.
After binding to the entry receptor, the virus is internalized by endocytosis [43–46, 56]. Clathrin-mediated endocytosis is probably the predominant route of entry [50], but nonclassical clathrin-independent endocytosis such as macropinocytosis has also been reported [57–59].
2.2

uncoating

Once the virus has entered a cell, it is transported to the early
endosomes and then to the late endosomes, where the mildly
acidic environment (pH 6.4 or lower) triggers organizational
and conformational changes of the E proteins, leading to fusion between the viral and cellular membranes [50, 60].
After fusion, the viral RNA is delivered into the cytoplasm
(Figure 4). This process is separate from membrane fusion [61]
and may be mediated by the C protein, which has been shown
to have membrane translocation ability [62–64].
2.3

replication

Once released into the cytoplasm, the viral RNA genome directly functions as an mRNA for viral protein synthesis [15,
19, 65, 66]. During translation, the RNA-ribosome-protein complex moves to the endoplasmic reticulum (ER), the protein is
translocated into the ER, and a membrane-spanning polyprotein is translated (Figure 4) [19, 66]. The polyprotein is then
cleaved co-translationally and post-translationally into individual proteins by cellular proteases on the luminal side of the ER
and by the viral NS3/NS2B protease on the cytoplasmic side
(Figure 2) [66].
Some of the newly synthesized viral NS proteins—probably
mainly the integral membrane proteins NS4A and NS4B, and
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also NS2A and NS1, and co-opted cellular factors—induce
membrane rearrangements of the ER membrane to generate
membrane vesicles clustered into vesicle packets in which genome replication takes place [65–69]. These membranous compartments separate the replication process spatially from translation, concentrate the components needed for the replication,
and shield the viral RNA from detection by the host cell [65,
70, 71]. To initiate the replication, NS proteins recruit the viral RNA to the membranous compartments [19]. Here, all viral NS proteins form a membrane-anchored replication complex (RC) where replication takes place [19, 65, 66]. The RNAdependent RNA polymerase (RdRp) NS5 first replicates the
positive-stranded RNA template into minus-sense RNA [19,
72–74]. During synthesis, the newly produced minus-sense
RNA stays attached to the plus-sense RNA template, forming
a double-stranded replication form [19, 75]. This replication
form is then used as a template for synthesis of additional
positive-sense RNA [73,75]. Minus-strand RNA is only needed
for replication of more plus-strand RNA, while plus-strand
RNA can be used for minus-strand RNA synthesis, for viral
protein translation, and as genome in nascent virus particles.
The higher demand for positive-sense RNA is met by an asymmetric synthesis of plus- and minus-strand RNA, resulting in
the synthesis of approximately ten times as much plus-strand
RNA as minus-strand RNA [17, 73, 76].The newly synthesized
plus-strand RNA is capped by NS3/NS5 [77–80].
2.4

assembly

The newly replicated RNA is most likely transported through
pores of the membrane vesicles, to then associate with multiple
copies of the C protein to form an NC [81]. This NC buds into
the ER, acquiring a lipid envelope containing the structural
glycoproteins E and prM [66, 82].

2.4 assembly

How the viral genome is packaged into the NC is not fully
understood yet. No packaging sequence has yet been identified and it appears likely that the association between the
highly basic, positively supercharged C protein and the negatively charged RNA is only based on electrostatical attraction
to each other [62,66,83]. In vitro, C protein has even been found
to be able to form an NC in the presence of single-stranded
non-viral nucleic acid [40, 41], but not when double-stranded
nucleic acid is present [42]. Despite the fact that C shows such
promiscuous binding to single-stranded nucleic acids, the correct viral RNA ends up in virus particles in vivo. It is likely
that the packaging of the correct RNA is ensured by a tight association between genome replication and assembly, both spatially and temporally. An indicator of spatial coupling is that
virus particles are found in the ER close to the vesicle packets [67, 68, 81, 84]. A temporal coupling and a rapid assembly
process can be presumed as, apart from one observation in
the Sarafend strain of WNV [85], no NCs have been detected
in infected cells [66]. A further indication of a close coupling
between replication and assembly comes from the results of a
study with Kunjin (a subtype of WNV) which suggested that
infectious particles are only produced when active RNA synthesis takes place [86].
Next, the acquisition of the lipid envelope takes place at the
ER. Immature virions have been found to cluster in the lumen
of the ER and in dilated ER cisternae [68,69,81,87,88], and prM
and E have been found to co-localize with ER-marker proteins
and lipids [68, 82, 87, 89]. Moreover, their location could be
affected by drugs that inhibit membrane trafficking [82, 88],
and budding of virions at the ER membrane could be directly
visualized [68].
Even though the location of acquisition of the lipid envelope
is well established, the mechanism of how the newly formed
NC is incorporated into the particles remains puzzling. C and
prME do not interact [25, 27]; nor is the NC necessary for par-

13

14

the flavivirus life cycle

ticle formation [35, 36, 38, 82, 90, 91]. A recent study found that
the transmembrane domains of E contribute to integration of
the NC into the virion [92]. Furthermore, the possibility of
achieving the correct flow for the assembly could be due to
stepwise cleavage of the viral polyprotein. First, NS2B/NS3
cleaves C on the cytosolic site, allowing C to interact with the
viral RNA. Then host signalase cleaves the C-prM junction,
enabling the NC to acquire a membrane envelope containing
prM and E [66,93–95]. Another or additional possibility would
be the involvement of viral NS proteins in the assembly process. Both NS2A and NS3 have been reported to interact with
each other as well as with viral RNA, and to be involved in
the flavivirus assembly process [96–103]. Their role is still relatively unknown. Even so, it has been speculated that NS2A
could be involved in pore formation in membranes and could
therefore time when newly synthesized RNA is transported
into the cytoplasm [99]—and in this way orchestrate the assembly process.
2.5

maturation and egress

After the assembly process, the immature virus particles accumulate in the lumen of the ER [68, 69, 81, 82, 87, 88] from
where they are transported via the cellular secretory pathway
towards the plasma membrane, where they are released into
the extracellular environment (Figure 5) [81, 82, 88].
During the transport through the secretory pathway, the
prM protein covers the E protein to prevent adventitious fusion
[22,104,105]. The exposure of the immature virion to the acidic
environment of the Golgi leads to a conformational change of
E and prM, exposing a cleavage site on prM. This cleavage site
is recognized by the cellular protease furin [24,106] and results
in the cleavage of prM into the membrane-anchored M protein
and the soluble pr protein. The pr protein remains associated

2.5 maturation and egress
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Figure 5: Secretory transport of cargo from the endoplasmic reticulum (ER) to the plasma membrane. Cargo from the ER is concentrated into coat protein complex II (COPII)-coated vesicles (blue) at
the ER-exit-site (ERES) and transported to the ER-Golgi intermediate compartment (ERGIC). From the ERGIC the cargo is shuttled in
coat protein complex I (COPI)-coated vesicles (red) to the Golgi. After passage through the Golgi and sorting in the trans Golgi network
(TGN) the cargo can be either transported directly to the plasma
membrane or via the endosomal system in clathrin-coated vesicles
(green). Cargo from Golgi and ERGIC can be recycled back to the
ER in COPI-coated vesicles.
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with the virion until the particle reaches the neutral pH of the
extracellular environment [24, 104].
cellular secretory pathway
Transport by the secretory pathway occurs from the ERexit-site (ERES) of the rough ER via the ER-Golgi intermediate compartment (ERGIC) and the Golgi apparatus
towards the plasma membrane [107, 108]. Transport from
the ER to the ERGIC occurs within coat protein complex
II (COPII)-coated vesicles [107]. The formation of the
COPII-coated vesicles is initiated by GTP-activated small
COPII coat GTPase (Sar1) [109]. Transport from ERGIC to
Golgi and within the Golgi is dependent on coat protein
complex I (COPI)-coated vesicles, and for the transport
from the Golgi to the plasma membrane, clathrin- coated
vesicles are required [107].

3

TICK-BORNE ENCEPHALITIS VIRUS

Medically, TBEV is the most important flavivirus in Europe
and Russia, and causes severe infection of the central nervous
system [110–113]. Already in the 18th century, Scandinavian
church records described a disease resembling tick-borne encephalitis (TBE) [114]; and in 1931, the Austrian physician
Schneider wrote the first medical description of TBE [115]. The
virus was isolated for the first time in Russia in 1937 [114] and
in Europe in 1948 [116, 117].
In the last decades, TBEV has become a growing international health problem. The virus has emerged in new regions
[118–127], endemic areas have expanded to higher altitudes
[128, 129], and the number of cases in Europe has increased
by almost 400 % within 30 years [130]. In total, more than
10 000 clinical cases are reported every year [131], thereof ca.
3000 [114] in Europe and ca. 200 in Sweden [122] and this
even though an efficient vaccine is available. The only country
with decreasing number of cases is Austria, which is the only
country with comprehensive vaccination [132, 133].
3.1

the life cycle of tbev in ticks and humans

TBEV is transmitted to humans mainly through the bite of
an infected tick [113, 134], in much lower frequency through
consumption of unpasteurized dairy products [128, 135–140],
and in a few cases, even in the laboratory—by needle-stitch or
aerosol transmission [141, 142].
In nature, TBEV is maintained in a cycle involving ticks
as vector and reservoir and small mammals as amplifier host
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and reservoir (Figure 6) [143]. Ticks have a life span of 2–6
years (3 on average) [140] and undergo three different stages:
larva, nymph, and adult (Figure 6) [143]. To develop into the
next stage and for the females to lay eggs, a blood meal is required [144]. This blood meal helps the virus to be transmitted
between different stages of the tick, and so to be maintained
within the tick population.
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Figure 6: Transmission cycle of TBEV between the different stages
of Ixodes ricinus. The blue arrows indicate the life cycle of the tick,
developing from egg to larva, nymph, and adult. The red arrows
indicate the transmission of TBEV and the thickness of the arrow
indicates the prevalence of TBEV in the tick. Small rodents function
as an amplifier host for the virus, while larger animals and humans
are dead-end hosts for the virus. Humans can become infected directly from a tick bite or at lower frequency from consumption of
unpasteurized dairy products.

Transmission of TBEV between ticks occurs when larvae and
nymphs co-feed together on small rodents [145–150]. This co-

3.2 disease in humans

feeding of larvae and nymphs might even be a requirement for
maintenance of TBEV in the tick population [151]. In addition,
transmission can occur when the tick feeds on viremic animals
[134, 147–149], at very low frequency from female to egg [152],
and it might even occur between adult ticks during mating
[113]. Once infected, ticks remain infected throughout their
whole life [153].
Humans and larger animals such as roe deer, goats, sheep,
and cattle also serve as a host for ticks—especially for nymphs
and adults, but they are a dead-end host for the virus as they
are not involved in transmission of the virus between ticks
[134, 142, 154, 155].
When biting, the tick inserts its saliva to anesthetize the
puncture, to anchor its mouthpart into the skin of the host, to
prevent the blood coagulating, and even to prevent the inflammatory and immune responses [156–158]. The virus is also
transmitted to the host through the saliva [114]. In the skin,
the virus is taken up by Langerhans cells, a specialized type
of dendritic cell [149]. The virus can probably replicate further in Langerhans cells, and is transported inside these cells
to the local lymph nodes [149]. In the lymph nodes, the virus
can replicate further and from there it can be released into the
blood [142], causing viremia and the infection of several organs such as the liver, the spleen, and the bone marrow [159].
During this time, the virus can cross the blood-brain barrier
and thereby lead to infection of the brain [160, 161].
3.2

disease in humans

The course of disease, which can be monitored in humans, reflects the spread and the replication of the virus throughout
the body [140].
After a median incubation period of eight days (ranging
from 2 to 28 days) [162, 163], during the viremic phase, the
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first stage of the disease starts in most patients with fever
[110, 139, 140]. Other unspecific influensa-like symptoms such
as fatigue, headache, aching back and limbs, nausea, and general malaise can also occur [162, 164]. Then follows an afebrile,
symptom-free phase of 1–21 days [114]. Thereafter, there is a
second phase of illness in around one-third of all patients [140],
often starting with a sudden increase in temperature. This
time, the patient suffers from meningitis, meningoencephalitis,
or meningoencephalomyelitis [162], with symptoms ranging,
for example, from headache and vomiting to speech disorders,
nerve paralysis, paresis, and even coma [110, 114, 162]. After
the acute phase, up to 46% of the patients suffer from longlasting sequelae [159, 164]. No antiviral treatment is available,
and only supportive care is possible.
3.3

subtypes

TBEV can be divided into three different subtypes: the European, the Sibirian, and the Far Eastern [114, 165]. These three
subtypes are genetically closely related and are only 5–6% different in amino acid sequence [165]. Nevertheless, they differ
in their main host, their geographic distribution, and probably in their pathogenicity. The European subtype of TBEV is
transmitted primarily by Ixodes ricinus, whereas the Siberian
and the Far Eastern subtypes are mainly transmitted by Ixodes
persulcatus [114, 142, 143].
Ixodes ricinus can be found all over Europe, Turkey, and the
western parts of Russia and Kazakhstan (Figure 7) [114], but
it only carries the European TBEV strain in the central, northern, and eastern parts of Europe and in Russia and Kazahstan [114, 165]. Ixodes persulcatus can be found from the Baltic
countries through Russia, Kazahhstan, Mongolia, and northern China to the east of Japan (Figure 7) [114,166]. In northeast
Europe and the western parts of Russia and Kazahstan, both

3.3 subtypes

Figure 7: Map showing the geographical distribution of the main
TBEV vectors Ixodes ricinus and Ixodes persulcatus. The area in which
TBEV is endemic is shown with the red dotted line. Reprinted from
The Lancet, Vol. 371, Lindquist L. and Vapalahti O., Tick-borne encephalitis, 1861-71, Copyright (2008), with permission from Elsevier.

tick species co-circulate and therefore all three TBEV subtypes
can be found in this region [114].
While the prevalence of infected ticks is quite low in endemic foci of the European strain (0.5–5% before feeding), it
can reach up to 40% for the Far Eastern strain [143]. An infection with the European strains leads to a mortality of around
1% [164] and often a milder course of disease [119], while an infection with the Sibirina subtype leads to a mortality of around
2–3% [140] and more often a chronic form [134, 153]. For infections with the Far Eastern strain, a mortality rate as high as
20–40% has even been reported [167]. However, whether this
is due to Far Eastern strains being more virulent or whether it
is due to hospitalization and diagnosis mainly being done in
severe cases is still not known [167].
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3.4

lgtv as a model for tbev

LGTV belongs to the TBEV serogroup [168] and is similar to
TBEV in 82–88% of its amino acid sequences [134]. In contrast
to TBEV, LGTV does not cause disease in naturally infected humans. LGTV was therefore tried as an attenuated live vaccine
for TBEV, but it caused meningoencephalitis in approximately
1 in 12,000 of first-time vaccine recipients [134]. Because of
its low pathogenesis, LGTV can be handled under bio-safety
level (BSL) 2 conditions and can be used as a model for TBEV.
This is especially helpful in circumstances where work with
pathogenic TBEV strains in high safety laboratories (BSL 3 in
the EU, BSL 4 in the USA) is not possible.

4

V I P E R I N A N D T H E I N N AT E I M M U N E
DEFENSE AGAINST VIRUSES

When a virus manages to overcome the mechanical barriers
of the body, such as the skin after a tick bite or the mucosa
and the acid pH of the stomach after consumption of unpasteurized infected milk, the immune system springs into action. The innate immune system is the first line of immune
defense. The innate immune response is very quick, and can
react within minutes of infection. But unlike the adaptive immune response, the innate response cannot create immunological memory and is not very specific. It is instead able to recognize evolutionarily conserved pathogen-associated molecular
patterns (PAMPs) that can be found on many microorganisms,
but not on host cells [169, 170]. This enables it to recognize a
range of pathogens, and even pathogens that the host has not
met before. PAMPs used for detection of flaviviruses are ssRNA and also double-stranded RNA (dsRNA), which occurs
as a replication intermediate during infection [171]. For detection of the PAMPs, the innate immunity relies on so-called pattern recognition receptors (PRRs) [169]. The PRRs involved in
detection of flavivirus infections are toll-like receptors, the cytoplasmic retinoid-inducible gene I (RIG-I) like receptors, and
NOD-like receptors [171–174]. Activation of the PRRs triggers
signaling pathways that induce the production of several cytokines, including type-I inteferons (IFNs) [175].
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ifn
The first IFN was described by Isaacs and Lindenmann
in 1957, as a substance that interferes with influenza infection [176, 177]. IFNs are a family of cytokines, the classification of which is based on the cell surface receptor
they bind to [178]. The three groups of IFNs are type-I,
type-II, and type-III. There are several subtypes of typeI IFN: the well known IFN-α with at least 13 subtypes,
1 IFN-β, and the less well described IFN-κ, IFN-ω, and
IFN- [179].

4.1

type-i interferon and interferon-stimulated
genes

Even though the innate immune response is multifarious, typeI IFNs constitute the first line of defense against many viral infections and play an important role in defense against
tick-borne flaviviruses [175, 180–182]. For example, in mice,
type-I IFNs are an important protective mechanism in limiting replication and spread of LGTV to the central nervous system [51, 183].
Upon infection and recognition of a virus through PRRs, the
cell starts to secrete type-I IFNs (Figure 8). Almost every kind
of cell has the ability to produce type-I IFN [179]. Most cell
types produce IFN-β, whereas IFN-α is mainly produced by
specialized immune cells called plasmacytoid dendritic cells
[179, 184, 185]. Both IFN-α and IFN-β bind to the type-I IFN
heterodimeric receptor complex consisting of IFN-α receptor
(IFNAR) 1 and an IFNAR 2 subunit (Figure 8) [179]. Binding
to the IFNAR 1/2 receptor complex leads to activation of the
JAK/STAT signaling cascade, resulting in expression of hundreds of interferon-stimulated genes (ISGs) (Figure 8) [186].

4.1 type-i interferon & interferon-stimulated genes

ISGs
IFN

virus

type I IFN receptor

dsRNA

antiviral proteins

type I IFN

block of infection

Figure 8: Upon virus infection, dsRNA is produced and sensed by
PRRs, resulting in the upregulation and secretion of type-I inteferon
(IFN). The IFN is sensed by neighboring cells via the type-I IFN
receptor, resulting in the transcription of interferon-stimulated genes
(ISGs) and thereby the expression of antiviral proteins that protect
the cell from virus infection.
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isg

function

OAS

binds dsRNA and activates RNase L

RNaseL

degrades viral and cellular RNAs

PKR

phosphorylates eIF2α (translation initiation factor), thereby inhibiting translation of viral and
cellular mRNAs

MxA

binds to viral RNA-protein complexes and prevents their cytoplasmic trafficking

Table 1: Overview of the function of the ISGs OAS, RNaseL, PKR,
and MxA

Several of these ISGs code for antiviral proteins that play an
essential role in the innate antiviral immune response [175].
Some well-described ISGs are OAS, RNaseL, MxA, and PKR,
and some of their functions are listed in Table 1 [178].
In LGTV infection, ISG upregulation at the mRNA level has
been reported for ISG15, ISG20, IRF1, Ifit1, Ifit3, and Cxcl10
[187].
OAS, RNAseL, MxA, PKR [188–192], and also several other
ISGs such as, for example, ISG56 [188], ISG20 [189], IRF1 [193,
194], IRF7 [193, 194], ADAP2 [195], some IFITMs [189, 193, 194,
196], IFI6 [193,194], Ifit2 [197], Ifi27l2a [198], RyDEN [199], and
virus inhibitory protein, endoplasmic reticulum-associated, interferon-inducible (viperin) [189, 200–202] have been shown to
inhibit different flaviviruses such as DENV, WNV, and YFV.
In TBEV infection, the only antivirally active ISGs to be
described so far have, to our knowledge, been tripartite motif (TRIM)79α, which restricts TBEV replication by mediating
degradation of the viral NS5 protein [203], and viperin, which
is described in this work.

4.2 viperin

Overall, ISGs are able to inhibit almost any step of the viral
life cycle, and several ISGs appear to be able to inhibit more
than one step of the virus life cycle; also, each virus is counteracted by a different set of ISGs [175]. However, the mode of
action of many ISGs has either not been investigated yet or is
only partly understood.
4.2

viperin

One ISG that codes for a protein with a broad antiviral spectrum is viperin.
The basal expression level of viperin is normally low [204,
205]. It can be induced by IFNs [206], most strongly by typeI IFNs [181], but even by type-II and type-III IFNs [205], the
dsRNA analog poly I:C [207], double-stranded B-form DNA
[208], bacterial products such as lipopolysaccharides [207,209],
and by virus infection [206]. This broad induction indicates the
vast involvement of viperin in innate antimicrobial defense.
Viperin was first reported to be a cellular gene that was upregulated after virus infection in human cells [210]. It was
later found in fish cells [211] and mouse dendritic cells [212].
In 2001, Chin and Cresswell reported its antiviral activity for
the first time against human cytomegalovirus (HCMV) and
named it viperin [213]. Today, we know that viperin expression is upregulated by a range of different viruses [204]—including the flaviviruses DENV [200], WNV [201], YFV [214],
and JEV [215]—, that it has antiviral activity against a broad
range of them [189, 200–202, 213, 215–223], and that it is found
to be highly conserved between different species—from lower
vertebrates to mammals [181, 204–206, 213, 224].
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viperin
"A rose by any other name would smell as sweet"
- W. Shakespeare

Viperin can be found under several different names:
• radical S-adenosyl methionine domain
containing 2 (RSAD2) [225]
• cytomegalovirus-induced gene 5 (cig 5) [210]
• cytomegalovirus-induced gene 3 (cig3) [210]
• viral hemorrhagic septicemia virus induced
gene-1 (vig-1) [211]
• 2510004L01Rik [226]

4.2.1 Antiviral Activity
Viperin has an antiviral effect against a broad range of viruses,
for example, chikungunya virus (CHIKV) [227], HCMV [213],
human immunodeficiency virus (HIV) [218], Influenza A virus
[216, 217], rabies virus [228], rhinovirus [222], respiratory syncytial virus [220, 221], Sindbis virus [219], vesicular stomatitis virus [223], and the flaviviruses DENV [189, 202], WNV
[189, 201], and JEV [215].
Interestingly the antiviral activity of viperin is not based on
a single antiviral mechanism but rather on a whole range of
conserved and unique antiviral mechanisms that can inhibit
different steps in the life cycle of different viruses [205]. Viperin might achieve this range of antiviral activities by interacting with several different host cellular proteins and with different viral proteins. For example, viperin prevents Influenza
A virus from budding from the plasma membrane by bind-

4.2 viperin

ing to farnesyl diphosphate synthase (FPPS) and thereby disrupting lipid rafts and increasing membrane fluidity [216,217].
Even the inhibition of HIV egress by viperin is associated with
FPPS [218]. The antiviral mechanism of viperin against respiratory syncytial virus is mediated through inhibition of virus
filament formation and reduction of virus transmission from
cell to cell [220].
In addition, viperin inhibits several members of the Flaviviridae family. HCV replication is inhibited by interaction between
viperin and the viral NS5A protein within the RC and at the
lipid droplet (LD) surface, and also by interaction between viperin and the host factor (vesicle-associated membrane protein
associated protein A (VAP-A), which impairs its association
with NS5A [229, 230]. Even viral RNA production in DENV-2
is inhibited by viperin, but the mode of action differs from that
against HCV. To be antivirally active against DENV-2, viperin
interacts with NS3, which probably reduces early viral RNA
production by interfering with the RC [202]. A cellular interaction partner that mediates the antiviral effect of viperin against
DENV-2 has not yet been identified, but it may exist [202]. Furthermore, viperin is antivirally active against WNV, probably
by acting on the viral protein or on RNA synthesis [189, 201].
JEV can also be inhibited by viperin [215], but in a normal infection situation it counteracts the antiviral effect of viperin by
degrading it [215].
Even though our knowledge of viperin and its antiviral mechanism has grown in the recent years, its mode of action against
several viruses is still unknown.
4.2.2 Domains and Functions
Human viperin is composed of 361 amino acids, has a predicted molecular mass of approximately 42 kDa, and is found
on the cytosolic side of the ER [181,205,231]. It can be function-
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Figure 9: Schematic drawing of viperin protein and its three functional domains. The N-terminus contains an amphipathic α-helix
(green) and the radical SAM domain carries four SAM motifs (dark
blue). The C-terminus is shown in cyan.

ally divided into three domains: the N-terminus, the radical
SAM domain, and the C-terminus (Figure 9).
4.2.2.1 The N-terminus
The N-terminus is the region of viperin in which the sequence
and length vary most between different species; the structure,
however, is highly conserved [206]. Residues 9–42 code for an
amphipathic α-helix with a leucine-zipper domain [205]. This
amphipathic α-helix links viperin to the cytosolic face of the
ER and locates it to LDs [231, 232]. The N-terminus of viperin
induces membrane curvature in the ER membrane and thereby
structural changes in the ER [231]. Overexpression of viperin
can even result in the formation of crystalloid ER [231]. However, the N-terminus is necessary but not sufficient to create
membrane rearrangements, as even a dimerization of viperin,
mediated through the C-terminus, is needed [231]. Furthermore, the N-terminus on its own inhibits secretion of soluble
proteins, but does not affect intracellular trafficking rates of
membrane-bound proteins [231]. For antiviral activity against
HCV, the localization of viperin to the ER is important, as
the deletion of the N-terminus results in both a redistribution
of viperin from the ER and LD to the cytoplasm and in loss
of its antiviral function [229]. Against WNV, viperin shows
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antiviral activity even without the N-terminus, but for full antiviral activity, the N-terminus is required [189]. For DENV-2,
there again the N-terminus is not needed for antiviral functionality [202]. For CHIKV (an alphavirus), the N-terminus of
viperin is directly required for antiviral activity [227].
4.2.2.2

The Radical SAM Domain

The central domain of viperin is highly conserved between
species, and carries four motifs that are characteristic of the
members of the radical S-adenosyl-L-methionine (SAM) family
of enzymes [211, 233–235].
radical sam enzymes
The first motif in radical SAM enzymes contains three
cysteine residues within a conserved CxxxCxxC element,
and is involved in the binding of three irons of an [4Fe4S] (iron-sulfur) cluster, while the remaining three motifs bind to SAM [233]. SAM functions as a substrate for
the SAM enzymes and is cleaved into methionine and
a 5’-deoxyadenosyl radical [236, 237]. The 5’-deoxyadenosyl radical is able to execute several different radicalmediated enzymatic reactions ranging from sulfur insertion to DNA repair [224].
Mutations in motif 1 have been shown to result in loss of viperins antiviral function against HCV, DENV, and WNV [189,
238]. For HCV, even mutations in motifs 2–4 were found to
give the same result. These mutations have not yet been tested
for DENV and WNV. Other viruses for which the radical SAM
domain is of importance are HIV [218] and Bunyamwera virus
[239].
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4.2.2.3 The C-terminus
The C-terminus of viperin is highly conserved between different species. As mentioned earlier, the C-terminus is important
for viperin dimerization and so, together with the N-terminus,
is involved in the structural rearrangement of the ER [231].
The C-terminus of viperin appears to be involved in viperin’s antiviral activity against members of the Flaviviridae family. It has been shown that viperin needs an aromatic amino
acid at its C-terminus to be antiviral functional against HCV,
suggesting that this part of the protein could be involved in
substrate recognition or in protein-protein interactions important for its enzymatic activity [238]. Later, it was found that
the C-terminus of viperin is in fact involved in protein-protein
interaction, but with the host factor hVAP-33—which is involved in the formation of the HCV replication complex [230].
The C-terminus might also be involved in interaction with
the NS3 protein of DENV-2 [202], and the NS5A and core
protein of HCV [229]. However in this studies it was only
examined whether viperin was dependent of its N-terminus
for interaction and it therefore remains elusive whether the Cterminus or the radical SAM domain actually is the interacting
domain. Apart from this, the C-terminus of viperin might also
be of importance for the correct folding of the radical SAM
domain [235].

All three viperin domains have been shown to be involved in
the antiviral activity of viperin against members of the Flaviviridae. However, for its antiviral action against the different
virus species, different domains might be required. Yet, it is
not possible to draw any final conclusions as the results of
some of the studies are conflicting regarding which domains
are important for a particular virus. To provide an easier
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Table 2: Overview of which viperin domains (N = N-terminus,
SAM= radical SAM domain, C = C-terminus) were found to have
antiviral activity against different members of the Flaviviridae in different studies. If known, even the interaction partner is listed. +,
important for the antiviral function; (+), not essential but involved
in the antiviral function; -, not necessary for the antiviral function;
n.t., not tested.
* This study did not differentiate between the N-terminus and the
radical SAM domain, as only constructs containing or lacking both
domains were used.

overview for the reader, the results of recent studies are summarized in Table 2.
All in all, to date studies on the importance of the different
viperin domains for the antiviral activity have only been done
for a few flaviviruses. Even for these, the mechanisms are still
elusive and further studies are needed.
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My worthy friend, gray are all theories, and green alone
Life’s golden tree.
Grau, teurer Freund, ist alle Theorie und grün des Lebens
goldner Baum.
Johann Wolfgang von Goethe Faust I (1808)

5

AIMS

The overall aim of this thesis was to identify and characterize
the antiviral mechanism of viperin against TBEV. The specific
questions were:
• Which steps in the life cycle of TBEV are targeted by viperin?
• Which domains of viperin mediate its antiviral function?
• Which interaction partners does viperin require in order
to be antivirally active?
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The type-I IFN system is a powerful and universal intracellular
defense system against many different viruses [240]. For limitation of flavivirus infections, the antiviral IFN system plays
a crucial role [180, 182]. When studying the involvement of
the IFN system in the antiviral response to TBEV, we found
that three central European strains of TBEV were extremely
sensitive to IFN-α pretreatment (Figure 10).
Neudörfl
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Figure 10: The titer of
three European TBEV
strains is reduced up to
1,000-fold after IFN-α
pretreatment. Vero B4
cells were treated with
10 or 100 units of IFNα 16 h before infection.
24 h p.i., the virus titer
was determined using
plaque assay.

To identify the host cell protein(s) responsible, cell lines that
inducibly expressed different ISGs with known antiviral function were screened (Figure 11). This screen identified viperin
as a highly potent anti-TBEV protein that could reduce virus
replication by four orders of magnitude.
Since TBEV is exceptionally viperin-sensitive, it is an ideal
tool to investigate the antiviral mechanism of viperin. In addition, an understanding of the antiviral mechanism of viperin
against TBEV might allow us to identify possible antiviral tar-
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TBEV
growth is strongly
impaired in cells inducibly
expressing
viperin.
Tetracyclineinducible 293T cells
expressing
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ISGs were infected with
TBEV, and the virus
titer was determined
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gets that might be useful for development of treatment(s) for
TBEV, and possibly even for other flaviviruses.
6.1

which steps in the tbev life cycle are targeted
by viperin?

Viperin appears to be a highly multifunctional protein, being
able to inhibit different steps in the life cycles of different
viruses (see Section 4.2.1). The first step in characterizing the
antiviral mechanism of viperin against TBEV was therefore to
identify the steps in the virus life cycle that are targeted by
viperin.
6.1.1 Binding and Entry (Paper I)
Flaviviruses depend on lipid rafts to bind to and enter host
cells [241,242]. An important component of lipid rafts is cholesterol, the synthesis of which is dependent on FPPS. FPPS has
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previously been reported to be inhibited by murine viperin
[216]. As the inhibition of FPPS leads to a disruption of lipid
rafts, we examined whether viperin could prohibit TBEV from
binding to and entering the host cell. However, with human
viperin we did not find reduced cholesterol levels in viperin-expressing cells and our investigations showed that neither
TBEV binding nor entry was affected by viperin. Even though
cholesterol depletion could inhibit both TBEV binding and entry, direct inhibition of FPPS with ibandronate did not inhibit
TBEV growth and overexpression of FPPS did not reverse the
antiviral effect of viperin. This shows that FPPS is not involved
in the antiviral effect of viperin against TBEV. This contrasts
with studies on influenza A virus and HIV, where viperin was
shown to inhibit FPPS and thus, also budding from the plasma
membrane [216, 218]. Additionally, it is not in line with the
results of a recent study where mouse viperin was found to reduce levels of cholesterol in the cell membrane, thus inhibiting
budding of rabies virus [228].
6.1.2 Genome Replication (Paper I)
As viperin did not influence binding and entry, we set out
to investigate the next step of the virus life cycle: the viral
genome replication.
For this purpose, the level of viral RNA was measured in viperin-expressing cells. Already early in replication (at 5 h p.i.),
viperin expression strongly reduced the amount of TBEV RNA
in host cells. The quantity of RNA was comparable to that
in our control, in which genome replication was completely
blocked by treatment with the translation inhibitor cycloheximide (CHX) (Figure 12). While plus-sense RNA replication
was blocked completely, negative-sense RNA replication was
only slightly affected. These results were further confirmed
when we examined late replication (at 24 h p.i.). Again, plus-
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strand RNA was affected more strongly than minus-strand
RNA. However, late in replication reduction of minus-strand
RNA was stronger then early in replication. This is probably
because a sufficient amount of the plus-strand RNA template,
which is needed for minus-strand RNA synthesis, is missing.
The selective reduction of plus-sense RNA suggests that viperin does not target protein synthesis but genome replication
specifically (Figure 12).
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+RNA
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Polyprotein

A

NS2 B
Proteins

C prM

E

NS3

NS1

NS NS
2A 2B

NS3

NS NS
4A 4B

NS5

-RNA
Viperin
+RNA
Figure 12: Schematic representation of the steps necessary for TBEV
replication. Drug treatment with cycloheximide (CHX) inhibits protein translation. Since protein translation is necessary for de novo
synthesis of the RNA polymerase, the entire replication process is
blocked by CHX. Viperin specifically targets plus-strand RNA synthesis, and thus most likely a late step in RNA replication.
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Although viperin appears to counteract different viruses in
different ways, the inhibition of RNA replication might perhaps be a common strategy used against the Flaviviridae. Besides in our study with TBEV, inhibition of RNA amplification
has also been reported for DENV, WNV, and HCV [189, 202,
229]. Yet, how this inhibition is achieved seems to be virusspecific: viperin disturbs the interaction between HCV NS5A
and the host factor VAP-A to inhibit HCV replication [229],
but it targets NS3 to inhibit DENV-2 [202]. It is tempting to
speculate whether TBEV NS3 and NS5 could be targeted by viperin as well. NS5 functions as a RdRp and is therefore needed
to first transcribe the incoming plus-strand RNA into minusstrand RNA and then to transcribe the minus-strand RNA
back to plus-strand RNA [17]. For the second step also the
RNA helicase function of NS3 is required, together with NS5,
to unwind the dsRNA formed in the first step [17, 243]. Consequently, targeting of NS5 is likely to reduce both minus- and
plus-strand RNA synthesis to the same extent, whereas targeting of NS3 might specifically reduce plus-strand RNA synthesis. As viperin specifically reduced plus-strand TBEV RNA, it
seems likely that viperin might target TBEV NS3. However, an
interaction of viperin with cellular proteins instead or in addition, is also conceivable. Further studies should be performed
to clarify this.
6.1.3 Assembly and Release (Paper II)
Viperin strongly inhibited the synthesis of the viral genome.
However, its inhibitory effect on TBEV production was around
10-fold higher than that on synthesis of viral RNA. This suggested that viperin might target several steps of the TBEV life
cycle and encouraged us to also investigate the involvement
of viperin in later steps in the virus life cycle: assembly and
release.
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Since viperin had a major antiviral effect on RNA synthesis, it was necessary to investigate its effect on assembly and
release uncoupled from its effect on genome replication. For
this, we used a VLP system, transiently transfecting cells only
with the viral structural proteins. Interestingly, viperin only
specifically affected the release of C protein while secretion of
prM and E was unaffected. The amount of C protein found in
the supernatant was increased irrespective of whether or not
the two other structural proteins were present, but it depended
on the amount of viperin present.
Elevated secretion of C protein could be further verified in
LGTV infection. As expected, in the presence of viperin the total amounts of infectious virus, viral RNA, and secreted viral
proteins were reduced. However, the secretion of the structural proteins was unequally reduced. While viperin reduced
extracellular E protein by ∼ 100-fold, C protein was only reduced by ∼ 25-fold. Additionally, and in accordance with our
previous observations with TBEV, the reduction in infectious
virus was stronger than the reduction in viral RNA. Taken together, these results indicate that viperin interferes with the
assembly of virions by enhancing the secretion of C at the expense of whole, infectious particles—which is a novel antiviral
mechanism of viperin against TBEV.
To our knowledge, cellular secretion of C protein had not
been reported before for the Flavivirus genus. It was therefore
unclear whether the C protein was released from the cell in
the form of soluble protein, protein aggregates, or membraneassociated protein. Arguments can be found for both, secretion with a membrane and secretion without. On the one
hand, in vitro studies have shown that the presence of membranes is not required for NC assembly [40, 41]. Additionally,
naked NCs can be detected in HCV infection [244–246]. It
therefore seemed possible that cells could shed NCs without
a membrane. On the other hand, the C protein contains an
internal hydrophobic domain that has the ability to associate
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with membranes [247–249] and that is crucial for the formation of full, infectious virus particles [250]. This leads to the
assumption that C might be associated with a membrane when
secreted. With a flotation assay, we separated membrane-associated proteins from proteins without membranes and found
that the secreted C particles were membrane-associated. Analysis with transmission electron microscopy showed that the
secreted C particles had a round morphology similar to that
of LGTV virions. Viperin, however, had no influence on the
particle morphology.
In contrast to naked HCV NCs [244–246], TBEV C particles
were enveloped, which suggests that they might be released
from cells in different ways and thereby might fulfill different
functions. Then again, however, as the lipid membrane of C
particles was sensitive to mechanical stress, it is also possible
to speculate that TBEV C particles might lose their membrane
outside the cell. They could therefore have something in common with HCV NCs. Thus, in future studies it would be interesting to investigate the function that TBEV C particles have
outside the cell, and whether viperin can induce the release of
HCV NCs.
Within cells, C protein could be found in the cytoplasm, in
the ER, inside the nucleus, and sometimes around LDs. Similar locations have been reported for other flaviviruses and
HCV (cytoplasm: WNV [251] and DENV [252]; nucleus: WNV
[69, 253], DENV [252, 254–256], and JEV [257]; LDs: DENV
[248, 258] and HCV [259]). As expected, E protein showed a
strict ER localization. The presence of viperin shifted the distribution of E from the whole ER to the rough ER while leaving the distribution of C unaffected. This suggests that viperin
may affect the assembly of C with the membrane-associated
structural proteins prM and E.
The release of full flavivirus virions from the ER occurs
through the conventional secretory pathway (Figure 5). Transport along the secretory pathway from ER to ERGIC normally
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occurs in COPII-coated vesicles. This transport can be blocked
by overexpressing a Sar1 mutant (Sar1-H79G) that inhibits the
detachment of COPII-coated vesicles from the ER [260]. The
expression of the Sar1-H79G mutant inhibited the egress of
the viral structural proteins independently of the presence of
viperin. Thus, we can conclude that to leave the cell, both C
particles and prME VLPs are dependent on COPII-mediated
transport.
Blocking of the further transport between Golgi cisternae
and secretion from the trans-Golgi with brefeldin A (BFA) inhibited the secretion of prME VLPs, showing that they leave
the cell via the classical secretory pathway. In contrast, the secretion of C particles was enhanced, both in the presence and
in the absence of viperin. Hence, we can conclude that release
of C particles is enhanced when the later steps of the classical secretory pathway are blocked. However, the mechanism
by which they are released from the cell remains unknown.
Non-conventional secretion bypassing the Golgi has been reported before for a number of cellular proteins [261] and also
for the simian rotavirus Rhesus monkey rhandinovirus [262].
As we have seen that inhibition of COPII-mediated transport
blocks the secretion of C particles to a great extent, bypass
of the Golgi within COPII-coated vesicles would appear to be
one possible way for C particles to be secreted. In the future,
it would be interesting to investigate whether C particles are
actually released via a COPII-mediated bypass or by another
mechanism. Also, it should be determined whether this mechanism is actively induced by viperin or whether it is used as a
back door because viperin blocks the classical secretory pathway. Apart from this, it is still to be ascertained whether C
particles are directly transported from the ER to the plasma
membrane or whether they travel via other organelles such as
endosomes or multivesicular bodies.
Taken together, our data suggested that both C particles and
prME VLPs were transported via COPII. PrME-VLPs were fur-
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ther transported via the secretory pathway whereas secretion
of C particles occurred in a different, as yet unknown way
which was inducible by both BFA and viperin.
conclusion
Viperin does not affect TBEV binding and entry, but strongly inhibits TBEV genome replication by specifically targeting the synthesis of positive-sense RNA. Furthermore,
viperin affects the release of TBEV particles by enhancing
the secretion of membrane associated C particles.

6.2

which domains are mediate the antiviral function of viperin?

So far, we had found that viperin inhibits TBEV genome replication and interferes with particle assembly and release. To
gain a better understanding of its mode of action, we wanted
to know which domains of viperin are responsible for its antiviral effect. To study this, a set of different viperin mutants
with different truncations and mutations at the N-terminus
(TN50 and, NS5A-TN50), at the C-terminus (TC1, TC20, TC40,
TC60 and, W361A), and within the radical SAM domain (M1,
M2, M3 and, M4) was generated (Figure 13).
6.2.1 Viperin Domains Involved in Genome Replication (Paper I)
6.2.1.1

The N-terminus

The importance of the N-terminus was investigated by using
a TN50 mutant that lacks the amphipathic alpha-helix, and
therefore its ER anchor. Consequently, the TN50 mutant was
found everywhere in the cytoplasm and in the nucleus, instead
of being restricted to the cytoplasmic side of the ER, as oc-
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Figure 13: Mutations in the viperin protein. To study the importance of the three different domains of the viperins molecule for its
antiviral activity, mutants can be used. The different mutants used
in this study are depicted here.
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curs with the wild-type viperin. Interestingly, the loss of the
N-terminus did not affect viperin’s antiviral activity in early
replication (at 5 h p.i.) and only partially during late replication (at 24 h p.i.). Furthermore, replacement of the amphipathic alpha-helix of viperin with the amphipathic alpha-helix
of HCV NS5A restored both viperin’s ER localization and its
antiviral effect.
From this, we were able to conclude that the N-terminus
was needed to localize viperin to the ER and thus to the place
where TBEV replication takes place [71]. However, early in
replication, viperin had antiviral activity irrespective of its location, suggesting that early replication may not be restricted
to the ER.
These results are in accordance with studies on WNV and
HCV where the N-terminus of viperin was likewise found not
to be absolutely required for the protein’s antiviral function
but needed for ER localization and full antiviral activity [189,
238]. In contrast, the N-terminus is of no importance in viperin’s activity against DENV-2 [202].
Outwith the members of the Flaviviridae family, the N-terminus was found to be both essential and sufficient for suppression of replication of the alphavirus CHIKV. This was mediated by reduction in expression of a viral protein required for
replication of the CHIKV genome [227]. This shows that the
N-terminus is involved in various ways in viperin’s antiviral
activity against different viruses, which is in line with viperin’s broad antiviral range.
6.2.1.2 The Radical SAM Domain
The radical SAM domain carries four motifs that are characteristic of SAM enzymes. These motifs are necessary for the
functionality of the radical SAM enzymes since they are either
needed for binding to the iron-sulfur cluster or to SAM [233].
If SAM cannot be bound to the SAM domain or if the iron-
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sulfur cluster cannot be formed, the cleavage of SAM is prevented and consequently, the SAM enzyme cannot perform
its function. We found that mutations in all four SAM motifs
led to a complete loss of viperin’s inhibitory effect on genome
replication. This indicates that viperin can only affect TBEV
genome replication when its SAM domain is functional.
The SAM domain appears to be important for antiviral activity against several flaviviruses. Apart from our results with
TBEV, a previous study has shown involvement of the SAM
domain in the antiviral activity of viperin against DENV-1
and WNV [189]. For HCV, however, the involvement is not
as clear since divergent results have been published (see Table 2) [229, 230, 238].
6.2.1.3 The C-terminus
The importance of the C-terminus was also studied with the
help of viperin mutations. All truncations of the C-terminus
and even a point mutation in the last amino acid led to complete loss of viperin’s antiviral activity. Also for counteraction
of DENV-2 and HCV infections the C-terminus of viperin is indispensable. This is probably because of its ability to interact
with viral proteins and/or host proteins (see Section 4.2.2.3)
[202, 229]. Apart from being involved in protein interactions,
the C-terminus may be important for correct folding of the
SAM domain [235]. This suggests that the C-terminus has a
very important role, since without it viperin on the one hand
loses its ability to bind to certain interaction partners and on
the other hand may not fold correctly and thereby the function
of its SAM domain would be lost.
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6.2.2 Viperin Domains Involved in Assembly and Release
(Paper II)
6.2.2.1

The N-terminus

The N-terminus of viperin was found to be required for enhanced secretion of C particles. Viperin that was truncated at
the N-terminus (TN50) could not induce secretion of C protein.
Even when TN50 was expressed in increasing amounts, the secretion of C particles was only slightly enhanced. As described
before (Section 6.1.3), C particles are probably located inside
the ER. The N-terminus localizes viperin to the cytoplasmic
side of the ER and thus to the location from which C particles
are secreted. It therefore appears likely that the localization at
the ER is at least one reason for the N-terminus being particularly important for C particle secretion.
6.2.2.2

The Radical SAM Domain and C-terminus

Viperin mutants with mutation in the radical SAM domain or
truncation at the C-terminus increased the secretion of C protein at least to the same extend as wild-type viperin, showing
that the two viperin domains most relevant for TBEV genome
replication are completely dispensable for TBEV C secretion.
conclusion
All three domains are necessary for the full antiviral activity of viperin. For inhibition of genome replication,
both the radical SAM domain and the C-terminus of viperin were found to be essential, while the N-terminus
was only needed to target viperin to the ER to achieve
full antiviral activity. For the enhanced secretion of C
particles on the other hand, the N-terminus was found to
be essential.
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6.3

which interaction partners does viperin require in order to be antivirally active?

Thus far, we had identified which steps of the virus life cycle
were targeted by viperin and which domains of viperin were
involved. However, it seemed unlikely that viperin alone was
totally responsible for its antiviral activity. In order to have
such a broad repertoire of antiviral functions, several different
interaction partners would probably be required. Viperin is
indeed known to interact with several host and viral proteins
to perform its antiviral function (see Section 4.2.1) [204, 206].
However, the proteins that are needed appear to vary from
virus to virus. We therefore wanted to identify which interaction partners are needed for the antiviral activity of viperin
against TBEV. For this purpose, we generated cells that inducibly expressed tagged viperin and carried out a pulldown
followed by mass spectroscopy. In this work, two of the mass
spectroscopy hits were further characterized regarding their
role for the antiviral function of viperin.
6.3.1 CIAO1 (Paper I)
One prominent hit identified in the mass spectroscopy was
cytosolic iron-sulfur assembly component 1 (CIAO1), a protein required for iron-sulfur protein assembly in the cytosol
of human cells [263]. The SAM domain of viperin requires
an iron-sulfur cluster to be functional. As we had identified
the SAM domain as being essential for virus replication (see
Section 6.2.1) the involvement of CIAO1 in the antiviral activity of viperin seemed quite plausible. In fact, we were able
to verify the interaction between viperin and CIAO1 with coimmunoprecipitation and to identify the C-terminus of viperin
as the interacting domain. Small interfering RNA knock-down
of CIAO1 further demonstrated that CIAO1 was an essential
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interaction partner for viperin in inhibition of virus replication.
Further analysis revealed that CIAO1 was required for the maturation and stability of viperin. A loss in interaction led to a
loss in iron incorporation in viperin’s iron-sulfur cluster, and
also the loss of antiviral activity.
Our results up to this point showed that the C-terminus of
viperin was required for the binding of CIAO1 (Figure 14).
CIAO1 in turn was important for the stability of viperin and
for loading of the iron-sulfur cluster onto the SAM domain. In
addition, the SAM motif 1 was found to be essential for assembly of the iron-sulfur cluster. Viperin mutants unable to interact with CIAO1 or unable to form a mature iron-sulfur cluster
also lost their antiviral activity. Thus, the binding of CIAO1
to the C-terminus would probably enable the SAM domain
to execute the antiviral function of viperin. Removal of SAM,
the substrate required for the function of the SAM domain, de
facto abolished viperin’s antiviral activity. These results confirmed that the enzymatic function of SAM was needed for
viperin to execute its antiviral function (Figure 14).
The radicals produced by the SAM enzymes are known to
engage in a wide range of enzymatic reactions [224]. Thus,
the SAM domain probably gives viperin the ability to attack
different viruses by affecting different steps in their life cycles.
The SAM domain and its function might therefore be one of
the keys to our understanding of why viperin can have such a
broad antiviral activity.
However, it remains to be determined which reaction the
SAM domain mediates and which host or viral factors it affects
and how this in turn leads to the inhibition of TBEV genome
replication.
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Figure 14: Model of viperin-CIAO1 interaction. Cytosolic ironsulfur assembly component 1 (CIAO1) binds to the C-terminus of
viperin and is involved in loading the iron-sulfur cluster onto the
radical S-adenosyl-L-methionine (SAM) domain and thus enabling
it to cleave SAM into methionine and a 5’ deoxyadenosyl radical.
This radical is involved in inhibition of TBEV through blocking the
replication of the positive-sensed RNA genome.

6.3 interaction partners of viperin

6.3.2 GBF1 (Paper II)
Another interesting mass spectrometry hit found to potentially
interact with viperin was Golgi-specific brefeldin A-resistance
guanine nucleotide exchange factor 1 (GBF1).
GBF1 is a guanine nucleotide exchange factor (GEF), the
main function of which is to activate the GTPase ADP-ribosylation factor 1 (ARF1) [264]. ARF1 is involved in the formation of COPI-coated vesicles [264], mediating transport between Golgi cisternae and retrograde transport from the Golgi
back to the ER [107, 265]. BFA inhibits this COPI-coated vesicle formation by binding to the GEF-ARF1-GDP complex and
thus inhibits the release of activated ARF1-GTP [266]. BFA
treatment enhanced the release of C particles in the same manner as viperin (see Section 6.1.3). It is therefore possible that
even viperin inhibits the formation of COPI-coated vesicles by
targeting GBF1, thereby inducing upregulation of C particle
secretion (Figure 15). In fact, live-cell imaging showed vesicular structures of eGFP-GBF1 surrounded by mCherry-viperin. Furthermore, interaction between viperin and GBF1 was
confirmed by co-immunoprecipitation and the N-terminus of
viperin was identified as the domain responsible. Thus, it is
plausible that the N-terminus of viperin is important for C
particle secretion (Section 6.2.2), not only because it is located
close to where C particles leave the ER, but also because it mediates the co-localization and the interaction with GBF1. We
found that GBF1 was indeed involved in C particle secretion,
as overexpression of GBF1 completely abrogated the induction
of C particle secretion by viperin.
A number of recent studies have shown involvement of GBF1
in several steps of the life cycle of different viruses, including RNA replication and particle assembly [258, 267–274]. It
is tempting to speculate that interaction between viperin and
GBF1 may be important for antiviral defense against several
viruses. Especially as both GBF1 involvement [258, 270, 271,
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Figure 15: Hypothetical model of viperin-GBF1 interaction. In the
absence of viperin, virions bud into the ER, from where they are
transported to the plasma membrane through the conventional secretory pathway. For this transport both coat protein complex I (COPI)
and coat protein complex II (COPII)-coated vesicles are required. To
ensure proper formation of the COPI-coated vesicles, Golgi-specific
brefeldin A-resistance guanine nucleotide exchange factor 1 (GBF1)
is required (left panel). When viperin is present it interacts with
GBF1 and GBF1 clusters surrounded by viperin are formed. This
interaction disturbs the normal function of GBF1 and leads to an increased secretion of membrane-associated C particles. This secretion
of C particles is depended on COPII, but it remains elusive whether
they are transported directly in COPII-coated vesicles to the plasma
membrane or if they travel via other organelles (right panel).

6.3 interaction partners of viperin

275] and viperin sensitivity [189, 202, 216, 217, 229, 230] have
been reported for some viruses (DENV, HCV, and influenza
A virus). Interestingly, in some cases the ARF1 activation
function of GBF1 is necessary [258, 267] and in other cases
not [269, 273], indicating that GBF1 affects several stages of
virus replication. Thus, one could further speculate that interaction between viperin and GBF1 might enable viperin to
affect different steps in the life cycle of different viruses, in
keeping with its broad range of antiviral activity.

Taken together, we have found two cellular interaction partners for viperin: CIAO1 and GBF1. Even though the interactions between viperin and CIAO1, and viperin and GBF1
serve different purposes, these two proteins have one important thing in common: their interaction with viperin might
enable viperin to affect a broad range of viruses. Moreover, as
described before, CIAO1 and GBF1 are not the only proteins
that viperin has been shown to interact with. This implies that
Viperin has the ability to interact with many different proteins.
Some of these proteins in turn might have the ability to affect
a range of different viruses, thus explaining viperin’s broad
antiviral activity.
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conclusion
Viperin is dependent on host interaction partners to carry
out its antiviral function. In this work, we found two
new viperin interaction partners that are necessary for its
antiviral activity against TBEV. CIAO1 interacted with
the C-terminus of viperin and was found to be essential
for maturation and stability of viperin, and for loading
of the iron-sulfur cluster onto the SAM domain. Thus,
CIAO1 is necessary for viperin to perform its function
as a radical SAM enzyme and therefore to inhibit TBEV
replication.
On the other hand, interaction of GBF1 with the Nterminus of viperin altered GBF1’s usual function, leading to an increase in C particle secretion and a reduction
in release of infectious virions.
The interaction of viperin with both CIAO1 and GBF1
may enable viperin to target a broad range of different
viruses.

6.4

this is not the end

In this work, we gained some insight into viperin’s antiviral
activity against TBEV. However, many questions remain to be
answered, and some of them have been addressed in this chapter. Furthermore viperin is not the only ISG which codes for a
protein with antiviral activity against TBEV. So far, apart from
viperin, only TRIM79α has been identified [203]. However, it
appears that viruses in general are not counteracted by only a
single ISG but rather by a whole set of ISGs [175]. In LGTV
infection, the expression of many different ISGs is upregulated
at the mRNA level [187]. It seems likely that several of them
are translated and that the products have antiviral activity. It
would be interesting to characterize the antiviral function of

6.4 this is not the end

each of them and also to determine whether and how they
interact with each other and function as a whole.
In vitro studies, as performed here, are important to be able
to gain insight into the fundamental mechanism(s) underlying the antiviral activity of viperin and other antiviral host
proteins. However, to confirm the relevance of these findings, additional in vivo studies will be crucial. In addition,
they can cover a broader context by addressing, for example,
the differences within different organs. Studies have already
shown the relevance of the type-I IFN system against LGTV in
vivo [51, 183]. The role of viperin against TBEV, however, has,
to our knowledge, not yet been studied in vivo.
Although this work is just a little piece in a big puzzle, it
will hopefully be one that—in the end—helps us to see and
understand the whole picture.
this is the end
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Viperin is a host cellular protein with antiviral activity against
a broad range of viruses, including different flaviviruses. In
this work, we could show for the first time that viperin counteracts the important human pathogen TBEV. No antiviral treatment is currently available against TBEV. To be able to find
antiviral strategies against TBEV and other flaviviruses, a fundamental knowledge of the host’s own antiviral defense mechanisms would be extremely helpful. The aim of this work was
therefore to characterize the antiviral mechanism of viperin
against TBEV.
In this work, we found that viperin targets TBEV regarding
it’s genome replication and also assembly and release of virus
particles.
In genome replication, viperin was found to specifically inhibit the synthesis of plus-strand RNA. To achieve this inhibition, viperin requires a functional radical SAM domain. The
function of the radical SAM domain is dependent on an ironsulfur cluster. Loading of this iron-sulfur cluster onto the radical SAM domain is performed by the host cellular protein
CIAO1. CIAO1 also contributes to the stability and maturation of viperin, and it was also found to interact with viperin’s C-terminus. Thus, both the radical SAM domain and
the C-terminus of viperin are essential for inhibition of TBEV
genome replication. To ensure full antiviral activity late in
replication, it is required that the N-terminus of viperin localizes the protein to the ER where genome replication takes
place.
In addition to inhibiting genome replication, viperin also affects particle assembly and release, selectively enhancing the
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secretion of membrane-associated C particles. For this effect
on C particle secretion, the N-terminus of viperin was found
to be essential. The N-terminus mediates interaction of viperin with the host cellular protein GBF1. GBF1 is involved in the
secretory pathway, and the interaction between viperin and
GBF1 appears to modulate the release of C particles. The function of secreted C particles still remains to be determined. C
particles may just be a by-product of a disturbed assembly of
full virus particles or they may have their own, specific, perhaps even immunomodulatory, function.
In summary, in this work we characterized the antiviral mechanism of viperin against TBEV. To previous knowledge about
viperin, we have added new knowledge of how viperin specifically acts against TBEV, the observation of a hitherto undescribed antiviral mechanism involving enhanced secretion of
C particles, and the discovery and characterization of two new
host protein interaction partners of viperin.
Hopefully, this extension of our knowledge of viperin will
help us to find a way of counteracting TBEV infection — and
perhaps even infections by other viruses.
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Part III
P U B L I C AT I O N S

A scientist in his laboratory is not a mere technician:
he is also a child confronting natural phenomena that
impress him as though they were fairy tales.
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