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ANNOTATION
The proposed thesis deals with the various aspects of tick-borne encephalitis virus infection
in the host and the vector on the cellular level. It uncovers transcriptomic and proteomic
responses in infected cells in the human neurons and astrocytes, and vector cells. It identifies
the subgenomic flaviviral RNA as an important pathogenesis effector that can interfere with
the vector RNAIi pathway, and at the same time denotes the components of this pathway. It
also describes the phenomenon of impairment of host protein and rRNA synthesis upon TBEV
infection. Moreover, it uncovers the importance of quasispecies in the adaptation to vector
and host cells.
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PREFACE

Tick-borne encephalitis virus (TBEV) infection can cause a severe neurological
disease —so-called tick-borne encephalitis (TBE), which worldwide incapacitates
10.000-12.000 patients annually (2). TBEV has long been a poor relative among the other
members Flaviviridae family, at least with respect to the extent of scientific attention it has
captured as illustrated by the number of scientific publications devoted to individual viruses
(Figure 1). In the Flaviviridae family, hepatitis C virus or dengue virus research received the
most attention owing to their vast impact on global health (2). For comparison, West Nile virus
which annually causes four times fewer cases than TBEV, was studied in three times higher
number of scientific papers than TBEV. This implies that research on TBEV is largely neglected

and hopefully this imbalance will equal soon.

Long term, the Czech Republic ranks in the top three countries with the highest incidence
of TBE cases in Europe (3). The reason can be found in unsatisfactory protective measures,
raising from the underestimation of the risk of the disease and the related low vaccination
rate among Czech people, which oscillates around 24 % (4). It is far below the desired
protective level of 90 % that would be needed for the reduction of morbidity in endemic areas
(5,6). Moreover, under-vaccination is a more general problem in most of the endemic areas

(4).

Recently there has been a sudden increase of the incidence of TBE cases in some areas such
as Switzerland (7), France (8), or the emergence of TBEV in so far unaffected areas, such as
northern parts of Germany (9,10) or Great Britain (11,12). Also, TBEV risk area spread as vector
tick distribution extends to higher altitudes (13). There is a tight interconnection among
weather variation, tick abundance and activity, and the number of TBE cases.
So, the upcoming climate change can be aggravating the TBEV epidemic situation in the
future.

The aforementioned facts highlight TBEV as a serious health concern with an outlook
tobecome a more dramatic problem for the healthcare system in the future.
Still, the knowledge on TBEV biology and especially interaction with the host cell is far from
being complete and specific antiviral treatment is missing. Hopefully, this work can fill in some
missing puzzle pieces to the knowledge of TBEV biology.
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Figure 1. Number of publications listed in the Web of Sciences database for specific representatives of Flaviviridae
family in the last two decades (* the year 2021 to the date 15.11.2021). The database was searched for the topic
of the specific virus and the counts of retrieved results are recorded on the logarithmic scale. TBEV — tick-borne
encephalitis virus, HCV — hepatitis C virus, DENV — dengue virus, YFV — Yellow fever virus, ZIKV — Zika virus.



INTRODUCTION

Tick-borne encephalitis virus (TBEV) belongs to a broad group of flaviviruses (genus Flavivirus,
family Flaviviridae), which was named after the prototype Yellow fever virus (YFV; Latin
flavus = yellow). Flaviviruses can basically cause three clinical syndromes — fever arthralgia
rash, haemorrhagic fevers, and central nervous system infections, which is the case of TBEV
(14). The genus Flavivirus contains viruses with unknown vector (e.g., Modoc virus or Rio Bravo
virus), insect-specific viruses, mosquito-borne viruses, and finally tick-borne viruses. Several
mosquito-borne viruses belong to the medically most threatening vector-borne diseases
endangering millions of people worldwide, such as Dengue virus (DENV), Zika virus (ZIKV),
Japanese encephalitis virus (JEV), Yellow fever virus or West Nile virus (WNV). Tick-borne
viruses encompass Omsk haemorrhagic fever virus (OHFV), Louping ill virus (LIV), Langat virus
(LGTV), and tick-borne encephalitis virus, which is the most dangerous tick-borne virus
representative for humans (15).

The causative agent of encephalitis frequently occurring during summer was uncovered in the
years 1937-39 by the expedition launched in the former Soviet Union (16). Later, tick-borne
encephalitis (TBE) started to pose a serious health menace in our geographic area as well.
There is a significant probability of occurrence of the disease in Bohemia and other European
areas before the Second World War even though it was not confirmed (17). Soon, the virus
was isolated from human patients (18,19) and its vector, the Ixodes ricinus tick (20).

TBE cases are detected in the vast area of Eurasia, ranging from Japan, China, Russia, up to the
majority of countries of Eastern, Middle, and Western Europe, including Scandinavia, and
scattered cases were noted also in Southern European countries (see Figure 2; (21)).
10.000 - 12.000 TBE clinical cases are recorded annually worldwide, including ca. 400-700
cases being diagnosed in the Czech Republic (22).

EPIDEMIOLOGY

TICK-BORNE ENCEPHALITIS VIRUS
TBEV is transmitted by ticks of the genus Ixodes and as such can be classified as an arbovirus,
an artificial group clustering viruses transmitted by arthropods. There are two vector species
substantially involved in TBEV transmission: /. ricinus, the main vector of the European subtype
of TBEV; and |. persulcatus which is a principal vector of Siberian and Far Eastern subtype
of TBEV (23,24). Recently, the introduction of two new TBEV subtypes, Baikalian
and Himalayan, was proposed (25,26); however, they were not officially acknowledged
by the scientific community yet. The distribution of vector species (Figure 2) correlates
with the incidence of the different TBEV subtypes transmitted by them. The European subtype
manifests usually mildly with a two-phased course of disease and results in the death in 1-5 %



of cases (the upper limit of the range applies to older patients (70+)). The mortality
for the Siberian and Far Eastern subtype reaches 6-8 % and 20-60 %, respectively. The most
serious is the infection with Far Eastern subtype that causes severe impairment of meninges
and brain with poor prognosis, whereas Siberian subtype displays a tendency to cause chronic
infections (3,21,27,28).

Humans are an accidental part of TBEV cycle in the nature and from the perspective
of the virus represent a dead-end host. The main TBEV vector in our area, tick I. ricinus, needs
to feed consecutively on three different hosts to complete its life-cycle (lasts 2-6 years) and all
stages, larvae, nymphs, and imagoes, can transmit the infection. Ticks are feeding on broad
range of hosts, including rodents, birds, lizards, mammals, deer or reptiles, which comprise
natural reservoirs of the virus (5). Ticks can get infected during the blood meal either
on a viraemic host, with an acute infection, or non-viraemic host, when a beneficial effect
of the so-called co-feeding of infected and uninfected tick on the same host takes place and is
sufficient for transmission of virus even on an immune host (29-33). Once infected, tick
remains a lifelong vector of TBEV across all stages and rarely can pass the infection on the next
generation also transovarially (34).

Besides the classical route of transmission, infection can be acquired also by the consumption
of unpasteurized milk and dairy products. Perorally acquired infections tend to be milder
with a monophasic manifestation and have an epidemic character reflecting the source
of contamination (27,35,36).

LANGAT VIRUS

LGTV is a naturally attenuated flavivirus from the same serogroup as TBEV (37). LGTV was first
recovered in the Malayan tick /. granulatus (38). Due to a close antigenic relationship to TBEV
and the absence of diseases acquired in natural foci, attenuated LGTV strain was
contemplated as a vaccine for TBEV (39). However, rare post-vaccination outbreaks
of meningoencephalitis provoked vaccine withdrawal (40). Still, LGTV holds for a solid
experimental model to study the pathogenesis of tick-transmitted flaviviruses including TBEV,
especially because of the feasible maintenance and experimentation under less strict
biosafety level practice (41).
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Figure 2. The geographical distribution of TBEV (red dotted line), and distribution of two main TBEV vectors,
I. ricinus and I. persulcatus. Adapted from (42) updated on the current epidemiological situation in Europe (2021).

VIRUS, PARTICLE COMPOSITION, VIRAL PROTEINS
A mature TBEV virion is a spherical particle 50 nm in diameter that composes
of a nucleocapsid surrounded by a lipid membrane (Figure 3). The membrane is derived
from the host cell with incorporated viral glycoprotein E (envelope) and protein M
(membrane), which induces a “bumpy ball-like” shape of the membrane (43). The E protein
has a principal role in binding to host receptors and mediates entry into the cell. The M
protein, or to be more specific the M protein precursor prM, acts during the maturation of
viral particle and virion transport. During the maturation process, an asymmetry of immature
viral particles was documented. In the acidic environment in the Golgi, reorganization of the

proteins is provoked, making prM precursor
Capsid protein

8 b,

protein available for the cleavage by host

E ;"):.roteln dimer protease furin (43,44). A final building block of
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eV ; The process of maturation might be imperfect
~-" with some extent of uncleaved prM retained in

. % ¢ the virions. Further, the arrangement state is not

J .

m7G-capLipid membrane passive and can re-shuffle, based on various
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Figure 3. Tick-borne encephalitis viral particle
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asymmetry made of C proteins which stashes the 11 kb long single-stranded RNA of positive
polarity (genomic RNA — gRNA) (28,43,44).

gRNA is terminated at the 5' end by a 7-methylguanosine cap (7mG) and lacks a poly-(A) tail
at the 3' end (46). The coding segment is flanked on both ends by untranslated regions (UTRs).
Due to the presence of specific structural motifs in both, 5' and 3' UTRs, these regions attain
an important role in genomic RNA cyclization and initiation of genomic RNA replication,
polyprotein translation, and they probably also participate in genome packaging (47,48)
(49,50). A conserved set of RNA structural elements, often in multiple copies, is a hallmark
of flaviviral 3’"UTR (51). The flaviviral 3' UTR is commonly organized in a 5' variable region
and a 3’conserved core region (49). The TBEV 3'UTR, especially the variable region, differs
substantially among the individual TBEV strains. (52,53).

Viral proteins are encoded in a single open reading frame that is translated into one
polyprotein. Co- and post-translational processing of the polyprotein by host and viral
proteases generates three structural (C, prM, E) and seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5) (Figure 4; (28,54)). While the structural proteins pose the main
building units of the viral particle, the non-structural proteins are crucial in the TBEV life cycle.
They are the essential components of viral replication and also virion assembly process (55).
Recently, a role in the suppression of the host antiviral response has been attributed to several
of them (detailed further in the text). Functional characteristics of TBEV structural
and non-structural proteins are summarized in Table 1.

]%ﬂ q LM
Cap AUG ﬂpr

M E
5'NTR ' ‘ Structural proteins ‘ Non-structural proteins I 3" NTR

Capsid

NS2B
Cofactor

Membrane
reorganization

RNA synthesis

Envelope Replication
glycoprotein assembly

Figure 4. Flaviviridae polyprotein — processing by proteases and putative topologies with respect to the
endoplasmic reticulum (ER) membrane. Figure credit (56).



Apart from genetically encoded factors —viral proteins, an additional factor based on the gRNA
secondary structure resilience was revealed, the subgenomic flavivirus RNA (sfRNA). sfRNA is
a decoy resistant part of 3'UTR produced by inefficient degradation
by 5’-3"exonuribonuclease XRN1. The enzyme fails to proceed through complex secondary
structures, termed exoribonuclease-resistant RNA element (xrRNA) generating thus short
non-translated sfRNAs. The length of these molecules is approximately 500 bases (57,58) but
presence of shorter sfRNA species due to an occasional slip through the pseudoknot structure
and bumping into the successive xrRNA has been documented in related viruses (59). A unique
secondary structure of sfRNA has been elucidated for Murray Valley encephalitis virus
and ZIKV. The three-way stem loop structure is folded into a complex ring structure with two
important pseudoknot interactions and the 5’end of the RNA being concealed inside the ring
(60-62). Production of sfRNA is conserved in and unique for Flavivirus genus members
(51,57,63,64). The biological relevance and involvement of sfRNA in the immune response

evasion is discussed further (section sfRNA).

Table 1. Functional summary of individual TBEV structural and non-structural proteins. Involvement in the main
processes during the viral life cycle is represented by a relative score heatmap. Relative score: 4 — main
component, 3 — important cofactor, 2 — cofactor, 1 — involvement with so far unresolved importance.
ER = endoplasmic reticulum, ERmem = protein embedded in ER membrane and the rest of the protein facing either
luminal or cytoplasmic side of the membrane, MTase = RNA cap methyltransferase, RdRp = RNA-dependent RNA
polymerase, TM = transmembrane localization in the ER. Data summarized from (28,43,55,65-70).
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TBEV LIFE CYCLE IN THE CELL
For a successful propagation in the host cell, TBEV needs to pass a sequence of steps (Figure 5).
Where the information is incomplete for TBEV, the knowledge will be extrapolated from other
flaviviruses. TBEV enters the susceptible cell by binding to a yet undefined receptor through
the E protein. Although several receptor molecules have been identified in flaviviruses,
for TBEV, none has been characterized satisfactorily (71-73). Involvement
of glycosaminoglycans in the virus-cell binding, especially heparan sulfate is likely (74,75).
They can serve as virus-accumulation molecules that facilitate interaction with a high-affinity
specific receptor (76). Proteins such as DC-SIGN, TIM and TAM family receptor molecules have
been implied to play a role in other flaviviruses entry (45,77,78). Broad cell tropism gives us
a hint that TBEV either uses a single receptor present on a broad spectrum of cells or exploits
multiple molecules (79). Uptake of viral particle is negotiated by receptor-mediated
endocytosis (76,80,81). Low pH in the endosome triggers E protein reorganization that enables
the fusion of viral and endosomal membrane. After viral gRNA release into the cytoplasm,
the first round of translation of viral polyprotein occurs in association with rough ER (65,82).
An extensive reorganisation of membranous compartments is a typical feature of TBEV
infection and specific membranous structures, that are often located in the vicinity to each
other, are being linked to the particular roles in the TBEV life cycle. Convoluted membranes
are probable sites of protein synthesis and polyprotein cleavage by the virus NS2B-3 protease
and by the host signal peptidase at the cytoplasmic and luminal sites of ER respectively (83,84).
Then, viral replication takes place in ER or Golgi apparatus (GA) derived membrane
compartments vesicular packets (VP) (69,85-89). Specific microenvironment is created
by the flaviviral infection inside the VP and certain host proteins (e.g., RTN3A, DNAIC14)
and specific lipids are recruited to aid the replication (90-94). Prior to viral replication, gRNA
cyclizes and the 5'stem loop serves as a promotor for NS5 viral polymerase to initiate the gRNA
synthesis (47,95,96). Viral NS5 polymerase with the assistance of the remaining viral
non-structural proteins and some required host proteins form a replication complex and the
negative RNA strand synthesis is initiated. It is promptly followed by the production of surplus
gRNA copies (47,91). gRNA replication and assembly of new virions are interconnected
processes, the latter requires the former for success (97,98). Replication and assembly sites
are located close to each other (83,99) and VP communicate with the cytoplasmic space
with a pore-like opening that facilitates gRNA transition between individual stages in the life
cycle. No packaging signal was found for the flaviviral gRNA assembly into the virion. Rather
sequence-unspecific interaction is needed for the cytoplasmic loop of NS2A interaction
with the secondary structures of 3’"UTR (100). When new virions assemble, viral structural
proteins prM and E dimerize at the membrane of ER and form scaffold inducing local
membrane curvature that surrounds the nucleocapsid. The particle buds into the ER lumen
and a viral membrane is derived throughout this process (84,101,102). Virions are transported
along the host-cell secretory pathway. TBEV matures while being transported, upon cleavage
of prM protein in the acid vesicles of trans-GA by the host protease furin. TBEV E protein



glycosylation at a single site (Asn154) aids the secretion of viral progeny particles
from the cells; of note, other flaviviral E proteins can contain distinct number of glycosylation
sites. Finally, new viral progeny is released out of the cell (43,70,76,103,104).
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Figure 5. The life cycle of TBEV. Infection is initiated by the virus attachment to a widely specific receptor heparan
sulphate and an unknown narrow specific receptor molecule (1), which triggers receptor-mediated endocytosis
(2). Uncoating is facilitated by the acidic pH-triggered rearrangement of viral proteins in the late endosome (3)
and gRNA is introduced into the cytoplasm (4). gRNA is transported to the endoplasmic reticulum (ER)
and translation of a polyprotein at the ER is followed by proteolytic processing by viral and cellular proteases (5).
Viral proteins induce an intricate rearrangement of host membranes, and a replication complex is formed (see
inset for detail) with the production of negative-RNA strand (-) as a template for further replication and assembly
(6). Adjacent to the replication sites are assembly sites (7), where progeny virions are formed. NS2A is involved
in gRNA trafficking along and helps to dock gRNA into newly assembled progeny particles at the cytoplasmic site
of ER. Viral progeny exits the cell via the host secretory pathway (8) and undergoes maturation while passing
through the Golgi apparatus (9), where pr from M is cleaved off and proteins E and M are rearranged finishing
the maturation of virions, that are released from the cell (10). Inset: Detail of TBEV replication complex
and assembly of progeny particle assisted by NS2A and NS3 proteins. ER — endoplasmic reticulum, GA — Golgi
apparatus, N — nucleus, RC — replication complex. Created with BioRender.com.
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PATHOGENESIS
Pathogenetic processes related to TBEV infection start with the bite of an infected tick and the
virus is introduced into the skin of vertebrate hosts with tick saliva (82,105). However, tick
saliva is not just a passive medium for delivery. It is a mixture of bioactive molecules, whose
composition is cleverly tailored and changing on-demand during feeding. Successful tick
feeding relies on inhibition of homeostasis, and anticoagulatory, vasodilatory,
and immunomodulatory properties of tick salivary proteins (105-110). On top of that,
bioactive tick salivary proteins augment the development and spread of the infection,
and they promote pathogen transmission (30,111). At the tick feeding site, TBEV infection
as early as three hours after the tick attachment can be detected. Initially, virus infects
epidermal fibroblasts, epidermal Langerhans cells (specialized dendritic cells — DCs) and
mononuclear cells, that are attracted to the site of intrusion (112,113). DCs also function as a
shuttle that spreads the infection into the body after migration to draining lymph nodes
(113,114). In the presence of flaviviral infection (WNV), epidermal Langerhans cells exhibit an
activated phenotype and migrate to the draining lymph nodes, upon the signal of IL1p (114).
Tick feeding site has substantially more cellular infiltrates, comprising mainly of neutrophils
and monocytes, when we compare infected tick (POWV) versus non-infected tick (115).
Exposure to tick saliva results in a higher percentage of TBEV infected DCs, probably by virtue
of tick saliva halting the cells at the feeding site for a longer time, attenuating
the inflammatory response they elicit, and by prolonging DCs survival at the same time
(116,117). Also, an immune response is reshaped towards the activation of the inflammatory
responses when TBEV infected ticks feed. Other inflammatory cells, namely neutrophils, are

attracted to the feeding site as well (112).

After inoculation, the virus rapidly disappears from the inoculation site and re-emerges
in the draining lymph nodes (118). TBEV can be detected there 6-12 hours post-infection
(119). Once lymph nodes are infected, the virus resides in them long-term and amplifies.
The node infection is accompanied by inflammatory changes and by their enlargement.
Infection from the lymph nodes disseminates further (118-121). Replication in the body
tissues leads to systemic infection and viremia. In vertebrate hosts not naturally exposed
to infection, the virus invades the CNS and elicits its neuropathogenic effects. Two main
neuropathogenic variables are the capacity of the virus to enter the CNS, called
neuroinvasiveness, and neurovirulence, which is the ability to replicate and cause damage
within the CNS (76,122). The mechanism by which the virus can cross the blood-brain barrier
(BBB) and invade CNS is not completely clear; however, several routes have been outlined.
The virus can be smuggled into the brain by infiltrating infected immune cells that pass into
the brain by transcytosis (the so-called Trojan horse strategy). There is also a hematogenous
mode of infiltration when free virus particles slip through disassembled tight junctions
of the BBB. The next possibility is that endothelial cells get directly infected and either transfer

the virus upon replication in them to the other side of the barrier by transcytosis, or the virus
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induces modulation of tight-junction integrity during infection of endothelial cells. The last
option is a retrograde transport of the virus along the olfactory nerve from the rostral
to the caudal part of the brain (79). No unambiguous data have been published to declare
the route by which TBEV enters the brain, most probably multiple gates are hijacked by TBEV.
A temporary increase in BBB permeability was described in animal models for WNV and TBEV
(123-126). In TBEV patients, an increased blood-brain barrier permeability was demonstrated
by the elevated serum level of matrix metalloproteinase-9 (MMP-9), a chemokine capable
of loosening the tight junctions of BBB (127). Palus and colleagues showed an increased
production of MMP-9 by TBEV infected astrocytes (128). On the other hand, TBEV antigen was
found disseminated in CNS already in early disease stages supporting a hematogenous route
for CNS infestation (129). Infection of microvascular endothelial cells by TBEV and WNV does
not cause cytopathic effect, facilitates the entry of the cell-free virus into the CNS without BBB
disruption and without increasing adhesion molecules expression (130,131). Recently,
exosomes were revealed as an alternative to virus dissemination among neural cells
with the potential to serve as a shuttle to overcome the BBB (132). Regardless of the gate
of virus entry, a key prerequisite for neuroinvasiveness seems to be the presence of high
viremia (133), since it is necessary for WNV invasion of the CNS and correlates with its entry
into the CNS (134).

When a virus infiltrates the brain, neurons are a primary target for its multiplication (129,135).
However, infection of glial cells of the brain was also noted, namely astrocytes,
microglia/macrophages, and oligodendrocytes (81,135-138). Infection of the CNS s
accompanied by histopathologic and inflammatory changes, especially perivascular cellular
infiltrates, necroses, neuronal loss by neurophagy or nodule formation from glial cells
at the site of degenerating lesions are detected (14). The brain is infiltrated by numerous
immune cells in the advanced stages of infection (138). The predominance of T cells
and macrophages/microglia was demonstrated and only a few B cells were present.
Some cytotoxic T cells were in direct contact with TBEV-infected neurons; however, the most
prominent infiltrates were concentrated in the areas with the absence of TBEV antigen.
Conversely, intact neurons with only scarce inflammatory infiltrates in the immediate
surroundings were usually heavily infected. While examining the brains of patients who
deceased due to TBEV infection, TBEV antigen was most prominently linked to large neurons
of anterior horns, medulla oblongata, pons, dentate nucleus, Purkinje cells, and striatum.
Immunoreactivity was also detected in neurons of other brainstem nuclei, isocortex, and basal
ganglia (129). Ultrastructural and morphological changes in human neural cells upon TBEV
infection have been described as well. The structure of tubulin filaments was impaired
and vast rearrangement of membranous structures was discovered together with altered

morphology of GA or mitochondria (139).

Neuronal damage can be caused by viral replication itself, by virus-induced inflammatory
reaction or by a combination of both possibilities (82). Immunopathologic aspects
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substantially contribute to CNS pathology severity (138). There is contradictory evidence on
the role of CD8+ T cells in immunopathology. According to King and colleagues (79), they
contribute to the severity of CNS pathology. CD8+ T cell infiltrates in the brain have also
a detrimental effect on the survival times of TBEV infected mice, thus having
an immunopathologic function (140). However, Wang et al. showed that after sub-cutaneous
infection with WNV, CD8+ T cells play a dual role — protective and immunopathological (141).
Moreover, the presence of both CD8+ and CD4+ T cells is essential to clear WNV from infected
neurons in the CNS (134).

TBEV infection in neurons triggers major structural changes. Neuronal membranes proliferate
and the ER is rearranged into whorls. Also, tubule-like structures, replication sites in dendrites,
and the formation of autophagosomes were described. Autophagy was shown to have
a beneficial effect on TBEV progeny production (142). A discrete feature of TBEV infection
of neurons was antigen accumulation (E, NS3) and virus replication (dsRNA) in neuronal
dendrites associated with laminar membrane structures, and neurite membranes with altered
ultrastructure in a specific way (143). The transport of viral RNA along the dendrites was
mediated by the cis-acting element of stem-loop 2 (SL-2) in the gRNA 5'UTR and interfered
with the transport of host mRNAs. Loss of the transport function did not affect the lethality
of infection, however, it correlated with the reduction of symptoms severity (144). In a related
flavivirus (WNV), a spread of virions across the synapses was observed both in the direction

and against the direction of the synaptic signal transfer (145).

Astrocytes are a glial cell type that provides all the necessary support to the neurons
to function properly. They maintain homeostasis, regulate the blood flow in the brain or
the function of the BBB, support the synaptic function of neurons, assist them
with the energetic metabolism and last but not least support them during infection (146,147).
During TBEV infection, astrocytes are less susceptible, and virus is less pathogenic for them
than for neurons (81,128,137,142). Astrocytes can also sustain productive TBEV infection
without being substantially affected on viability, even though the infection is accompanied
by astrocyte activation and dramatic ultrastructural changes in the ER (128). Astrocytes can
have a protective role towards neurons, in their underrepresentation, neurons were more
vulnerable to TBEV infection (137,148). Astrocytes are more potent producers
of proinflammatory cytokines and chemokines in the brain and by the production of these
they contribute to the protective function (148). Still, the overall picture is not clear yet.
For example, infected neurons were described as the main producers of IFNa and B
by Delhaye et al. (149); on the other hand, astrocytes were described as the major IFN
producers and as minor producers presented microglia and neurons by Ghita et al. (150).
Overall, different cell types in the CNS have a different share of the defence against viral
infection. The factors determining the differences in the outcome of the infection in different
neural cell types, neurons and astrocytes, are yet to be determined. The topic was researched
in the paper Chapter 2, Publication 4.
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The lower permissivity of certain neuronal types to flavivirus infection can be linked
to the state of preparedness, such as a higher basal expression of certain immune response
related genes and their higher upregulation when infection of flavivirus strikes. Antiviral genes
capable of such antiviral alertness are Ifi27, Irg1, rsad2, Irf1 in WNV infection. Moreover,
miRNA-132 has been shown as a negative regulator of such antiviral response at least
in part (151). This might explain the presence of separate infection loci (sometimes even
on the level of individual cells) throughout the brain described for various flaviviruses such
as TBEV or WNV (129,151,152).

INFECTION OF HUMAN

Most people infected with TBEV do not show any symptoms. Manifestative disease develops
in 0.5-5 % of cases (14) and has usually two phases. An incubation period before the onset
of symptoms ranges from 7 to 14 days (max. range 4-28 days). The first viraemic phase
of the disease, lasting about 4 days, correlates with the onset of the first, rather unspecific
flu-like symptoms, comprising of fever, muscle pain, fatigue, headache, and dizziness (153).
After a short prodromal period of approximately 8 days (range 1-33 days), the disease
advances into the second phase with neurologic symptoms in 20-30 % of patients (154,155).
Characteristic, although not disease-specific, neuropathologic changes include meningitis
and multinodular to patchy polioencephalomyelitis accentuated in the spinal cord, brainstem,
and cerebellum (129). Depending on the affected brain areas, meningitis,
meningoencephalitis, meningoencephalomyelitis or meningoencephaloradiculitis lead
to neurological symptoms and the outcome of the disease reflects also the TBEV subtype that
caused the disease (21,28). Major symptoms are fever, headache, meningeal signs, ataxia,
cognitive dysfunctions such as impaired concentration and memory, dysphasia, altered
consciousness, confusion, irritability, tremor, and cranial nerve paralysis. Lesions in the CNS
are widespread and involve predominantly grey matter and leptomeninges, with the medulla
oblongata, nuclei, brainstem, cerebellum, and spinal cord being particularly affected (154).
TBE patients are usually admitted to hospital in the second phase of the disease when
neurological symptoms manifest. At this time point, virus has already been cleared
from the blood and the cerebrospinal fluid and specific IgM and IgG antibodies have been
produced. Thus, their detection by the ELISA method is of choice for TBE diagnosis. In case
of possible cross-reactivity of antibodies (e.g., after vaccination against a related virus),
a virus-neutralizing assay is an alternative diagnostic method (156). Leukocytes in CSF
and increased CSF:serum ratio of albumin are the key features of TBE in patients. Another
TBE-specific marker is the occurrence of granulocytes in a substantial portion of patients
and the presence of intrathecal IgM antibodies (157).

Up to 46 % of patients are left with permanent sequelae at long-time follow-up. The only tool
available to prevent disease outbreaks currently is vaccination (158). As a prevention, it is
recommended for all individuals aged 1 year or older to undergo vaccination in highly endemic
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areas (=5 cases/100 000/year) and for individuals at risk in areas with a lower incidence (e.g.,
forest workers) (159). Protective level of immunity in the majority of population, such as seen
in Austria due to a complex immunization program running in recent decades, can yield
a substantial decrease in morbidity of TBE (5). Currently, there is no specific treatment
for TBE (159), the disease symptoms in patients are alleviated at least partially by supportive
treatment (160). Thus, there is a pending need for a development of specific therapy against
TBE; specific immunotherapeutic approaches and specific anti-TBEV drug candidates are

reviewed recently (160).

Tick AS TBEV VECTOR
Ixodes ricinus tick (Acari: Ixodida, Family Ixodidae) (161) accounts for the main transmission
vector of the European subtype of TBEV and I. persulcatus for Siberian and Far Eastern subtype
of TBEV. They also serve as a main reservoir of TBEV in nature (162). Other tick species, such
as I trianguliceps, |. hexagonus, |. arboricola, Haemaphysalis inermis, H. punctata,
D. reticulatus, or D. marginatus can support the infection (5,27,163,164). However, their role
in the TBEV transmission to humans and circulation in the natural foci is minimal (165). Human
becomes only an accidental host of the main tick vectors (5). As a three-host ectoparasite,
1. ricinus needs to feed consecutively on three different hosts to complete its life-cycle, which
lasts 2-6 years depending on the wide range of biotic and abiotic factors, and all stages, larvae,
nymphs, and imagoes can transmit the infection. Ticks are feeding on a broad range of hosts,
including rodents, birds, lizards, mammals, deer, or reptiles, which comprise natural reservoirs
of the virus (5,166). A range of hosts is similar in all life stages, however, larger body size hosts

are preferred by the more advanced life stages (167).

There are several ways how tick can become infected. TBEV transmission during /. ricinus life
cycle is depicted in Figure 6. During blood-feeding, tick can ingest a virus with the viraemic
blood of the host that currently undergoes acute TBEV infection (168). This route has long
been considered the main way of transmission. Nevertheless, most of the natural hosts
undergo asymptomatic infection with only a short period of viremia and thus the “window”
enabling infection by viraemic blood is relatively narrow (105). The second alternative is
transmission during co-feeding of infected and uninfected ticks on the same host without
the need for viremia to occur (29-32,169). With the advancement of knowledge, this route has
proven effective in the laboratory (30,32) as well as in nature (31,33), even indispensable
for the maintenance of the infection in natural foci (170,171). Interestingly, infection via
co-feeding is possible also on an immune host (33). Larval aggregation on small rodents may
lead to amplification of the virus and infiltration of co-feeding larvae and consequently could
heighten the nymphal infection rate (172). The final option of conveying TBEV is through
transstadial and transovarial transmission. The chance of trans-stadial passing of TBEV
infection from larvae to nymphs and nymphs to adults infected during co-feeding was

estimated at 0.8 % and 14 %, respectively. The efficiency of transovarial transmission
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to the new tick generation is very low, only about 0.5 % (173,174). Still, such a low efficiency
can have a substantial role in the TBEV natural circulation and maintenance of the natural foci.
In laboratory, yet another possibility by various ways of artificial infection exists, with up to

92 % trans-stadial transmission rate to adults (175).
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Figure 6. Tick-borne encephalitis virus transmission cycle. In the vector tick I. ricinus or I. persulcatus, TBEV is
maintained during the vector life cycle either by the horizontal transmission when the infection is passed
to the following life stage (blue arrow) or vertical transmission when the infection is passed on the next tick
generation (brown arrow). Various tick life stages — larvae, nymphs, and adult females feed with different
preferences on the various host species, with the less mature stages preferring the smaller hosts. Main route
of TBEV transmission to the new vector individual is by co-feeding of the infected and uninfected ticks on the same
host or by feeding on the host undergoing acute TBEV infection (dashed arrow). Infection of human, an accidental
host, is most often mediated by infestation with infected nymphs or adult females or rarely via alimentary route
by consumption of unpasteurized milk or dairy products (dotted arrow). Inspired by (176). Created
with BioRender.com.

TBEV prevalence in infected ticks in nature ranges usually between 0.1-1 % (172,177,178)
and in endemic areas up to 5 % (173). Several studies have documented a boost in viral load

retrieved from ticks upon the onset of feeding (179-181).

Transmission of TBEV in the ecosystem relies upon a complex web of interactions that
comprise the density of available hosts, tick-host preferences, aggregation of ticks on the host
individuals and coincidence of the tick and host populations, all of which are dependent
on the climate/natural conditions as reviewed in (27,176). Special importance in the TBEV
maintenance and amplification in hosts is attributed to rodents, especially to the genera

Apodemus and Clethrionomys, which serve as a natural reservoir. Their population explosions
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are followed by an upsurge in tick populations within a year or two (5). Then, tick activity is,
with a certain prolapse, reflected in the TBE incidence in human patients. Two main peaks
of tick seasonal activity can be discerned during the year (182) and span from April/May
toJune and September to October (27,28). Maintenance of an active TBE focus relies

on the tick survival, pathogen survival and the chance of human exposure (183).

INFECTION OF TICK

After ingestion of infected blood, midgut epithelial cells are believed to serve as a primal
harbour for the virus to survive and replicate in (184). The development of these cells starts
during the blood-feeding, as the intracellular digestion starts, and lasts during
the metamorphosis period. In the I. ricinus, salivary glands and epidermal cells were found
positive for the virus antigen 36 hours post-infection (105,184,185). Also, transit through
the oesophagus to the suboesophageal ganglion was documented. Further the virus could be
detected in the lumen of Malpighian tubules of TBEV infected D. marginatus and in a few gut
cells (184,186). The virus then spreads to the midgut and via hemocoel reaches the salivary
glands. The saliva is the shuttle that delivers TBEV into the host (105). Salivary glands serve
as a long-term reservoir of the virus for successive transmission. Initiation of the blood meal
increases the virus load in the salivary glands markedly (by three orders of magnitude) and the
effect lasts for successive three months. However, it takes more than three days until the virus
reaches the salivary glands (175).

The amount of the virus detected in the infected ticks varies on a particular life stage. Viral
load in adults is one to three orders of magnitude higher than in nymphs, most probably due
to the higher volume of blood ingested during feeding (187). After metamorphosis and fasting
the infection rate of ticks decreases and only 33 % of nymphs and 61 % of adults retain
a detectable level of infection (187). Conflicting results on the TBEV prevalence in questing
ticks and ticks removed from host are being reported (188). Virus load detected in ticks can
increase upon partial or full engorgement (175,179,180). This can be one of the reasons
for discrepancies in the rate of infections in TBEV endemic areas and low TBEV prevalence
in ticks. Another explanation can be the skewed behaviour of infected ticks towards higher
activity and aggressiveness (180).

Although life-long persistence of tick infection is often referred (5,28), some studies assess
the persistence of the virus in ticks as limited (175,189). Under natural conditions, TBEV
persistence in ticks was prolonged when compared to the same batch of ticks kept under
laboratory conditions (approx. 260 days and 120 days, respectively) (189). Infectious viral
particles can no longer be detected in ticks fasting for more than a year (187).
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TICK CELL INFECTION AND RESPONSE
In comparison to the mammalian cells, infection of tick cells with TBEV exhibits some
substantially different features. There is a slower take off in the infection growth kinetics,
viability of infected cells is not affected, and no cytopathic effect is visible in in vitro infections.
This applies also to the tick cells persistently infected by LGTV (190,191). Immunolabelling
of TBEV E surface glycoprotein revealed a general cytoplasmic signal in /. ricinus derived cell
lines with a slight concentration in the perikaryal region. In non-vector tick cells, a slower rate
of replication, lower virus yield, and a tendency of antigen to form specific cytoplasmic foci
were found (191). In LGTV-infected tick cell culture, viral markers (NS3, NS5, E, and dsRNA)
associated prominently with ER but not GA. There were no morphological differences
between acutely and persistently infected tick cells, only an increase in the amount of ER
structures increased due to the infection and these structures co-localized/were associated
with viral proteins. Electron microscopy and 3D electron tomography however determined
substantial ultrastructural differences. The ER structures proliferation and reorganization
were in tick cells less prominent than in the mammalian cells, however, accentuated
with the transition to the persistent infection. In a chronic infection bundles of tubules

containing vesicles were induced and were wrapped in a single membrane layer (190).

Only until recently the protein interactions of TBEV with host proteins were missing (192)
so we sought to identify the transcriptomic and proteomic response of tick cells infected
with TBEV (Chapter 1, Publication 2).

TICK IMMUNE RESPONSE
Contrasting the vertebrates, which can use a finely tuned adaptive immune response against
invading microbes, arthropods can rely on innate immunity only. Even though the innate
immune system is not narrowly specific and rather than individual pathogen recognizes
general infection-associated markers, it is still a highly effective first line of defence (193).
As ticks are phylogenetically grouped among the basal arthropods, tick immunity exhibits all
the general features of arthropod immunity. Cellular immunity reliant on haemocytes is
capable of phagocytosis, nodulation, and encapsulation. Ticks are also armed
with antimicrobial peptides, lectins, complement-like system, pattern recognition receptors
(PRRs), reactive oxygen species, and reactive nitrogen species which are mainly involved
in the defence against pathogenic bacteria or fungi. Tick immune response is characterized
with few own specifics. Active melanisation cascade (pro-phenoloxidase system) and common
coagulation cascade (coagulogen, crustacean clotting protein) appear to be missing in hard
ticks. However, a stand-in by some alternative proteins working on the same principle is likely
(194-196). Also, Sonenshine and colleagues suggested absence of the activity of defensins
and lysozymes in the midgut lumen on D. variabilis (197); however, defensins are expressed
inthe tick tissues, but their activity needs to be proved in hard ticks (194).
For the blood-transmitted disease, such is the TBEV, the midgut is the main gate for the virus
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entry. The intracellular digestion in ticks with the slow resorption by the gut epithelium
provides invading agents with ample time to invade the vector (193). However, during the tick
infection, TBEV still needs to overcome several barriers (193,198). It needs to withstand
attacks of immune effector molecules mentioned earlier (199), cross the peritrophic
membrane into haemocoel, and lastly cross into the salivary glands for both the successful
infection transmission to the host and carrying the infection to the next tick life stage
(200,201). Evidence for such constraint limiting the spread of TBEV infection from the ingested
bloodmeal into the midgut and/or salivary glands and a subsequent failure of TBEV infection

was documented by Slovak and colleagues (175).

Three major signalling pathways are involved in the antimicrobial response in ticks. These are
the Toll pathway, Immune deficiency (Imd) pathway, and Janus kinase/signal transducer
and activator of transcription (Jak/STAT) pathway and their activation triggers the production
of antimicrobial peptides (202). They correspond to TLR, TNFa, and Jak-STAT pathways
in mammals respectively (193,203,204). Immune response pathways of arthropods
on the example of Drosophila are summarized in the Figure 7. Distinct pathogen associated
molecular patterns (PAMPs) are sensed and coupled by specific receptors targeting their
recognition. For the Toll pathway, Spaetzle is recognized by the Toll receptor and the signalling
proceeds via Dorsal; for IMD pathway, the signalling is mediated by Relish; and in JAK-STAT
pathway, by Stat homodimer upon recognition of UPD molecule (205). There are indications
that certain level of interconnection among the pathways takes place (206). In ticks, several
components of all three pathways have been found (195,207,208), still, adaptor molecules
responsible for signal transduction in Imd pathway and signalling molecule capable of binding
to Domeless receptor are yet to be identified (193,207).

Antiviral innate immune system of ticks remains largely enigmatic, and we can only assume
that ticks have common features with the more studied arthropod relatives, such as
Drosophila or mosquitoes. Against viruses, the major defensive role is attributed to the RNAI
pathway (RNA interference, also termed siRNA pathway) (209,210) (summarized in Figure 8).
Based on the lengths and nature of interfering RNAs, we discern Piwi-interacting RNA (piRNA)
pathway microRNA (miRNA) interacting pathway and small interfering RNA (siRNA) pathway.
Piwi pathway relies on 24-30 nucleotides long RNAs and on the function of Argonaute-3
protein (Ago-3) and deals mainly with defence against transposons (211,212). miRNA pathway
functions in post-transcriptional gene regulation and is mediated via Dicer-1 (Dcr-1)
and Argonaute-1 (Ago-1) proteins and 20-25 nucleotide-long miRNA (213). In the exogenous
siRNA pathway long dsRNA molecules produced by viral infection — either dsRNA replication
intermediates or RNA secondary structures — are recognized by Dicer-2 (Dcr-2) (213-215).
Dcr-2 is closely associated with the R2D2 protein, and both are needed to bind the RNA
and form the RISC loading complex. The RNase Ill domain of Dcr-2 cleaves out the short
double-stranded segments, typically 21 nucleotides long siRNAs (216-218). They are then
transferred to Argonaute-2 (Ago-2), which associates with other proteins to give rise
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to RNA-induced silencing complex (RISC). Only a guide RNA strand is kept in RISC and serves
as a base-pairing key for Ago-2 nuclease activity to target and degrade specific viral RNAs

(209,219).
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Despite the intensive research on extrinsic RNAI in insect, understanding of this pathway
in ticks was missing. However, evidence for active RNAi has been shown in ex-vivo tick tissues
(220). An involvement of particular structural components in the efficient extrinsic RNAI
signalling in ticks and elucidation of their antiviral potential of against LGTV and TBEV was

researched in Chapter 1, Publicationl.

QUASISPECIES AND HOST SWITCH
A virus should not be perceived as a uniform entity stable in place and time. In the host
or vector, the viral variants population composition oscillates and the various viral sequences
co-exist, even though the ratio of these variants can change; this provides the resulting variant
mixture with the cooperative power to contribute to the fitness of the virus in the host. Such
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a group of viral variants is termed quasispecies. According to Lauring et Andino a quasispecies
can be defined as a pool of genetically diverse variants of the virus that together embody
characteristics of the population (221) or alternatively “non-identical but related genomes
subjected to a continuous process of genetic variation, competition, and the selection
and which act as a unit of selection” as defined by Domingo and colleagues (222). The diversity
of the quasispecies may condition the virulence of the virus (221,223).

Variation in the virus population arises from the multiple cycles of virus replication. The TBEV
RdRp lacks the proofreading activity (221,224) giving rise to a dynamic population of viral
variants. Analysis of the mutation rate in the coding sequence assessed an evolutionary rate
for TBEV to be 3.97x10” nucleotide substitutions per site per year (225). That is higher
genetical stability than for positive ssRNA viruses on average (226). Most of the newly
generated viral variants have lower fitness and low potential to prevail in the population.
These variants, however, may be favoured when the environment changes dramatically, like
in the case of a sudden immune pressure (221). A similar situation can happen during
a vector-host switch when the virus needs to adapt to the new host environment. Host
alternations frequently cause declines in the population size (227). Such decreases occur
during the initial establishment of the infection, spread through the host body as well as
during the bottleneck of tick feeding when only a small fraction of variants trespasses
from the host to the vector (227). For the WNV, there is a higher genetic variability
of quasispecies in the mosquito (invertebrate vector) than in the vertebrate host
and the immune system was proposed to play a role in this phenomenon (228). In research
on DENV horizontal transmission, the viral quasispecies diversity is quickly restored even when
the population is reduced by 90 % and a new quasispecies pool originates de novo in the new
host or tissue (227).

For TBEV, quasispecies have been described in field studies (229,230) as well as in laboratory
experiments (191,231-233). An important landmark was the retrieval of TBEV quasispecies
from the natural virus isolates (feeding tick and tick pool) that had no history of artificial
passage (229,230). They exhibited variability in the lengths of the polyA region in the 3°'UTR or
several single nucleotide polymorphisms (SNPs) (230). Interestingly, 40 % of single nucleotide
polymorphisms (SNPs) were shared by two distinct TBEV strains (JP-296 and JP-554)
originating from the same natural focus area revealing the shared pool of quasispecies in one
population (229). Under-represented viral variants (below 1 %) can be drawn and restored
from the “molecular memory” in the conditions convenient for its growth when the virus
adapts to specific cells (233). To gain a deeper insight into the adaptation of TBEV to either
host or vector environment, we performed a long-term adaptation to either cell type,
and the result is presented in Chapter 3, Publication 5.
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MAMMALIAN INNATE IMMUNE RESPONSE

In the host, the first line of defence fighting viral infection is the innate immune response,
an essential non-specific immune reaction that can postpone the spreading of viral invasion
until the adaptive immune response manages to activate or even deter the infection
completely (234,235). The overall antiviral processes that are triggered in the host cell during
acute virus infection are complex and highly integrated (236). Hereafter | will focus
on the intrinsic immune response elicited in the (flavi)virus-infected non-immune cells, with a
special focus on TBEV.

SENSING THE VIRAL INFECTION

There are two major receptor systems that cells possess to detect viral infection. Both utilize
recognition of molecular structures characteristic for pathogens of various origins so-called
(PAMPs) by pattern recognition receptors (PRRs) (237), summarized in Figure 9. First category
are Toll-like receptors (TLRs). TLR 3, 7, 8, and 9 are located in endosomal membranes
and recognize distinct types of virally derived nucleic acids. TLR7/8 recognize ssRNA while
TLR3 recognizes viral dsRNA (238,239). Upon activation, TLRs bind to their adaptor molecules
and activate transcription factors interferon regulatory factor (IRF) 3, IRF7, and NF-kB (nuclear
factor kappa-light-chain-enhancer of  activated B cells), which trigger
pro-inflammatory cytokines production and especially type | IFN induction (240). Another
receptor group are the cytosolic RIG-I like receptors (RLRs) that are specialized
in the recognition of intracellular viral dsRNA by three proteins: (i) retinoic acid inducible
gene | (RIG-1), (ii) melanoma differentiation-associated protein 5 (MDAS5) and (iii) LGP2
(Laboratory of Genetics and Physiology 2). RIG-I and MDA5 are RNA helicases similar
in function and structure and induce IFN response independently on TLRs (241). LGP2 is also
an RNA helicase, however, it lacks the CARD domain and acts as a negative regulator of the
RLR signalling (242). RIG-1 and MDAGS recognize unique structures and sequence motifs of viral
RNA (243,244). RNA containing a 5'-triphosphate, short dsRNA with blunt ends, and uridine-
or adenosine-rich viral RNA motifs have been identified as RIG-I ligands (245-247). MDAS is
believed to recognize long dsRNA (>5 kb) (243,248). RLRs bind to a common adaptor molecule
MAVS (mitochondrial antiviral signalling; also known as IPS-1) upon recognition of their ligand
(249) and activation of signalling cascade proceeds through mobilization of IRF3, IRF7, AP-1,
and NFkB transcription factors that launch production of IFN-I (236,250).

With regard to the defence pathways that are involved in the TBEV infection sensing in
infected cells, activation of RIG-I has been documented several times (150,251,252) and only
marginal involvement of the MDAS5 pathway was shown (251). RIG-| activation indicates that
the replication step of TBEV is most probably recognized by the infected cell. The importance
of signalling via MAVS in anti-flavivirus response has been shown in knockout mice. It was
necessary for controlling the infection in the brains of infected mice and lack of MAVS led to
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a boosted viral growth and worsened neuropathogenesis (253). In infected astrocytes,
two-stage IFN signalling has been shown with RIG-I being involved at first and TRIM (Tripartite
motif-containing, antiviral protein) /Myd88 being engaged later (150).

INTERFERON RESPONSE
Interferons are multifunctional secreted proteins that have different antigenic structures
and various cell types produce them under divergent conditions (254). Up to day, three IFN
classes have been identified that are grouped according to the receptor complex they signal
through (255); as summarized in Figure 9.

Type | IFNs, which in humans comprise 13 IFNa subtypes, IFNB, IFNk, IFNg, IFNw, engage
the ubiquitously expressed IFNa receptor (IFNAR) complex that is composed of two
components — IFNAR1 and IFNAR2. The function of type | IFNs is well characterized, and they
are known to be essential for mounting a robust host response against viral infection
(234,235,255,256). IFNa/B are produced by most cell types following virus infection
and induce a so-called “antiviral state” by up-regulating genes with direct and indirect antiviral
functions (134). IFNa/p binding to IFNAR triggers activation of Jak1 and Tyk-2 kinases from the
Janus kinase family. Then they phosphorylate STAT1 and STAT2 proteins (signal transducer
and activator of transcription) transcription factors, that further associate with IRF9 forming
together ISGF3 (IFN-stimulated gene factor 3). ISGF3 complex translocates into the nucleus
and upon binding to interferon-stimulated response elements (ISRE) promotor initiates
the transcription and activation of hundreds of interferon-stimulated genes (I1SGs) (239,257).
Products of these genes involve proteins with direct antiviral effects (e.g., PKR, MX1, OAS, etc.,
in detail later). There are also further effects, such as inhibition of cell proliferation,
anti-tumour responses, stimulation of NK cells activity, increasing antigen presentation
with MHC | molecules, and priming adaptive immune response (258).

Type Il IFN consists of a single IFNy gene product that binds the IFNGR receptor complex.
Major producers are T-lymphocytes and NK cells, and it launches different signalling cascades
than the other IFN types involving STAT1 homodimer designated as GAF (gamma-activated
factor) (235,254). IFNy mediates broad immune responses to pathogens, and mainly regulates
the functions of macrophages, NK cells and T-lymphocytes (255). Apart from

immunomodulatory functions, they have also a pro-inflammatory role (259).

The more recently described type Ill IFNs include four IFNA gene products in human (IFNA1-3
also called 1L-29, IL-28A, IL-28B; and IFNA4) that signal via the combined IFNLR1
and interleukin-10 receptor 2 (IL-10R2) receptors. They regulate the antiviral response
and have been proposed to be the ancestral type | IFNs (255,260,261). They serve as a bumper
— the first line of the immune response, that is triggered on the epithelial barriers. The onset
of their action is more gradual and less pungent yet less harmful (258). Most of the cells
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express both types | and type lll interferons after TLR stimulation or virus infection, whereas
the ability of cells to respond to IFNA is restricted to a narrow subset of cells, including
epithelial cells, hematopoietic cells, and neutrophils (258). Mice lacking IFNLR1 molecule were
indistinguishable from wild-type mice with respect to clearance of different viruses, whereas
mice lacking type | IFN receptor were significantly impaired. Type | IFNs mediate positive
feedback on type Il IFNs but not contrariwise, so that type Il IFN target a specific subset
of cells and contribute to the antiviral response evoked by TLRs (262).
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Figure 9. An overview of antiviral innate immune signalling pathways in human. Flaviviral infection is recognized
(left) either by endosomal TLRs (TLR 3, 7, 8) or by cytoplasmic RLRs (RIG-I, MDAS). Their activation leads through
adaptor molecules to downstream activation of NF-kB and IRFs transcription factors and production of type |
(IFNa/8) or type Il (IFNA) interferons. Type | and Il IFNs in autocrine and paracrine manner stimulate interferon
signalling cascades (right). Type Il interferon signalling is induced by IFNy produced by activated immune cells,
such as T-lymphocytes or natural killer cells. Activation of IFN receptors leads to activation of adaptor Janus kinase
family proteins (Tyk2, Jakl1, Jak2) that phosphorylate STAT transcription factors, which translocated into the
nucleus trigger production of interferon stimulated genes (ISGs). Created with BioRender.com.

ANTIVIRAL PROTEINS
As mentioned above, activation of IFN response induces expression of several hundred genes
(ISGs), whose combination specifies the antiviral state of the cell. Only some of the ISGs can
exert a direct antiviral effect. For a given virus, a subset of ISGs is probably required to limit
the viral replication more likely than the overpowering activity of a single gene (263,264).
Antiviral ISGs with the power to limit TBEV will be mentioned further, some in more and some
in less detail.
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Tick-borne flaviviruses specifically have been shown prone to the restriction by Tripartite
motif-containing proteins (TRIM) which share E-3ubiquitin ligase activity (265). TRIM5a was
shown to hamper replication of TBEV and mediate proteasomal degradation of the NS2B/NS3
viral protease (266). Another family member, TRIM79a targets viral polymerase NS5, but its
degradation is facilitated by the lysosome-mediated degradation pathway (267). Other
flaviviruses are restricted also by different TRIM family members, which demonstrates the

importance of these factors in fighting flaviviral infections (268-270).

IFITM family proteins (Interferon-inducible transmembrane) share a strong homology and
reside at either plasma membrane (predominantly IFITM1), early endosomes (predominantly
IFITM1), and late endosomes and lysosomes (IFITM2, IFITM3 prevail) (271). Apart from having
immune, developmental, and cell cycle-related functions, they are involved in antiviral
defence (271). They are believed to exert their antiviral function in the step of flavivirus entry
but conjointly they affect virus replication (272). Recently, they were described to act as
enhancers of viral particles trafficking to lysosomes, favouring thus virion degradation over
the uncoating (273). IFITM1, IFITM2, and IFITM3 exert antiviral function in TBEV infected cells,
from which IFITM3 was the most potent. However, different IFITM proteins complement each
other in their functions, that is reducing the spread of the virus, especially at a greater distance
(274). In vivo, the lack of the Ifitm3 gene conferred mice vulnerable to a lethal course of WNV
encephalitis. More virus accumulated in extra neural organs as well as in CNS, but the major

effect of IFITM3 flaviviral restriction was noted in extra neural tissues (275).

IFI6 (IFN-a-inducible protein 6) is a potent antiviral factor against several flaviviruses (WNV,
ZIKV, YFV, DENV) (276,277). As an ER-resident protein, IFI6 impairs the formation of virus
replication organelles (VP) and reduces thus the flavivirus replication level (277). It was
proposed that direct contact of IFI6 and viral proteins might not be necessary to accomplish
this effect (265).

PKR (protein kinase R) is activated to its dimeric autophosphorylated state by recognition of
dsRNA sourced either directly from viral genomes or from replication intermediates. PKR has
a dual function, it is an ISG and type | IFN inducer at the same time, especially during viral
infections (278). PKR phosphorylates elF2a (eukaryotic translation initiation factor 2 subunit
alpha), which is a critical cofactor required for translation initiation — recruitment of initiator
methionine-tRNA to a ribosome. PKR phosphorylation of elF2a enables it to irreversibly bind
to the nucleotide exchange factor elF2B, a key molecule that regulates protein synthesis rate.
This ‘freezes’ elF2a in the complex and hinders elF2B from initiating future translational
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events. This prevents the ribosomal translation of cellular and viral proteins, ultimately
blocking viral replication in the cell (278-280). Overby and colleagues researched
the involvement of PKR in the stimulation of the immune response in TBEV infected cells. Even
though PKR together with RLRs was the mediator of the IFN signalling, it had an inferior role
in triggering IFN response and was not even localized to the replication sites (281).

2°-5" oligoadenylate synthetase (OAS) is self-activated by binding to viral dsRNA
and synthesize adenosine oligomers that are linked by an unusual phosphodiester bond
ina2 to 5 configuration (2-5A) (282). RNasel is activated by interaction with those
adenosine oligomers and instigates the degradation of viral and cellular mRNA to prevent viral
protein synthesis (283). This mechanism operates using a positive feedback loop, whereby
increasing amounts of viral dsRNA consequently activate additional RNaseL. Viral overload
results in the degradation of cellular RNA to such an extent that apoptotic pathways are

activated to avert widespread viral dissemination (284).

Resistance or susceptibility to flavivirus infection can have a genetic background. An identified
flavivirus resistant allele was characterized and linked to gene oas1b for tick-borne as well as
mosquito-borne flaviviruses. Susceptible mouse strains have an isoform of the oas gene that
is truncated due to nonsense mutation in the gene and 30 % of proteins lack the C-terminal
sequence (285-287). On the contrary, expression of the full-length oas gene in susceptible
cells conferred partial resistance to WNV infection (288). The role of OAS in human
susceptibility has been researched on a small scale with WNV-infected patients. Yakub and
colleagues found no deletion or insertion linked to the severity of the disease. They however
showed that certain SNPs occurred at higher frequencies in case-patients (289).

The OASL protein belongs to the same family as OAS, however, it lacks the capacity
to synthesise 2-5A due to several mutations in the active site (290). OASL gene encodes
a two-domain protein. The N-terminal OASL domain is surprisingly similar to the structure
of activated OAS and has a binding groove for the dsRNA. The C-terminal domain shares
a weak sequence similarity (30 %) to ubiquitin (291,292).

OASL has an antiviral effect against a wide range of viruses (reviewed in (293)), which is
dependent on the ubiquitin-like C-terminal domain (291). It binds also to RIG-I and enhances
RIG-I signalling. Against HCV, however, both OASL domains attain inhibitory activity.
The N-terminal domain is inhibitory for cell growth as well as HCV replication, whereas
the C-terminal domain is inhibitory only for HCV replication (294). OASL also exerts a function
conflicting to the antiviral ISG, that is a negative regulation of the antiviral function of OAS
(293).
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Two decades ago, a gene with antiviral function termed RSAD2 (former vig-1, cig-5) was
discovered. It codes for a protein viperin (virus-inducible endoplasmic reticulum associated)
that belongs to the group of proteins with antiviral properties and was originally identified
thanks to markedly pronounced expression in fibroblasts infected with human
cytomegalovirus (295). Since then, viperin has revealed to be a potent antiviral protein acting
in defence of cells against a wide spectrum of DNA and RNA viruses, likewise, several members
of the family Flaviviridae (reviewed in (296)). Viperin is a highly evolutionarily conserved
protein that executes its role of an antiviral effector in fish, rodent, and primate species
(295,297-299). It belongs to the superfamily of radical S-adenosyl-L-methionine (SAM)
enzymes and contains a conserved CX3CX2C motif in its central domain, that binds a [4Fe-4S]
cluster which engages SAM as a substrate. During the enzymatic reaction, SAM is cleaved to
methionine and a highly reactive radical, the 5’-deoxyadenosyl (5°dA) (300-302). Alternative
substrates generating 5°'dA have also been identified (302). The N-terminal variable
amphipathic a-helix is responsible for protein embedding in the cytoplasmic face of the ER
membrane, or under viral infection circumstances for relocation to lipid droplets or GA
(299,303,304). The C-terminal part of the protein is conserved and seems to be important for
viperin antiviral activity and interaction with other proteins ad recognition of a substrate
(302,305,306).

Viperin expression is mostly induced by the IFN type | signalling pathway and leads to
activation of ISGF3 transcription complex (299,307-309). However, in certain cases, such as
JEV infection, an interferon independent signalling pathway depending on TLRs or RLRs
signalling and IRF3, MAVS, and NF-kB mediation are involved (297,307,308,310).

Viperin's mode of action against such a diverse range of viruses has for long pondered
scientists. Several mechanistic explanations on how viperin is mediating the antiviral effect
have emerged recently. Some of them are dependent, some independent of the SAM
enzymatic activity. Viperin is able to produce a unique nucleotide analogue
3’-deoxy-3’,4'-didehydro-CTP (ddhCTP) that acts as an end-chain terminator of genome
synthesis by some viral RNA polymerases (311). Viperin companion molecule, cytidylate
monophosphate kinase 2 (CMPK2), provides a substrate (CTP) for viperin and boosts its
activity. Both genes are usually jointly regulated, and they also share a controller, a long
non-coding RNA (IncRNA-CMPK2) (311,312). Also, viperin is a component of the TLR7/9
signalling pathway eventually leading to the production of interferon. It is bound to IRAK1
(interleukin-1 receptor-associated kinase) in a complex with TRAF6 (TNF receptor-associated
factor 6), an E3 ubiquitin ligase. This interaction enables activating ubiquitylation of IRAK1,
which transduces the signal further to the transcription factors, such as NF-kB or IRF7
and eventually leads to type | IFN production (313,314). The presence of TRAF6 and IRAK1
enhances the enzymatic activity of viperin and it in return promotes the process of IRAK1
ubiquitylation, which is directly linked to the viperin enzymatic activity and the production
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of ddhCTP (313). A distinct mechanism of viperin action was described for influenza virus
infection. Viperin impaired the formation of lipid rafts at the surface of the host cell which are
necessary for proper influenza virus budding. The mechanism of this viperin action was
indirect, mediated by FPPS (farnesyl diphosphate synthase), a protein important in isoprenoid
biosynthesis (315,316).

A viral countermeasure against the antiviral action of viperin was exemplified in the case of
JEV infection. Even though a transcription of viperin was induced intensively, the protein itself
was not expressed, because it was targeted for proteasome-dependent degradation (307).

Our previous results suggested, that viperin could be one of the key antiviral effectors in TBEV
infected neural cells since its mMRNA was one of the most markedly increased upon TBEV
infection in neural cells (317). Soon the importance of viperin in fighting flaviviral infection
was more than prominent (307,318,319). Several research groups revealed specific points
of TBEV-viperin interaction and described its effect in further detail. Viperin can impair gRNA
synthesis (306) and interacts with several structural and non-structural proteins of TBEV (prM,
E, NS2A, NS2B, NS3). Via interaction with the NS3 protein, viperin targets those viral proteins
for proteasomal mediated degradation (320). Also, it can intervene with the proper viral
particle assembly and release somehow indirectly involving GBF1, a Golgi brefeldin A-resistant
guanine exchange factor 1, a protein involved in the COPI dependent and trans-Golgi vesicle
budding (306,321). Viperin was also responsible for cell-type-specific control of TBEV infection
in diverse brain areas (olfactory bulb, cerebrum), but failed to curb the infection
in the cerebellum, similarly to other neurotropic flaviviruses (LGTV, WNV). The absence
of viperin boosted the replication of TBEV and LGTV mainly in astrocytes and cortical neurons
(322,323). While most of the TBEV-related studies are using gene-engineered viperin stably
expressed in target cells, data on viperin function under more natural conditions,
in virus-infected cells, are scarce. The possibility of viperin protein interfering with TBEV
pathogenesis was investigated in Chapter 2, Publication 3.

VIRAL HOST CELL ADAPTATION AND COUNTERMEASURES

EMPLOYING AND ADAPTING OF HOST MACHINERY
Successful invasion of the host cell is conditioned by the adaptation of the host-cell
environment to suit the needs of the virus. Each specific virus thus recruits some general
and some unique host factors that help it reach the needed microenvironment and serve
the viral purposes. Such host factors, that virus employs for its own needs, have just started
to be revealed for TBEV or related flaviviruses. TBEV NS3 protease interacts with the host
E3-ubiquitin ligase TRAF6 (TNF receptor associated factor 6). TRAF6 is, under general
conditions, involved in immune signalling. Interaction with TRAF6 advances viral replication

ten times, however, the sequestration did not affect type-I IFN levels (324). Another example
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is TMEM41B protein (325). This enzyme is a putative autophagy factor, that is recruited
to the viral replication organelle during flaviviral infection where co-localizes with flaviviral
NS4A and NS4B proteins. TMEM41B takes part in forming membrane curvature. That specific
replication niche is essential for effective viral replication. An absence of TMEMA41B results
in increased immune response, probably via making viral PAMPs more accessible to the host
defence system. VMP1 gene from the same pathway worked in a similar way and was able
to compensate low abundance of TMEMA41B in certain cell types (325). A wide array of other
factors that contribute to the virus-induced membrane structures and replication complex are
reviewed in detail by Aktepe and Mackenzie (90). Another factor, Adenosine deaminase acting
on RNA 1 (ADAR1) supports DENV replication and progeny production. It is a nice example
of how flavivirus infection is causing underrepresentation of a specific negative regulator, that
is miR-3614-5p which has ADAR1 as one of its targets and enables ADAR1 assistance
in the virus life cycle (67).

IMMUNE EVASION
Another aspect of host cell exploitation is the counteraction of the host immune response
aimed at the virus. A very effective and unique strategy of immune response evasion by
flaviviruses is hiding the replication in the complex ER membranous structures reorganized by
pathogenesis. This way, viral recognition is more difficult for cellular defending machinery and
the IFN response is delayed. That lag enables the virus to well establish replication and
progeny production (281,326).

A family of antiviral ISGs IFIT proteins (IFN-induced proteins with tetra-tricopeptide repeats)
are induced by flaviviral and other viral infections and can limit the translation of viral RNA.
Flaviviruses have been conferred the resistance to IFIT 2 recognition by 2-O-methylation
of their 7mG cap, which is the way IFITs are able to recognize self from non-self RNA and limit
the intruder in the cell (327).

A common feature for flaviviruses is to impair type | IFN signalling by the inhibition of Jak-STAT
signal transduction. TBEV NS5 protein inhibits STAT1 phosphorylation, which is an essential
component of the type | and Il signalling pathway (Figure 9). It is done in cooperation
with the cellular protein hScrib. As a result, the capacity of STAT1 to translocate to the nucleus
is impeded and it also affects the launch of expression initiation of ISRE-dependent genes
(328,329). The closely related LGTV NS5 protein also blocks the phosphorylation of STAT1
and further of STAT2, Tyk2 and Jakl signalling molecules while interacting with the IFN
receptor molecule itself (IFNAR1, IFNAR2) (330). TBEV NS5 can also diminish the expression
of areceptor component IFNAR1 on the surface of infected cells by association with prolidase,
the enzyme involved in the surface expression of IFNAR1 (331). The ability to inhibit
the IFN-mediated signal transduction is a common strategy among flaviviruses, but
the specific type of interaction or a viral protein involved seems to be unique for each specific
virus (234,329,332-337). In addition to a comprehensive block of phosphorylation of STAT
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factors, the WNV and ZIKV impair not only all three IFN signalling pathways but also distinct
immune pathways that employ STAT factors as messenger molecules, such as inflammatory
IL-6 (interleukin) pathway or immune response regulating IL-4 and IL-10 pathways.
Interestingly the NF-kB pathway remained unaffected. NS5 was identified as the major viral
effector involved with the participation of other non-structural proteins (NS2A, NS2B,
NS2B/NS3). The mechanism relied on detaining the chaperone HSP 90 (heat shock protein 90)

at the virus replication site (338).

SFRNA
Preservation of sfRNA presence in the various flaviviruses argues for the beneficial biological
relevance of this molecule for flavivirus life cycle. Indeed, several functions affecting
the infectious process in the host have been linked to sfRNA. The presence of sfRNA promotes
flaviviral replication, virion formation and advances cytopathic effect in vector as well as
in host cells by facilitation of host cell dying (57). sfRNA is substantial also for pathogenesis
and the outcome of infection in vivo, in infected mice (57,339). Further, sfRNA is engaged
in the evasion of the immune response. It is involved in interfering with host RNAi and miRNA
pathways in both, the vector and the host. In part possibly owing to the impeded Dicer
capacity to cleave dsRNA caused by the sfRNA (58). On top of that, its counteracting host
antiviral response, especially type | IFN response, was shown (339-341), with the span
to the signalling (342,343), inhibition of antiviral proteins translation by their mRNA sponging
(340) or targeting a function of certain antiviral proteins, such as RNase L (339). A higher sfRNA
to gRNA ratio is associated with increased viral fitness and can increase its epidemiological
success (342). sfRNA attracts host proteins, XRN1 included couples with them long-term
and makes them unavailable for regular cellular processes. In this way, mRNA turnover, RNA

decay, splicing, and editing processes are disrupted (344,345).

sfRNA is also involved in increased infectivity of flaviviruses for the vector, for instance
in WNV, ZIKV or DENV infection (346-348). For DENV infection, viral fitness in a vector is
positively correlated with the sfRNA amount (346). Production of different sfRNA species
in DENV vector and mammalian host infections due to distinct selective pressure plays a role
in vector-host switch and highlights the importance of duplication of xrRNA motifs. However,
the same sfRNA species were noted in ZIKV vector and host, arguing for virus-specific
regulation in sSfRNA species production (59,349).

Most of our knowledge on sfRNA function and roles in successful infection has been gained
from mosquito-borne flaviviruses (MBFVs). Tick-borne flaviviruses sfRNA shows different
structural features and shares a low sequence homology with MBFVs sfRNAs, thus, simple
extrapolations of knowledge coming from MBFVs can lead to incorrect conclusions.
A production of sfRNA in TBEV and LGTV infected cells and the relevance for vector cells

defence against flavivirus infection will be dealt with in the chapter Chapter 1, Publication 1.
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TRANSLATION MANIPULATION AND UNFOLDED PROTEIN RESPONSE
Extensive reorganization of ER membrane structures due to viral infection and abundance
of viral RNA and viral proteins being produced leads to the accumulation of unfolded host
proteins, ER stress, and a subsequent trigger of the unfolded protein response (UPR).
Activation of UPR should lead to the re-establishment of the lost balance in the ER. The initial
sensor of UPR is the BiP protein (immunoglobulin heavy chain-binding protein) that interacts
with either of three ER-located mediators. That is, i) IRE1 (inositol requiring ring enzyme 1)
that signals through XBP1 transcription factor (X box-binding protein 1) leading to increased
protein folding and ER biogenesis or protein degradation, ii) PERK (protein kinase R-like
endoplasmic reticulum kinase) that phosphorylates elF2a (eukaryotic translation initiation
factor 2-a), a key checkpoint of translation initiation, causing thus the attenuation
of translation or iii) ATF6 (activating transcription factor 6), a transcription factor itself that,
when translocated to the nucleus, stimulates transcription of UPR regulated genes (including
XBP1) and promotes protein folding via chaperone (56,350). In case this palette of responses
fails to restore the skewed balance in the ER of the infected cell, UPR drives the cell
to apoptosis (56,350).

During TBEV infection, stimulation of all three effectors of UPR {(i.e., IRE1, PERK, and ATF6) was
recognized (351-353). However, only the IRE1 branch effectively restricted viral replication,
PERK and ATF were dispensable for the observed phenomenon (353). Slight differences in UPR
regarding the pathway triggered and transcriptional factors used can be seen for different cell
types and TBEV strains used (352). Even though IRE1 activation promoted XBP1 splicing
(352,353), it was dispensable for TBEV infection promotion and so far unrevealed way of
signalling was possibly activated (353). Moreover, UPR activation was a way, how infected
cells could activate antiviral response sooner through the involvement of immune signalling
molecules IRF3 and RIG-I. In such a way, UPR co-operates with the otherwise delayed antiviral

immune response (281,353).

Activation of UPR by TBEV is a hint of deeper manipulation of host transcription and/or
translation machinery. Decreasing the host translation would benefit the virus by recruiting
more working capacity of the cell translation machinery for its purposes. The strategies that
viruses use to interfere with host translation have been summarized in detail by Walsh,
Mathews and Mohr (354). There are three main checkpoints, where translation can be
targeted: i) mRNA transcription, ii) pre-mRNA processing, and iii) the translation itself (354).
Except for HCV, Flaviviridae family members were not considered to interfere with host
translation machinery (354) until recently. In neural cells, ZIKV caused ribosomal stress that
disrupted the structural integrity of the nucleolus and caused apoptosis (355). Roth
and colleagues discovered translation shut-off caused by DENV and ZIKV infection.
Specifically, a reduced portion of host mRNAs was coupled to actively translating
polyribosomes. The step of translation initiation was affected but none of the classical
checkpoints of translation complex association was identified (elF2a and elF4E
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phosphorylation was excluded) as a culprit of the phenomenon, thus the authors inferred
the inhibition occurred further in the assembly of the pre-initiation complex (356). We were
interested in researching host translation manipulation by TBEV Chapter 2, Publication 3.
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AIMS

The thesis objective is to bring more insight into the specific interaction
of the tick-borne encephalitis virus or a closely related Langat virus and the infected cell
of either vector or host origin. Special emphasis is put on the immune response elicited
by the host cell and virus immune evasion strategies.

Specific aims:

l. Analyse vector cell response to TBEV and/or LGTV infection on the level of gene
and protein expression, characterize the major pathways altered and identify
the factors involved in the innate immune response. Characterize the tick antiviral

RNAi pathway and its factors and investigate virus countermeasures.

Il. Analyse the host neural cell response to TBEV infection on transcriptomic level,
characterize the major pathways altered, identify the factors involved in the innate
immune response and investigate countermeasures of the virus. Identify common
and unique features of the response for human astrocytes and neurons.

[l Evaluate the adaptation of TBEV to the vector and host cell environment
with respect to biological properties and pathogenesis and in newly derived
variants define genetic changes underlying the altered biological properties.
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RESULTS

CHAPTER 1 CHARACTERIZATION OF VECTOR CELLS RESPONSE TO TBEV INFECTION
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G.P., Chase-Topping M.E., Gould E.A., Grubhoffer L., Fazakerley J.K., Kohl A. (2014).
Induction and suppression of tick cell antiviral RNAi responses by tick-borne
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ABSTRACT

Arboviruses are transmitted by distantly related
arthropod vectors such as mosquitoes (class In-
secta) and ticks (class Arachnida). RNA interference
(RNAI) is the major antiviral mechanism in arthro-
pods against arboviruses. Unlike in mosquitoes, tick
antiviral RNAi is not understood, although this in-
formation is important to compare arbovirus/host
interactions in different classes of arbovirus vec-
tos. Using an Ixodes scapularis-derived cell line,
key Argonaute proteins involved in RNAi and the
response against tick-borne Langat virus (Flaviviri-
dae) replication were identified and phylogenetic re-
lationships characterized. Analysis of small RNAs
in infected cells showed the production of virus-
derived small interfering RNAs (viRNAs), which are
key molecules of the antiviral RNAi response. Im-
portantly, viRNAs were longer (22 nucleotides) than

those from other arbovirus vectors and mapped at
highest frequency to the termini of the viral genome,
as opposed to mosquito-borne flaviviruses. More-
over, tick-borne flaviviruses expressed subgenomic
flavivirus RNAs that interfere with tick RNAi. Our re-
sults characterize the antiviral RNAi response in tick
cells including phylogenetic analysis of genes en-
coding antiviral proteins, and viral interference with
this pathway. This shows important differences in
antiviral RNAi between the two major classes of ar-
bovirus vectors, and our data broadens our under-
standing of arthropod antiviral RNA.i.

INTRODUCTION

Tick-borne arboviruses of the Flaviviridae family are highly
relevant to public health (1). Much work on tick-borne ar-
boviruses has been carried out with Langat virus (LGTV),
isolated from Ixodes granulatus and Haemaphysalis ssp.
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ticks in Malaysia and Thailand and related to tick-borne
encephalitis virus (TBEV) (1-4). Flaviviruses are positive-
stranded RNA viruses. Viral proteins are encoded in a sin-
gle open reading frame. The untranslated RNA regions
(UTRs) at the genome termini regulate replication and
translation (5-8).

Arbovirus infection of arthropod cells is character-
ized by little or no cytopathic effects (9). Studies of
vector/arbovirus interactions suggests that this may be at
least partly due to regulation of arbovirus replication by in-
nate immune responses (10). Research on vector immune
responses to arboviruses has focused on mosquitoes (11,12)
despite the fact that many European/Asian arboviruses are
tick-borne (13). Antiviral responses in mosquitoes rely on
a small RNA-based mechanism called RNA interference
(RNAI) (10,11). The exogenous small interfering (si)RNA
pathway is especially important and can be induced by
virus-derived long double-stranded (ds)RNA molecules
generated during infection (either replication intermediates
or secondary RNA structures) or dsRNA viral genome
(10). In insects, dsSRNA is targeted by the Dicer enzyme
(Dcr-2) and cleaved into 21 nucleotide (nt) siRNAs, also
known as viRNAs (10,11). In Drosophila, viRNAs are in-
tegrated into the Argonaute-2 protein (Ago-2) containing
RNA-induced silencing complex, unwound and one strand
of the viRNA is retained by Ago-2 to guide degradation of
complementary (viral) RNA (14). Other Ago and Dcr pro-
teins, i.e. Dcr-1 and Ago-1, are involved in the microRNA
(miRNA) pathway (10-11,14).

Following treatment with gene-specific dsSRNA or siR-
NAs, ticks and tick cell cultures can induce sequence-
specific RNAIi of endogenous genes (15) and restrict viral
infections (16-18). Sequence analysis has also identified pu-
tative Ago and Dcr genes in the I scapularis genome (19).
However, it is not known if these are transcribed and in-
volved in tick antiviral RNAI responses. All studied insect
specific viruses and plant-infecting viruses have been shown
to express RNA silencing suppressor (RSS) proteins which
interfere with the RNAI response (20). No RSS proteins
have been identified for arboviruses although evasion strate-
gies have been suggested for the alphavirus Semliki Forest
virus (SFV) (21), and the production of a subgenomic fla-
vivirus RNA (sfRNA) interfering with the RNA1i response
was reported for mosquito-borne flaviviruses (22).

In this study, we identify and characterize key RNAi play-
ers of the Ago family that interfere with LGTV replica-
tion and describe characteristics of ViRNAs in tick vec-
tor cells, which are different to viRNAs in mosquitoes. We
also demonstrate that the recently described RSS activity of
mosquito-borne flavivirus sfRNA can be broadened to tick-
borne LGTV and TBEV sfRNA. The results imply that the
antiviral RNAI system in ticks is more complex and has im-
portant differences to that of mosquitoes.

MATERIALS AND METHODS
Viruses and plasmids

The LGTYV replicon (ESrepRIuc2B/3) was derived from
the infectious cDNA of LGTV ES5 (4). Modifications in
the LGTV replicon were based on the previously described
replicon construct for TBEV Neudoerfl strain (23). This
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construct encodes the first 17 residues of capsid, followed
by the Rluc gene, the last 27 residues of the envelope and
all non-structural proteins, as described in Supplementary
Data. For infections of tick cells, LGTV strain TP21 was
used.

Invertebrate expression vectors, pIZ-Fluc, pAclE1-Rluc
and pIB-MBP-HDVr have been described previously
(22). The 3’UTRs of LGTV and TBEV were amplified
by polymerase chain reaction (PCR) using, respectively,
ESrepRluc2B/3 or pTNd/AME (24) as templates. Inverte-
brate expression plasmids were obtained by fusing the 3’ ter-
minus to the HDVr sequence from a WNV 3'UTR expres-
sion construct (22) using PCR. The resulting products were
cloned into pDonor207 and pIB-GW plasmids (Invitrogen)
using Gateway technology.

Luciferase assays

Luciferase activities were determined using a Dual
Luciferase assay kit (Promega) in a GloMax multi-
luminometer following cell lysis in Passive Lysis Buffer.

Cell culture, transfection and infection

BHK-21 cells were grown in GMEM at 37°C as previously
described (25). Cells (3 x 107 /well) were seeded in a 6-
well plate prior to transfection with Lipofectamine2000 (In-
vitrogen) according to the manufacture’s protocol. The 1.
scapularis-derived IDES cells were grown in L-15B medium
(26) at 32°C in ambient air as previously described (27).
Cells (6.5 x 10°/well) were seeded in 24-well plates prior to
transfection. Transient RNAI suppression assays were per-
formed by transfecting 200 ng pIZ-Fluc, 300 ng pAclE1l-
Rluc and 500 ng pIB-MBP-HDVr, TBEV 3UTR or LGTV
3’'UTR into IDES cells using Genejammer (Agilent) follow-
ing the manufacturer’s instructions. Silencing of reporter
genes was induced at 24 h post-transfection (hpt) through
addition of 280 ng dsRNA to the cell culture medium; lu-
ciferase was measured 48 hpt.

In case of studies involving replicon, putative RNAi
genes were silenced by the addition of 300 ng dsRNA to
cell culture medium at 6 and 30 h post-seeding (hps). Then,
capped in vitro-transcribed ESrepRIuc2B/3 was transfected
48 hps using Lipofectamine2000 according to the manufac-
turer’s instructions. Luciferase expression was measured 24
hpt.

For infection assays, target genes were first silenced by
transfection of 100 ng dsRNA using Lipofectamine2000,
followed by LGTV TP21 infection at 24 hpt at a multiplic-
ity of infection (MOI) of 0.1. RNA was isolated at 48 h post
infection (hpi) by Trizol.

Statistical analysis

The relative luciferase expression (RL) was calculated as:

RLi - IFluc,i/IRluc.i

Where 1 is the measured intensity and i is the sample. To
cancel out construct specific effects, values under treatment
(for example co-transfected with dsFFluc) were normalized
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against the same construct that was treated with a negative
control (in this example dseGFP). Thus:

NRLX - RLi,treated/RLi,neg.conlrol

Experiments were performed in duplicate or in triplicate
and repeated independently at least three times. The inde-
pendent experiments were averaged:

— & NRL,
NRL =) ;
X
Where x is the xth experiment and 7 is the total number of
experiments.

The significances were calculated using custom-written
scripts in R (www.r-project.org). In case of pairwise test-
ing a two-sample independent #-test was performed, as pro-
vided by R.

Multiple testing was done by applying Tukey’s HSD (also
known as Tukey’s range test), the g-value was calculated and
compared to the indexed q in the studentized range distri-
bution available in R. Significant differences (P < 0.05) are
indicated in the graphs with an *.

Small RNA isolation and deep sequencing analysis

1.5 x 10° cells per tube were either transfected with 1
ng of eGFP-derived dsRNA, capped in vitro-transcribed
ESrepRluc2B/3 RNA, infected with LGTV TP21 (MOI 10)
or untreated. At 48 hpt or 72 hpi, RNA was isolated us-
ing 1 ml Trizol (Invitrogen) per tube, small RNAs of 18—
30 nt were sequenced and analyzed using viRome as pre-
viously described (28,29). Small RNA data was submit-
ted to the European Nucleotide Archive (accession number
ERP006219).

Reverse transcription and PCR

RNA was isolated by Trizol, following the manufacturer’s
protocol. Total RNA (500 ng for untreated/dsRNA-treated
cells as well as knockdowns followed by LGTV infection
or 5 pg LGTV antigenome detection) was reverse tran-
scribed with Superscript I (Invitrogen) and using either
oligo dT primers (knockdowns), an antigenome specific
primer (LGTV antigenome detection) or random hexam-
ers (LGTYV infection) following the manufacturer’s instruc-
tions. For the detection and amplification of Ago and Dcr
transcripts, PCR was carried out using 2 pl of the cDNA
reaction with corresponding primers (Table 1). The eGFP-
derived PCR product was produced using eGFP-CI (Clon-
tech) as template. In case of LGTV antigenome detection,
two rounds of PCR were performed using LGTV specific
primers. PCR products were gel-purified, cloned into the
plet blunt1.2 vector (Fermentas) and sequenced.

LGTV RNA was determined by QRT-PCR with NS5
specific primers using the Fast SYBR Green PCR Mas-
ter Mix (Life Technologies) according to manufacturer’s in-
structions. Previously described actin primers were used as
housekeeping genes (16).
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Figure 1. Characterization of exogenous-derived small RNAs in IDES8
cells. (A) Size distribution of small RNA molecules mapping either to
LGTV ESrepRluc2B/3 replicon (left panel) at 48 hpt or LGTV TP21
(right panel) at 72 hpi in IDES cells. (B) Frequency distribution of 22 nt
small RNA molecules mapped to the ESrepRluc 2B/3 replicon (5UTR to
3'UTR) (left panel) or LGTV TP21 (right panel). The y-axis shows the fre-
quency of the 22 nt siRNAs mapping to the corresponding nucleotide po-
sition in the x-axis. Positive numbers and dark gray peaks represent the fre-
quency of siRNAs mapping to the genome (in 5'-3" orientation) and light
gray peaks/negative numbers to the antigenome (in 3’-5" orientation). See
also Supplementary Figure S2. (C) Frequency map of 22 nt small RNAs
mapping to the opposite strand of the LGTV replicon (left panel) or LGTV
TP21 (right panel).

In vitro transcription and dsRNA production

ESrepRluc2B/3 was linearized by EcoRV and in vitro-
transcribed using a SP6 Megascript kit (Ambion) in the
presence of cap analogue according to the manufacturer’s
protocol. dsSRNA was produced with the RNAi Megascript
kit (Ambion) from PCR products flanked by T7 promoter
sequences.

Phylogenetic analysis

To place the Ixodes sequences within gene trees, repre-
sentative sequences were downloaded from Genbank (see
Supplementary Figure S5 for sequence identifiers) for se-
lected arthropods (waterfleas, copepods, lice, ticks, cen-
tipedes, flies, butterflies, beetles and wasps) and deuteros-
tomes (sea squirt, human, chicken and zebrafish) that have
sufficient complete genomes and/or transcriptomes. Ago
and Piwi were aligned with translational MAFFT (30) and
poorly-aligned regions were removed manually, resulting
in an aligned matrix of 2349 positions for Ago and 2241
positions for Piwi. Due to a higher level of sequence di-
vergence and higher proporation of incomplete orthologus
sequences, Dicer was aligned under a codon model using
PRANK (31), and then GBLOCKSs (32) was used to ex-
clude regions of poor alignment, resulting in an aligned
matrix of 810 positions. Gene trees were inferred with Mr-
Bayes (33) using unlinked General Time Reversible models
with Gamma-distributed rate variation for each of the three
codon positions. Two parallel MCMC chains of >25 mil-
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Table 1. List of primer sequences used

Nucleic Acids Research, 2014, Vol. 42, No. 14 9439

Gene Upstream/downstream primer sequences (5'-3")

Ago-68 gtaatacgactcactatagggCGAGACTTTCAGAGCGTG/
gtaatacgactcactataggg GTTGGTGTACTTCGCCAT

Ago-30 gtaatacgactcactatagggACATACGAGCACTGACGG/
gtaatacgactcactataggg TGGTGCAACATTTTATCGA

Ago-30-2 gtaatacgactcactatagggGAACGCCAAAAAGATCCCA/
gtaatacgactcactatagggCCGGTACCATCCTCATTTCT

Ago-16 gtaatacgactcactatagggAAGATCACGAGGGTATCGGTAGT/

Ago-16-2 (RT-PCR detection)
Ago-96

Ago-78

Decr-90

Dcr-98

eGFP

Firefly luciferase

LGTYV antigenome RT-PCR
LGTV NS5 (QT-PCR)

gtaatacgactcactatagggACTTTTCTGCACCACGTCTTG
gtaatacgactcactatagggCGTTATGAAGGGTGATCAGAAG/
gtaatacgactcactatagggGACTGGTACTGATTCTCCCA
gtaatacgactcactatagggATGCCTGCTCGGACATCTAC/ gtaata
cgactcactatagggTCGAGTGAACGTCCAAATTCT
gtaatacgactcactatagggGAGGTGAAGCGTGTGGGG/ gtaatacga
cteactatagggGATGGAAGGCTTCTTGTTGTC
gtaatacgactcactatagggATCCTCAAGGAGTACAAGCC/ gtaata
cgactcactataggg ACAGAGCATTAGGGTCGTC
gtaatacgactcactatagggATCCCGTCTTTCCCGATCTT/
gtaatacgactcactataggg TGCATCACAGGTGCCAGG
gtaatacgactcactatagggGGCGTGCAGTGCTTCAGCCGC/
gtaatacgactcactataggg GTGGTTGTCGGGCAGCAGCAC
gtaatacgactcactatagggATGGAAGCAGCCAAAAAC/
gtaatacgactcactataggg TTACACGGCGATCTTTCC
aattccacccatgaaatgtac
acccaagactgcetacgtgtggaaa/tgaggaagtaaagggecttgctga

T7 promoter region is indicated in italics.
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Figure 2. Analysis of Ago and Dcr protein-encoding genes in the Ixodes
scapularis genome. (A) and (B) are gene trees for metazoan Ago-subfamily
genes (A)and Dcr genes (B) respectively, constructed using a Bayesian ap-
proach under a GTR model (nodes are labeled if they receive >90% sup-
port; see Materials and Methods). Trees are unrooted, but presented as if
the root fell between the two Cnidarian homologs. (C) Detection of tran-
scripts encoding Ago and Dcr proteins in IDES cells by RT-PCR. RNA
not treated with reverse transcriptase was used as control during the PCR
reaction (no RT). See also Supplementary Figure S5.

lion steps were run for each tree (sampling every 1000 steps)
and the first 25% of steps were discarded as burn-in. Station-
arity was inferred by comparing parallel runs and inspec-
tion of the chains for each parameter: Potential Scale Re-
duction Factors approached 1.000, the variation in split fre-

quencies was <0.01, and effective sample sizes were >1000
for all parameters. The trees presented in Figure 2 and Sup-
plementary Figure S5 are maximum clade credibility trees,
with branch lengths proportional to the number of substi-
tutions. Only partitions with >90% Bayesian Posterior sup-
port are labeled.

RNA structure predictions

Consensus RNA structures were predicted using the Lo-
cARNA web server (Vienna RNA web server 1.8.2) (34)
with standard settings. Pseudoknots were identified man-
ually. Thermodynamic stability was calculated by folding
an individual sequence with RNAfold (Vienna RNA web
server 1.8.2), using a secondary structure constraint and
standard settings.

Northern blot analysis

Northern blot analysis was performed by loading 4.5 g
or 3 pg of total RNA of BHK-21 or tick cells, respec-
tively, on a 1.5% agarose-2% formaldehyde MOPS gel and
transferred to a nitrocellulose (Hybond-N+, GE Health-
care) membrane using ‘top down’ blotting with 20xSSC as
transfer buffer. Transferred RNA was UV-crosslinked for
2 min. Hybridization was performed for 2 h in HybPerfect
buffer (Sigma) at 63°C using DIG-labeled PCR product as
probe (TBEV 3'UTR or LGTV 3 UTR). Membranes were
washed twice with 2xSSC + 0.1% SDS for 5 min, twice with
0.2xSSC + 0.1% SDS for 20 min at 63°C and DIG was de-
tected using an anti-DIG antibody as described previously
(35).
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RESULTS

scapularis-derived-IDES cells mount RNAi responses against
LGTYV and TBEV

An uncharacterized RNAi response was shown to re-
strict mosquito-borne arbovirus infections in 1. scapularis-
derived ISE6 and IDES cells (16-18). It is not known if
RNALI is induced in tick cells following infection with tick-
borne arboviruses. Production of viRNAs is an indicator
of an antiviral RNAIi response. An LGTV ES strain repli-
con encoding the Renilla luciferase (Rluc) gene as a re-
porter (ESrepRIuc2B/3) was constructed to investigate an-
tiviral RNAI in IDES cells (Supplementary Figure S1A).
The ability to successfully transfect ESrepRluc2B/3 RNA
into IDES cells (77%) was determined, using either fluores-
cently labeled replicon RNA or immune-fluorescence detec-
tion of NS3, respectively (Supplementary Figure S6A). Fol-
lowing transfection with ESrepRluc2B/3 RNA, IDES cells
were lysed and Rluc expression determined at 24, 48, 72,
96 and 120 hpt. Expression was observed 24 hpt then de-
creased (Supplementary Figure S1C). Replication was ver-
ified by detection of LGTV antigenome (Supplementary
Figure SI1B). These results suggest that the LGTV replicon
is inhibited by an induced antiviral response in IDES cells.

Previous work has documented the production of viR-
NAs in ISE6 cells; however, the sequences and their dis-
tribution on the virus genome are not known (17,18). The
production of LGTV-specific viRNAs in IDES cells was
therefore analyzed. At 48 hpt, total RNA was isolated and
small RNAs sequenced; frequencies and LGTV genome
location of small RNAs were determined (Table 2). 7.1%
of the small RNA sequences mapped to the LGTV repli-
con sequence. ViRNAs were predominantly 22 nt in length
(59.6%) and mapped with similar frequency to the genome
and antigenome (Figure 1A, left panel). viRNAs were scat-
tered along the LGTV replicon genome/antigenome with
variable frequency into hot spots/cold spots (21) (Figure
1B, left panel). The 5 and 3'UTRs generated the highest
viRNA frequencies (Figure 1B, left panel). Comparing the
base composition of 22 nt viRNAs of hot spots versus cold
spots showed a substantial bias away from G toward A at
the 5 end (P < 0.0001, Fishers exact test [FET]) and a
bias away from A at the 3’ end (P < 0.0001, FET). Bias at
other positions was found but none was particularly strik-
ing (Supplementary Figure S2A). The 5’ ends of the comple-
mentary LGTYV specific 22 nt RNAs were most frequently
separated by 20 nt (Figure 1C, left panel) suggesting genera-
tion from dsRNA of 20 nt with 2 nt overhangs. Experiments
performed with a previously described TBEV replicon (23)
(Supplementary Figure S2C) showed similar results regard-
ing the predominance of 22 nt viRNAs and 5.9% of to-
tal small RNAs mapping to the TBEV replicon (Table 2),
with similar frequency to the genome and antigenome. The
22 nt small RNAs mapping to TBEV, are scattered along
the genome/-antigenome. Again the highest frequency of
viRNAs was generated from the 5 and 3’ UTRs (Supple-
mentary Figure S2D). Experiments with IDES cells infected
with LGTV TP21 showed the production of virus specific
small RNAs sharing several of the characteristics of LGTV
replicon-derived viRNAs, although at a lower overall fre-

quency (0.27% for virus and 7.12% for replicon (Table 2)).
The majority of viRNAs were 22 nts in length, most fre-
quently separated by 20 nts and the highest viRNA frequen-
cies were generated from and around the 5 and 3’ ends of
the viral genome/antigenome (Figure 1, right panels and
Table 2).

The length of small RNAs in IDES cells is a host property

Recent studies have shown that insect viRNAs are generally
21 nt in length, in contrast to nematode Caenorhabditis el-
egans ViRNAs of predominantly 22 or 23 nt depending on
the virus (21,28,36-47). To determine whether generation of
22 nt as the dominant viRNA length was a property of the
cells or the virus, an eGFP-derived dsRNA was transfected
into IDES cells and small RNAs analyzed. Again, 22 nt was
the dominant length (Supplementary Figure S2E) and small
RNAs mapped in hot/cold spots along the whole eGFP se-
quence and its complement (Supplementary Figure S2E).

We also analyzed viRNAs targeting the dsSRNA orbivirus
St. Croix River virus (SCRV) (48,49), which persistently in-
fects IDES cells (Table 2). Again, the majority of SCRV viR-
NAs were 22 nt, with similar frequencies being detected on
the (+) and the (-) strand (Supplementary Figure S3).

To determine the properties of endogenous small RNA
molecules such as miRNAs, endogenous siRNAs and
PIWI-interacting (pi)RNAs (10) in IDES cells, the small
RNA profiles from uninfected and treated (eGFP dsRNA
and LGTYV replicon) IDES cells were analyzed. Small
RNAs mapping to the I scapularis genome (https://www.
vectorbase.org) had a predominant length of 22 nt (44.4%)
in all samples, with slightly higher frequencies for the sense
orientation. Moreover, a class of small RNA molecules of
27 to 29 nt was identified with a peak at 28 nt (27 nt: 6.7%,
28 nt: 10.1% and 29 nt: 5%) as strongly represented as 21
nt small RNAs (12.5%) (Supplementary Figure S4). This
indicates that 22 nt is the dominant length of small RNAs
(endogenous or viral) in IDES cells.

Identification of Dcr and Ago proteins involved in antiviral
RNAI in tick cells

Ago-2 and Dcr-2 proteins are key effectors in the in-
sect antiviral RNAi pathway (10,50). Dcr-1 and Ago-1
are known to be important for the insect miRNA path-
way (10,14). Previous sequence analysis has shown that
the 1. scapularis genome contains at least one putative Dcr
gene, Dcr-89 (ISCWO000889) and two putative Ago subfam-
ily genes; Ago-68 (ISCWO011768), Ago-30 (ISCW0021130)
(19). In the present study, Basic Local Alignment Search
Tool (BLAST) similarity searches with Dcr (Dcr-1 and
Dcr-2) and Ago subfamily genes (Ago-1 and Ago-2) of
Drosophila melanogaster and Aedes aegypti were performed
to identify further putative homologs in the I scapularis
genome. Three additional putative Ago subfamily genes;
Ago-96 (ISCW022696), Ago-16 (ISCW015916), Ago-78
(ISCWO013378) and another putative Dcr gene, Dcr-90
(ISCWO0008890) were identified.

To understand the function of Ixodes Ago and Dcr pro-
teins within the wider context of their evolution, gene trees
were constructed using a Bayesian approach (Figure 2A and
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Table 2. Number of small RNA reads
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TBEV NS5 GAA
Langat virus replicon  St. Croix River virus Langat virus TP21 TBEYV replicon replicon
Genome/coding 719782 1462846 294390 3906753 3153338
strand reads
Anti-genome/coding 553286 1242195 227753 3606509 29216717
strand reads
Total viral reads 1273068 2705041 522143 7513262 6075015
Reads in total 17875799 18806256 190908946 127799016 127066875

Indicated are read numbers of small RNAs mapping to the genomes and antigenomes of St. Croix River virus, Langat virus replicon, Langat virus TP21

and TBEV replicons.

B; Supplementary Figure S5). The last common ancestor
of each of these gene families probably pre-dates the ori-
gin of the animals (51), so that saturation and long-branch
artifacts make reliable tree inference extremely challenging.
Rooting the Ago tree between the two cnidarian paralogs
identified two well-supported clades: the slowly evolving
clade homologous to drosophila Ago-1 (miRNA pathway)
and the rapidly evolving clade homologous to drosophila
Ago-2 (siRNA pathway). The Ago-1 clade exactly mirrors
the known phylogeny of the species, and clearly identifies
Ixodes Ago-78 as an ortholog of drosophila Ago-1. The
other four Ixodes Ago (-96, -68, -16, -30) then appear as
more recent Ago-2 paralogs that have evolved since the last
common ancestor of Arachnida and Pancrustacea, although
a lack of support within this clade makes it hard to draw
conclusions beyond this. The Dcr gene-tree also lacks sup-
port, and when similarly rooted using the cnidarian par-
alogs results in a pattern that is hard to interpret. With this
rooting, Ixodes Dcr-90 clusters with other arachnid Dicers
basal to an arthropod clade that includes drosophila Dcr-
1, suggesting that Dcr-90 is a Der-1 homologue. However,
the basal position of Ixodes Dcr-89 and the remaining crus-
tacean Dicers is difficult to reconcile with the known organ-
ismal phylogeny. If the divergent Cnidarian outgroup is ex-
cluded, then an alternative rooting immediately basal to the
deuterostome/arthropod Dcr-1 clade (marked by a black
arrow in Figure 2B) would place Dcr-89 and the remaining
Crustacean Dcrs as the most basally-branching arthropod
Dcr-2, consistent with the species phylogeny and suggesting
it is homologous to drosophila Dcr-2. Transcription of pu-
tative Ago and Dcr genes was verified in IDES cells (Figure
2C).

In order to investigate mediators of antiviral activity in
IDES cells, transcripts of individual Dcr or Ago genes were
knocked down by RNAI as previously described (16) and
the effect on the LGTV replicon determined. Efficiency
of knockdown/silencing of cells treated with dsSRNA spe-
cific for Ago (Ago-68, Ago-30, Ago-16, Ago-96 and Ago-
78) and Dcr (Dcr-90 and Dcr-89) genes was determined
by semi-quantitative RT-PCR and quantified in relation to
control dsRNA using 16S as loading control (Figure 3).
Cells treated with dsRNA against Ago-68, Ago-30, Ago-96,
Ago-16, Ago-78 or Dcr-90 showed reduction in target tran-
script levels (9—40%). No significant reduction of Dcr-89
transcript was observed, due to a high variability between
samples (Figure 3).

Following successful individual knockdowns of most pu-
tative RNAI genes, the experiment was repeated, LGTV
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Figure 3. Knockdown of transcripts encoding Ago or Dcr proteins. (A)
dsRNA-based silencing of Ago and Dcr encoding transcripts in IDE8
cells. Transcripts were detected by RT-PCR using gene-specific primers. A
PCR product of 16S ribosomal RNA was used as housekeeping gene and
eGFP specific dsRNA treated cells as control (crtl). (B) mRNA knock-
downs quantification by Image J software, using 16S as control. The rel-
ative mean (normalized to eGFP-dsRNA controls) with standard error is
shown for at least 10 repeats.

replicon RNA was transfected into silenced IDES cells and
replicon-mediated Rluc activities determined. Significant
increases in replicon Rluc activity were observed in IDES
cells treated with dsRNA specific for Ago-30, Ago-16 and
Dcr-90, compared to control dsSRNA (Figure 4A). No sig-
nificant increase of Rluc was observed following Ago-68,
-78, -96 and Dcr-89 knockdowns. To ensure that the ob-
served effect was not due to off target effects, the Ago-30
knockdown was repeated with an additional Ago-30 spe-
cific dsSRNA molecule (Ago30-2); this resulted in a simi-
lar increase of luciferase activity thus confirming previous
results (Supplementary Figure S6B). Similar experiments
were also performed with silenced IDES cells and the effect
on LGTV infection (MOI 0.1) at 48 hpi was determined by
QRT-PCR. Significant increases in LGTV RNA levels were
observed in cells treated with dsRNA specific for Ago-68, -
30, -16 and Dcr-89, although Dcr-89 resulted only in a small
increase (Figure 4B).

Targeting of the same cells by dSRNA and LGTYV repli-
con or LGTV infection was established, using fluorescently
labeled dsSRNA and immunostaining of LGTV NS3 or
E protein (Supplementary Figure S6A). In summary, tick
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Figure 4. Effects of Ago and Dcr knockdowns on LGTYV replication. (A)
Ago or Dcr silenced cells were transfected with capped in vitro- transcribed
LGTYV ESrepRluc2B/3 replicon RNA, and Rluc activity was determined
at 24 hpt. The mean with standard error is shown for three independent
experiments performed in duplicate (two experiments)/triplicate (one ex-
periment). The data were normalized to cells treated with eGFP-specific
control dsRNA. * indicate significance by Tukey’s HSD (P < 0.05). (B)
Silenced cells were infected with Langat virus (MOI 0.1) and viral RNA
was determined by QRT-PCR at 48 hpi, using actin as housekeeping gene
internal standard. The mean with standard error is shown for three inde-
pendent experiments performed in triplicate. The data were normalized to
cells treated with eGFP-specific control dsSRNA. * indicate significance by
Student z-test (P < 0.05).

Ago-30 and Ago-16 mediate antiviral activity against both
LGTYV and its replicon.

Tick-borne subgenomic flavivirus (sf)RNA interferes with an-
tiviral RNAi

sfRNA is derived from the flavivirus 3’UTR, produced
in vertebrate and invertebrate cells by mosquito and tick
borne-flaviviruses and contains a complex RNA structure
(52-54). West Nile virus (WNYV) and dengue virus (DENYV)
sfRNAs both interfere with RNAi (22).

Production of sfRNA and suppression of RNAi by both
LGTV and TBEV was investigated. The 3’UTRs of fla-
viviruses share common characteristics in their RNA archi-
tecture (55). It has been demonstrated that mosquito-borne
flaviviruses share an RNA stem loop structure (called SL
IT) toward the 5’ end of the 3’'UTR which has similarities
to SL IV of the 3’UTR and is important for sfRNA pro-
duction (52-54). RNA folding predictions of the 3UTR of
tick-borne flaviviruses showed RNA structures with folds
highly similar to SL IT and SL IV (respectively named SL
2 and SL 1 in the tick-borne viruses) for most tick-borne
flaviviruses, despite sequence differences to mosquito-borne
flavivirus 3’UTRs (Supplementary Figure S7).

To determine if the predicted LGTV and TBEV RNA
stem loop structures (Figure SA and Supplementary Fig-
ure S7) give rise to sfRNAs, vertebrate and tick cells were
infected with LGTV (56) or transfected with TBEV repli-
con (24). Northern blot analysis detected TBEV and LGTV
RNA at the expected size of ~0.4 kb (predicted SL 2,
LGTV: —447 nt; TBEV: —453 nt) (Figure 5A and B). In
addition, similar to WNYV a lower band was observed. This
may be due to the presence and characteristics of two SL
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Figure 5. Analysis of subgenomic flavivirus (sf)RNA in the 3’UTR of tick-
borne flaviviruses. (A) Structure model of SL 2 and SL 1 RNA stem loop
structures of TBEV and LGTYV. (B) Expression of TBEV (TND/AME)
(top) and LGTV (bottom) sfRNA in replicon (top), non-transfected (con-
trol CTRL) or infected cells (bottom) was detected by northern blot anal-
ysis with 3'UTR specific DIG-PCR probes. (C) The effect of sSfRNA on
RNAI in IDES cells was determined by co-transfection of FFluc, Rluc and
expression constructs for MBP-HdVr (MBP), LGTV 3’UTR or TBEV
3'UTR. Silencing was induced 24 hpt following addition of dsRNA to
the culture medium. At 48 hpt, relative luciferase activity (FFluc/Rluc)
was determined and normalized to cells treated with eGFP specific (ctrl)
dsRNA. The luciferase expression level measured with MBP-HdVr was
set at 1.0. The mean with standard error is shown for three independent
experiments performed in duplicate (one experiment)/triplicate (two ex-
periments). * indicate significance by Tukey’s HSD (P < 0.05). See also
Supplementary Figure S7.

structures [SL 1 and 2]. Moreover, there are differences be-
tween arthropod and vertebrate cells (Figure 5B) (52,53).

The RSS activity of these sfRNAs was investigated
next, after establishing successful plasmid transfections in
IDES cells (Supplementary Figure S6A). IDES cells were
co-transfected with plasmids encoding Firefly luciferase
(FFluc; reporter gene), Rluc (internal control), and plas-
mids expressing LGTV or TBEV 3'UTRs. Maltose binding
protein (MBP) sequence fused to the hepatitis delta virus
ribozyme (HDVr) was used as negative control RNA as the
3’UTRs plasmids also contain an HDVr. Subsequently, si-
lencing was induced by either FFluc-specific (dsFFluc) or
control (¢GFP) dsRNA and luciferase activity determined.
Reduced silencing was observed in cells expressing 3'UTR
constructs compared to MBP-HDVr (Figure 5C). These re-
sults indicate that the 3’UTRs of LGTV and TBEV are able
to interfere with the tick siRNA pathway.

DISCUSSION

RNAI is known to be a major defense mechanism against
arboviruses in mosquitoes (10,11). Much less is known
about ticks. Here, we investigated the antiviral RNAI re-
sponse in I scapularis-derived cells and viral counter-
defense strategies. Our analysis reveals tick Ago and Dcr
genes additional to those previously described (19). A sig-
nificant gene expansion in the Ago subfamily has occurred
in arachnids, compared to insects such as D. melanogaster
and A. aegypti. Our results characterize key differences be-
tween Ixodes and mosquito RNAIi responses. The antivi-
ral activity of Ago-30, Ago-16 and Ago-68 (in case of vi-
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ral infection) is in line with previous reports showing that
mosquito/fly Ago-2 is involved in the antiviral RNAI re-
sponse and phylogenetic analysis indicates that Ixodes Ago-
30, Agol6 and Ago-68 are homologous to Ago-2 of in-
sects (57,58). The expansion of putative Ago-2 paralogs in
arachnids is different from other arthropods, which gen-
erally have one, or at most two, Ago-2 homologs. In con-
trast to Ago-16 and Ago-30, Ago-68 only shows antiviral
activity in case of virus infection, which may suggests its in-
volvement in limiting virus spread by pre-priming yet unin-
fected cells using systemic RNA silencing. Like mosquitoes,
ticks appear to have undergone an expansion of the Piwi
clade (Supplementary Figure S5C), though the expansion
is smaller and occurred independently, in addition to a
possible loss of Ago-3. We show that Dcr-90 is involved
in antiviral RNAIi against replicon in contrast to Dcr-89
showing significant antiviral activity in case of virus. How-
ever, failure of consistent/ efficient knockdown of Decr-
89 between experimental approaches and the borderline
increase/significance of Dcr knockdowns on virus infection
leaves it open whether or not a second Dcr protein is in-
volved and if there are differences between effects of Dcr
knockdowns on replicon and virus. Phylogenetic analysis,
dependent on the rooting, maps Dcr-89 in a cluster with
Dcr-2 proteins in insects. Dcr-2 is critical for the exogenous
antiviral siRNA pathway in Drosophila, and presents a lim-
iting factor for sufficient knockdown involving exogenous
RNAI (using dsSRNA) in this organism (14). Dcr-89 could
act in a similar way in ticks, which may explain the lack of
consistent knockdown. Dcr-90 showed an antiviral effect in
IDES cells despite clustering with Dcr-1 proteins which have
not yet been reported as antiviral in flies or mosquitoes.
It cannot be excluded that potential antiviral functions of
some Ago/Dcr proteins we describe here may have been
missed due to inefficient knockdown of the transcript; how-
ever our results already show that mechanisms in ticks may
differ in detail from those present in insects.

A key feature of antiviral RNAI in mosquitoes is the pro-
duction of 21 nt viRNA molecules (10,11). The majority
of viRNAs in IDES cells are 22 nt in length [as reported
for viRNAs of the positive strand nodavirus in C. elegans
(45,46)]. The same observation was made if an RNAI re-
sponse was artificially induced by dsSRNA. As the length of
the siRNAs or viRNAs is mostly dependent on the Dcr en-
zyme, this indicates a key difference between I scapularis
and insect Dcr proteins. In insects, miRNA molecules differ
from siRNA molecules (22 versus 21 nt) as they are mostly
produced by Dcr-1. The antiviral effect of Dcr-90, which
clusters with insect Dcr-1 proteins, and the production of
22 nt viRNAs points to differences between the antiviral
RNAIi pathways in I. scapularis and insects. Small RNAs of
22 nt were also found to be the major class of small RNA
molecules that map to the genome of 1. scapularis.

Little is known about the dsRNA substrate for Dcr-2
and the origin of viRNAs. Findings by us and others sug-
gest that dsRNA replicative intermediates are Dcr-2 sub-
strates in mosquitoes and derived cell lines and show that
hot and cold spots of viRNAs are present along arbovirus
genomes/antigenomes (21,38,40—43). This is in agreement
with our results for SCRV and transfected dsRNA. In con-
trast, LGTV viRNAs map at highest frequencies to or
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around the 5 and 3’ termini. In contrast, similar regions
present in DENV and WNYV are not particularly targeted
by the RNAIi machinery in mosquitoes (41-43). It has to
be mentioned that recent work has shown that certain hot
and cold spot observations are due to cloning bias of the
small RNAs (59,60). The presence of small RNAs mapping
to the non-coding strand of SCRV with a similar frequency
as to the coding strand, supports the dsSRNA genome as in-
ducer molecule even with cloning bias. The same dsRNA-
mediated induction may explain the bias of targeting the
5" and 3’ genome termini of LGTV in IDES cells. A pre-
viously described replication-incompetent TBEV replicon
(C17Fluc NS5 GAA) (23) behaved similar as the corre-
sponding wild-type replicon in IDES cells with regards to
luciferase production over time [in contrast to BHK where
it shows reduction of luciferase production overtime as pre-
viously reported (23)] and production/ mapping of TBEV-
specific small RNAs (Supplementary Figure S8 and Table
2). This suggests replication of the GAA mutant either by
the viral replicase or other enzymes with complementing
or replicative activity present in the IDES cells. Therefore
such a mutant can unfortunately not be used to determine
whether the observed TBEV-specific small RNAs are pro-
duced from incoming single stranded RNA, dsRNA repli-
cation intermediates or partial dsSRNA.

Differences in the number of cells targeted by replicon
or virus and the amount of virus/replicon RNA per cell
could explain the difference in production of overall LGTV-
specific small RNAs for replicon versus virus-infected IDES
cells. Infection by full-length virus may also hide and limit
the antiviral RNAI response in IDES cells more efficiently
than replicon RNA which misses the coding sequences for
structural proteins. Besides, the presence of structural pro-
teins and nucleotide sequence (and thus changes in overall
length of the viral RNA) may explain the observation that
distribution of replicon viRNA versus virus shows some
difference. Despite these differences though, LGTV viR-
NAs share common characteristics (bias for 22 nts viRNAs
and targeting areas around the 5 and 3’ genome termini)
which are different to flavivirus-specific viRNAs reported
in mosquitoes (41-43).

The detection of LGTV-specific viRNAs indicates the
ability of the RNAI response to target the virus, raising the
question: how can the virus still replicate in tick cells? Plant
and ‘true insect’ viruses encode RSS proteins that interfere
with the antiviral RNAI to allow successful viral infection
(14,61). No arbovirus RSS protein is known, but an eva-
sion strategy has been suggested for the alphavirus SFV
(21) and the sfRNA molecules of mosquito-borne viruses
interfere with RNAI responses (22). The 3'UTRs of tick-
and mosquito-borne flaviviruses do not share high similar-
ity at the nucleotide level and exchanging these sequences
mostly leads to replication-deficient viruses (62-64). De-
spite this, bioinformatic modeling suggested a highly sim-
ilar secondary RNA structure profile in the 3 UTR of
arthropod-borne flaviviruses, production and interference
with the RNAIi response was shown of TBEV and LGTV.
WNV sfRNA is believed to mediate RSS activity by act-
ing as a competitive substrate for Dcr (22). In contrast to
WNYV and DENV UTRs that do not appear to be specif-
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ically targeted by Dcr (41-43), the 3 UTR of the LGTV
and TBEYV replicon in IDES cells appears to be a target for
Dcr activities; along with the 5 UTR it generates the highest
frequency of viRNAs. The sfRNA RSS activity probably re-
sults in less powerful activity than the known protein-based
RSS of insect viruses. Expression of an RSS protein by al-
phaviruses results in reduced mosquito survival (40,65). Us-
ing a weak suppressor such as sfRNA may allow for suf-
ficient levels of replication needed for successful transmis-
sion.

Taken together, our findings define details of the tick an-
tiviral RNAIi response and its interference by tick-borne ar-
boviruses. They show several important differences in an-
tiviral RNAI1 between different classes of arbovirus vec-
tors (Arachnida versus Insecta) and broaden our knowledge
about arthropod antiviral RNAI.
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Abstract

Background: Ixodid ticks are important vectors of a wide variety of viral, bacterial and protozoan pathogens of
medical and veterinary importance. Although several studies have elucidated tick responses to bacteria, little is
known about the tick response to viruses. To gain insight into the response of tick cells to flavivirus infection, the
transcriptomes and proteomes of two Ixodes spp cell lines infected with the flavivirus tick-borne encephalitis virus
(TBEV) were analysed.

Methods: RNA and proteins were isolated from the Ixodes scapularis-derived cell line IDE8 and the Ixodes
ricinus-derived cell line IRE/CTVM19, mock-infected or infected with TBEV, on day 2 post-infection (p.i) when
virus production was increasing, and on day 6 p.. when virus production was decreasing. RNA-Seq and mass
spectrometric technologies were used to identify changes in abundance of, respectively, transcripts and proteins.
Functional analyses were conducted on selected transcripts using RNA interference (RNAI) for gene knockdown in tick
cells infected with the closely-related but less pathogenic flavivirus Langat virus (LGTV).

Results: Differential expression analysis using DESeq resulted in totals of 43 and 83 statistically significantly
differentially-expressed transcripts in IDE8 and IRE/CTVM19 cells, respectively. Mass spectrometry detected 76
and 129 statistically significantly differentially-represented proteins in IDE8 and IRE/CTVMI19 cells, respectively.
Differentially-expressed transcripts and differentially-represented proteins included some that may be involved
in innate immune and cell stress responses. Knockdown of the heat-shock proteins HSP90, HSP70 and gp96,
the complement-associated protein Factor H and the protease trypsin resulted in increased LGTV replication
and production in at least one tick cell line, indicating a possible antiviral role for these proteins. Knockdown
of RNAi-associated proteins Argonaute and Dicer, which were included as positive controls, also resulted in increased
LGTV replication and production in both cell lines, confirming their role in the antiviral RNAi pathway.

Conclusions: This systems biology approach identified several molecules that may be involved in the tick cell innate
immune response against flaviviruses and highlighted that ticks, in common with other invertebrate species, have
other antiviral responses in addition to RNAI.
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Background

Ticks are hematophagous ectoparasites that are second
only to mosquitoes in their importance as vectors of
viral, bacterial and protozoan pathogens that cause hu-
man disease, and they are probably the most important
vectors of livestock disease worldwide [1].

Tick-borne encephalitis virus (TBEV), a member of
the family Flaviviridae, is a medically-important virus
transmitted by ticks. TBEV is one of the most important
tick-borne viruses in Europe, Russia and many parts of
Asia, causing tick-borne encephalitis in humans with an
estimated annual number of disease cases >10,000 [2, 3].
The Western European subtype of TBEV is transmitted
by Ixodes ricinus ticks in Central, Eastern and Northern
Europe, whereas the Siberian and Far-Eastern subtypes
are transmitted by Ixodes persulcatus ticks in Siberia,
parts of Russia, Latvia and Finland and the latter subtype
additionally in Central and Eastern Asia including China
and Japan [4, 5]. Other tick species may also transmit
TBEV under certain ecological conditions [5]; however it
is not known if Ixodes scapularis ticks found in the
United States, where TBEV does not occur, are capable
of transmitting the virus.

Langat virus (LGTV), a close relative of TBEV, was
isolated from Ixodes granulatus ticks in Malaysia [6]. Al-
though the virus is antigenically closely related to TBEV,
there are no reports of naturally-acquired cases of hu-
man disease caused by LGTV. The attenuated LGTV
strain E5 was tested as a candidate live vaccine against
TBEV in animals and human volunteers. It resulted in
high levels of neutralising antibodies which cross-
reacted with TBEV, Powassan virus and Kyasanur Forest
disease virus [7, 8]. Due to its close antigenic relation-
ship with TBEV, low pathogenicity and lack of naturally-
occurring cases of disease in humans and animals,
LGTYV is a useful experimental model for more virulent
tick-borne flavivirus infections.

Most knowledge of the response of arthropods to mi-
croorganisms has been obtained from studies in insects.
These have revealed the involvement in the antiviral re-
sponse of several signaling pathways including RNA
interference (RNAi) [9, 10], Toll, Immune deficiency
(IMD), and Janus kinase-signal transducers and activa-
tors of transcription (JAK/STAT), as well as melanisa-
tion, autophagy and possibly heat shock proteins (HSPs)
(reviewed by [11-14]). RNA], Toll, IMD and JAK/STAT
pathway components have been identified in the genome
of the tick L scapularis [15, 16], but in comparison to in-
sects there is only limited knowledge on tick innate im-
mune responses to pathogen infection [15, 17-19]. A
recent study reported a role for the JAK/STAT pathway
in I scapularis ticks during Anaplasma phagocytophilum
infection [20]. This study showed that silencing of STAT
or JAK, but not Toll-1, TAK1 or TABI, which are
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components of the Toll and IMD pathways, resulted in
an increase in A. phagocytophilum in infected ticks and
that the JAK/STAT pathway controls bacterial infection
by regulating the expression of antimicrobial peptides
of the 5.3 kD gene family. Other important regulatory
molecules with a possible role in tick innate immune
responses include RNA-dependent RNA polymerase,
subolesin and ubiquitin-related molecules [21-24].

The only antiviral innate immune response described
to date in ticks is RNAi [25, 26]. RNAi has been effi-
ciently used for gene knockdown in ticks and tick cell
lines [27-29]. Tick cell lines have been used as tools to
understand LGTV and TBEV interactions with their vec-
tors [30-38]. Recently, Dicer (Dcr) and several ortholo-
gues of Argonaute (Ago) 2, a key member of the
exogenous siRNA pathway in insects, were identified in
ticks and Dcr 90, Ago 16 and Ago 30 were shown to me-
diate an antiviral response [38].

The present study was carried out with the aim of
identifying transcripts and proteins with a possible role
in tick innate antiviral responses. We first characterised
TBEV infection in the tick cell lines IDE8 derived from
the only tick species with a sequenced genome, I sca-
pularis, and IRE/CTVM19 derived from I ricinus, a
natural vector of TBEV. We then investigated differ-
ences in transcript and protein abundance between
TBEV-infected and mock-infected tick cells using the
[lumina HiSeq2000 platform and LC-MS/MS, respect-
ively. Statistically significantly differentially-expressed
transcripts and differentially-represented proteins were
identified, annotated and grouped according to their
biological function. Finally, using LGTV which could
be handled at a lower level of biosafety containment
than TBEV, we silenced selected transcripts and pro-
teins by RNAI|, to elucidate their effect on virus replica-
tion and production.

Methods

Ethics statement

This study was carried out in strict accordance with the
Czech national law and guidelines on the use of experi-
mental animals and protection of animals against cruelty
(the Animal Welfare Act Number 246/1992 Coll.). The
protocol was approved by the Committee on the Ethics
of Animal Experiments of the Institute of Parasitology
and of the Departmental Expert Committee for the Ap-
proval of Projects of Experiments on Animals of the
Czech Academy of Sciences (Permit Number: 165/2010).

Tick and mammalian cell lines

The I scapularis-derived cell line IDE8 [39] was main-
tained in ambient air at 32 °C in L-15B medium [40]
supplemented with 10 % tryptose phosphate broth
(TPB), 5 % fetal calf serum (FCS), 0.1 % bovine
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lipoprotein (MP Biomedicals), 2 mM L-glutamine and
100 units/ml penicillin and 100 pg/ml streptomycin
(pen/strep). The L ricinus-derived cell line IRE/CTVM19
[41] was maintained in ambient air at 28 °C in L-15
(Leibovitz) medium supplemented with 10 % TPB, 20 %
FCS, 2 mM L-glutamine and pen/strep [42]. Baby
hamster kidney (BHK-21) cells (C-13, ATCC, cat:
CCL-10) and African green monkey kidney epithelial
(Vero) cells (ECACC, cat: 84113001) were grown at
37 °C in a humidified atmosphere of 5 % CO, in air.
Porcine kidney stable (PS) cells were grown at 37 °C
in ambient air [43]. BHK-21 cells were maintained in
Glasgow Minimal Essential Medium (GMEM) supple-
mented with 5 % newborn calf serum (NBCS), 10 %
TPB, 2 mM L-glutamine and pen/strep (GMEM/5 %
NBCS). Vero cells were grown in Dulbecco’s Minimal
Essential Medium containing 10 % FCS and pen/strep.
PS cells were maintained in L-15 (Leibovitz) medium
supplemented with 3 % NBCS, 2 mM L-glutamine, pen/
strep and 0.25 pg/ml amphotericin B (L-15/3 % NBCS).

Virus strains, propagation and virus titration

The TBEV strain Neudoerfl was kindly provided by
Professor F.X. Heinz, Institute of Virology, Medical Uni-
versity of Vienna, Austria, and had been passaged five
times by intracranial infection of suckling mice before
use in the present study. Suckling CD1 mice were intra-
cranially infected with 1 ul of TBEV-infected mouse
brain suspension corresponding to 100 plaque-forming
units (PFU) per mouse, or mock-infected with the same
volume of uninfected mouse brain suspension. After the
onset of symptoms, 4 to 5 days post infection (p.i.), the
TBEV-infected mice were euthanised and the brains re-
moved. The mock-infected mice were euthanised 2 days
later, to prevent any possibility of cross contamination
while handling the samples. The brains were homoge-
nised in L-15/3 % NBCS to obtain a 20 % mouse brain
suspension (w/v) using a Tissue Lyser II (Retsch) at
30 Hz (30/s) for 2 min. The homogenate was then cen-
trifuged for 10 min at 16,000 x g at 4 °C and the clarified
supernatant was used for infection of tick cell lines.

The LGTV strain TP-21 was kindly provided by Dr
Sonja Best, Laboratory of Virology, Rocky Mountain La-
boratories, NIAID, NIH, Hamilton, Montana, USA and
was propagated in Vero cells prior to being used for in-
fection. TBEV was titrated on PS cells as described pre-
viously [44, 45]; the titre of the stock used in the
experiments was 6x10° PFU/ml. LGTV was titrated on
BHK-21 cells in 12-well plates using Avicel (RC-581,
FMC Biopolymer) as an overlay. In brief, cells were
seeded at a density of 1.5x10° cells per well in GMEM/5 %
NBCS and incubated overnight. When the cells were 80 %
confluent, medium was removed and replaced with
supernatant of test samples which had been 10-fold
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serially diluted in GMEM/2 % NBCS. After incubation
on a shaker for 1 h, cells were overlaid with 1 ml of
Avicel suspension (1.2 g Avicel in 100 ml PBS) mixed in a
1:1 ratio with 2x Minimal Essential Medium (Gibco)
supplemented with 5 % FCS. Cells were incubated for
4 days, fixed in 10 % neutral buffered formaldehyde
(Leica), stained with 0.1 % aqueous toluidine blue for
30 min and plaques were counted. The titre of the
LGTYV stock used in the experiments was 2x10° PFU/ml.

Infection of tick cell lines

For establishing a TBEV growth curve, both tick cell
lines were seeded at a density of 5x10° cells per ml in
2 ml total medium volume in flat-sided tubes (Nunc)
and 24 h later were infected with TBEV diluted in the
respective tick cell growth medium to a multiplicity of
infection (MOI) of 5. After infection, supernatant was
collected over a 10 day time-period for virus titration.
Tick cells used for transcriptomic and proteomic ana-
lysis were seeded at a density of 1.5x10° (IDE8) or 1x10°
(IRE/CTVM19) cells per ml in flat-sided tubes and were
infected 24 h later with TBEV at MOI 5. Preliminary ex-
periments (data not shown) revealed that RNA and pro-
tein yields from equivalent numbers of cells were higher
from IRE/CTVM19 cells than from IDES8 cells, presum-
ably because IRE/CTVM19 cells are larger than IDES
cells (authors’ observations), and established that the cell
densities used were the minimum required to produce
acceptable RNA and protein yields. After incubation for
the required time cells were harvested by pipetting for
analysis as indicated below. To validate differential ex-
pression of transcripts in IDE8 and IRE/CTVM19 cells
upon LGTV infection, cells were seeded at a density of
5x10° per ml in flat-sided tubes, mock-infected or in-
fected 24 h later with LGTV at MOI 5 and the medium
was changed 2 h p.i.. At 2 and 6 days p.i., cells were har-
vested and RNA was isolated for qRT-PCR analysis as
described below.

Immunostaining

Tick cells were seeded at a density of 5x10° cells per ml
on 12 mm diameter glass coverslips in 24-well plates, in-
cubated overnight and two replicate wells were infected
with TBEV at each of MOI 0.1, 1 and 5. The immuno-
staining procedure was carried out in the 24-well plates.
At day 2 p.i. the cells on the coverslips were washed in
PBS, fixed in 10 % neutral buffered formaldehyde for 1 h
and washed for 5 min in PBS. The cells were then per-
meabilised with 300 pl of 0.3 % TritonX-100 for 30 min
and subsequently with 0.1 % SDS for 10 min. After per-
meabilisation, the cells were washed in PBS and then
blocked with 300 pl of 1 % bovine serum albumin (BSA)
in PBS for 60 min. The blocking solution was removed
and the primary antibody, Anti-Flavivirus Group antigen
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antibody (clone D1-4G2-4-15, Millipore, recognising the
E protein of flaviviruses) diluted 1:100 in 1 % BSA, was
added and incubated for 2 h at room temperature. The
cells were washed three times for 5-10 min in PBS and
the secondary antibody, Goat anti-Mouse IgG (H +L)
DyLight 488 conjugate (Pierce Thermo Scientific) diluted
1:1000 in 1 % BSA, was added and incubated for 1 h.
After three washes of 5 min each in PBS, the coverslips
were mounted on glass microscope slides with Vectashield
HardSet mounting medium containing DAPI (Vector
Laboratories). Images were taken of randomly-selected
fields using an Olympus Fluoview FV10 confocal micro-
scope and the percentage of green cells determined
by visual counting of DyLight 488-positive and nega-
tive cells.

RNA and protein isolation

IDE8 and IRE/CTVMI9 cells were seeded at densities
of, respectively, 1x10° and 1.5x10° cells per ml into 24
tubes per cell line and, 24 h later, 12 tubes per cell line
were infected with TBEV at MOI 5 and 12 tubes were
mock-infected with the same volume (300 pl) of diluted
uninfected mouse brain suspension. On each of days 2
and 6 p.i.,, cells from six tubes per treatment were har-
vested by pipetting and the cell suspension from each
replicate tube was split into two aliquots of 1 ml, which
were both centrifuged at 500 x g for 5 min and the su-
pernatants discarded. One aliquot from each replicate
tube was used for RNA isolation using 1 ml of TriRea-
gent (Sigma) according to the manufacturer’s instruc-
tions. To improve RNA purity, RNA samples were
further purified using the RNeasy Mini kit (Qiagen) ac-
cording to the manufacturer’s instructions. RNA samples
were stored at —80 °C. The second aliquot from each
replicate tube was used for protein isolation as fol-
lows. The cell pellet was washed twice with ice-cold
PBS and resuspended in 350 pl ice-cold PBS supple-
mented with 1 % Triton X-100, 50 pl cOmplete, Mini,
EDTA-free Protease Inhibitor Cocktail (Roche) and
3.5 pl Halt Phosphatase Inhibitor Cocktail (Thermo
Scientific Pierce). After incubation for 1 h on ice, the
cell suspension was homogenised at 4 °C using a mi-
cro pestle and centrifuged at 200 x g for 5 min to re-
move cell debris. Supernatants were collected and
protein concentration was determined with the BCA
protein assay kit (Thermo Scientific Pierce) using BSA as
standard. Samples were stored at —80 °C until use.

Protein quality was tested by SDS-PAGE with subse-
quent Coomassie staining as follows. Protein samples
were mixed 1:1 (v/v) with 2x Laemmli buffer (Biorad)
supplemented with 5 % [-mercaptoethanol (Sigma),
heated at 96 °C for 10 min and then loaded onto discon-
tinuous SDS-PAGE (0.75 mm thick, 4 % stacking and
12 % resolving) gels. The gels were run at 40 V for
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30 min followed by 120 V for 30 min. For staining gels,
a solution consisting of 0.25 g Coomassie Brilliant Blue
R-250 (Thermo Scientific Pierce) dissolved in 40 %
water, 50 % methanol and 10 % glacial acetic acid was
prepared. The gels containing protein were immersed in
staining solution for 3 h prior to de-staining in a solu-
tion containing 50 % methanol, 40 % water and 10 %
glacial acetic acid. The de-staining solution was changed
several times until the protein bands were clearly visible.
Samples showing good protein quality with clear, distinct
bands and widely-distributed molecular masses were
considered suitable for proteomic analysis.

RNA sequencing and assembly

RNA integrity was assessed using the RNA 6000 Nano
Kit (Agilent) according to the manufacturer’s instructions
and tested for RNA integrity using a 2100 Bioanalyser
(Agilent) according to the manufacturer’s instructions.
Before sequencing, infection levels were measured by
qRT-PCR using primers targeting the TBEV NS5 pro-
tein (Additional file 1). Aliquots of only those samples
showing satisfactory RNA quality, and presence or ab-
sence of TBEV infection in the case of infected cells
and mock-infected controls respectively, were pooled
according to time-point, cell line and condition. The
pooled RNA samples containing total RNA were proc-
essed by ARK-Genomics (http://www.ark-genomics.org/)
according to the Truseq RNA sample guide 1500813
(lumina Inc). In brief, mRNA molecules containing
poly(A) tails were purified from total RNA using
poly-T oligo-attached magnetic beads. The resulting
mRNA was fragmented, first and second strand ¢cDNAs
were synthesised, ends repaired and adapters ligated. After
PCR amplification, the cDNA library was quantified, mul-
tiplexed and sequenced on the HiSeq2000 platform, gen-
erating paired end reads of approximately 2 x 100 bp in
length. The reads were sorted into samples according
to cell line, time-point and treatment using the soft-
ware CASAVA 1.8 (Illumina, https://support.illumina.-
com/sequencing/sequencing_software/casava.ilmn).
Reads obtained from the I scapularis-derived cell line
IDE8 were mapped with TopHat 2.0.3 [46] against the I
scapularis reference genome (iscapularis.SUPERCONTI
GS-Wikel.IscaW1.fa). Counts of reads mapping to the gen-
ome were generated with HTSeq count 0.5.3p9 (http://
www-huber.embl.de/users/anders/HTSeq/doc/count.html).
The unmapped reads were de novo assembled with CLC
genomic workbench 5.1 (http://www.clcbio.com/products/
clc-genomics-workbench/) and mapped with BWA 0.6.1
[47] against the mapped, filtered (5x 400b) reads for gener-
ating counts using a Perl script. The reads obtained from
the I ricinus cell line IRE/CTVMI19 were de novo assem-
bled as described for the unmapped reads from IDES8. Only
reads mapping unambiguously to contigs were counted.
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Differential gene expression analysis and annotation
Each assembled contig was assumed to represent a tran-
script and, since the majority of reads generated during
sequencing mapped unambiguously, it was assumed that
the count data reflected the expression of each tran-
script. As reported in previous studies [48-51], we did
not use biological replicates for RNA-seq but used
pooled RNA isolated from replicate samples; the algo-
rithm used to quantitate transcriptomics data allows the
use of non-replicated samples [52, 53]. Differential gene
expression was analysed using DESeq in R following the
script for working without replicates [52]. DESeq uses a
very conservative approach in calling statistical signifi-
cance in samples without biological replicates. This
results in fewer transcripts being called statistically sig-
nificant; thus some important transcripts might have
been missed, whereas the transcripts that were included
were strongly supported. Transcripts that were greater
than log, 2-fold differentially expressed, and those statis-
tically significantly differentially expressed, were anno-
tated first using Blast2GO [54] with a Blastx algorithm
against the NCBI nr database using a threshold of E-
value < 107° as cut-off. Those sequences which did not
result in any blast hits with Blast2GO were blasted
manually using Blastx and Blastn algorithms against the
nr and nt NCBI databases and were included when they
showed more than 50 % coverage and more than 25 %
sequence similarity. All sequences obtained by either of
the two approaches were additionally blasted against the
UniProt/Swiss-Prot and VectorBase databases to retrieve
ontology information, including ontology information
for conserved domains provided by NCBI and UniProt.
For the statistically significantly differentially-expressed
transcripts, literature research was performed in addition
to database information retrieval to assign biological
process groups.

Proteomic analysis

For those samples which passed both the RNA and pro-
tein quality checks in each experimental group, protein
extracts equivalent to 100 pg for each group, obtained
by pooling equal aliquots from the replicates, were
suspended in 100 pl of Laemmli buffer supplemented
with 5 % B-mercaptoethanol and applied to 1.2 cm-
wide wells of a conventional discontinuous SDS-
PAGE gel (0.75 mm thick, 4 % stacking, and 12 % re-
solving). The electrophoretic run was stopped as soon
as the dye front entered 3 mm into the resolving gel.
The whole proteome, concentrated within the stacking/
resolving gel interface, was visualised using Bio-Safe
Coomassie Stain G-250 (BioRad), excised and cut into
cubes of 2 x 2 mm. The gel pieces were destained in a
1:1 mixture of acetonitrile and water and digested over-
night at 37 °C with 60 ng/ml sequencing grade trypsin
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(Promega, Madison, WI) as described previously [55].
Trifluoroacetic acid was added to a final concentration of
1 % to stop digestion, and peptides were desalted onto
OMIX Pipette tips C18 (Agilent Technologies, Santa
Clara, CA, USA) as described previously [56], dried down
and stored at —20 °C until required for mass spectrometry
analysis. The desalted protein digests were resuspended in
0.1 % formic acid and analysed by reversed phase liquid
chromatography coupled to mass spectrometry (RP-LC-
MS/MS) using an Easy-nLC II system coupled to an
ion trap LTQ-Orbitrap-Velos-Pro mass spectrometer
(Thermo Scientific, San Jose, CA, USA). The peptides
were concentrated (on-line) by reverse phase chromatog-
raphy using a 0.1 mmx20 mm C18 RP precolumn
(Thermo Scientific), and separated using a 0.075 mm x
100 mm C18 RP column (Thermo Scientific) operating at
0.3 pl/min. Peptides were eluted using a 180-min gradient
from 5 % to 40 % solvent B in solvent A (Solvent A: 0.1 %
formic acid in water, solvent B: 0.1 % formic acid, 80 %
acetonitrile in water). ESI ionisation was carried out using
a nano-bore emitters stainless steel ID 30 um (Thermo
Scientific) interface. Peptides were detected in survey
scans from 400 to 1600 atomic mass units (amu, 1 pscan),
followed by fifteen data-dependent MS/MS scans (Top
15), using an isolation width of 2 mass-to-charge ratio
units, normalised collision energy of 35 %, and dynamic
exclusion applied during 30 s periods.

Proteomic data analysis and annotation

Peptide identification from the MS/MS raw data was
carried out using the SEQUEST algorithm (Proteome
Discoverer 1.3, Thermo Scientific). Database searches
were performed against UniProt-Arthropoda.fasta and
UniProt-Flaviviridae.fasta. The following constraints
were used for the searches: tryptic cleavage after Arg
and Lys, up to two missed cleavage sites, and tolerances
of 10 ppm for precursor ions and 0.8 Da for MS/MS
fragment ions, and the searches were performed allow-
ing optional methionine oxidation and cysteine carba-
midomethylation. Searches were performed against a
decoy database in an integrated decoy approach. A false
discovery rate (FDR) <0.01 was considered as a condi-
tion for successful peptide assignments and at least 2
peptides per protein in at least one of the samples ana-
lysed was the condition for subsequent protein identifi-
cation (Additional file 2). The total number of peptide
assignments for each protein were normalised against
the total number of peptide assignments in each sample
(control and infected tick cell lines at days 2 and 6 p.i.)
and differential representation of individual proteins
between different samples was determined using Chi-
square test statistics with Bonferroni correction in the
IDEG6 software (http://telethon.bio.unipd.it/bioinfo/ID
EG6 form/) (p <0.05) as published [56]. Samples with
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a p-value equal to or lower than 0.05 were considered sta-
tistically significant. Statistically significantly differentially-
represented proteins were allocated to biological process
groups using ontology information available on the
UniProt/Swiss-Prot and Panther databases, including
information for conserved domains. Information was
curated manually through literature search.

Reverse transcription

For verification of infection status of TBEV-infected and
mock-infected cells, 1 pg of total RNA was reverse-
transcribed using Superscript III (Invitrogen) and
random hexamers according to the manufacturer’s in-
structions. For verification of RNA-Seq data and knock-
downs followed by LGTV infection, 1 pg of total RNA
was reverse-transcribed using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems) accord-
ing to the manufacturer’s instructions.

Verification of TBEV infection and RNA-Seq data by
qRT-PCR

TBEV RNA levels were measured by qRT-PCR with
TBEV NS5-specific primers (Additional file 1) using
FastStart SYBR Green Master Mix (Roche) according to
the manufacturer’s instructions with a final reaction vol-
ume of 20 pl and a temperature profile of 95 °C for
5 min, 95 °C for 20s, 55 °C for 20s, 72 °C for 15 s and
95 °C for 20s. For calculating the TBEV infection levels
of transcriptomic samples, TBEV NS5 copy numbers
were calculated using a linearised plasmid encoding the
TBEV NS5 protein as standard in a standard curve
method as follows. The linearised plasmid was 9 x
10-fold serially diluted starting with 2 ng and the
corresponding copy numbers were entered into the
Rotor-GENE software which generated the standard
curve and calculated the copy numbers for each un-
known sample automatically. The number of copies
of the linearised plasmid was calculated using the fol-
lowing formula [57]:

amount of plasmid (ng) x 6.022 x 102 (1elecues)
o (ng
length (bp) % 1 x 10 (?) x 660(

Number of copies = P
mol of bp)

The gene coding for TBEV NS5 protein was cloned
into the pJET vector using the CloneJET PCR Cloning
Kit (Fermentas) according to the manufacturer’s instruc-
tions. In brief, the plasmid pTND/AME [58] was line-
arised, purified and wused as DNA template for
amplification of TBEV NS5 using KOD polymerase
(Novagen). An aliquot of the 187 bp PCR product was
visualised by gel electrophoresis and, since only one
band with the correct size was visible, the non-purified
product was directly used for ligation. For ligation, 10 pl
2x reaction buffer, 2 pl non-purified PCR product, 1 pl
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pJET1.2 blunt cloning vector, 6 pl nuclease-free water
and 1 pl T4 DNA ligase were mixed by vortexing. The
ligation mixture was incubated for 5 min at room
temperature before using directly for transformation of
DHb5a. To check if the correct insert was cloned into the
vector, the plasmid was linearised and sent for sequen-
cing to GATC Biotech (London, UK).

For verification of RNA-Seq data, primers for 12 tran-
scripts (Additional file 1) were designed, using as tem-
plate species-specific sequences or identical regions
from sequences common to both I scapularis and I rici-
nus obtained by HiSeq2000. The same samples from
which aliquots had been pooled for the transcriptome
profiling were used individually for qRT-PCR analysis.
Beta actin and ribosomal protein L13A were used as
housekeeping genes for normalisation. Primer efficien-
cies were calculated for each primer and the quantity of
gene transcripts in infected samples relative to controls
was calculated using the 2728CT method [59, 60].

dsRNA production and silencing of tick transcripts

Long dsRNA transcripts (407 - 615 bp in length) specific
to genes from each cell line were produced from PCR
products flanked by T7 promoter sequences using the
MegaScript RNAi kit (Ambion). In brief, cDNA gener-
ated by reverse transcription from total RNA of tick cells
or from the plasmid pIRES2-eGFP (Clontech) was used
as template to generate specific PCR products using T7
primers (Additional file 1) by PCR. PCR products were
gel-purified and sequenced. The gel-purified PCR prod-
ucts were subjected to an additional PCR amplification
and were then transcribed using the MegaScript kit ac-
cording to the manufacturer’s instructions.

For knockdown experiments, LGTV was used at a low
MOI to ensure that not all cells would be infected ini-
tially, thereby allowing virus to spread from cell to cell
which might enhance detection of any effect of tran-
script knockdown on virus replication and/or produc-
tion. Cell lines IDE8 and IRE/CTVM19 were seeded at a
density of 5x10° cells per ml in 24-well plates and were
incubated in humidified self-sealing polythene bags. For
IDES8 cells, 300 ng of dsRNA was added to the super-
natant twice, at 8 h and 48 h post-seeding. Approxi-
mately 72 h post-seeding, cells were infected with LGTV
at MOI 0.01; 48 h later supernatant was collected for
plaque assay and cells were harvested for RNA extrac-
tion. To achieve a good knockdown in IRE/CTVMI19
cells, cells were transfected 24 h post-seeding with
400 ng of dsRNA using Lipofectamine® 2000 (Invitrogen)
as previously described [29] and, after incubation for a
further 48 h, were infected with LGTV at MOI 0.5. At
24 h p.i supernatant was collected for plaque assay and
RNA was extracted using TriReagent as above. Non-
specific dsRNA encoding eGFP was used as a negative
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control, to provide a baseline level of activation above
which the effect of the specific exogenous dsRNA was
measured. Additional controls, in which samples were
not treated with dsRNA prior to infection, were included
to test whether or not addition of any non-specific
dsRNA triggers an innate immune response in tick cells
and to provide a baseline for virus replication and virus
titres in untreated cells. For the detection of Ago and
Dcr knockdowns, PCR was carried out (95 °C for 2 min,
95 °C for 30 s, primer set specific annealing temperature
(Additional file 1) for 30s, 72 °C for 50 s, 72 °C for
7 min) using GoTaq reaction mix (Promega), according
to the manufacturer’s instructions, together with 2 pl
of the cDNA reaction and the corresponding primers
(Additional file 1).

PCR products were run on a 1 % agarose gel and gel
images were taken and used to quantify mRNA knock-
down with Image Lab software (BioRad) normalised to
beta actin. Gene knockdowns and LGTV RNA levels
were measured by qRT-PCR with, respectively, target
gene-specific primers or LGTV NS5-specific primers
(Additional file 1), using FastStart Universal SYBR Green
Master (Rox) (Roche) with a temperature profile of 95 °
C for 10 min, 95 °C for 15 or 20s, specific annealing
temperature for 20 or 30s, 72 °C for 15 or 30s and 95 °C
for 15 s. All qRT-PCR reactions were followed by melt-
ing curve generation (60-95 °C) to confirm amplifica-
tion specificity. Primer efficiencies were calculated for
each primer and the quantity of gene transcripts in in-
fected samples relative to controls was calculated using
the 2722¢T method [59, 60].

Statistical analysis of gene knockdown experiments

Gene knockdowns were done in quadruplicate in three
independent experiments. Only those samples in which
a knockdown occurred were included in subsequent
statistical analysis. Analysis was done in GraphPad Prism
(http://www.graphpad.com/scientific-software/prism/).
Statistical significance of the three independent experi-
ments was analysed using the two-way Analysis of Vari-
ance Fisher’s LSD test (P = 0.05).

Results and discussion

Characterisation of TBEV growth in tick cells

Tick cells are able to support infection with a variety of
different viruses; as expected, the dynamics of infection
vary according to the virus and the cell line [61-63]. To
date only two studies have been published on TBEV
using cell lines derived from its natural vector I ricinus
[34, 35]. To establish the appropriate MOI and time-
points for transcriptomic and proteomic analysis, it
was first necessary to determine the MOI at which
most of the cells would be infected, thereby prevent-
ing uninfected cells from masking the transcriptomic
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and proteomic changes occurring upon TBEV infec-
tion. Two cell lines were studied: IRE/CTVM19 derived
from I ricinus and IDE8 derived from I scapularis. To
determine the appropriate MOJI, tick cells were grown
on coverslips in 24-well plates and infected with TBEV
at MOI 0.1, 1 or 5. Cells were fixed at day 2 p.i., immu-
nostained for TBEV E protein and the percentage of
positive cells calculated (Fig. 1a). MOIs of 0.1 and 1 re-
sulted in approximately 40 % of E protein-positive IRE/
CTVM19 cells in comparison to 70 % at MOI 5. In
IDE8 cells, however, less than 10 % of cells were E
protein-positive when infected with MOI 0.1, 25 % with
MOI 1 and 55 % with MOI 5. All currently-available
tick cell lines are phenotypically and genotypically het-
erogeneous [41] and relatively uncharacterised; some
cell types within the two cell lines used might not sup-
port virus infection or the amount of E protein in some
infected cells might be below the detection limit of the
assay. The observation that not all tick cells are positive
for TBEV upon TBEV infection and that the percentage
of infected cells varies according to the cell line is con-
sistent with a previous report on TBEV infection in tick
cell lines [34]. Since both tick cell lines showed the
highest percentage of TBEV-positive cells with MOI 5,
the course of infection at this MOI was determined in
greater detail.

To measure newly-produced virus within defined
time-periods, tick cells were infected with TBEV at MOI
5. The cells were then washed and fresh medium was
added at 2 h p.i. for time-points 12, 18 and 24 h, and at
24 h prior to each sampling for the subsequent daily
time-points up to day 10 p.i. (Fig. 1b). Supernatants were
collected at each time-point and the virus titre measured
by plaque assay on PS cells. The pattern of TBEV infec-
tion was similar in both cell lines with the highest level
of virus production between 2 and 4 days p.i. (Fig. 1b).
Interestingly, the maximum titre in the cell line IRE/
CTVM19 derived from a known TBEV vector was
approximately 2 log;y higher than in the IDE8 cell
line. The higher level of virus production in the I
ricinus cell line compared to the cell line derived
from I scapularis, which is not known to be a
natural vector of TBEV, confirms previous studies [31,
34]. The lower virus titres in IDE8 cells might be an
indicator of reduced vector capacity of I scapularis
for this virus, which could be due to cells being less
efficiently infectable or having a more rapid and effi-
cient antiviral response.

In order to examine how these two cell lines react to
virus infection, two time-points were chosen for tran-
scriptomic and proteomic analysis: one early in infection
at day 2 when virus production was increasing, and one
later in infection at day 6 when virus production was
decreasing.
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Fig. 1 Characterisation of TBEV infection in IDE8 and IRE/CTVM19 cells. a Percentage of E protein-positive tick cells following TBEV infection. IDE8
and IRE/CTVM19 cells were infected with TBEV at MOI 0.1, 1.0 and 5.0 and cells were fixed and immunostained at day 2 p.i. The percentage of

E protein-positive cells was calculated. The mean of duplicate cultures is shown. b TBEV production over a 10-day time course in tick cell lines.
IDE8 and IRE/CTVM19 cells were infected with TBEV at MOI 5 and virus was titrated by plaque assay on PS cells. The mean PFU/ml of
duplicate cultures is shown. The limit of detection was 56 PFU/ml in a 107" dilution

Generation of samples for transcriptomic and proteomic
analysis

Six replicate tubes per time-point per cell line were ei-
ther infected with TBEV at MOI 5 or mock-infected. At
days 2 and 6 p.i., both RNA and protein were isolated
from each tube by dividing the cell suspension in half,
thus ensuring that both transcriptomic and proteomic
analyses were carried out on samples derived from each
tube. Because of the biosafety restrictions on handling
TBEV, it was only possible to generate a single set of
samples, which yielded sufficient material for a single se-
quencing run and proteomic analysis for each treatment.
Therefore the results will be considered in this context
as a baseline for future studies.

Prior to RNA sequencing, RNA samples were tested
for the presence of TBEV by qRT-PCR (Additional file
3). Only mock-infected samples negative for TBEV with
NS5 RNA levels below the detection limit of the assay,
and infected samples positive for TBEV with NS5 levels
above 10,000 copies, were included in the subsequent
analysis. Furthermore, only high quality samples showing
no signs of RNA degradation were used. The soluble
proteins extracted from mock-infected and TBEV-infected
IDE8 and IRE/CTVMI9 cells at days 2 and 6 p.i. were
tested for protein quality prior to pooling. Only those

RNA samples and protein samples which passed both the
RNA and protein quality checks (Additional file 3) were
pooled, guaranteeing that pooled RNA samples and pro-
tein samples contained RNA and protein, respectively,
from the same original samples.

Table 1 Sequencing depth, assembly of RNA-Seq data and total
number of proteins identified by MS from TBEV-infected and
mock-infected (control) IDE8 and IRE/CTVM19 cells on days 2
(2d) and 6 (6d) p.i

Sample Mean reads Total no. of Mean  Total no. of
per lane contigs contig  proteins identified
assembled length by RP-LC-MS/MS
IDE8 control 2d  371E+07 44562 938 907
IDE8 infected 2d  325E+07 44907 937 770
IDE8 control 6d  3.18E+07 44684 938 824
IDE8 infected 6d 2.96E+07 44474 939 725
IRE/CTVM19 303E+07 70701 1087 835
control 2d
IRE/CTVM19 270E+07 70067 1092 762
infected 2d
IRE/CTVM19 444E+07 70842 1086 1133
control 6d
IRE/CTVM19 261E+07 70273 1091 1032
infected 6d
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lllumina sequencing, assembly and differential gene
expression analysis
Aliquots of RNA from two or three replicate samples
per time-point per cell line (Additional file 3) were
pooled and sequenced on the Illumina HiSeq2000 plat-
form. Totals of 29-37 million and 26—44 million raw
reads of 100 bp in length were sequenced for IDE8 and
IRE/CTVM19 cells, respectively (Table 1). The raw reads
from IDE8 were assembled into 44,474 - 44,907 contigs
with a mean length of 938 bp and those of IRE/
CTVM19 were assembled into 70,067 - 70,842 contigs
with a mean length of 1089 bp (Table 1). The difference
in contig numbers between the two cell lines is not un-
expected since the former were assembled against the
sequenced L. scapularis genome while the latter were, in
the absence of a genome, de novo assembled. From the
sequencing data for each cell line almost the complete
TBEV genome was de novo assembled. Of the total num-
ber of reads generated, approximately 3.0 % and 2.8 %
aligned to TBEV in infected IDES cells at days 2 and 6
p.i. respectively, whereas 4.0 % and 7.7 % aligned to
TBEV in infected IRE/CTVM19 cells on days 2 and 6
p.i. respectively. The higher level of viral RNA present
within IRE/CTVMI19 cells compared to IDE8 cells is in
agreement with the greater number of infected cells
(Fig. 1a) and the higher infectious virus titre (Fig. 1b)
in IRE/CTVM19 cultures. The almost completely-
assembled virus genome obtained from the two cell
lines was identical at each time-point and in each
cell line (data not shown). The assembled virus showed
99 % coverage and 99 % similarity to the TBEV Neudoerfl
sequence on NCBI (U27495.1). Although TBEV does not
have a poly(A) tail, the Neudoerfl strain of TBEV contains
a poly(A) sequence within the variable region of the 3’
non-coding region [64] which might explain its presence
in the poly(A)-selected RNA pool used for sequencing.
Only raw reads that mapped unambiguously to as-
sembled contigs were counted, and it was assumed
that the counts for each contig represented the ex-
pression level of each transcript. While the majority
of reads mapped unambiguously, this approach could
lead to an underestimation of transcript expression;
however, this would affect both TBEV-infected and

Table 2 Number of statistically significantly differentially
expressed transcripts that were up- or down-regulated upon
TBEV infection of IDE8 and IRE/CTVM19 cells on days 2 (2d)
and 6 (6d) p.i
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mock-infected samples in a similar way. This ap-
proach could create problems if there was a true shift
of splice isoforms, with one isoform only present in
the infected and the other only in the mock-infected
samples. It was not possible to determine whether
this phenomenon occurred in the present study. The
raw count data was used to determine differential
gene expression between each of the infected IDE8
and IRE/CTVM19 samples and their respective mock-
infected controls using DESeq [52] in R. This allows
for calling significance in samples without replicates
[65]. It also uses a very conservative estimation of
variance, reducing the number of transcripts called as
statistically significant. This focus on statistically sig-
nificantly differentially-expressed transcripts is a strin-
gent filter which may miss some transcripts. In IDE8
cells at days 2 and 6 p.i., totals of 23 and 21 tran-
scripts respectively were statistically significantly dif-
ferentially expressed with a majority of genes down-
regulated on both days (Table 2). In contrast, in IRE/
CTVM19 cells totals of 40 and 43 transcripts were
statistically significantly differentially expressed on days 2
and 6 p.i. respectively, with the majority of transcripts
being up-regulated on both days (Table 2).

Protein identification and differential protein
representation

Proteins in pooled samples from 2-3 replicates
(Additional file 3) were analysed by RP-LC-MS/MS and
identified by searching against the arthropod and Flavi-
viridae Uniprot databases. For IDE8 cells, 725-907
proteins were identified in mock-infected and TBEV-
infected samples at days 2 and 6 p.i., with slightly fewer
proteins being identified at day 6 p.i. than at day 2 p.i.
(Table 1 and Additional file 2). For IRE/CTVMI19 cells,
762-1133 proteins were identified in mock-infected and
TBEV-infected tick cells, with more proteins being iden-
tified at day 6 p.i. than at day 2 p.. (Table 1 and
Additional file 2). In both cell lines, slightly higher num-
bers of proteins were identified in control cells than in
TBEV-infected cells, suggesting that TBEV might have
an inhibitory effect on protein representation. The
higher number of I scapularis protein sequences present

Table 3 Number of statistically significantly differentially-
represented proteins upon TBEV infection of IDE8 and IRE/
CTVM19 cells on days 2 (2d) and 6 (6d) p.

Transcript status IDE8 IRE/CTVM19 Protein status IDE8 IRE/CTVM19

2d 6d 2d 6d 2d 6d 2d 6d
Up-regulated 8 7 24 43 Over-represented 20 14 10 24
Down-regulated 15 14 16 0 Under-represented 32 10 10 85
TOTAL 23 21 40 43 TOTAL 52 24 20 109
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in the arthropod database compared to I ricinus se-
quences did not influence peptide/protein identification.
In addition to the arthropod database, MS spectra were
used to search against the Flaviviridae database. Consid-
ering only those peptides with more than one peptide
match (FDR <0.01) against the database, only TBEV-
infected samples were positive for TBEV and mock-
infected cells were negative (Additional file 2). The
presence of TBEV proteins was in accordance with de-
tection of TBEV sequences by RNA-seq and confirmed
that infected samples, but not mock-infected samples,
were infected and that the level of infection was greater in
IRE/CTVM19 cells than in IDES cells (Additional file 2).
Totals of 52 and 24 proteins were differentially repre-
sented in IDE8 cells on days 2 and 6 p.i. respectively,
while 20 and 109 proteins were differentially repre-
sented in IRE/CTVMI9 cells on days 2 and 6 p.. re-
spectively (Table 3). Overall, more proteins were
differentially represented in IRE/CTVMI19 cells than
in IDE8 cells, reflecting the difference observed in
gene expression between the two cell lines.
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Annotation and ontology of tick cell transcripts and proteins
The majority of blast hits obtained for both transcripts
and proteins of IDE8 and IRE/CTVMI19 cells corre-
sponded to I scapularis (Fig. 2), which is not surprising
since the majority of tick sequences deposited in data-
bases to date were derived from I scapularis, which is
the only tick species with a sequenced genome.

In IDES cells, all 42 statistically significantly differentially-
expressed tick cell transcripts (Fig. 2a) were anno-
tated; 32 were most closely related to transcripts
from I scapularis, 2 to transcripts from other Ixodes
spp, and 8 to transcripts from rodent species. In
IRE/CTVM19 cells (Fig. 2b), only 56 of the 81 statis-
tically significantly differentially-expressed tick cell
transcripts could be annotated; 54 corresponded to I
scapularis and one each to Rattus norvegicus and
Harpegnathos saltator. The other 25 transcripts did
not return any blast hits and were excluded from
further analysis. This lack of homology has been re-
ported in other tick studies [66—-68] and might be
attributed to factors such as low sequence and/or
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TBEV Neudoerfi
Mus musculus:

Ixodes scapularis

Rattus norvegicus
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Fig. 2 Species distribution of blast hits for differentially-expressed transcripts and differentially-represented proteins in TBEV-infected IDE8 and IRE/
CTVM19 cells in the nt and nr database. The numbers of transcripts (a and b) and proteins (c and d) with homology to published sequences from
I. scapularis, other tick species, other arthropod species and vertebrate species are shown for IDE8 (A and C) and IRE/CTVM19 (B and D). Transcript
numbers on the x-axes were determined by combining results from both time-points. Species to which the transcripts and proteins showed the
highest homology are shown on the y-axes
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assembly quality, lack of homology to the I scapu-
laris genome due to its fragmented state or that these se-
quences represent novel species-specific transcripts [68].

With respect to the statistically significantly differentially-
represented proteins, the majority in both IDE8 (Fig. 2c)
and IRE/CTVM19 (Fig. 2d) corresponded to I scapularis
followed by other tick species including Amblyomma
spp., Hyalomma marginatum rufipes and Haemaphy-
salis ginghaiensis.

The I scapularis genome is currently not fully an-
notated, and annotation of transcripts or proteins, in-
cluding the inference of their functional role, relies in
the majority of cases on sequence similarity to evo-
lutionarily quite distant species, including mammals
and insects with well-annotated genomes. Thus al-
though homology is observed for a specific transcript
or protein, it might have evolved functions within the
tick different from those within other species. This
comparative approach might therefore be misleading
and makes it difficult to infer true biological role by
sequence similarity, conserved domains and/or litera-
ture search. Currently the only method to identify
possible target genes within large datasets of ticks is
to infer biological function from other better-annotated
organisms or from sequence similarity to other model or
non-model organisms.

To allocate annotated differentially-expressed tran-
scripts and differentially-represented proteins to bio-
logical process groups, ontology information, including
information for conserved domains, was retrieved from
the UniProt/Swiss-Prot and Panther databases. Ontology
information was manually augmented and/or curated
using literature search. Some of the transcripts and pro-
teins were grouped into more than one biological
process. In IDE8 the most abundant subcategories
within biological processes were nucleic acid processing
(23 %), metabolism (23 %) and cell stress (21 %) at the
transcript level (Fig. 3a), and nucleic acid processing
(30 %), transport (22 %) and cell cycle (20 %) at the pro-
tein level (Fig. 4a). In IRE/CTVMI19, ignoring those
transcripts with no blast hits (30 %), the majority of
transcripts were of unknown ontology (26 %) followed
by those involved in immunity (10 %), transport (10 %)
and cell stress (8 %) (Fig. 3b). At the protein level the
majority were classed into nucleic acid processing
(25 %), transport (22 %) and cell stress (15 %) (Fig. 4b).

In both cell lines, high levels of virus (Fig. 1b) were asso-
ciated with up-regulation of transcripts annotated as im-
munity or metabolism and down-regulation of transcripts
annotated as cell stress and protein folding. At the protein
level, proteins annotated as cell stress or protein folding
were, as with transcripts, amongst those consistently
down-regulated. Equivalent biological process groups, as
well as specific transcripts and proteins, have been
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observed to be differentially expressed in studies of mos-
quitoes and mosquito cells upon virus infection [65, 69,
70]. Although some of these studies showed different di-
rections of representation, this might be attributed to dif-
ferent sampling times, different host and/or virus species
and/or in vivo versus cell line usage. When comparing the
transcript and protein profiles for each cell line at each
time-point individually, there is little correlation at the
biological process group level (Fig. 3a and b compared to
Fig. 4a and b) between transcripts and proteins, apart
from those involved in protein folding and cell stress, both
of which are generally down-regulated in both TBEV-
infected cell lines at both time-points. This lack of
correlation between statistically significantly differentially-
expressed transcripts and differentially-represented pro-
teins was also observed in studies on tick cell responses to
infection with intracellular bacteria [67, 71, 72], and
probably reflects the different half-lives of mRNA
and proteins and differential regulation of systems at
the transcriptional, post-transcriptional, translational
or post-translational levels. Novel approaches could
increase the correlation between these datasets, for
example proteomics informed by transcriptomics [73]
which has recently been applied to ticks in vivo [51, 74].

Comparing the response to TBEV infection of IDE8
cells with that of IRE/CTVMI19 cells, it is apparent
that the two cell lines respond differently. Both the
actual differentially-expressed transcripts (Fig. 3c) and
differentially-represented proteins (Fig. 5), and their
expression/representation levels, were different. The
differential response at the transcript level might be,
at least in part, an artefact resulting from the neces-
sity for using different assembly approaches for the
two cell lines, with de novo assembly for IRE/CTVM19
and mapping against a reference genome for IDES; how-
ever, a recent study investigating the effect of these two
different approaches on differential gene expression found
that they usually agree well with each other [75]. Further-
more, the same method of protein identification and stat-
istical analysis was used for both cell lines, and thus the
different response is more likely to be due to cell line-
specific differences.

To validate the differential gene expression ob-
served during RNA-Seq, twelve transcripts differen-
tially expressed in the transcriptomics data, and/or coding
for differentially represented proteins in the proteomics
data, were selected for qRT-PCR analysis. Preference was
given to those putatively involved in immunity or cell
stress, and transcripts/proteins with a range of different
expression levels were chosen. Transcripts for the house-
keeping genes ribosomal protein L13A and beta actin
were used for normalisation since neither was differen-
tially expressed in either of the cell lines at either time-
point in the transcriptomic data. Most of the twelve
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transcripts showed similar fold changes by qRT-PCR
and RNA-Seq, or at least confirmed the trend seen in
the sequencing data (Additional file 4). The differences

observed between the two techniques qRT-PCR and
RNA-Seq for complement factor H in both cell lines
and coagulation factor in IDE8 cells at day 6 p.i.
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(Additional file 4, A) might result from splice variants
of these transcripts, different RNA processing tech-
niques, primer design, the choice of reference genes
and/or the different normalisation methods — normal-
isation across the whole transcriptome for sequencing
depth with RNA-Seq versus normalisation against spe-
cific transcripts with qRT-PCR [76]. Similar observa-
tions, in which the differential gene expression data by
RNA-Seq was, for most transcripts, in good agreement
with qRT-PCR data in showing at least a similar trend
in differential expression, have also been reported in
other transcriptomic studies [77-79].

Functional role of selected cell stress and immunity genes
and proteins in tick cells during LGTV infection

The main aim of this study was to identify transcripts
and proteins which might have an antiviral role in tick
cells. Therefore further analysis was undertaken on
differentially-expressed transcripts and differentially-
represented proteins with a possible role in innate

immunity or cell stress (Fig. 6). For these experiments
we used LGTV because it can be used at biosafety level
2, in comparison to TBEV which in many countries has
to be handled at a higher level of containment. As it
cross-protects against the more pathogenic virus [ 80 ],
LGTYV is likely to be affected by the same cellular re-
sponses as TBEV. To test this hypothesis, IDE8 and IRE/
CTVM19 cells were infected with LGTV at MOI 5 or
mock-infected with the same culture medium as that
used to grow LGTV in Vero cells. At days 2 and 6 p.i,
RNA was extracted and transcribed into ¢cDNA. The
¢cDNA was used for qPCR analysis using the same
primers that were used for validating differential ex-
pression in TBEV-infected cells. Transcript expression
in LGTV-infected cells (Additional file 5) revealed a
similar trend in differential expression to that of
TBEV-infected cells (Additional file 4). However, for
some transcripts there was a difference in the level and/
or timing of transcript expression. With the exception
of complement factor H and coagulation factor, which
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were both up-regulated in TBEV-infected cells (Add-
itional file 4) and down-regulated in LGT V-infected cells
(Additional file 5), the trend in differential expression of
all other transcripts was the same in LGTV- and TBEV-
infected cells.

Selected transcripts were then silenced using sequence-
specific dsSRNA in IDE8 and/or IRE/CTVM19 cells, the
cells were then infected with LGTV and virus replica-
tion and infectious virus production were measured by
qRT-PCR and plaque assay respectively. Genes possibly
involved in immunity such as those encoding comple-
ment factor H or trypsin or those possibly involved in
cell stress such as those encoding calreticulin, HSP90,
gp96 and HSP70 were silenced in both tick cell lines.
Transcripts encoding Argonaute (Ago 30) and Dicer
(Dcr 90) were included as positive controls [38], while
cells treated with non-specific dsRNA against eGFP
were used as baseline controls. Three independent

experiments with quadruplicate samples were con-
ducted per cell line; thus 12 samples were analysed in
total per cell line. Only those replicates in which silen-
cing was confirmed were included in the statistical
analysis.

In IDES cells, silencing was confirmed in all 12 replicate
samples treated with dsRNA against Ago 30, trypsin,
HSP90, HSP902 and gp96 with 44-98 % efficiency, 11/12
replicates for calreticulin and HSP70 with 31-85 % effi-
ciency and 9/12 replicates for Dcr 90 and complement
factor H with 7-100 % efficiency; silencing efficiencies are
shown in Fig. 7a, b and c. Variability in knockdown effi-
ciency and consistency for individual transcripts has also
been observed in other studies on tick cells [67] as well as
studies on other arthropods [81-83]. Variability could be
due to tick cells counteracting the RNAI response by in-
creasing transcription, transcripts being differentially pro-
tected from RNases, particular dsRNAs being efficiently
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Immunity/Cell stress ISCW022766/BTQC85 Tumor rejection antigen (gp96)

Tr: ipts log; fold ged Proteins differentially represented
IDE8 IRE/ICTVM19 IDE8 IRE/CTVM19
Category Transcript/protein Annotation 2d Gd 2d 6d 2d 6d 2d Gd
Immunity IsCwoz23r21 CD36 antigen 1.36 1.78
Immunity ISCW004002 Longipain
Immunity QBEHIS Fth1 protein
Immunity ISCW008209 Hebraein
Immunity ISCW022021 Complement Factor H, putative
Immunity ISCWO011174 Coagulation Factor precursor, putative
Immunity ISCW006166 Trypsin, putative
Immunity ISCW014289/B7QIP4  4SNc-Tudor domain protein
Immunity ISCWO006386/BTPNNT  Aftractin and platelet-activating factor acetylhydrolase
Immunity ISCWO017579/B7PGS7  Transcription factor NFAT, subunit NF45
Immunity ISCW011373/B7Q51 Cniwi protein

Immunity/Cell stress ISCWO008184 Calreticulin

Immunity/Cell stress  ISCW007552 Peroxinectin

Cell stress ISCW024062 Heat shock HSP20 protein, putative

Cell stress ISCW024057 HSPTO

Cell stress ISCW015267 Heat shock protein, putative

Cell stress ISCW001763 Heat shock HSP20 protein, putative

Cell stress ISCW024910 Heat shock protein

Cell stress ISCW015266 Heat shock HSP20 protein, putative

Cell stress ISCW002513 Alpha-crystallin B chain

Cell stress ISCW024054 Heat shock protein 20

Cell stress ESHNCE Putative uncharacterized protein

Cell stress EQVONT Heat shock protein 70kDa

Cell stress B4MA19 GJ15754 OS

Cell stress C4AMX30 90 kDa heat shock protein

Cell stress DSKXWT Heat shock protein 90

Cell stress ISCWO016090/B7P128  Heat shock protein

Cell stress ISCWO009087/B7PYPS Heat shock protein 90

Cell stress ISCWO017192/B7TPBQ5 HspT0

Cell stress ISCW014211/B7QI53  Apoptosis-promoting RNA-binding protein TIA-1/TIAR
Cell stress ISCW019519/B7TPWC4  Poly [ADP-ribose] polymerase

Cell stress ISCW0197864/BTPSWS  Programmed cell death 6-interacting protein
Cell stress ISCWO003709/B7PGQ2 Calnexin

Cell stress ISCWO012646/B7QEEQ  Hypoxia up-regulated protein

Cell stress ISCW018779/B7PNUS  DnaJ domain and thioredoxin-containing protein

red = down-regulation/under-representation; black = no change

Fig. 6 Transcripts and proteins putatively involved in immunity and cell stress in TBEV-infected IDE8 and IRE/CTVM19 cells. Statistically significantly
differentially-expressed transcripts and differentially-represented proteins with a possible role in immunity and/or cell stress are listed and their levels of
differential regulation in TBEV-infected IDE8 and IRE/CTVM19 cells at days 2 and 6 p.i. are shown. Green = up-regulation/over-representation;

degraded before achieving a knockdown or target mRNAs
being too transient [81]. In IRE/CTVM19 cells, knock-
down of transcripts was generally less efficient and con-
sistent than in IDES8 cells, ranging from 5-85 % silencing
efficiency and between 6 and 12 replicates showing silen-
cing, depending on the target transcript, over three
independent experiments; silencing efficiencies are shown
in Fig. 8a, b and c.

RNAi is probably the most important antiviral re-
sponse in insects [9]. The importance of the RNAIi re-
sponse in the antiviral defence response in tick cells was
recently confirmed by detecting specific viRNAs in tick
cells infected with LGTV and observing a proviral effect
upon silencing of orthologues of key members of the
RNAi pathway (Ago 30 and Dcr 90) [38]. Although Ago
30 and Dcr 90 were not differentially expressed upon
TBEV infection in the present study, they were included
as positive controls. Both proteins are known to be in-
volved in RNAi [38] and knockdown would be expected
to result in an increase in levels of viral RNA as well as
infectious virus. In IDE8 cells, silencing of Dcr 90 re-
sulted in a significant increase in LGTV RNA levels and

silencing of Ago 30 resulted in a significant increase in
levels of both LGTV RNA and infectious virus (Fig. 7d
and e). In IRE/CTVM19 cells, significant increases in
both LGTV RNA levels (Fig. 8d) and infectious virus
(Fig. 8e) were observed following knockdown of both
Ago 30 and Dcr 90. This confirms the role of RNAI as
an antiviral response in tick cells.

Knockdown of ISCW022021, annotated as comple-
ment factor H, resulted in an increase in LGTV RNA
and infectious virus in IDE8 cells (Fig. 7) but not in IRE/
CTVM19 cells (Fig. 8). Complement Factor H, up-
regulated on day 6 p.i. in IRE/CTVMI9 cells (Fig. 6),
functions in vertebrates as a negative regulator of the al-
ternative pathway of the complement system and as a
pattern recognition molecule binding with high effi-
ciency to host-specific molecular signatures, such as
heparin and sialic acid, thereby protecting uninfected
cells from the complement system [84]. In vertebrates,
the complement system is an important innate immune
response against different families of viruses [85-87].
However some viruses, such as West Nile virus (WNV),
are able to evade the complement system by binding
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A Ago 30 Der 90

Ago 30 eGFP Dcr90 eGFP

0.0

Gene expression relative to eGFP

o
M
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ANOVA Fisher's LSD test (* p < 0.05, ** p < 0.001)

Fig. 7 Gene knockdown and the effect on LGTV replication and production in IDE8 cells. IDE8 cells were treated with dsRNA to silence selected
transcripts and subsequently infected with LGTV at MOI 0.01. a Transcripts coding for Argonaute (Ago 30) and Dicer (Dcr 90) were amplified by
RT-PCR using dsT7-Ago 30 or dsT7-Dcr 90 primers and visualised by agarose gel electrophoresis. A representative 1 % agarose gel from one of
the three experiments is shown; upper lanes show Ago 30 and Dcr 90 PCR products, lower lanes show beta actin PCR products. b Gel-electrophoresis
images were used to semi-quantify mRNA knockdown of Ago 30 and Dcr 90 with Image Lab software (BioRad) normalised to beta actin control.

¢ Knockdown of mRNA of the genes listed in the x-axis was quantified using gRT-PCR with gRT-PCR primers (Additional file 1). Gene expression was
normalised to beta actin and is shown relative to eGFP-dsRNA controls. d Viral RNA levels were determined by qRT-PCR using LGTV NS5 primers at
48 h p.i.. The data was normalised to beta actin and is presented for each of the genes listed in the x-axis, and for cells that were not treated with any
dsRNA and then infected with LGTV (Virus), as fold change relative to eGFP dsRNA controls. e Infectious virus present in the supernatant was titrated
by plague assay at 48 h p.. and the titres are presented for each of the genes listed in the x-axis, and for cells that were not treated with any dsRNA
and then infected with LGTV (Virus), as fold change relative to titres in the eGFP-dsRNA control. The mean with standard error of three independent
experiments is shown, including only those replicates in which the knockdown was validated. Statistical significance was calculated using two-way

of LGTV NS5 (48 h p.i.)

normalized relative expression
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Fold change in viral titre relative to
viral titre in eGFP

J

and recruiting Factor H, resulting in decreased comple-
ment activation and reduced targeting of virus-infected
cells [88]. Although ticks have been shown to have a
complement system, with all a2 -macroglobulin family
proteins, insect thioester-containing and macroglobulin-
related proteins [89, 90], that functions against different
types of bacteria [89, 91], nothing is known about the
antiviral effect of the tick complement system.

If complement factor H interacts with LGTV in
tick cells similarly to WNV in mammalian cells, a
decrease in virus replication and/or production would
be expected but the opposite was seen in the present
study. The increase in viral RNA levels and infectious

virus in tick cells upon silencing of complement factor
H might have resulted in exhaustion of the comple-
ment system and lack of any complement antiviral-
activity. The fact that complement factor H was up-
regulated in response to virus infection suggests an
antiviral role, supported by the observed increase in
viral RNA levels and infectious virus upon silencing of
complement factor H. The designation of ISCW022021
as complement Factor H by the Ixodes scapularis Gen-
ome Project [92] might be misleading and, instead of
being involved in the complement system, it might be
involved in another antiviral innate immune response.
Further sequence and functional analyses are required
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Fig. 8 Gene knockdown and the effect on LGTV replication and production in IRE/CTVM19 cells. IRE/CTVM19 cells were treated with dsRNA to
silence differentially-expressed transcripts and were subsequently infected with LGTV at an MOI of 0.5. a Transcripts coding for Argonaute (Ago
30) and Dicer (Dcr 90) were amplified by RT-PCR using dsT7-Ago 30 or dsT7-Dcr90 primers and visualised by agarose gel electrophoresis. A
representative 1 % agarose gel from one of the three experiments is shown; upper lanes show Ago 30 and Dcr 90 PCR products, lower lanes
show beta actin PCR products. b Gel-electrophoresis images were used to semi-quantify mRNA knockdown of Ago 30 and Dcr 90 with Image
Lab software (BioRad) normalised to beta actin control. ¢ Knockdown of mRNA was quantified using gRT-PCR. Gene expression was normalised to
beta actin and is shown relative to eGFP-dsRNA controls. d Viral RNA levels were determined by gRT-PCR using LGTV NS5 primers at 24 h p.i. The
data was normalised to beta actin and is presented for each of the genes listed in the x-axis, and for cells that were not treated with any dsRNA
and then infected with LGTV (Virus), as fold changes relative to eGFP dsRNA controls. e Infectious virus present in the supernatant was titrated by
plagque assay at 24 h p.i. and the titres are presented for each of the genes listed in the x-axis, and for cells that were not treated with any dsRNA
and then infected with LGTV (Virus), as fold change relative to titres in the eGFP-dsRNA control. The mean with standard error of three
independent experiments is shown, including only those replicates in which the knockdown was validated. Statistical significance was calculated using

two-way ANOVA Fisher's LSD test (* p < 0.05, ** p < 0.001)

to determine the role of ISCW022021 within the tick  viral RNA levels seen in the present study in cultures in
cell innate immune response. which HSP90 and HSP70 were silenced, compared to

Silencing of HSP90 and HSP70 resulted in an increase  unsilenced controls. It would be interesting to test
in LGTV RNA levels in IDES cells (Fig. 7). This suggests ~ whether simultaneous knockdown of both HSP70 and
that HSP90 and HSP70 might be involved in loading of  HSP90 would augment the increase in viral RNA levels.
siRNA duplexes into Ago 2, as observed in Drosophila  Knockdown of trypsin also resulted in a significant in-
[93]; thus knockdown of either protein would lead to an  crease in LGTV production accompanied by a slight
impairment of RNAi, which would result in reduction of  non-significant increase in viral RNA levels. The putative
degradation of viral RNA, as suggested by the higher antiviral effect of trypsin might be due to its serine
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protease activity, since serine proteases are involved in
the modulation of several immune signaling pathways
[94-96] and, of these, one or more might mediate an
antiviral role in tick cells.

In contrast to the results with IDE8 cells, in IRE/
CTVM19 cells only silencing of Ago 30 and Dcr 90 re-
sulted in significantly increased virus replication and
production (Fig. 8). Silencing of HSP90 and gp96 in IRE/
CTVM19 cells resulted in a significant increase in virus
production without affecting LGTV RNA levels, suggest-
ing an antiviral role for these proteins at the post-
transcriptional level in this cell line. HSP90 and gp96 are
both heat-shock proteins which are involved in folding
of different client proteins. Inhibition of HSP90 in mam-
malian cells has been shown to block viral replication
[97, 98] and this protein has been proposed to be an im-
portant factor in the replication of a wide spectrum of
RNA viruses [98]. In the present study in tick cells, how-
ever, HSP90 seemed to be involved in the antiviral re-
sponse with an inhibitory influence on virus RNA levels
in IDE8 and at the post-translational level in IRE/
CTVM19. The ER-based heat-shock protein gp96 is im-
portant for the folding of Toll-like receptors (TLRs) and
integrins in mammals and Drosophila [99]. The putative
antiviral role of gp96 observed in the present study might
be due to its capacity for folding TLRs or other client pro-
teins involved in the antiviral response, which upon silen-
cing would cause an increase in virus production.

Silencing of complement factor H, which resulted in
increased LGTV replication and production in IDE8
cells, did not show any effect in IRE/CTVM19 cells. This
could be due to the less efficient and more variable si-
lencing in the latter cell line, compared to IDES8 cells.
Additionally the different responses of the two cell lines
to LGTYV infection could represent a cell line-specific re-
sponse towards flavivirus infection; however most of the
transcripts tested in silencing experiments were differen-
tially expressed upon TBEV infection in IRE/CTVMI19
but not in IDE8. The different responses could indicate
a species-specific response since the two cell lines were
derived from different tick species, or could be due to
the heterogeneity of the cell lines [41] or presence of en-
dogenous viruses. Both IDE8 and IRE/CTVM19 cells are
persistently infected with endogenous viruses, St Croix
River virus and unidentified reovirus-like particles re-
spectively [100, 101], which could affect the innate im-
mune response towards infection with another virus.
The presence of an endogenous virus could either sup-
press or persistently activate certain immune responses
thereby affecting silencing of genes and the effect on
virus replication and production. Furthermore, each cell
line might have a different timing in the response to
virus infection, with IDE8 cells possibly activating a re-
sponse faster than IRE/CTVMI19, which could explain
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the higher virus titres observed for IRE/CTVM19 in the
TBEV growth curve experiment.

Interestingly, LGTV production in samples of both cell
lines not treated with dsRNA prior to LGTV infection
was significantly higher in comparison to samples treated
with control dsRNA against eGFP, suggesting that dsRNA
treatment alone triggers an antiviral immune response.
This is in contrast to studies on mosquitoes and Drosoph-
ila in which an antiviral response, possibly RNAi, was
shown to be triggered by virus-specific dsSRNA but not by
non-specific dsRNA [102, 103]. A possible explanation for
this difference could be the presence of RNA-dependent
RNA polymerase in ticks [21] that could be involved in
boosting the non-specific antiviral immune response seen
in tick cells against non-specific dsRNA. However, studies
in other arthropod systems including sandfly cells [104],
shrimp [105] and honey bees [106] also showed that non-
specific dsSRNA can trigger an antiviral state affecting virus
infection. Interestingly, dsRNA encoding eGFP resulted in
an increase in Dcr 2 levels in Bombyx mori [107], suggest-
ing that Dcr 2 recognises dsRNA as a pathogen-associated
molecular pattern, which might result in the expression of
Vago, an interferon-like molecule inducing an antiviral
state in neighbouring cells, as described in Drosophila and
mosquitoes [108, 109]. Possible homologues of insect
Dicers were recently identified in the I scapularis gen-
ome and phylogenetic analysis suggests that Dcr 89 is a
possible homologue of insect Dcr 2, whereas Dcr 90 is a
possible homologue of Dcr 1 [38]. If Dcr 2 and Vago are
also induced in tick cells upon addition of non-specific
dsRNA, thereby causing an antiviral state in neighbour-
ing uninfected cells and resulting in reduced virus infec-
tion levels in the culture overall as observed in the
present study, this could suggest a non-specific antiviral
response which recognises dsRNA as foreign in tick
cells. Vago has been shown to be present within the I
scapularis genome [110]; it would therefore be interest-
ing to investigate whether it has a similar function in
ticks as it has in insects.

The observation that, in both tick cell lines, silencing
of Ago 30, Dcr 90 and HSP90 resulted in increased
LGTV NS5 expression and/or virus production
strengthens the hypothesis that these proteins are in-
volved in the antiviral response in tick cells. Addition-
ally, the finding that silencing of complement factor H,
trypsin and HSP70 in IDE8 and gp96 in IRE/CTVM19
resulted in a proviral effect is encouraging and warrants
further experiments to elucidate their roles in the anti-
viral response in tick cells.

Other transcripts and proteins that may be involved in
innate immunity

In addition to complement factor H and trypsin, which
were grouped into the biological process group innate
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immunity and were functionally analysed in the previous
section, several other transcripts and proteins with a
possible role in the innate immune response of tick cells
to virus infection were differentially expressed/repre-
sented. Those most likely to be involved in innate im-
munity are discussed below; others are discussed in
Additional file 6.

Of the differentially-expressed transcripts in IDES
cells, two were inferred by GO ontology descriptors to
be involved in innate immunity: the class B scavenger re-
ceptor CD36 and the cysteine protease longipain (Fig. 6).
CD36 is a surface receptor on tick haemocytes that is
up-regulated upon bacterial infection in H. longicornis,
where it is involved in granulocyte-mediated phagocyt-
osis of Escherichia coli [111]. CD36 has also been sug-
gested to be involved in the RNAi pathway [112]. RNAi
is currently the only antiviral pathway known to be ef-
fective in ticks [38]. Up-regulation of CD36 in IDES cells
upon TBEV infection is therefore intriguing and could
be an indicator of up-regulation of the RNAIi response.
Longipain is present in and on the surface of lysosomes
in the midgut of the tick Haemaphysalis longicornis and,
in addition to playing a role in blood digestion, is in-
volved in dose-dependent killing of Babesia parasites
[113]. Longipain has a high homology to cathepsin B
[113], which in mosquitoes is indirectly involved in defence
responses against viruses by triggering apoptosis as ob-
served during dengue virus (DENV) infection [83]. It is not
known whether longipain has a similar function in ticks.

In IRE/CTVM19 cells, more transcripts with a poten-
tial link to an antiviral response were up-regulated than
in IDE8 (Fig. 6). One of these, peroxinectin, up-
regulated on day 6 p.i. (Fig. 6), is a cell adhesive peroxid-
ase which is stored in haemocyte granules in crusta-
ceans. Upon an immune stimulus, peroxinectin is
released from cells by degranulation and is activated by
serine proteases to stimulate cell adhesion, encapsula-
tion, phagocytosis and peroxidase activity [114—117]. In
the mud crab, white spot syndrome virus (WSSV) infec-
tion results in increased expression of peroxinectin
within the first 48 h; this increase is associated with a la-
tent period of WSSV infection, suggesting that peroxi-
nectin is involved in the early defence response against
this virus [118]. Furthermore, peroxinectin in crusta-
ceans is associated with the prophenoloxidase (proPO)
system, as both require the same activating enzyme, a
trypsin-like serine protease [119, 120]. However in con-
trast to other arthropods, ticks are assumed to lack the
proPO system, since no proPO-related gene has so far
been identified [15, 18], although controversial reports
of the existence of this innate immune response in ticks
exist [121-123]. Interestingly, the serine protease trypsin
was also up-regulated on day 6 in IRE/CTVMI19 cells
(Fig. 6).
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At the protein level, in IDE8 on day 2 and IRE/
CTVM19 on day 6, the 4SNc-Tudor (Tudor-SN) domain
protein was under-represented. Tudor-SN is part of the
RISC complex in Drosophila, Caenorhabditis elegans
and mammals [124] and is involved in binding and
possibly cleaving hyper-edited dsRNAs and miRNAs in
Xenopus laevis and humans respectively [125, 126].
Tudor-SN is expressed, and suspected to be part of the
RISC complex, in ticks [21]; it plays a role in tick feeding
and the RNAi pathway but does not appear to be in-
volved in innate responses to TBEV or LGTV [127].

In IRE/CTVM19 at day 6 p.i., Cniwi, a PIWI 1 pro-
tein, was under-represented. PIWI proteins are part of
the piRNA pathway which was initially thought to pro-
tect germline cells from transposable elements in Dros-
ophila. However, virus-specific piRNA molecules were
found to be expressed for a variety of different viruses
in Drosophila [128] and mosquitoes [129-132], suggest-
ing a possible antiviral role for the piRNA pathway. In
a recent study, the antiviral role of PIWI proteins was
confirmed when knockdown of PIWI proteins resulted
in an increase in Semliki Forest virus replication and
production in mosquito cells [132]. It would be tempting
to speculate that this pathway might also be important for
the antiviral response against TBEV in tick cells. Under-
representation of these two proteins in infected cells
would be consistent with suppression of RNAi or perhaps
customisation of the RNAI system to virus infection.

Other transcripts and proteins that may be involved in
cell stress

In addition to HSP70, HSP90, gp96 and calreticulin,
which were grouped into the biological process group
cell stress and were functionally analysed above, several
other transcripts and proteins involved in cell stress
(Fig. 6) might also have an important role in the re-
sponse of tick cells to virus infection. Those most likely
to be involved in cell stress are discussed below; others
are discussed in Additional file 6.

Heat-shock proteins are the most abundant and ubi-
quitous soluble proteins in all forms of life and are
involved in a multitude of housekeeping functions essen-
tial for cell survival [133]. Studies on tick cell responses
to bacterial infection revealed pathogen- and species-
specific differences in the expression of HSPs [71, 134].
HSP20 and the small HSP alpha-crystallin B chain were
under-represented in both IDE8 and IRE/CTVM19 cells
on day 2 p.i. at the transcript level (Fig. 6). In vertebrate
cells the generation of large amounts of viral proteins
leads, through the unfolded protein response of the
endoplasmic reticulum (ER), to cell stress and an in-
crease in HSPs [135, 136]. However, there is evidence
that in vertebrates some HSPs may be controlled to dis-
rupt virus replication.

66



Weisheit et al. Parasites & Vectors (2015) 8:599

Other proteins involved in cell stress include the
three ER chaperones calreticulin, calnexin and gp96.
In mammalian cells, calreticulin, a soluble lectin-like
chaperone, is involved in Ca®>* homeostasis and is im-
portant for the processing and maturation of viral
glycoproteins [137, 138]. Knockdown of calreticulin in
Vero cells reduces the yield of infectious DENV parti-
cles [139]. Similarly, knockdown of calreticulin in Ba-
besia bigemina-infected Rhipicephalus microplus ticks
reduced the level of this protozoan parasite [140].
Calnexin, a membrane-bound chaperone of the ER similar
to calreticulin, that was up-regulated at the transcript level
in IRE/CTVM19 at day 2 p.i.,, has been shown to be im-
portant for viral glycoprotein processing and matur-
ation [138]. In Vero cells, both calnexin and calreticulin
have been shown to be important for the production of
infectious DENV particles by interacting with the glyco-
sylated DENV E protein, facilitating proper folding and as-
sembly of DENV proteins [139]. Under-representation
of calnexin in IRE/CTVMI19 cells at day 6 could be
interpreted as an antiviral response selected to curtail
virus production.

The tumour-rejection antigen gp96 which was up-
regulated in IRE/CTVMI19 cells on day 2 pi. and
under-represented at the protein level on day 6 p.i.
(Fig. 6), is important in mammalian cells for chaperon-
ing TLRs and integrins. Up-regulation of ER chaper-
ones such as gp96 and calreticulin upon virus infection
could be a sign of ER stress, which in mammals can
lead to triggering of apoptosis or the unfolded protein
response leading to inhibition of translation or apop-
tosis [141]. There is currently no published information
on translational inhibition or regulation of the unfolded
protein response in ticks.

Transcripts and proteins that may be involved in nucleic
acid processing

Several transcripts and proteins involved in nucleic
acid processing functions, such as replication, tran-
scription, processing of nucleic acid or translation,
were differently expressed upon TBEV infection in
tick cells. This is not surprising since viruses require
the nucleic acid processing machinery of the host to
amplify their genome and many viruses perturb these
processes in cells or manipulate them for their own
advantage. Differential regulation of this group of
transcripts and proteins was also observed in several
other transcriptomic and proteomic studies of arthro-
pods upon virus infection (e.g. [65, 66, 70, 83, 142]).
Many of these transcripts and proteins might be in-
volved in replication and translation of TBEV in tick
cells and might be interesting targets for future re-
search to understand virus infections in tick cells and
ticks. Histones and elongation factor (EF)-1 alpha
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were differentially represented at both the transcript
and protein levels. Several viral proteins have been
shown to target histone proteins and host chromatin
to interfere with host gene expression by various
mechanisms and for different purposes [143]. The C
protein of DENV for example targets core histones
during infection to disrupt the host cell genetic ma-
chinery in favour of viral replication [144]. EF-1 alpha
was up-regulated and shown to be important for virus
replication in mammalian and mosquito cells during
DENV and WNV infection [145-147]. Interestingly,
the eukaryotic translation initiation factor eIF3 was
under-represented at the protein level in IDE8 cells at
day 6 p.. and in IRE/CTVMI19 cells at day 2 p.i. as
observed during WNV infection in Vero cells [148].
This is surprising since eIF3 together with the 40S riboso-
mal subunit, also under-represented in the present
study, have been shown to be important during the ini-
tial phase of protein synthesis, and flaviviruses are
thought to prevent host cell protein shutoff, at least in
mammalian cells [149]. However, a recent study using
yellow fever virus (YFV) in mammalian cells found that
NS5 interacts with elF3L, a subunit of elF3, and that
overexpression of this subunit facilitates YFV transla-
tion but does not affect global protein synthesis [150].
This suggests that elF3 is also important in tick cells
for replication of flaviviruses but that down-regulation
of this initiation factor might have an antiviral effect.
Furthermore EF-2, t-RNA synthetasen and several
other participants in the translation of RNA were also
under-represented in the present study.

Another interesting observation is that in both cell
lines at both time-points DEAD-box RNA helicase
was up-regulated at the protein level which was also
seen at the transcriptional level for DENV in Aedes
aegypti cells [69]. This is interesting, since Dcr 2, a
DExD/H-box helicase, was shown to be capable of
sensing viral dsRNA in Drosophila leading to the pro-
duction of possibly antiviral molecules [108].

Conclusions

This is the first study that combines transcriptomic and
proteomic analysis to investigate the response of tick
cells to infection with a medically important virus. Des-
pite the limitations imposed on the study by biosafety
considerations, the findings represent a valuable baseline
for future research. Tick cells responded to TBEV infec-
tion by changing the expression and/or representation of
cellular genes and proteins involved in a variety of bio-
logical processes, including metabolism, transport, pro-
tein folding, nucleic acid processing, signaling, cell stress
and immunity, revealing a complex response of tick cells
to virus infection at both the transcriptome and prote-
ome levels, as observed in other arthropods upon virus
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infection [65, 66, 69, 70, 83, 142, 148, 151-153]. Some of
these transcripts and/or proteins, such as those involved
in nucleic acid processing, transport, metabolism, pro-
tein folding and cell stress, have also been identified in
other species as important host cell factors exploited by
viruses to support their life cycle in processes including
endocytosis, trafficking, viral RNA transcription and
translation and virus maturation. Further analyses of
these transcripts/proteins using techniques such as
Western blotting, although limited by the lack of specific
antibodies to tick proteins, might reveal specific factors
required for successful infection, replication and produc-
tion of viruses in ticks and tick cell lines. The dataset
created in the present study represents an important
starting point for elucidating the viral life cycle and
virus-vector relationships.

Several of the identified transcripts and/or proteins
have a possible role in immune-related pathways such
as the ubiquitin-proteasome pathway, phagocytosis, the
complement system, the piRNA pathway and the un-
folded protein response. It is obvious from the present
study that RNAI is not the only mechanism involved in
the antiviral defence response of ticks and that further
research is required to elucidate the cellular mecha-
nisms behind virus infection in tick cell lines and ticks.
While some of the changes observed upon virus infec-
tion could be a response to any microorganism or to
cell stress, others appear to be more specific to virus in-
fection, including a Cniwi protein and the 4SNc Tudor
domain protein, which are components of the RNAIi
pathway. Therefore tick cells seem to be able to re-
spond differently to viral and bacterial infection. This is
not surprising since tick cells have been shown to be
able to raise a specific response against certain bacterial
infections [89, 91].

An unexpected but interesting observation was the
down-regulation/under-representation of the heat-shock
proteins upon TBEV infection in both tick cell lines.
This is surprising since vertebrate and invertebrate HSPs
are usually up-regulated upon virus infection and some
viruses exploit the presence of HSPs to support virus
infection [135, 136]. However, HSPs might also have
an antiviral effect due to their implication in loading
siRNAs into the RISC complex in Drosophila. Thus
the down-regulation of HSPs might either be a cellular in-
nate immune response protecting the cell by possibly pre-
venting correct folding of the large number of viral
proteins, thereby reducing the production of viral parti-
cles, or a response induced by the virus to prevent an
efficient RNAi response. Knockdown of the RNAi com-
ponents Ago 30, Dcr 90, the putative complement com-
ponent complement factor H, the serine protease
trypsin and the HSPs HSP90, HSP70 and gp96, suggests
a role for these in the antiviral response of tick cells.
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Overall the two cell lines showed a complex expres-
sion pattern upon TBEV infection, with differences in
expression when compared to each other at both the
transcript and protein levels (Fig. 6). These differences
could be caused by the necessity of using different
methods used to assemble the transcriptomic data, or
could represent cell line-specific responses to TBEV in-
fection. One cell line might react more slowly in re-
sponse to virus infection than the other. Alternatively
the response might be species-specific, since the two cell
lines are derived from different tick species. Further-
more, both cell lines are heterogeneous, with a range of
different cell types present within each culture which
could be responding differently to virus infection.

This study enhances the understanding of viral infec-
tion of tick cells by identifying transcripts and proteins
which may have a role in the innate antiviral defence re-
sponse of ticks by augmenting or limiting virus produc-
tion. This preliminary knowledge can be used in future
studies to identify important host cell factors required
for viral infection, as well as elucidating the innate im-
mune response of tick cells to virus infection.
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Additional file 1: List of primers used in the quantification of TBEV
infection, for validation of differential transcript expression and for
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Additional file 3: TBEV infection levels in mock-infected and TBEV-
infected tick cells. Numbers of copies of TBEV NS5 were determined by
gRT-PCR using NS5 primers and the linearised plasmid pJET-NS5 to create
a standard curve. Copy numbers were normalised to 1 pg of total RNA.
The limit of detection was derived from the number of NS5 copies in the
highest dilution which was still detectable with a variance less than one
Ct and was normalised to 1 pg of total RNA. (A) IDE8 infected and
mock-infected (control) at days 2 (2d) and 6 (6d) p.. (B) IRE/CTVM19
infected and mock-infected (control) at days 2 and 6 p.i.. Error bars
are standard deviations. Samples marked with + passed both RNA and
protein quality checks and were used in transcriptomic and
proteomic analyses.

Additional file 4: Validation by qRT-PCR of RNA-Seq data for TBEV-
infected IDE8 and IRE/CTVM19 cells. The fold changes in transcript
expression in pooled IDE8 (A) and IRE/CTVM19 (B) samples from RNA-Seq
data calculated by DESeq in R at days 2 (2d) and 6 (6d) p.i. were
compared to the average fold change obtained by qRT-PCR in 2-3
individual biological replicate samples. The dotted line at fold change 1
represents the cut-off for differential expression. Error bars are standard
error of the mean.

Additional file 5: Differential expression levels of transcripts in
LGTV-infected IDE8 and IRE/CTVM19 cells. The fold changes in
transcript expression in IDE8 (A) and IRE/CTVM19 (B) samples infected
with LGTV at MOI 5 at days 2 and 6 p.i. were determined by gRT-PCR.
The mean of three individual biological replicate samples at days 2 (2d)
and 6 (6d) p.i. is depicted. The dotted line at fold change 1 represents
the cut-off for differential expression. Error bars are standard error of the
mean.

Additional file 6: Discussion of additional transcripts and proteins
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(DOCX 16 kb)
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Abstract

Tick-borne encephalitis virus (TBEV), a member of the genus Flavivirus (Flaviviridae), is a
causative agent of a severe neuroinfection. Recently, several flaviviruses have been shown
to interact with host protein synthesis. In order to determine whether TBEV interacts with
this host process in its natural target cells, we analysed de novo protein synthesis in a
human cell line derived from cerebellar medulloblastoma (DAQOY HTB-186). We observed a
significant decrease in the rate of host protein synthesis, including the housekeeping genes
HPRT1 and GAPDH and the known interferon-stimulated gene viperin. In addition, TBEV
infection resulted in a specific decrease of RNA polymerase | (POLR1) transcripts, 18S and
28S rRNAs and their precursor, 45-47S pre-rRNA, but had no effect on the POLR3 tran-
scribed 5S rRNA levels. To our knowledge, this is the first report of flavivirus-induced
decrease of specifically POLR1 rRNA transcripts accompanied by host translational shut-
off.

Author summary

Tick-borne encephalitis virus (TBEV) is a causative agent of a severe human neuroinfec-
tion that threatens Europe and Asia. Little is known about the interaction of this neuro-
tropic virus with neural cells, even though this may be important to better understand
why or how TBEV can cause high pathogenicity in humans, especially following neural
cell infection. Here, we showed that TBEV induced host translational shut-off in cells of
neural origin. In addition, TBEV interfered also with the expression of host ribosomal
RNAs. Interestingly, the transcriptional shut-off was documented for rRNA species tran-
scribed by RNA polymerase I (18S rRNA, 28S rRNA and their precursor 45-47S pre-
rRNA), but not for RNA polymerase III rRNA transcripts (55 rRNA). Artificial inhibition
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of host translation using cycloheximide resulted in the decrease of all rRNA species. Based
on these data, TBEV seems to specifically target transcription of RNA polymerase I. These
new findings further increase our understanding of TBEV interactions with a key target

cell type.

Introduction

The Flaviviridae family contains arthropod-borne viruses including medically important path-
ogens with worldwide distribution and impact, such as dengue virus (DENV), yellow fever
virus (YFV), West Nile virus (WNV), Japanese encephalitis virus (JEV), Zika virus (ZIKV),
and tick-borne encephalitis virus (TBEV) [1].

TBEV causes a severe neuroinfection known as tick-borne encephalitis, which affects thou-
sands of people across Eurasia annually [2, 3]. In recent years, an increase in TBEV infection
rates in affected countries and in its geographical distribution has been observed, involving
previously unaffected areas such as Switzerland and northern Germany [4-6]. Although the
disease is not always fatal (mortality rate of 1-2%), a high percentage of patients (35-58%) suf-
fer from permanent sequelae, such as cognitive or neuropsychiatric afflictions, balance disor-
ders, headaches, dysphasia, hearing defects, and spinal paralysis after overcoming the main
symptoms [2, 7]. Specific antiviral therapy for tick-borne encephalitis does not exist. Neurons
are the primary target for TBEV infection in mice and humans, and according to post mortem
studies of TBEV-infected patients, the cerebellum is one of the main foci affected [8-10].
Understanding the interaction between TBEV and human neural cells is essential as it could
lead to possible new treatment targets and a better understanding of why TBEV infection can
result in severe neurological symptoms. Like all flaviviruses, TBEV is an enveloped virus with a
single-stranded RNA (ssRNA) genome of positive polarity (approx. 11 kb) with a 7-methylgua-
nosine cap at the 5’end. The coding segment is flanked on both ends by untranslated regions
(UTR). Viral proteins are encoded in a single open reading frame that is translated in one
poly-protein which is then proteolytically processed into three structural (C, prM, E) and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) [11-13]. While the
structural proteins are the main building units of the viral particle, the non-structural proteins
are crucial in the TBEV life cycle. They are essential components of viral replication within the
host endoplasmic reticulum or Golgi apparatus-derived membrane compartments and the
virion assembly processes and are involved in immune response evasion/counteractions [14-
16].

Virus replication is reliant on the host protein synthesis apparatus and manipulates it in
favour of viral requirements. There are various strategies viruses use to accomplish this goal
and generally aim at three levels: host translational shut-off, processing of host mRNA, and
host transcriptional shut-off [17, 18]. Translation of eukaryotic and viral proteins is often con-
trolled at the rate-limiting step of initiation and viruses such as Bunyamwera virus, influenza
A virus or poliovirus were shown to target initiation factors [19-23]. More specifically for fla-
viviruses, a recent study [24] documented repression of the host translation initiation step dur-
ing DENV infection and general translational repression was also recorded for WNV and
ZIKV. While inducing host translational shut-off, viral proteins are still synthesised thanks to
alternative translation initiation strategies, such as cap-independent translation [20, 25-27].

Transcription in eukaryotic organisms is carried out by three RNA polymerases: RNA poly-
merase I, II, and III. Each of the RNA polymerase complexes is responsible for the transcrip-
tion of different genes. RNA polymerase I (POLR1) yields a single transcription unit 45-47S
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pre-rRNA, which undergoes a complex maturation process that generates 5.8S, 18S, and 28S
rRNA [28, 29]. RNA polymerase III (POLR3) produces 5S rRNA, tRNAs, and specific small
RNAs [29]. RNA polymerase IT (POLR2) transcribes protein-coding genes and certain small
RNAs [30]. Out of all the transcripts synthesised in the eukaryotic cell, ribosomal RNA is the
most abundant and a key component of ribosomes. Virus-induced interference with transcrip-
tion and subsequent processing of host rRNA has been described for influenza A virus [31],
herpes simplex virus type I [32], human papillomavirus type 8 [33], human cytomegalovirus
[34], and human immunodeficiency virus (HIV) [35]. However, this was not described for
flaviviruses.

Given the indications for flaviviruses affecting host translation [24], we aimed at exploring
this topic further in TBEV infection of naturally permissive host cells of neural origin, that rep-
resent a key cell type responsible for tick-borne encephalitis manifestation. We found that
TBEV triggered host translational shut-off that involved lowered expression of GAPDH and
HPRT1 housekeeping genes as well as the interferon-induced protein viperin. TBEV further
specifically impaired the production of POLRI-transcribed rRNAs. Therefore, we postulate
that TBEV specifically targets POLR1-mediated transcription of rRNA and rate of host transla-
tion thus promoting virus replication.

Methods
Cell lines

The human medulloblastoma (DAOY HTB-186; ATCC), human lung adenocarcinoma (A549;
a gift from R. Randall, University of St. Andrews, UK), and Vero (green monkey kidney; Biol-
ogy Centre, CAS, CZ) cell lines were grown in low glucose DMEM medium supplemented
with 10% foetal bovine serum (FBS), 1% antibiotics-antimycotics (amphotericin B 0.25 pg/ml,
penicillin G 100 units/ml, streptomycin 100 pg/ml), and 1% L-alanyl-L-glutamine. DAOY
HTB-186 cell line is derived from desmoplastic cerebellar medulloblastoma of a 4-year-old
Caucasian male [36]. A549s are derived from a lung cancerous tissue (alveolar basal epithelial
cells) of a 58-year-old Caucasian male [37]. Vero cells are derived from kidney epithelial cells
from African green monkey (Cercopithecus aethiops). PS cells (porcine kidney stable) were
grown in L15 medium with 3% new-born calf serum (NCS), 1% antibiotics-antimycotics, and
1% L-alanyl-L-glutamine [38]. The human osteosarcoma cell line MG-63 (Sigma-Aldrich) was
grown in RPMI 1640 medium supplemented with 10% FBS, 1% antibiotics-antimycotics, 1%
L-alanyl-L-glutamine, and 50 nM B-mercaptoethanol. These were explanted from a 14-year-
old Caucasian male [39].

For metabolic labelling experiments, all cell lines were grown in RPMI 1640 medium sup-
plemented with 10% FBS, 1% antibiotics-antimycotics, 1% L-alanyl-L-glutamine, and 50 nM
B-mercaptoethanol. All cell lines were grown at 37°C and 5% CO,; with the exception of PS
cells (37°C without additional CO,).

Transfection and plasmids

PolyJet In Vitro Transfection Reagent (SignaGen; #SL100688) was used for transfection. The
procedure was carried out according to the manufacturer’s protocol. For GFP and Renilla
luciferase expression, the mammalian expression vectors phMGFP (Promega) and pRL-CMV
(Promega) were used, respectively. The wt viperin mammalian expression vector was a kind
gift from Lisa F.P. Ng (Singapore Immunology Network, Agency for Science, Technology and
Research (A* STAR), Singapore), in which the viperin gene with C-terminal c-myc tag is tran-
scribed under the control of the CMV promoter [40].
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Viruses and infection

Two representatives of the West-European TBEV subtype with different degrees of virulence
were used—-medium (Neudoerfl) and severe (Hypr). Both strains differ in their coding
sequences by only 12 nonconservative amino acid substitutions [41], and in the length and
structure of the 3"'UTR [42]. When mice were infected peripherally, the Hypr strain exhibited
pronounced neuroinvasiveness and caused shorter survival than strain Neudoerfl [41]. The
low passage TBEV strain, Neudoerfl (fourth passage in suckling mice brains; GenBank acces-
sion no. TEU27495), was provided by Prof. F.X. Heinz (Medical University of Vienna, Austria)
[43]. The low passage TBEV strain, Hypr (fourth passage in suckling mice brains; GenBank
accession no. TEU39292), is available at the Institute of Parasitology, Biology Centre of CAS,
Ceské Budéjovice, Czech Republic [44]. Viruses were handled under biosafety level 3
conditions.

TBEV was added to the cells one day post seeding. Cells were then incubated for 2 hours,
washed with PBS, and finally fresh pre-warmed medium was added. Brain suspension from
uninfected suckling mice was used as a negative control.

Virus titration

Viral titres were determined by plaque assay as described [45], with minor modifications.
Briefly, PS cell monolayers (9x10* cells per well) were grown in 24-well plates and incubated
with 10x serial dilutions of infectious samples for 4 hours at 37°C. The samples were then cov-
ered by 1:1 (v/v) overlay mixture (carboxymethyl cellulose and 2x L15 medium including 6%
NCS, 2% antibiotics-antimycotics, and 2% L-glutamine). After five days, medium with overlay
was removed, cells washed with physiological solution, subsequently fixed and stained (0.1%
naphthalene black in 6% acetic acid solution) for 45 minutes. Virus-produced plaques were
counted, and titres are stated as PFU/ml.

Antibodies and reagents

The following primary antibodies were used: anti-TBEV C polyclonal antibody (produced in-
house), anti-TBEV NS3 polyclonal antibody (a kind gift from Dr. M. Bloom, NIAID, USA),
anti-HPRT1 Polyclonal Antibody (Thermo Fisher Scientific; #PA5-22281), anti-GAPDH Anti-
body [EPR16891] (Abcam; #ab181602), Monoclonal Antibody to Mouse Viperin (Hycult Bio-
tech; #HM1016), anti-NPM1 Monoclonal Antibody FC-61991 (Thermo Fisher Scientific;
#MA1-1560), and anti-POLR1A Antibody (Abcam; #ab222065). The following secondary/ter-
tiary antibodies were used: HRP Goat Anti-Guinea Pig (Novex; #A18769), HRP Rabbit Anti-
Chicken IgY (H+L) Secondary Antibody (Thermo Fisher Scientific; #A16130), HRP Horse
Anti-Mouse IgG Antibody (VectorLabs; #PI-2000), HRP Goat Anti-Rabbit IgG Antibody
(VectorLabs; #PI-1000), Biotinylated Anti-Streptavidin Antibody (VectorLabs; #BA-0500),
AP-conjugated Streptavidin (VectorLabs; #SA-5100), Streptavidin-DyLight 549 (VectorLabs;
Cat#SA-5549), Goat Anti-Rabbit IgG-DyLight 594 (Abcam; #ab96897), Goat Anti-Guinea Pig
DyLight 594 (Abcam; #ab150188), and Goat Anti-Chicken IgY H&L-DyLight 488 (Abcam;
#ab96947).

L-azidohomoalanine (Click Chemistry Tools; #1066-25) and 5-ethynyl-uridine (Click
Chemistry Tools; #1261-25) were used for metabolic labelling of nascent proteins or RNA,
respectively. Biotin-PEG4-Alkyne (Click Chemistry Tools; #T A105-25) and Biotin Picolyl
Azide (Click Chemistry Tools; #1167-25) were used for subsequent detection of incorporated
L-azidohomoalanine or 5-ethynyl-uridine, respectively. Cycloheximide was purchased from
Sigma-Aldrich (#01810-1G).
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Flow cytometry analysis

DAOQY cells were seeded one day prior to infection in the 12-well plate at a density of 2.5x10°
cells/well. At the indicated time intervals post-TBEV infection, cells were washed with PBS,
trypsinized, and fixed by 4% paraformaldehyde in PBS (Roth). After permeabilization (0.1%
Triton X-100), cells were stained using guinea pig anti-TBEV C antibodies (1:1500 dilution)
and anti-guinea pig DyLight 594 (1:500 dilution) secondary antibodies. Flow cytometry was
performed on a FACS Canto II cytometer and data analysed using FACS DIVA software v. 5.0
(BD Biosciences).

RNA isolation

Total cellular RNA was isolated using Trizol-based RNA Blue reagent (Top-Bio; #R013)
according to the manufacturer’s instructions. RNA pellets were dissolved in DEPC-treated
water and directly used for either real-time PCR or analysis on an RNA denaturing gel.

rRNA quantification

The quantity and integrity of rRNA in total RNA samples were analysed on a 2100 Bioanalyzer
using Agilent RNA 6000 Nano kit (Agilent Technologies; #5067-1511). The concentration of
each sample was determined spectrophotometrically prior the Bioanalyzer measurement and
samples were diluted according to the cell number ratio (resulting concentrations were
between 10-20 ng/pl). 1 pl of the diluted RNA samples was loaded on the Bioanalyzer chip and
the electrophoretic assay was performed according to the manufacturer’s instructions. All sam-
ples were analysed in technical triplicates. 1.2% agarose MOPS-buffered denaturing gel (with
6.7% formaldehyde) was used for fractionation of isolated total RNA. RNA was visualised by
addition of the GelRed dye (Biotium) into the gel. The signal was subsequently quantified
using Fiji software.

Sample standardisation

We observed that the viability of TBEV Hypr-infected cells was negatively affected at 36 and
48 hours p.i. (Fig 1D). Therefore, in order to diminish the effect of this phenomenon on our
data, we decided to standardise in our experiments to cell counts.

Normalisation to cell numbers was performed for real-time PCR, western blotting, north-
ern blotting, and metabolic labelling analyses. For this, we established a viability-based method
using alamarBlue reagent (Thermo Fisher Scientific; #DAL1025). Our data demonstrate that
viability measurement is directly proportional to the cell number, and therefore this method is
tully suitable for normalisation to the cell number (S1 Fig). The procedure was performed
according to the manufacturer’s instructions. Briefly, cells were washed with PBS and fresh
pre-warmed growth medium with diluted alamarBlue reagent was added (1:10 dilution ratio;
v/v). Cells were incubated for 2-2.5 hours and fluorescence of the reduced product was mea-
sured on a BioTek plate reader (Aey, = 550 nm; Ay, = 590 nm). Growth medium with alamar-
Blue without cells was used as a blank. All samples were analysed in technical triplicates.
Average fluorescence values for TBEV-treated sample were normalized to the respective mock
control cells. The viability factor (f) was subsequently used as a normalisation factor for the cal-
culation of RNA/protein input based on the pre-set mock control input.

Vcontrol [lu l}
f

viability,,,, . [a.u.]

= Viabilitv . laul v =
Viabilitycantrol [a'u'} sample ['ul]
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Fig 1. Characterization of TBEV Hypr and Neudoerfl infection kinetics in DAOY cells. DAOY cells were infected with TBEV Neudoerfl or Hypr strain (MOI 5).
(A) Viral titres (indicated in trend lines) determined by plaque assay on PS cells and infection rate (indicated in bars) determined by flow-cytometric detection of TBEV
C-stained cells were analysed at 12, 18, 24, 36, 48 hours p.i. Graphical summary of three independent experiments is shown with values expressed as mean with SEM.
(B) Total RNA was isolated at 24 and 48 hours p.i. and relative qPCR quantification of TBEV gRNA using A-c, method with normalisation to cell number was
performed. Data are summary of three independent experiments and values in graphs are expressed as mean with SEM. (C) Levels of TBEV NS3 and C proteins in
infected DAOY cells were determined by immunoblotting at 12, 18, 24, 36, 48 hours p.i. Data are summary of three independent experiments. (D) Viability of infected
cells was determined using alamarBlue reagent, at the indicated time intervals p.i. Data are summary of three independent experiments and values are expressed as
mean with SEM, normalised to mock infected cells; significant difference from control was calculated by unpaired Student’s t-test (** P<0.01; *** P<0.001).

https://doi.org/10.1371/journal.pntd.0007745.9001

Real-time qPCR

For real-time qPCR analyses, the KAPA SYBR FAST Universal One-Step qRT-PCR Kit was
used according to the manufacturer’s protocol. Data obtained were processed via relative
quantification using the delta ¢ (A-c,) method; the amount of RNA was adjusted to the cell
number instead of the ¢, values of the housekeeping reference gene. All samples were treated
with dsDNase and subsequently 5x diluted in RN Ase-free water before the real-time PCR
analysis. All samples were analysed in technical triplicates. List of primers used can be found
in S1 Table.

Western blotting

Cells were washed with PBS and RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1%
NP-40, 0.1% SDS, 1% sodium deoxycholate) with protease inhibitors (Thermo Fisher
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Scientific; #78430) was added. Cell lysis was performed for 15 minutes on ice while gently
shaking. Sonicated and cleared protein lysates in RIPA buffer were separated on 12% denatur-
ing polyacrylamide gels and blotted onto PVDF membranes. The quantity of proteins was nor-
malised to the cell number. Membranes were blocked (5% skimmed milk in PBS-T) and
incubated with primary, secondary, and alternatively also tertiary antibodies; between each
staining step, membranes were washed three times in PBS-T. Primary antibodies used were
guinea pig anti-C (produced in-house; 1:1500), chicken anti-NS3 (M. Bloom laboratory;
1:5000), rabbit anti-GAPDH (Abcam; 1:1000), anti-HPRT1 (Thermo Fisher Scientific; 1:500),
anti-viperin (Hycult Biotech; 1:500). Secondary/tertiary antibodies used were goat anti-rabbit
HRP (VectorLabs; 1:1000), rabbit anti-chicken HRP (Thermo Fisher Scientific; 1:1000), and
horse anti-mouse HRP (VectorLabs; 1:1000). Chemiluminescent signal was developed using
either Novex CDP-Star kit for alkaline phosphatase (Thermo Fisher Scientific) or Wester-
nBright Quantum kit for horseradish peroxidase (Advansta; #K-12042-D20). The signal was
subsequently quantified using Fiji software [46]. For stripping of antibodies, membranes were
incubated with stripping solution (62.5 mM Tris HCI pH 6.8, 2% SDS, 0.8% B-mercaptoetha-
nol) for 45 minutes at 50°C. Subsequently, membranes were extensively washed six times with
PBS. Following this, membranes were blocked, and immunostaining was again performed as
described above.

Luciferase assay

For analyses of Renilla luciferase activity in CHX-treated cells, Renilla Luciferase Assay Kit
from Promega (#E2810) was used according to the manufacturer’s instructions. Briefly, 5x10*
DAOQY cells per well were seeded on a 96-well plate. Cells were transfected with 100 ng of
pRL-CMYV vector per well using PolyJet transfection reagent and incubated with cyclohexi-
mide (50-300 pg/ml) for 2, 4, 6, 14, and 24 hours. At 24 hours post-transfection, the viability
of cells was measured using alamarBlue. Subsequently, cells were lysed and Renilla luciferase
activity was determined.

Metabolic labelling of de novo synthesised proteins

Cells were seeded in 6-well plates at a density of 1x10° (Vero, A549) or 5x10° (DAOY, MG-
63) cells per well. At indicated time intervals p.i., cells were washed with PBS and starved for 1
hour by addition of complete methionine-free RPMI medium (methionine-free RPMI
medium containing 10% FBS, 1% L-alanyl-L-glutamine, 1% antibiotics/antimycotics, and 0.27
mM L-cystine). Subsequently, fresh complete methionine-free RPMI medium was added with
50 uM L-azidohomoalanine (AHA) and 1x AlamarBlue reagent. Metabolic labelling with
AHA was performed for 2 hours. Afterwards, cell viability was measured as described earlier.
Cells were then washed with PBS and lysed on ice for 15 minutes in 200 pl RIPA buffer with
protease inhibitors (Halt Protease Inhibitor Single-Use Cocktail; Thermo Fisher Scientific).
Lysates were separated on 12% polyacrylamide gels and transferred by electroblotting onto the
PVDF membrane. The quantity of proteins loaded onto the gel was normalised to the cell
numbers. Subsequently, the modified detection method Click-on-membrane was performed
according to Kocova et al. (in preparation). Briefly, membranes were washed in 0.1 M potas-
sium phosphate buffer pH 7.0 and the Click reaction was performed as follows: membranes
were incubated in Click reaction buffer (0.1 M potassium phosphate buffer pH 7.0 with 0.25
mM sodium ascorbate, 0.5 mM THPTA, 0.1 mM CuSO,, and 10 uM biotin-alkyne) for 1 hour
in the dark at room temperature. Membranes were washed three times with PBS, blocked (5%
skimmed milk in PBS-T) and incubated with primary (AP-streptavidin; VectorLabs; 1:500),
secondary (biotinylated anti-streptavidin; VectorLabs; 1:1000) and tertiary antibodies (AP-
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streptavidin; VectorLabs; 1:2000). Between each staining step, membranes were washed three
times in PBS-T. Chemiluminescence signal was developed using Novex CDP-Star kit (Invitro-
gen; #WP20002). Signal was subsequently quantified using Fiji software [46].

Metabolic labelling of de novo synthesised RNA

DAOY cells were seeded in 6-well plates at a density of 5x10° cells per well. At the indicated
time intervals p.i., 5-ethynyl uridine (5-EU) was added to the cells (final concentration of
5-EU was 1 mM) as well as alamarBlue reagent. Metabolic labelling with 5-EU was performed
for 2 hours. Cell viability was measured as described earlier. Cells were then washed with PBS
and lysed using RNA Blue reagent. Total RNA was isolated according to the manufacturer’s
instructions. Next, RNA was separated in MOPS-buffered denaturing gel, as described above.
The quantity of RNA was normalised to the cell number. Capillary blotting of RNA to the
PVDF membrane (GE Healthcare) using 20x SSC buffering system was performed afterwards.
Subsequently, the modified detection method Click-on-membrane was performed according
to the method described by Kocova et. al. (in preparation). Briefly, the UV-fixed membrane
was washed in 0.1 M potassium phosphate buffer pH 7.0 and the Click reaction on membrane
was performed as follows: membranes were incubated in Click reaction buffer (0.1 M potas-
sium phosphate buffer pH 7.0 with 0.25 mM sodium ascorbate, 0.5 mM THPTA, 0.1 mM
CuSO,, and 10 uM picolyl biotin azide) for 1 hour in the dark at room temperature. Blocking
and triple labelling using biotin-streptavidin system was performed as described above. The
chemiluminescence signal was developed using Novex CDP-Star kit (Invitrogen; #WP20002),
and signal was subsequently quantified using Fiji software [46].

Immunofluorescence

DAOY cells were seeded in chamber slides (0,3 cm?/well; 5x10° cells/well) and at the indicated
time intervals p.i. processed as previously described [47]. Rabbit anti-POLRI1A (Abcam; 1:200)
and chicken anti-NS$3 (a kind gift from Dr. M. Bloom, NIAID, NIH; 1:5000) antibodies were
used. As the secondary antibodies, anti-rabbit DyLight 594 (Abcam; 1:500) and anti-chicken
DyLight 488 (Abcam; 1:500), were used. In the case of metabolic labelling of nascent RNA, the
Click reaction was performed in situ before the blocking step. 10 uM Picolyl biotin azide was
used for the detection of incorporated 5-EU. For subsequent fluorescent labelling, streptavidin
conjugated with DyLight 549 was used (VectorLabs; 1:500). Slides were eventually mounted in
Vectashield mounting medium (VectorLabs). The Olympus Fluoview FV10i confocal micro-
scope was used for imaging and subsequent export of images was done in FV10-ASW software
(v.1.7).

Statistical analyses

All statistical analyses were performed in MS Excel using one-sample two-tailed Student’s t-
test. Only in case of QPCR analysis of over-expressed viperin and GFP, an unpaired two-tailed
Student’s t-test was used. In this case, datasets were first tested for the equality of variances by
F-test. If the experiment was performed in technical replicates, the statistics was performed
using the means of the independent biological replicates.

Results
TBEYV infection reduces host protein production

Recent studies have shown that DENV decreases the rate of de novo protein synthesis in host
cells [24, 48]. In order to establish whether TBEV also affects translation, de novo protein
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synthesis kinetics was measured in TBEV-infected cells using Click chemistry [49]. For this
purpose, we utilized a suitable in vitro experimental system of the cerebellum-derived human
medulloblastoma cell line DAOY HTB-186 to broaden previous findings [47]. Two closely
related members of the European subtype of TBEV with different virulence were used for com-
parative purposes: a medium virulent prototype strain, Neudoerfl, and a highly virulent strain,
Hypr [41]. Initially, we characterized the course of infection for both TBEV strains. DAOY
cells were infected at an MOI of 5 with either strain and at 12, 18, 24, 36, 48 hours p.i., replica-
tion kinetics, infection rate, viral protein (C, NS3) production and viability of infected cells
were determined. Both strains successfully replicated in DAOY cells, with the Hypr strain
reaching at least one order of magnitude higher titres during the course of infection until 48
hours p.i., when both strains eventually produced equal titres (Fig 1A). The infection rate was
also considerably higher for the Hypr strain, culminating at 36 hours p.i. (87.5% of infected
cells), whereas the Neudoerfl strain infected only 43.6% of cells (Fig 1A). Relative quantifica-
tion of genomic RNA at 24 and 48 hours p.i. revealed that Hypr replicated with higher effi-
ciency than Neudoerfl (Fig 1B). TBEV C and TBEV NS3 protein detection corresponded to
replication kinetics and for both strains proteins could be detected earliest at 18 hours p.i.,
increasing thereafter (Fig 1C). While TBEV Neudoerfl affected the viability of the infected cells
only mildly (maximal decrease by 16.6% at 36 hours p.i.), TBEV Hypr lowered the viability of
the infected cells by 23.8% and 62.5% in comparison to mock-infected control at 36 and 48
hours p.i., respectively (Fig 1D). Therefore, in order to compensate the potential bias originat-
ing from cell death, we standardised our experiments to viability which is directly proportional
to the number of living cells (S1 Fig). In the following experiments we pursued interaction of
TBEV with DAOY cells during the period of productive infection for both TBEV strains, rang-
ing from 24 to 48 hours p.i.

After this detailed characterization of our in vitro model, de novo protein synthesis and
quantification was performed. DAOY cells were infected with either TBEV Hypr or Neudoerfl
and metabolic labelling was carried out for 2 hours at 24, 36, and 48 hours p.i. using the methi-
onine analogue L-azidohomoalanine (AHA). At 24 hours p.i., translation levels were compara-
ble in control and infected cells, but infection resulted in a significant decrease of AHA-
labelled proteins at 36 and 48 hours p.i. in TBEV Hypr-infected cells and at 48 hours p.i. in
TBEV Neudoerfl-infected cells (Fig 2A and 2B; S2A Fig). Interestingly, the viral NS3 protein
levels increased over the course of the infection with both strains (Fig 2A, lower panel). Fur-
thermore, TBEV-induced host translational shut-off was also documented for cell lines of
non-neural origin (A549 cells, Vero cells, and MG-63 cells) at 48 hours p.i., for both TBEV
strains (Fig 2C; S2B Fig). Interestingly, despite the observed host translational shut-off both
TBEV strains were able to replicate (Fig 1B) successfully and reached high titres (Fig 1A) in
DAOY cells throughout the infection.

Since these experiments revealed a significant decrease in host protein synthesis upon
TBEV infection on a global level, we evaluated the specificity of this for particular host pro-
teins. First, the effect of TBEV infection on common housekeeping genes GAPDH and
HPRT1 was determined by analysing their mRNA and protein levels. Relative quantification
of GAPDH and HPRT1 mRNAs revealed a strong inhibition of expression for both genes and
TBEV strains at 48 hours p.i. (Fig 3A and 3B; upper panel). Similar results were observed for
their protein levels, although the more virulent strain Hypr elicited a stronger reduction (Fig
3A and 3B; lower panel).

As the subversion of host translation process can be used as an immune evasion strategy by
viruses [17], we investigated the effect of translational shut-off on the interferon-inducible
gene viperin. Viperin has been described so far as an antiviral protein that interferes with
TBEV on multiple levels [50]. A time course of viperin mRNA production in response to
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Fig 2. TBEV infection induces host translational shut-off. (A) DAOY cells were infected with TBEV Neudoerfl or Hypr strain (MOI 5) and de novo protein synthesis
was assessed at 24, 36, and 48 hours p.i. by incorporation of methionine analogue L-azidohomoalanine (AHA). AHA-labelled proteins were visualised by
immunodetection using HRP-conjugated antibodies; stripped membranes were subsequently used for the immunodetection of viral NS3 protein. Data are
representative of three independent experiments; N-TBEV Neudoerfl strain (AHA-labelled), H-TBEV Hypr strain (AHA labelled), m-mock (AHA-labelled), NC-
negative control (non-labelled). (B) Summary of de novo protein synthesis from (A) including all three performed experiments. Relative chemiluminescent signal was
quantified using Fiji software and compared to mock-infected cells. Values were further normalised to the cell number and mock-infected cells were set to 1. Data are
representative of three independent experiments and values are expressed as mean with SEM; significant difference from control was calculated by unpaired Student’s t-
test (** P<0.01; *** P<0.001). (C) Summary of de novo protein synthesis rate in TBEV-infected DAOY, Vero, A549, and MG-63 cells. Cell lines were infected with
either Neudoerfl or Hypr strain (MOI 5) and subsequently analysed for de novo protein synthesis at 48 hours p.i. Relative chemiluminescent signal was quantified using
Fiji software and compared to mock-infected cells. Values were further normalised to the cell number and mock-infected cells were set to 1. Data are summary of three
independent experiments and values are expressed as mean with SEM; significant difference from mock-infected cells was calculated by Student’s t-test (* P<0.05; **
P<0.01). (D) DAOY cells were infected with TBEV Hypr strain (MOI 5), and de novo protein synthesis was assessed at 36 hours p.i. by incorporation of methionine
analogue L-azidohomoalanine (AHA). AHA-labelled proteins were visualised by Click reaction using AlexaFluor 488-conjugated alkyne. Representative images of
TBEV-infected and control cells are shown on the left. Scale bar represents 100 pm. On the right, scatter plot is shown illustrating de novo protein synthesis rate
measured by fluorescence intensity of the AlexaFluor 488 (fluorescence intensity per pixel; a.u.—arbitrary units). Data are representative of two independent experiments
and values in graphs are expressed as mean, with whiskers extending to data points that are less than 1.5 x interquartile range away from 1%/3" quartile (Tukey’s
boxplot); significant difference from mock-infected cells was calculated by Student’s t-test (**** P<0.0001).

https://doi.org/10.1371/journal.pntd.0007745.g002

TBEV infection in DAOY cells was determined. Induction of viperin mRNA expression was
detected at 24 hours p.i. and increasing throughout next 24 hours (Fig 3C; upper panel).
Despite significantly increased viperin mRNA levels, none or very small amounts of viperin
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Fig 3. TBEV-induced translational arrest results in the decreased protein levels of GAPDH, HPRT1, and viperin. (A) Upper panel: DAOY cells were infected with
either TBEV Neudoerfl or Hypr strain (MOI 5) and total RNA was isolated at indicated time intervals. Relative qPCR quantification of GAPDH mRNA using A-c,
method with normalisation to the cell number was performed. Lower panel: DAOY cells were infected with either Neudoerfl or Hypr TBEV strain (5 MOI) and lysed at
48 hours p.i. Western blot analysis of GAPDH protein levels was performed using protein-specific antibodies with undiluted and 10-times diluted samples. Relative
chemiluminescent signal was quantified using Fiji software and compared to mock-infected cells. Values were further normalised to the cell number. Data are summary
of three independent experiments and values in graphs are expressed as mean with SEM. Significant difference from mock-infected cells was calculated using one-
sample Student’s t-test (** P<0.01; *** P<0,001). (B) Upper panel: DAOY cells were infected with either TBEV Neudoerfl or Hypr strain (MOI 5) and total RNA was
isolated at indicated time intervals. Relative qPCR quantification of HPRT1 mRNA using A-c, method with normalisation to the cell number was performed. Lower
panel: DAOY cells were infected with either Neudoerfl or Hypr TBEV strain (5 MOI) and lysed at 48 hours p.i. Western blot analysis of HPRT1 protein levels was
performed using protein-specific antibodies with undiluted and 10-times diluted samples. Relative chemiluminescent signal was quantified using Fiji software and
compared to mock-infected cells. Values were further normalised to the cell number. Data are summary of three independent experiments and values in graphs are
expressed as mean with SEM. Significant difference from mock-infected cells was calculated using one-sample Student’s t-test (* P<0.05; ** P<0.01; **** P<0,0001); n.
d.-not detected. (C) Upper panel: DAQY cells were infected with either TBEV Neudoerfl or Hypr strain (MOI 5) and total RNA was isolated at the indicated time
intervals. Relative QPCR quantification of viperin mRNA using A-c; method with normalisation to the cell number was performed. Data are summary of three
independent experiments and values are expressed as mean with standard error of mean (SEM). Lower panel: Immunodetection of viperin protein in TBEV-infected
DAOY cells at indicated intervals p.i. (MOI 5). As a positive control, cells transfected with a c-myc-tagged viperin expression plasmid (wt vip) and cells treated with
IFN-B (12 hours; 50 ng/ml) were used.

https://doi.org/10.1371/journal.pntd.0007745.g003

protein were detected in cell lysates from TBEV-infected DAOY cells by western blot analysis
(Fig 3C; lower panel). As a positive control, DAOY cells treated with INF-f (12 hours; 50 ng/
ml) as well as DAOY cells transfected with a human viperin expression vector [40] were used.
To assess whether the effect of TBEV on endogenous viperin production can be overcome
by artificial over-expression, DAOY cells were first infected (TBEV Neudoerfl and Hypr; MOI
5) and subsequently transfected with a wt-viperin expression construct at 12 hours p.i. Viperin
mRNA, as well as protein levels, were analysed at 12 hours post-transfection (S3A Fig). Asa
control, GFP expression construct was used. S3B Fig shows that viperin protein was produced;
however, the protein levels were significantly reduced in TBEV-infected cells compared to
control cells. Hypr strain infection also resulted in a statistically significant decrease in mRNA
levels of viperin. As expected, GFP production in TBEV infected cells was negatively affected
in case of both TBEV strains (S3C Fig). Again, Hypr strain infection also caused a significant
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Fig 4. TBEV infection decrease levels of 18S and 28S rRNA but not 5S rRNA. (A, B) Total RNA was isolated from
TBEV-infected DAOY cells (24 and 48 hours p.i.; MOI 5) and analysed using Bioanalyzer 2100. Graphs represent
relative mean of areas for 18S (a) and 28S (b) peaks compared to mock-infected cells. Values were further normalised
to the cell number. Data are representative of three independent experiments and values are expressed as mean with
SEM. Significant difference from mock-infected cells was calculated using one-sample Student’s t-test (** P<0.01; ***
P<0,001). (C) Relative quantification of 55 rRNA in TBEV-infected DAQY cells at 24 and 48 hours p.i. (MOI 5) using
the A-c; method. Graph represents relative fold-induction of 5S rRNA levels in comparison to mock-infected cells with
normalisation to cell number. Data are representative of three independent experiments and values are expressed as
mean with SEM.

https://doi.org/10.1371/journal.pntd.0007745.g004

decrease in GFP mRNA. Consequently, TBEV induces a general translational shut-off, which
can negatively affect even the production of overexpressed transcripts. Nevertheless, viral titres
were increasing throughout the infection (Fig 1).

TBEYV infection downregulates the levels of specific host rRNAs

Previous data revealed a significant decrease in RNA encoding genes including 5.8S rRNA and
7SL RNA following TBEV infection [47]. Here, we verified the link between the TBEV-
induced translational shut-off and production of host rRNAs. We quantified the levels of 18S
and 28S rRNAs in total cellular RNA from TBEV-infected DAOY cells at 24 and 48 hours p.i.
We found that infection by both TBEV strains significantly decreased the 18S and 28S rRNA
(S4 Fig). 18S rRNA levels decreased to 50 + 6% or 33 + 1% for TBEV Neudoerfl- or Hypr-
infected cells compared to controls, respectively (Fig 4A). For 28S rRNA, its transcription lev-
els fell to 49 + 5% or 28 £ 2% for TBEV Neudoerfl- or Hypr-infected cells, respectively (Fig
4B). Both 18S and 28S rRNAs are transcripts of POLR1. Interestingly, the POLR3 transcript 55
rRNA levels remained unaffected by TBEV infection (Fig 4C). These data imply that the effect
of TBEV infection on host cells also involves the transcription of specific ribosomal RNA
genes.

TBEYV interferes with de novo production of 45-47S pre-rRNA transcripts

In order to elucidate at which step TBEV interferes with rRNA production, we first analysed
the integrity of mature rRNA molecules. No degradation products were observed following
infection with either TBEV strains at 24 or 48 hours p.i. in DAOY cells (Fig 5A and 5B). Next,
we investigated the rRNA expression and processing via quantification of de novo synthesised
RNA in TBEV-infected DAOY cells. We labelled nascent RNA in TBEV-infected DAOY cells
at 24, 36 and 48 hours p.i. with 5-ethynyl uridine (EU). Incorporated EU was visualised using
Click chemistry and the biotin-streptavidin detection system. The presence of TBEV Hypr
strain resulted in a decreased quantity of 45-47S pre-rRNA transcripts at 36 and 48 hours p.i.,
whereas infection with TBEV Neudoerfl strain reduced de novo synthesis of 45-47S pre-rRNA
at 48 hours p.i. (Fig 5C).
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Fig 5. TBEV infection results in decrease of de novo synthesised 45-47S pre-rRNA. DAOY cells were either infected with Neudoerfl (N) or Hypr strain (H) at MOI 5
or mock-infected (m). Total RNA was isolated at indicated time post infection; 5-ethynyl uridine (1 mM) was added 2 hours before the collection interval. Data are
representative of three independent experiments. (A) Integrity of 28S (red arrow) and 18S rRNA (green arrow), evaluated by using in-gel staining with GelRed. (B)
Integrity of 28S (red arrow) and 18S rRNA (green arrow), evaluated by methylene blue staining after capillary transfer on PVDF membrane. (C) Upper panel: metabolic
labelling of nascent 45-47S pre-rRNA was carried out using Click chemistry and biotin picolyl azide (10 uM) with subsequent chemiluminescent visualisation via biotin-
streptavidin-alkaline phosphatase system. Lower panel: values are expressed as mean of three independent experiments with SEM. Significant difference from mock-
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infected cells was calculated using one-sample Student’s t-test (* P<0.05). (D) In situ metabolic labelling revealed TBEV-induced reduction of nascent RNA at 36 hours
p-i. without change in RNA localization. DAOY cells were infected with TBEV Hypr strain (MOI 5) and at indicated time intervals incubated for 2 hours with 1 mM
5-ethynyl uridine (5-EU) in order to label nascent RNA. Detection of incorporated 5-EU was performed by Click reaction using 10 uM biotin picolyl azide followed by
fluorescent labelling with streptavidin-DyLight549. Cells were co-stained with anti-NS3 antibodies; signal was further visualised using anti-chicken DyLight488
antibodies. Nuclei were stained with DAPI. Scale bar represents 200 pm.

https://doi.org/10.1371/journal.pntd.0007745.9g005

Previously, a link between the inhibition of expression of 45-47S pre-rRNA and nucleolar
stress was documented [31]. There are several hallmarks typical for nucleolar stress including
disruption of nucleolus structure [51]. We, therefore, characterised the localization and pro-
duction of nascent RNA at the cellular level and also investigated the structure of the nucleolus.
DAOY cells infected with TBEV Hypr strain were analysed at 24, 36, and 48 hours p.i. using in
situ Click reaction with 10 uM picolyl biotin azide and subsequent visualisation via streptavi-
din conjugated with DyLight-549. As shown in Fig 5D, the overall production of nascent RNA
in TBEV-infected cells started to decrease from 36 hours p.i.; de novo synthesised RNA was
exclusively detected in nuclei with foci of nascent RNA molecules localised in nucleoli. In
addition, these nascent RNA foci were not structurally altered upon TBEV infection. The spec-
ificity of the labelling reaction was determined using EU-unlabelled cells in the Click reaction
(S5A Fig). In order to further verify that TBEV did not induce nucleolar re-arrangement due
to nucleolar stress, we analysed the nucleolar structure upon TBEV Hypr infection using
nucleophosmin (NPM1; a nucleolar marker). As a positive control, cells were treated with 1
mM H,0, for 45 minutes. No disruption of nucleoli in TBEV-infected cells was observed (S5B
Fig). These data imply that TBEV inhibits 45-47S pre-rRNA production without triggering the
nucleolar stress pathway.

TBEYV infection affects POLR1 levels but not nucleolar localisation

Based on the observed TBEV interference with rRNA production on the transcriptional level,
we sought to investigate if the levels and cellular localization of POLR1 changes in infected
cells. As shown in Fig 6A and 6B, POLR1 was localised exclusively to the nuclei, and no trans-
location occurred in infected cells at any time interval tested. Nevertheless, POLRI protein lev-
els were impaired in TBEV Hypr-infected cells at 48 hours p.i. This may be a result of the
previously mentioned translational shut-off since it coincided at 48 hours p.i. Besides, POLR1
mRNA levels were negatively affected by TBEV infection, too (Fig 6C). In particular, POLRIA
(the largest subunit of the RNA polymerase I complex) mRNA levels dropped to 60 + 5% or
25+ 1% in TBEV Neudoerfl- or Hypr-infected DAOY cells at 48 hours p.i., respectively.
TBEV-induced translational shut-off and the decrease in production of nascent 45-47S pre-
rRNA raised the question whether these processes are casually interconnected. We analysed
the rate of rRNA production in DAQY cells after treatment with cycloheximide (CHX), an
inhibitor of translation elongation. First, we determined the time- and dosage-dependent
effect of CHX in DAOY cells using a Renilla (RL) luciferase-based reporter system. DAOY
cells were first transfected with pRL-CMYV and treated with CHX (50, 100, and 300 pg/ml). As
shown in S6 Fig, all CHX concentrations tested decreased the production of luciferase. More-
over, the inhibition rate of luciferase production increased with longer exposure to CHX.
Next, rRNA production in DAOY cells with decreased translational rate was assessed. Cells
were treated with CHX (100 pg/ml) for 6 or 14 hours and de novo RNA synthesis in CHX-
treated cells was subsequently determined. Fig 7A shows a statistically significant decrease in
levels of nascent 45-47S pre-rRNA for both intervals. In particular, the levels decreased to
22 £ 9% or 56 £ 16% during CHX treatment for 14 or 6 hours, respectively. In addition, total
levels of mature 18S and 28S rRNAs were quantified in CHX-treated cells. Significant
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Fig 6. RNA polymerase I is not translocated upon TBEV infection. (A) DAOY cells were infected with TBEV Hypr strain (MOI 5) and at indicated time intervals
fixed and POLR1A was detected using rabbit anti-POLR1A and anti-rabbit DyLight594 antibodies. Cells were further co-stained for viral NS3 protein using chicken
anti-NS3 and anti-chicken DyLight488 antibodies. Nuclei were stained with DAPI. Scale bar represents 200 um. (B) Zoomed images from panel (A) at 48 hours p.i.
(areas marked by the white squares); POLR1 is localised in distinct foci in host nuclei without any observable virus-induced translocation. Scale bar represents 100 pm.
(C) DAOY cells were infected with either TBEV Neudoerfl or Hypr strain (MOI 5) and total RNA was isolated at indicated time intervals. Relative PCR quantification
of POLR1A mRNA using A-c, method with normalisation to the cell number was performed. Data are representative of three independent experiments and values are
expressed as mean with SEM. Significant difference from mock-infected cells was calculated using one-sample Student’s t-test (* P<0.05; ** P<0.01; **** P<0,0001).

https://doi.org/10.1371/journal.pntd.0007745.g006
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Fig 7. Cycloheximide (CHX) treatment decreases production of rRNA transcripts by POLR1 and POLR3. (A) DAOY cells were treated with CHX (100 pg/ml) for
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RNA was transferred to a PVDF membrane and nascent RNA quantified using Click chemistry with 10 uM biotin picolyl azide before subsequent chemiluminescent
detection. Data are representative of three independent experiments and values in graphs are expressed as mean with SEM, normalised to cell numbers and mock
infected cells. Significant difference from the control was calculated using one-sample Student’s t-test (* P<0.05; ** P<0.01). (B) Levels of 28S and 18S rRNA were
analysed by in-gel RNA staining with GelRed before blotting. Data are representative of three independent experiments and values in graphs are expressed as mean
with SEM, normalised to cell number and mock infected samples. Significant difference from the control was calculated using one-sample Student’s t-test (* P<0.05).
(C) Relative quantification of 5S rRNA in CHX-treated DAQY cells (6 and 14 hours post treatment; 100 ug/ml) using the A-c, method. Graph represents relative fold-
induction of 5S rRNA levels in comparison to mock-treated cells, with normalisation to cell number. Data are representative of three independent experiments and
values are expressed as mean with SEM. Significant difference from the control was calculated using one-sample Student’s t-test (* P<0.05). (D) Schematic summary of
CHX versus TBEV effect on the expression of POLR1 and POLR3 transcripts. (|) indicates observed decrease of the RNA levels and (—) indicates no change in RNA
levels.

https://doi.org/10.1371/journal.pntd.0007745.g007

decreases in 18S rRNA levels were observed after a 14-hour incubation (65 + 9%; Fig 7B). 28S
rRNA levels were reduced to 81 + 4% compared to control cells; however, this effect was not
statistically significant (Fig 7B). Quantification of 5S rRNA, a POLR3 transcript, revealed a sta-
tistically significant decrease even for this rRNA species after 14 hours of CHX treatment

(46 + 11%; Fig 7C). These data demonstrated that during translation inhibition induced by
CHX, the quantity of rRNA transcripts of both RNA polymerases (POLR1 and POLR3) were
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decreased. In comparison to the general rRNA synthesis shut-down resulting from the action
of CHX, TBEV infection induced only a decrease in POLR1 rRNA transcripts (Fig 7D). This
suggests that TBEV infection specifically targeted POLR1, which may subsequently result in
translational shut-off.

Discussion

TBEV infection is spreading through Europe, resulting in increased numbers of TBEV cases
and emergence in previously unaffected areas. TBEV is known to be able to cause neurological
symptoms in some infected patients, though little is known about its interplay with neural
cells. The molecular basis of damage to the CNS following TBEV infection is still not fully
understood. So far, it seems that it is a complex phenomenon combining multiple factors
including host immune system [52]. Therefore, understanding the TBEV interaction with tar-
get cells and detailed description of processes of viral or host response can help to reveal new
targets and ideas on how to treat this disease more successfully. To what extent the outcome of
these infection-induced processes is reflected on longer term sequelae remains unrevealed.

Metabolic labelling experiments demonstrated that TBEV infection interferes with the
global de novo protein synthesis in infected cells. Surprisingly, the effect of translational arrest
was so robust that even the protein levels of two commonly used housekeeping genes, GAPDH
and HPRT1, were significantly lowered (Fig 3A and 3B). Cell lines of both neural and non-
neural origin underwent translational shut-off, demonstrating thus the general nature of this
phenomenon upon TBEV infection. However, the rate of reduction varied substantially in
individual cell lines suggesting cell-dependent effects. TBEV Hypr strain caused a greater
translational shut-off in all cell lines compared to the Neudoerfl strain. This may be due to the
increased virulence and neuroinvasiveness of the Hypr strain [53] or due to susceptibility and
tropism of the virus strains to specific cell types. Recent studies have demonstrated that some
flaviviruses can cause translation suppression via diverse mechanisms [24, 48]. These findings
together with our results revise the idea of flaviviruses as “non-host cell protein synthesis influ-
encers” [25, 54, 55]. Indeed, flaviviruses have been thought to avoid the host-cell protein syn-
thesis shut-off as they replicate at a slower rate and global protein synthesis manipulation
might have potentially deleterious effects on cell viability and virus yields [56, 57]. However,
reduced synthesis of host proteins had no adverse effect on the production of viral NS3 and C
proteins (Fig 1C), viral gRNA (Fig 1B) or production of viral progeny (Fig 1A). This suggests
that protein synthesis shut-off does not stop TBEV from successful replication.

Viperin is a known interferon-stimulated gene (ISG) and has been described as a potent
antiviral protein against members of the Flaviviridae family, especially TBEV [50, 58-61].
Thereby it is anticipated to see an increase in viperin mRNA levels upon TBEV infection in
DAOY cells. However, the absence of endogenous viperin protein in TBEV-infected cells is
surprising. Thus, translational shut-off may yield multiple advantages to TBEV. Apart from
gearing the host protein synthesis apparatus to the purposes of the virus, it may also perform
as an immune evasion strategy by preventing ISG production. A widely used stable overex-
pression approach in an ISG/viperin study [59] might therefore mask the real interactions
among flaviviruses and host cells during the infection. In general, our data highlight the
importance of careful experimental design when studying virus-host interactions and ISG
function specifically.

To our knowledge virus-driven reduction in host rRNA levels has not been described
before for any flavivirus. Only scarce information is available regarding the virus-induced
reduction of rRNA expression, production, and maturation. For example, murine hepatitis
virus directly reduces the levels of mature 28S rRNA [62]; Autographa californica multiple
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Fig 8. Schematic overview of potential pathways leading to TBEV-driven decrease in synthesis of host rRNA and proteins. TBEV may interfere directly with host
translational processes, leading to decreased host protein levels. This decrease could negatively affect pre-rRNA synthesis and eventually rRNA levels. On the other hand,
TBEV may also interfere directly with the synthesis of pre-rRNA first, which results in decreased levels of mature rRNAs. Insufficiency of rRNAs subsequently leads to
the impairment of ribosome biogenesis and decrease of the translational rate in infected DAOY cells. TBEV infection could also trigger host defence mechanisms
leading to the translational arrest. For example, protein kinase R (PKR) activated by dsRNA or PKR-like endoplasmic reticulum kinase (PERK) activated by ER stress
could play a significant role in the observed translational shut-off as well.

https://doi.org/10.1371/journal.pntd.0007745.g008

nucleopolyhedrovirus was shown to decrease both, 18S and 28S rRNAs [63]. Additionally,
over-expression of HIV Tat protein in Drosophila melanogaster led to the impairment of 45S
pre-rRNA precursor processing [35]. Similarly, herpes simplex virus 1 decreased the rate of
rRNA maturation despite unaltered levels of 45-47S pre-rRNA and unchanged POLRI activity
[32]. The reduction of rRNA levels can be associated with the induction of nucleolar stress,
which is characterized by several hallmarks including nucleolar and ribosomal disruption
eventually leading to the activation of the p53 signalling pathway. A possible link between fla-
viviral pathogenesis and nucleolar stress was suggested previously. DENV and ZIKV, but not
WNV were shown to induce nucleolar stress in infected cells by disruption of nucleoli, which
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resulted in an increased rate of apoptosis via the p53 signalling cascade [64]. However, no dis-
ruption of nucleoli was observed in the case of TBEV-infected DAOY cells (S5B Fig), possibly
not surprising as the TBEV infection specifically affects only the POLR1 activity.

We propose alternative ways by which TBEV could interfere with transcription and/or
translation in DAQY cells: 1) TBEV negatively affects the translation of host proteins, includ-
ing POLRI, transcription factors, and ribosomal proteins; their lower levels subsequently
result in a decline in synthesis of all rRNA species; or 2) TBEV directly interferes with de novo
synthesis of 45-47S pre-rRNA (but not 5S rRNA) via a POLR1 specific mechanism, which
reduces the levels of 18S and 28S rRNAs and this leads to the decline of translational rate in
host cells; 3) transcription and translation can be modified independently by both viral or cel-
lular factors as a result of infection (summarised in Fig 8). Translational shut-off can otherwise
be elicited by host cell defence mechanisms, such as activation of protein kinase R (PKR) or
PKR-like endoplasmic reticulum kinase (PERK) [65-67]. To elucidate the exact mechanism of
the inhibition of host protein and rRNA production and actual involvement of viral and host
factors further experiments will be needed. These may for example assess whether viral pro-
teins can directly inhibit transcription and/or translation. The present study does not elucidate
this question and more work will be required to understand the processes; underlying the
effects described here.

An overall translational inhibition induced by CHX treatment results in reduced de novo
synthesis of 45-47S pre-rRNA precursor as well as the levels of 55 rRNA in DAQY cells. In
contrast, TBEV infection only affected the 45-47S pre-rRNA precursor (and mature 18S and
28S rRNA levels) and did not affect 5S rRNA. This suggests TBEV-specific inhibition of
POLRI activity, which could result in reduced production of host proteins. Further analyses
are needed to characterise the connection between rRNA production arrests and translational
shut-off upon TBEV infection.

In summary, our results give new insights into the flavivirus-host interactions at the tran-
scriptional/translational level. Moreover, a virus-induced rRNA decrease was described for fla-
viviral infection for the first time. The research here can contribute to understanding the
mechanisms which determine at least to some extent the subsequent pathological processes.
However, the relatively late onset of effects described in this study cannot completely rule out
the possibility that our observations are due to cellular responses to TBEV infection rather
than virus-mediated, or even combinations of both cellular and viral effects. More work is
required to assess these possibilities in detail.

Supporting information

S1 Fig. Cell viability measurement using AlamarBlue in TBEV-infected DAOY cells.
DAOY cells were infected with either TBEV Neudoerfl or Hypr strains (MOI 5) or untreated
(mock); at indicated time intervals, cells were counted. A two-fold serial dilution was prepared
with range from 50000 to 390 cells/well and cell viability was subsequently analysed by using
alamarBlue reagent. Graphs represents fluorescent signal linked to the cell number at 24 hours
p-i. (A) and 48 hours p.i. (B). Three independent experiments were performed and values are
expressed as mean with SEM.

(TIF)

S2 Fig. TBEV induces host translational shut-off in infected cells. (A) Total protein pattern
visualized using Coomassie blue (CBB) staining of the gel used for AHA detection presented
in Fig 2A. (N) TBEV Neudoerfl, (H) TBEV Hypr, (m) mock control, (NC) non-labelled mock
control. (B) DAOY, MG-63, A549, and Vero cells were infected with either Neudoerfl (N) of
Hypr (H) strains of TBEV (MOI 5); as a negative control, mock-infected (m) cells were
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included. Cells were starved for 1 hour in methionine-free medium and subsequently, nascent
proteins were labelled using AHA (incubation for 2 hours; non-labelled negative controls,
NC). Cell lysates analysed by SDS-PAGE followed by proteins transfer to PVDF membrane
and Click reaction using biotin-alkyne. De novo synthesized proteins were further visualized
by using biotin-streptavidin detection system along with conjugated alkaline phosphatase.
Developed membranes were then stripped and NS3 viral protein detected. Total protein pat-
tern was visualized using CBB staining of the gels after blotting. Representative images out of
three independent experiments are shown.

(TIF)

$3 Fig. TBEV inhibits production of over-expressed viperin and GFP. (A) Schematic over-
view of experimental procedure: DAOY cells were first infected with either Neudoerfl or Hypr
strain (MOI 5) and at 24 hours p.i. transfected either with wt-viperin or pnMGFP expression
constructs. (B) The relative quantification of overexpressed viperin and GFP mRNA in either
TBEV Neudoerfl- (Neu) or TBEV Hypr-infected DAOY cells at 24 hours p.t. The A-c, relative
quantification method was used, with normalisation to the cell number. Mock-transfected
cells (empty vector only) were used as a control. Data are representative of three independent
experiments and values are expressed as mean with SEM. Significant difference from the con-
trol was calculated using unpaired two-sample Student’s t-test (* P<0.05, ** P<0.01). (C)
DAOY cells were first infected with either Neudoerfl or Hypr strain (MOI 5) and at 24 hours
p-i. transfected with either viperin or GFP expression plasmids. Analysis of viperin and GFP
protein levels was performed at 24 hours p.t. using viperin-specific immunodetection and GFP
signal measurement. Relative amounts in comparison to uninfected cells with normalisation
to cell numbers are shown for both proteins. Data are representative of three independent
experiments and values are expressed as mean with SEM. Significant difference from the con-
trol was calculated using a one-sample Student’s t-test (* P<0.05).

(TIF)

S4 Fig. Raw data of rRNA abundancy in TBEV-infected cells acquired from Bioanalyzer
2100. DAOY cells were infected with either TBEV Neudoerfl or Hypr strains (MOI 5) and
total RNA was isolated with RNAblue at the indicated time intervals. Subsequent analysis was
performed by using 30 ng of total RNA from mock-infected cells; RNA input of remaining
samples was normalised to the cell number. Representative images from three independent
experiments are shown.

(TIF)

S5 Fig. Specificity of Click reaction and visualization of nucleoli in DAOY cells. (A) DAOY
cells were infected with TBEV Hypr strain (MOI 5) and at indicated time intervals incubated
for 2 hours with EU-free cultivation medium. Fixed cells underwent the Click reaction using
10 uM biotin picolyl azide followed by fluorescent labelling with streptavidin-DyLight549.
Cells were co-stained with anti-NS3 antibodies; signal was further visualized using anti-
chicken DyLight488 antibodies. Scale bar represents 200 um. (B) DAOY cells were either
infected with TBEV Hypr strain (MOI 5) and fixed at 48 hours p.i. or treated with 1 mM
hydrogen peroxide for 45 minutes before the fixation. Anti-NPM1 antibodies with the second-
ary DyLight594-conjugated antibodies were used for the visualization of nucleoli. Scale bar
represents 80 pm.

(TIF)

$6 Fig. Cycloheximide (CHX) treatment results in decreased production of Renilla lucifer-
ase. DAOY cells were transfected with 100 ng of pRL-CMYV reporter vector expressing RL and
subsequently treated with CHX (50, 100 or 300 pg/ml) for time periods indicated. At 24 hours
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p-t. cell viability as well as luciferase activity was analysed. Data are representative of two inde-
pendent experiments and values are expressed as mean with SEM.
(TIF)

S1 Table. List of used primers.
(PDF)
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Domain Family Member 30; TBEV, Tick-borne encephalitis virus; TFAP2A, Transcription Factor AP-2 Alpha; TFAP2B, Transcription Factor AP-2 Beta; THSD7A, Thrombospondin
Type 1 Domain Containing 7A; THUMPD2, THUMP Domain-Containing Protein 2/SAM-Dependent Methyltransferase; TIPARP, TCDD Inducible Poly(ADP-Ribose) Polymerase;
TMA4SF18, Transmembrane 4 L Six Family Member 18; TMC8, Transmembrane Channel Like 6; TMEM229B, Transmembrane Protein 229B; TMTC1, Transmembrane O-
Mannosyltransferase Targeting Cadherins 1; TNFSF10, TNF Superfamily Member 10; TRHDE, Thyrotropin Releasing Hormone Degrading Enzyme; TRIM38, Tripartite Motif
Containing 38; TSHZ1, Teashirt Zinc Finger Homeobox 1; USP18, Ubiquitin Specific Peptidase 18/ISG15-Specific-Processing Protease; UTR, untranslated region; UTS2R, Urotensin
2 Receptor; vd-sRNA, virus-derived small RNA; WNV, West Nile virus; XAF1, XIAP Associated Factor 1; XRN1, 5’-3’ Exoribonuclease 1; ZIKV, Zika virus; ZMAT3, Zinc Finger Matrin-
Type 3; ZMYMS5, Zinc Finger MYM-Type Containing 5; ZNF124, Zinc Finger Protein 124; ZNF730, Zinc Finger Protein 730.
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ABSTRACT

Tick-borne encephalitis virus (TBEV), the most medically relevant tick-transmitted flavivirus in Eurasia,
targets the host central nervous system and frequently causes severe encephalitis. The severity of
TBEV-induced neuropathogenesis is highly cell-type specific and the exact mechanism responsible for
such differences has not been fully described yet. Thus, we performed a comprehensive analysis of alter-
ations in host poly-(A)/miRNA/IncRNA expression upon TBEV infection in vitro in human primary neurons
(high cytopathic effect) and astrocytes (low cytopathic effect). Infection with severe but not mild TBEV
strain resulted in a high neuronal death rate. In comparison, infection with either of TBEV strains in
human astrocytes did not. Differential expression and splicing analyses with an in silico prediction of
miRNA/mRNA/IncRNA/vd-sRNA networks found significant changes in inflammatory and immune
response pathways, nervous system development and regulation of mitosis in TBEV Hypr-infected neu-
rons. Candidate mechanisms responsible for the aforementioned phenomena include specific regulation
of host mRNA levels via differentially expressed miRNAs/IncRNAs or vd-sRNAs mimicking endogenous
miRNAs and virus-driven modulation of host pre-mRNA splicing. We suggest that these factors are
responsible for the observed differences in the virulence manifestation of both TBEV strains in different
cell lines. This work brings the first complex overview of alterations in the transcriptome of human astro-
cytes and neurons during the infection by two TBEV strains of different virulence. The resulting data
could serve as a starting point for further studies dealing with the mechanism of TBEV-host interactions

and the related processes of TBEV pathogenesis.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tick-borne encephalitis virus (TBEV; genus Flavivirus, family
Flaviviridae) is the most medically important tick-transmitted virus
in Eurasia, affecting the lives of 10 000-12 000 diagnosed patients
annually [1]. The virus is also gaining attention because of its
recent emergence in new localities such as the Netherlands [2].
TBEV, like other flaviviruses, forms spherical virions (50 nm in
diameter), and its monopartite genome comprises a ~ 11
kilobases-long single-stranded RNA of positive polarity. The geno-
mic RNA contains one ORF coding for 10 proteins, which is flanked
by 5" and 3’ untranslated regions (UTRs) [3].

Infection dissemination into the central nervous system (CNS) is
a final stage in the process of TBEV pathogenesis, where neurons
from different brain areas are the predominantly infected cell type
and show a high level of death rate [4,5]. TBEV also successfully
replicates in astrocytes [6,7], the neuroglial cells that provide all
the necessary support for the proper neuronal function. Such as
they maintain homeostasis, perform energy metabolism, regulate
blood flow, support the synaptic function, and protect neurons
from the infection [8]. Unlike in neurons, viability of TBEV-
infected astrocytes is not negatively affected, even though simi-
larly high viral titres in both cell types have been described [6,7].
An identical pattern of distinctive pathogenicity in neurons and
astrocytes was observed in the case of West Nile virus (WNV)
[9,10], but not in Zika virus (ZIKV) [11].

The exact factors responsible for the contrasting outcome of
TBEV infection in neurons and astrocytes have not been identified
yet; however, it is believed that cell type-specific response on the
level of gene expression is one of the key factors involved. Indeed, a
recent study by Fares et al. have described the neuron/astrocyte-
specific response via a distinctive expression profile of specific
innate immune response genes [12]. The phenomenon of neuron/

astrocyte-specific immune response to TBEV was confirmed also
on the level of cytokine and chemokine production [13]. Both stud-
ies point towards the TBEV-induced dysregulation of host gene
expression with an outcome strongly dependent on the cell type-
specific background.

The regulatory network of non-coding RNAs (ncRNAs) repre-
sents one of the most important players in the cell type-specific
changes of gene expression upon infection. Among these, expres-
sion profiles of specific microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs) were shown to be affected by flaviviral
infection. miRNAs are a class of short (21-25 nucleotides) ncRNAs
regulating gene expression at the post-transcriptional level by
sequence-specific binding to mRNA [14]. Several flaviviruses, such
as Japanese encephalitis virus (JEV), WNV, and ZIKV, were shown
to dysregulate the expression profile of host miRNAs [15-19], of
which some were identified to act in a proviral [20] or antiviral
manner [16,21,22]. No miRNA-related data are currently available
for TBEV [23]. IncRNAs represent another group of ncRNAs that are
longer than 200 nucleotides and also contribute to gene expression
regulation. In comparison to miRNAs, IncRNAs modulate the gene
expression at numerous levels, including chromatin remodelling,
cis-[trans-regulation of gene transcription, mRNA splicing, and
translation [24]. Similarly to miRNAs, the expression pattern of
IncRNAs alters upon flaviviral infection [25-29] and particular
IncRNAs were identified as proviral [30-32] or antiviral [33] fac-
tors. Except for the host-derived ncRNAs, flavivirus-derived small
RNAs (vd-sRNAs; 13-36 nt), were identified in mosquito/tick and
mammalian cells [34,35]. In arthropod vectors, the generation of
vd-sRNAs results from the RNA interference process (RNAi), where
vd-sRNAs are used by the host cell to target and cleave viral
genomic RNA [36]. However, in the mammalian host, vd-sRNAs
may play a different role by mimicking endogenous miRNA and
target specific host mRNAs, thus substantially contribute to viral
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replication and pathogenesis as in the case of influenza A virus and
human immunodeficiency virus [37,38].

Despite numerous studies describing TBEV-induced changes in
the expression profile of selected genes, no study so far has
described a comprehensive transcriptomic analysis of both,
ncRNAs and mRNAs in the most affected tissues of CNS. Data from
such analysis would extensively broaden our understanding of
TBEV-induced pathogenesis mechanism and may identify new tar-
get pathways for antiviral drug design. To fill that gap, we per-
formed an integrative analysis describing the changes of host
transcriptome on mRNA, miRNA, and IncRNA levels, including the
pre-mRNA splicing evaluation, in combination with TBEV-derived
vd-sRNA profiling. An in vitro model of human primary neurons
and astrocytes infected by two TBEV strains of different virulence
was utilised to elucidate the key players involved in TBEV-
induced neuronal pathogenesis.

2. Methods
2.1. Primary cells cultivation and differentiation

Neural progenitor cells of human origin - Human Neural Stem
Cells (hNSCs) purchased from Alstem (#hNSC11, Richmond, USA)
were maintained in KnockOut DMEM/F-12 culture medium
(#1260012, Gibco), supplemented with FGFb 20 ng/ml
(#PHGO0021, Thermo Fisher Scientific), EGF 20 ng/ml (#PHG0314,
Thermo Fisher Scientific) 2 % StemPro Neural Supplement
(#A10508-1, Thermo Fisher Scientific) and 1 % GlutaMAX-1
(2 mM) (#35050061, Gibco, Thermo Fisher Scientific) and grown
in a 6-well plate at the basement membrane of Geltrex™ solution
(1 % Geltrex™; #A1413302, Thermo Fisher Scientific; in KnockOut
DMEM/F-12 culture medium). hNSCs were split after PBS wash
by treatment with StemPro Acutase (#A11105-1, Gibco, Thermo
Fisher Scientific) when reaching the 80-90 % confluency in a
1:4-1:6 ratio. Cells were cultivated in 5 % CO, humidified atmo-
sphere at 37 °C.

hNSCs were seeded at desired density according to the param-
eters of the specific experiments. Details are summarized in
Table S1. After 24 h, differentiation was initiated by a transition
to either Astrocyte Medium (#1801; ScienCell Research Labs, Carls-
bad, CA, USA) or Neurobasal Plus Medium (#A35829-01, Gibco,
Thermo Fisher Scientific), supplemented with 2 % B-27™ supple-
ment (#17504044, Gibco, Thermo Fisher Scientific) and 2 mM
GlutaMAX-1 (#35050061, Gibco, Thermo Fisher Scientific) to
derive astrocytes or neurons respectively. During the differentia-
tion process, the media were changed twice a week and the differ-
entiation of astrocytes took 21-22 days and neurons 14-18 days
before the target experiment was undertaken. For seeding of differ-
entiated or partially differentiated cells, astrocytes or neurons
were washed with PBS and detached by CTS™ TrypLE™ Select
Enzyme (#A1285901, Thermo Fisher Scientific).

2.2. Viruses and infection

We used two strains of the European TBEV subtype with differ-
ing pathogenicity for cell infections. The prototype TBEV strain
Neudoerfl originating from infected tick (4th passage in suckling
mice brains; GenBank accession no. U27495), was provided by
Prof. F.X. Heinz (Medical University of Vienna, Austria) [39]. The
highly virulent TBEV strain Hypr (4th passage in suckling mice
brains; GenBank accession no. U39292), isolated from a 5-year
old child with a multi-tick bite history and suspect tick-borne
encephalitis [40], is available at the Institute of Parasitology, Biol-
ogy Centre of Czech Academy of Sciences, Ceské Bud&jovice, Czech
Republic. Mock-inoculated brain suspensions of suckling mice
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brains were used as a control in all experiments. Differentiated
astrocytes and neurons were infected with both TBEV strains at
the multiplicity of infection of 5 (MOI) for two hours in half volume
of cultivation media to favour virus adsorption. Then, the inoculum
was removed, and fresh cultivation media was replenished to the
normal volume. To determine the appropriate MOI for infection,
parallelly differentiated cells were counted prior to the infection
in order to determine the cell numbers after differentiation.

2.3. Immunofluorescence assay

The presence of characteristic markers denoting the state of dif-
ferentiation and development of infection in astrocytes and neu-
rons was analysed by immunofluorescence assay. Cells were
seeded on coated chamber slides at concentrations detailed in
Table S1 and, when applicable, infected or mock-infected. At
24/72 h post-infection (p.i.), the presence of differentiation and
infection markers was assayed. During sample processing, cells
were fixed with 4 % paraformaldehyde for 15 min. Cells were
washed in PBS and permeabilized by 0.1 % Triton X-100 in PBS,
and formaldehyde auto-fluorescence was quenched by 50 mM
NH4Cl in 1 % bovine serum albumin (BSA) in PBS for 10 min twice.
After PBS washing, blocking in 3 % BSA in PBS was undertaken for
1 h at room temperature. Target antigens were labelled for 1 h at
room temperature or overnight at 4 °C by the following primary
and secondary antibodies: dsRNA mAb (#10010200, SCICONS ]2
from Scicons, Biocompare), GFAP (GA5) Mouse mAb (#3670S, Cell
Signaling Technology), HuC/HuD Monoclonal Antibody (16A11)
(#A-21271 Invitrogen, Thermo), MAP2 (#4542S, Cell Signaling
Technology), S100B Polyclonal antibody (#bs-2015R Bioss Anti-
bodies), TBEV NS3 Langat Chicken IgY (NS3 antibodies to closely
related Langat virus NS3 were kindly provided by Dr M. Bloom,
94 % homology with TBEV), Goat Chicken IgY H&L (DyLight® 488)
(#ab96947, Abcam), Goat Guinea pig IgG H&L (Alexa Fluor® 594)
(#ab150188, Abcam), Goat Mouse IgG H&L (DyLight® 594) pread-
sorbed (#ab96881 Abcam), Goat Rabbit IgG H&L (Alexa Fluor®
488) (#ab181448 Abcam). Concurrent nuclei staining and sample
mounting were done with VECTASHIELD® Antifade Mounting Med-
ium with DAPI (#H-1200-10, Vector Laboratories). Images were
taken with the Olympus Fluoview FV10i confocal microscope
equipped with FV10-ASW software (v.1.7).

2.4. Growth curve

To assess the replication rate of TBEV in astrocytes and neurons,
cells were either mock-treated or infected with the TBEV strains
Hypr and Neudoerfl at the MOI of 5 (see details of differentiation
in Table S1). At 2, 12, 24, 48, 72 for both cell lines and at 120 h
p.i. (astrocytes only) culture supernatant was sampled and clarified
by centrifugation for TBEV titre assessment. TBEV titres were pla-
que assayed on the human lung adenocarcinoma monolayers
(A549; kindly gifted by R. Randall, University of St. Andrews, UK)
according to the modified protocol of de Madrid et al. [41]. A549
were maintained in low glucose DMEM cultivation medium
(#L0064-500, Biowest, VWR) supplemented with 10 % foetal
bovine serum (FBS; #S1810-500, Biowest, VWR), 1 % antibiotics
(penicillin G 100 units/ml, streptomycin 100 pg/ml; #L0022-020,
Biowest), and 1 % L-alanyl-L-glutamine (#X0551-100, VWR) in 5
% CO, humidified atmosphere at 37 °C. Briefly, ten-fold dilutions
of virus samples were mixed with the A549 cell suspension
(1.5x10° cells/well of 24-well plate), cells were let to adhere, and
virus to adsorb. After 4 h, an overlay mixture (1:1 v/v of car-
boxymethyl cellulose and 2x concentrated DMEM cultivation
medium) was applied dropwise to the cells. After 5 days, cell
monolayers were washed with physiologic solution (0.9 % NacCl),
and plaques were fixed and stained with naphthalene black solu-
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tion (0.1 % naphthalene black in 6 % acetic acid solution) for
45 min.

2.5. Viability assay

To detect the viability rates, neurons and astrocytes were differ-
entiated as specified in Table S1 and infected with 5 MOI of Hypr
and Neudoerfl TBEV strain. 2-3 h prior to the sampling interval
(12, 24, 48, 72,120, 168 h p.i.) incubation with AlamarBlue reagent
in the cultivation media (1:10 (v/v); #DAL1025, Thermo Fisher Sci-
entific) was performed in a dark. Viability for each cell type was
assessed by fluorescence measurement (Agx =550 nm, Agy, = 590 nm)
using Tecan infinite 2000Pro, (Tecan i-control, 1.11.1.0) from four
biological and two technical replicates and the viability value of
the mock-treated cells was set at 1 (100%).

2.6. qRT-PCR

For the analysis of TBEV replication in infected cells, viral RNA
was quantified by an assay designed by Achazi et al. [42]. Total
RNA (80 ng/reaction) was used for TBEV gRNA quantification with
the KAPA PROBE FAST Universal One-Step qRT-PCR Master Mix
(2X) (#KK4752, Sigma-Aldrich, MERCK) and relative fold induction
of TBEV RNA amount was determined using the delta-delta ct (AA-
ct) with the comparison to mock. For the verification of poly-(A)
transcriptomic data, samples were treated with dsDNase
(#ENO0771, Thermo Fisher Scientific) and gene expression was anal-
ysed with the KAPA SYBR FAST Universal One-Step qRT-PCR Kit
(#KK4652, Sigma-Aldrich) according to the manufacturer’s proto-
col. Relative expressions of HSPA-6, OASL, RNVU1, and RSAD2
(viperin) genes were processed via the AA-ct method with HPRT1
as a reference gene. All samples were analysed in biological and
technical triplicates. A list of primers and probes used can be found
in Table S1.

Verification of small RNA transcriptomic data was performed
using miRCURY LNA miRNA PCR Assay Kit (#339306, Qiagen)
according to the manufacturer’s instructions. 200 ng of total RNA
was used as an input with subsequent quantification of hsa-miR-
1248 (#YP00204253) and hsa-miR-145-5p (#YP00204483) in all
samples. Data obtained were processed via relative quantification
using the delta-delta ¢, (AA-c¢) method with hsa-miR-103a as a ref-
erence miRNA and Sp6 as an internal spike-in control. All samples
were analysed in biological and technical triplicates.

2.7. Transcriptomic analysis

2.7.1. Sample preparation

Each sample was prepared and analysed in biological triplicates.
Total RNA from TBEV-infected human neurons and astrocytes was
isolated at 24 and 72 h p.i. using RNA Blue reagent (Top-Bio, Ves-
tec, Czech Republic) according to the manufacturer’s instructions.
RNA concentration was measured using NanoPhotometer Pearl
(Implen, Miinchen, Germany) and the quality of RNA was deter-
mined using 2100 Bioanalyzer with RNA 6000 Nano kit (Agilent
Technologies, Santa Clara, CA, USA).

2.7.2. Poly-(A)-enriched RNAs

Sequencing library construction, sequencing, raw read quality
check and adapter trimming were done by Novogene Co., Ltd (Bei-
jing, China). The 150 PE library was sequenced in HiSeq 4000
sequencer (Illumina, San Diego, CA, USA). Quality filtering was per-
formed using Cutadapt v1.15 [43] and the subsequent clean read
quality check was done using FastQC v0.11.5. [44]. The mapping
(GRCh38.p13 reference genome), assembly and differential expres-
sion analysis were performed using the Tuxedo suite [45].
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2.7.3. Small RNAs

Sequencing library construction, sequencing, raw read quality
check and adapter trimming were done by Novogene Co., Ltd (Bei-
jing, China). The 50 SE library was sequenced in HiSeq 2500
sequencer (Illumina, San Diego, CA, USA). The clean read quality
check was done using FastQC v0.11.5 [44]. Adapter contamination,
short and low quality reads were removed using Cutadapt v1.15
[43]. The clean reads were mapped to the reference genome
(GRCh38.p13) using miRDeep 2.0.1.2 [46]. The -q option for the
mapper.pl script was used to allow 1 mismatch for mapping. The
miRDeep2.pl module was run using the human miRBase database
(miRBase v.21) [47]. Identification of differentially expressed (DE)
miRNAs was based on Benjamini-Hochberg P-value < 0.05 (un-
paired Student’s t-test) and log, fold change >1.5 or <—1.5 using
the normalized fragments per kilobase of transcript per million
mapped reads (FPKMs; cut-off 10 FPKM per miRNA species) ratios
between the respective TBEV-infected sample and mock control.

2.7.4. Virus-derived small RNAs

The raw reads from small RNA library were also mapped to the
genome of both TBEV strains, Hypr (GenBank accession number
U39292) and Neudoerfl (GenBank accession number U27495),
using Bowtie [48]. The read depth counts of each sample were
retrieved from the corresponding bedgraphs produced using Bed-
tools v.2.27.1 [49]. Read distribution along the TBEV genome was
evaluated and visualised using Geneious Prime v2020.0.5. (Biomat-
ters, Ltd, Auckland, New Zealand). The sense and antisense reads
were additionally discriminated by extracting individual read
types from their respective bam files using Samtools v1.10 [50]
and their counts were compared for each sample.

2.8. In silico miRNA/vd-sRNA target prediction

miRNA trans target prediction was performed using miRWalk
[51] and LncBase v.2 [52] toolkits. Briefly, DE miRNAs were divided
into two groups: (1) up-regulated and (2) down-regulated; these
served as an input for the respective prediction toolkit. Generated
lists of predicted miRNA targets were subsequently used to iden-
tify these targets in DE protein-coding mRNAs (pc-mRNAs)/
IncRNA datasets. For up-regulated miRNAs, the datasets of down-
regulated pc-mRNAs/IncRNAs were used, and vice versa, datasets
of up-regulated pc-mRNAs/IncRNAs were used in the case of
down-regulated miRNAs. Default settings were used for miRWalk
(P-value < 0.05, miRNAs targeting 3'UTR) in combination with
the miRDB prediction tool. In the case of LncBase, the prediction
module with default settings was used (cut-off score > 0.90). Iden-
tification of human miRNAs targeting TBEV Hypr/Neudoerfl geno-
mic RNA or human mRNAs being targeted by 21-23 nt long vd-
sRNAs was performed using the miRDB tool with a cut-off
score > 0.70 [53].

2.9. Differential splicing analysis

The identification and quantification of differential splicing
were computed using MAJIQ v2.2 [54], which employs Local splic-
ing variations (LSV) derived from the provided transcriptome
annotation file and RNA-seq data. The differential splicing was con-
sidered significant for LSVs with MAJIQ default cut-off values for
deltaPSI (JAW|>0.2) supported by P(|JAW¥]|>0.2) with a 0.05 cut-
off (Bonferroni correction).

The raw reads of each sample represented by biological tripli-
cates were mapped to the reference genome (GRCh38.p13) with
STAR 2.7.7a [55]. The resulting bam files and an annotation file
of the respective human genome were supplied to a MAJIQ builder
for splice graph construction using default parameters. The relative
abundance of LSVs was calculated using MAJIQ Quantifier with
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default parameters. The quantifier module computes the abun- bodies were used: guinea-pig polyclonal serum against TBEV cap-
dance of each LSV using marginal percent spliced index (PSI, sid protein (C) (produced in-house), anti-GAPDH antibody
denoted W). The PSI is calculated for each splice junction (SJ) and [EPR16891] (Abcam; #ab181602), HRP goat anti-guinea pig
expresses the probability of splicing compared to other SJs in a (Novex; #A18769), HRP goat anti-rabbit IgG antibody (Vector Lab-
given splicing event. The differential splicing is inferred from rela- oratories; #PI-1000). Sample inputs were standardised by equal
tive changes of LSVs among different conditions using delta PSI protein amounts loaded into each well (10 pg).

(dPSI, denoted AW). The summary and visualization of differential

splicing were done for each sample with the MAJIQ Voila package. 2.11. Statistical analyses

2.10. Immunoblotting If not mentioned otherwise default settings for built-in statis-
tics were used in employed computational packages/tools. Statisti-

Isolation of proteins was performed from the samples used for cal data analysis in the case of TBEV infection dynamics (Fig. 1) was
RNA isolation using RNA Blue according to the manufacturer’s performed in the GraphPad Prism software (version 8.3.0, Graph-
instructions. The resulting protein isolates were separated on 12 Pad Software, San Diego, CA, USA): cell viability was analysed by
% polyacrylamide gels and subsequent immunoblotting detection Welchs t-test with multiple testing correction by FDR (Benjamini,
was performed as described previously [56]. The following anti- Krieger, and Yekutieli, q < 0.05) and TBEV titre differences were
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Fig. 1. TBEV infection dynamics assessment in in vitro differentiated human neurons and astrocytes reveals higher neuronal susceptibility. Astrocytes were
differentiated for 22 days, neurons for 14-17 days prior to infection with TBEV strains Hypr and Neudoerfl at MOI of 5. (A) Immunofluorescent labelling of selected
differentiation markers in astrocytes (GFAP - red and S100B - green) - left and neurons (HuD - red and MAP2 -green) - right. Nuclei were stained with DAPI. Controls are
labelled with secondary antibodies only. The scale bar represents 20 um. Representative images from two independent experiments are shown. (B) TBEV growth curve of
strains Hypr and Neudoerfl, virus shedding into cultivation media was quantified by plaque assay using A549 cells. Data summarise three independent experiments and
values in graphs are expressed as mean * SD. Significant difference from control was calculated by unpaired Student’s t-test (p < 0.05 (*), p < 0.01(**)). (C) Relative viability of
neurons and astrocytes upon TBEV infection measured by metabolic conversion of alamarBlue and related to the viability of mock-treated cells (1.0 = 100 %, dotted line). Data
summarise four biological and two technical replicates experiments, and values in graphs are expressed as mean + SD. Welchs t-test showed a significant difference from
control with the multiple testing correction by FDR (Benjamini, Krieger, and Yekutieli, ¢ < 0.05), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). (D) TBEV replication in astrocytes
and neurons was assessed by the amount of genomic RNA quantified by qRT-PCR and related to mock with the AA-ct method. Results are represented as means + SD of three
biological and technical replicates. (E) TBEV C (capsid protein) and GAPDH (loading control) levels in infected astrocytes and neurons at 24 and 72 h p.i. were determined by
immunoblotting. Representative data from three independent experiments are shown. N - Neudoerfl strain, H - Hypr strain. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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analysed by unpaired Student’s t-test (o0 = 0.05). Conformity of
sequencing and qRT-PCR data was analysed with the Spearman
correlation analysis (o = 0.05).

3. Results

3.1. Infection of in vitro differentiated human neurons and astrocytes
by TBEV Hypr or Neudoerfl resulted in a different pathogenic pattern

Initially, we focused on deriving a suitable experimental model
to study TBEV infection in the target cells, human neurons and
astrocytes. Primary human neurons and astrocytes were derived
from neural progenitor cells of human origin - Human Neural Stem
Cells (hNSCs). Following the differentiation, the characteristic
appearance of astrocyte and neuron morphology was observed
and further, the expression of cell-type-specific markers was veri-
fied using an immunofluorescence assay. Neuron identity was ver-
ified by the presence of markers HUDD and MAP2, and astrocytes
identity was assayed by the expression of S100B and GFAP
(Fig. 1A). In each cell type, at least 90 % of cells were labelled pos-
itively for at least one of the differentiation markers (data not
shown).

Further, we intended to characterize the development of
infection in neurons and astrocytes. Therefore, both cell types
were infected with two European subtype strains of TBEV, the
highly pathogenic Hypr and mild Neudoerfl, at the multiplicity
of infection (MOI) of 5. The production of the virus in both cell
lines was analysed with plaque assay on A549 cells (Fig. 1B). In
addition to TBEV titres, the relative levels of TBEV genomic RNA
(gRNA) were determined in the course of infection as well
(Fig. 1D).

Infection of both cell types with TBEV resulted in the production
of relatively high viral titres. In neurons, peak production of the
virus was reached at 48 h p.i. (12.96x10” * 3.21x10’ and
5.93x107 + 1.16x10’ for Hypr and Neudoerfl, respectively) and
remained steady further on. In astrocytes, the peak production of
the virus was reached at 48 h p.i. (1.53x107 + 0.46x10’ and
0.35x107 + 0.09x107 for Hypr and Neudoerfl, respectively), how-
ever, a decline in the viral titres was observed hereafter (Fig. 1B).

The viability of infected astrocytes was not significantly affected
by TBEV in most of the time periods tested (12-168 h p.i.) regard-
less of the strain of TBEV used. The only significant reduction in
viability by 10 % was seen in astrocytes infected with Neudoerfl
after 5 days p.i. Dissimilarly, TBEV Hypr reduced the viability of
infected neurons by 40 % at 72 h p.i. and <20 % of cells survived
in the later time points. Less virulent strain Neudoerfl affected cell
viability the most at 120 h p.i. by killing approximately 30 % of the
neurons (Fig. 1C).

To illustrate the infection process entirely, the amount of viral
genomic RNA was measured by qRT-PCR (Fig. 1D), and the amount
of viral capsid protein reflecting the proteosynthesis was deter-
mined by immunoblotting at 24 and 72 h p.i. (Fig. 1E). Alike the
progeny production, the amount of viral RNA in neurons exceeded
the amount in astrocytes by >10-fold in both intervals examined.
The more virulent TBEV strain Hypr exhibited a slightly higher
replication rate than the Neudoerfl strain (Fig. 1D). A similar trend
of more pronounced viral protein production in the case of TBEV
Hypr infection was apparent also in the viral protein production
(Fig. 1E).

In situ labelling of viral proteins and dsRNA showed that TBEV
replication was concentrated in discrete regions adjacent to nuclei,
whereas TBEV non-structural protein NS3 exhibited a more diffuse,
whole cytoplasmic pattern of distribution (Fig. S1).

To sum up, both cell types were highly susceptible to TBEV
infection, supporting virus replication and progeny production.
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However, neural cell types differed in resilience, with astrocytes
able to withstand the infection. We wanted to examine further
the factors that underlay the difference in response between neu-
rons and astrocytes.

3.2. Differential expression analysis of TBEV-infected human neurons
and astrocytes reveals significant differences linked to the cell origin
and virus virulence

Higher susceptibility of neurons to TBEV infection accompanied
by higher pathogenicity than in astrocytes is a previously
described phenomenon [5,7,12]. However, no comprehensive
study combines the description of the host response on the mRNA,
miRNA, and IncRNA levels. Thus, we performed an integrated dif-
ferential expression analysis in both human neurons and astro-
cytes challenged by either TBEV Hypr or Neudoerfl infection.
Fig. 2 summarizes the experimental outline for RNA-seq sample
preparation (Fig. 2A) and subsequent in silico analyses (Fig. 2B).
Differentiated cells were infected at MOI of 5 and total RNA was
isolated at 24 and 72 h p.i. to describe the transcription dynamics
of the host response. In total, 36 samples were prepared; this num-
ber includes three biological replicates for each variant (Table 1).

3.2.1. Differential expression analysis of poly-(A) RNAs

Sequencing of poly-(A) selected library of all samples yielded on
average in 80 M 150 PE reads. Quality filtering using Cutadapt
dropped on average 1.8 % low-quality and/or short reads. The
remaining reads were mapped to the human genome assembly
(GRCh38.p13) using TopHat with 78.1 % average mapping effi-
ciency [57]. The details of sequencing output, quality filtering,
and mapping statistics per sample are given in Table S2.

For poly-(A)-enriched datasets, a total number of 4288 differen-
tially expressed genes (DE genes, Benjamini-Hochberg P-
value < 0.05 and log, fold change >1.5 or <—1.5) was identified in
TBEV-infected cells when compared to mock control (Table S3).
Of these, 2975 genes (69.4 %) represented protein-coding mRNAs
(pc-mRNAs) and 923 (21.5 %) ncRNAs (Fig. 3A); pseudogenes and
unclassified genes (9.1 %) were excluded from further analyses.
Infection with TBEV Hypr resulted in a considerably higher number
of DE genes in both, astrocytes and neurons, in comparison to TBEV
Neudoerfl (Fig. 3B). Moreover, based on the expression profiles of
pc-mRNAs and ncRNAs (Fig. 3C and D), a strong cell- and strain-
specific response was observed, when only 1287 (33.1 %) and
591 (15.2 %) DE genes were identified in both cell types or both
TBEV strains, respectively (Fig. S2). From those, a conserved group
of 32 DE pc-mRNAs up-regulated in TBEV-infected datasets was
identified (Table 2), which included genes coding for effectors of
the innate immune response, such as receptors sensing viral infec-
tion RIG-1 and MDAS5, or proteins with direct antiviral effect (e.g.
BST2, IFIT1-3, RSAD2, MX1, OAS1-3, OASL).

The differential expression analysis results were verified using
real-time PCR quantification of mRNA levels for selected DE genes
(RSAD2, RNVU1, HSPAG, OASL). The correlation between qPCR and
NGS data is statistically significant (Spearman correlation r = 0.81,
p <0.001), therefore, the RNA-seq data were successfully validated
(Fig. 3E).

To describe the cellular processes affected by the dysregulation
of identified DE pc-mRNAs, we performed a gene set enrichment
analysis (GSEA) using the DAVID toolkit [58]. A vast majority of sig-
nificantly enriched GO classes (Benjamini-Hochberg P-
value < 0.05) were related to the antiviral immune response
(Fig. 3G). In addition, the same analyses of down-regulated gene
sets uncovered an interesting phenomenon, where the proper neu-
ral development and assembly of the extracellular matrix are neg-
atively affected by TBEV infection (Fig. 3G).
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Fig. 2. Schematic representation of an experimental design performed in this study. (A) hNSCs were differentiated into astrocytes and neurons, infected with TBEV strains
Hypr and Neudoerfl at the MOI of 5 and total RNA was isolated at 24 and 72 h p.i. with RNA Blue reagent. The quality of RNA was verified using Bioanalyzer 2100 and (B)
Diagram describing the generation of miRNA/mRNA/IncRNA/vd-sRNA networks. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 1
An overview of samples subjected to RNA-seq analysis.

Cell type TBEV strain Hours p.i. Number of samples
A24_H astrocytes Hypr 24 3
A24_N astrocytes Neudoerfl 24 3
A24_M astrocytes 24 3
A72_H astrocytes Neudoerfl 72 3
A72_N astrocytes Hypr 72 3
A72_M astrocytes 72 3
N24_H neurons Neudoerfl 24 3
N24_N neurons Hypr 24 3
N24_M neurons 24 3
N72_H neurons Neudoerfl 72 3
N72_N neurons Hypr 72 3
N72_M neurons 72 3

3.2.2. Differential expression analysis of small RNAs

Sequencing the small RNA selected library of all samples
yielded an average of 41 M 50 SE reads. Quality filtering using
Cutadapt dropped on average 1.8 % low-quality and/or short reads.
The remaining reads were mapped to the human genome assembly
(GRCh38.p13) using miRDeep2 with 58.2 % average mapping effi-
ciency. The details of sequencing output, quality filtering and map-
ping statistics per sample are given in Table S4.

In small RNA datasets, a total of 145 miRNA species were
described as significantly dysregulated upon TBEV infection
(Benjamini-Hochberg P-value < 0.05 and log, fold change >1.5
or <—1.5) (Fig. 4; Table S5). Interestingly, while infection with sev-
ere Hypr strain resulted in higher numbers of dysregulated pc-
mRNAs and ncRNAs when compared to mild Neudoerfl strain,
the DE miRNA pattern showed an opposite trend (Fig. 4A), that is
distinct reduction of significantly affected miRNAs by more viru-
lent TBEV strain. Furthermore, the expression profiles document
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a surprisingly high cell-specific response as only one miRNA spe-
cies (hsa-miR-592) was found to be up-regulated in both cell types,
astrocytes (A72_H) and neurons (N72_N) (Fig. 4B and D). The phe-
nomenon of high specificity was also observed between TBEV
strains, where only 14 (9.7 %) miRNA species followed the same
pattern of dysregulation in the case of both, Hypr and Neudoerfl
(Fig. 4C and D). The verification of miRNA-seq data was performed
using qPCR quantification of hsa-miR-1248 and hsa-miR-145-5p; the
positive correlation between both methods was confirmed to be

statistically significant (Fig. 4E; Spearman correlation r = 0.64,
p = 0.009).
Several studies dealing with small RNA profiling in

flavivirus-infected cells have reported the presence of vd-
sRNAs [34,35]. We, therefore, assessed whether TBEV infection
also resulted in the generation of vd-sRNAs by mapping the
small RNA datasets from RNA-seq to TBEV Hypr genomic
sequence (GenBank accession no. U39292). The production of
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the respective dataset. (C) Heatmap visualizing the overall expression pattern of protein-coding mRNAs in analysed samples. (D) Heatmap visualizing the overall expression
pattern of non-coding RNAs in analysed samples. (E) Verification of RNA-seq data by qRT-PCR. Relative expressions of HSPA-6, OASL, RNVU1, and RSAD2 (viperin) genes were
processed via the AA-ct method with HPRT1 as a reference gene. All samples were analysed in biological and technical triplicates. Spearman correlation was evaluated with
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performed by DAVID tool.

vd-sRNAs was confirmed in all TBEV Hypr-infected samples
with small RNA species ranging from 16 to 50 nucleotides in
size. As expected, the amounts of mapped reads increased with
the infection progress in all specimens. Furthermore, vd-sRNAs
were predominantly derived from the sense strand of the TBEV
genome (Fig. S3) and reached higher, but not significantly dif-
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ferent (unpaired Student’s t-test; p < 0.05), levels in neurons
(6.24x10° + 5.74x10%) than in astrocytes (4.87x10° = 6.30x1
0%) (Fig. 4E). These findings positively correlate with higher
viral titres and gRNA observed in neurons (Fig. 1). The pattern
of reads distribution throughout the viral genome appears
rather mosaic with several specific hot-spots. Besides, the hot-
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Table 2
Identification of a common set of genes with TBEV-induced expression in human neurons and astrocytes.
gene_id gene_name A24_H A24_N A72_H A72_N N24_H N24_N N72_H N72_N
ENSG00000239713 APOBEC3G 2.39 1.97 2.87 1.85 1.62 1.54 1.70 1.72
ENSG00000100342 APOL1 2.90 2.12 2.98 1.90 3.83 332 217 2.14
ENSG00000221963 APOL6 3.29 3.03 3.02 1.99 3.02 2.76 2.77 2.42
ENSG00000130303 BST2 7.06 6.40 9.80 8.65 5.46 6.16 7.50 7.60
ENSG00000134326 CMPK2 3.75 3.51 4.46 3.58 1.86 2.23 2.94 2.89
ENSG00000107201 DDX58 3.41 3.23 3.94 2.99 3.23 2.93 4.05 3.05
ENSG00000137628 DDX60 2.60 245 3.12 2.45 2.46 2.31 3.23 2.03
ENSG00000181381 DDX60L 2.60 245 3.12 2.45 2.46 231 3.23 2.03
ENSG00000108771 DHX58 5.10 427 5.57 3.83 4.49 4.00 6.17 4.58
ENSG00000133106 EPSTI1 3.80 3.36 4.25 3.48 3.27 3.18 3.89 3.46
ENSG00000138646 HERC5 5.70 4.76 6.51 5.05 5.24 3.95 7.76 5.55
ENSG00000138642 HERC6 4.50 4.08 4.72 3.90 3.34 371 5.00 4.14
ENSG00000068079 IFI35 3.95 3.13 4.64 3.47 1.98 2.76 3.44 3.77
ENSG00000137965 IF144 2.51 2.52 3.53 2.83 2.01 2.72 3.79 3.15
ENSG00000137959 IF144L 2.51 2.52 3.53 2.83 2.01 2.72 3.79 3.15
ENSG00000126709 IFI6 3.84 3.11 5.45 4.50 1.95 2.93 4.06 4.44
ENSG00000115267 IFIH1 5.47 497 6.24 5.02 5.58 4.56 7.48 5.99
ENSG00000185745 IFIT1 6.47 6.04 7.29 6.30 5.84 5.72 7.84 6.79
ENSG00000119922 IFIT2 6.28 5.72 6.98 5.72 6.74 5.23 8.12 5.57
ENSG00000119917 IFIT3 5.51 5.14 6.71 5.65 6.09 5.24 7.61 6.21
ENSG00000187608 ISG15 5.81 4.84 6.83 5.46 4.25 5.14 6.64 5.99
ENSG00000157601 MX1 7.16 6.37 7.12 6.11 5.11 6.60 6.93 7.45
ENSG00000123609 NMI 2.85 2.54 3.87 2.95 2.39 1.81 3.14 2.90
ENSG00000089127 OAS1 6.63 5.84 8.54 7.47 3.87 4.44 5.88 6.44
ENSG00000111335 OAS2 9.00 8.05 12.07 11.03 9.10 9.32 5.68 5.91
ENSG00000111331 OAS3 3.99 3.37 5.85 4.68 2.83 3.31 418 4.01
ENSG00000135114 OASL 8.49 7.18 11.16 9.47 8.55 7.59 9.89 8.58
ENSG00000173193 PARP14 2.37 2.51 2.85 2.27 1.73 1.99 2.26 2.01
ENSG00000134321 RSAD2 6.46 6.01 8.50 741 4.19 3.87 6.37 6.09
ENSG00000205413 SAMD9 4.06 3.99 5.06 4.10 3.67 3.84 5.47 4.94
ENSG00000184979 USP18 4.11 3.65 4.87 3.77 1.79 2.55 3.26 3.19
ENSG00000132530 XAF1 2.27 2.20 2.81 232 2.95 2.69 3.07 2.98

spots identified in all of the analysed samples are strikingly
conserved and the main difference was observed on the level
of read counts (Fig. S4). The most universal/abundant peak
was identified at the end of the 3’ UTR.

3.3. Candidate gene networks responsible for a different outcome of
TBEV Hypr infection in neurons vs. Astrocytes

As TBEV Hypr dramatically decreased the number of living neu-
rons but not astrocytes (Fig. 1C), we sought to characterize the dif-
ferences between N72_H and A72_H datasets to identify potential
key factors involved in higher neuronal susceptibility to TBEV Hypr
infection. First, we selected DE pc-mRNAs, which were either
uniquely up-/down-regulated in N72_H/A72_H datasets or the dif-
ference in up-/down-regulation between N72_H/A72_H datasets
was higher than 1.5 log,. A total of 1849 DE pc-mRNAs were iden-
tified and further divided into four groups according to their
expression profile (unique expression in neurons/astrocytes or
higher expression in neurons/astrocytes). Subsequently, the GSEA
analysis of all groups revealed that the main difference is a more
robust immune response elicited in infected astrocytes (Fig. 5A).
In more detail, either a triggering of astrocyte-specific antiviral
response genes (e.g., TNFSF10, MX2, MMP13, IFITM1, or IFITM2) or
higher up-regulation of immune response genes (e.g., OAS1-3,
RSAD2, BST2, IL6, or ISG20) was observed (Table 2; Fig. S5). These
findings correlate with qPCR data, where RSAD2 (viperin) and OASL
were significantly more up-regulated in astrocytes than in neurons
(Fig. 5B). A specific expression pattern was observed for IFN-8 and
IFN-/). genes, when IFN-B seems to be responsible for an early
immune response to TBEV followed by the expression of IFN-i
(Fig. 5C). Interestingly, the late expression of IFN-A (72 h p.i.)
appeared in astrocytes only, suggesting its role as a factor associ-
ated with the neuronal susceptibility to TBEV infection. Addition-
ally, to put our data in context with previous research, we
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compared our comprehensive list of DE immune response-related
genes with altered protein levels of selected cytokines [13] and
mRNAs [12] retrieved for TBEV by others (Fig. 5D). Our data
showed a high level of coherence with these previously published
expression patterns and considerably extended the previous ones.

The DE miRNAs and IncRNAs were selected based on the same
unique or more pronounced response criteria used to evaluate
pc-mRNAs. This way, the miRNA trans target prediction was per-
formed for the selected datasets of pc-mRNAs (miRWalk; [51])
and IncRNAs (LncBase v.2; [52]). Prediction results summarized
in Table S6 show that 173 genes were identified as possible trans
targets (133 pc-mRNAs and 40 IncRNAs), including genes involved
in immune response (e.g., 0AS1, TRIM38, SPSB4), proper neuronal
development and function (e.g., NRARP, KCNK10, SIRPA, CLIC5,
TMC8, KIT, CNTN2, DCC) as well as transcription factors (e.g.,
TFAP2B, HEYL, GATAD2B, BEND3). In order to get a complete over-
view of the possible interactions, potential cis targets (100 kb
upstream and downstream) were predicted for DE IncRNAs with
log,-fold change >4 or <—4 as well as for IncRNAs identified as
potential targets of DE miRNAs (Table S7). In total, 45 cis targets
were predicted, including immune response-related genes (loci
RSAD2/CMPK2 and IFNL1-4; IFI6), receptors (e.g., DCC, UTS2R), and
transcription factors (e.g., DLX5, OTX2).

The differences in the vd-sRNA mapping profile between the
two cell types may substantially influence the enhanced neuronal
sensitivity to Hypr infection. One of the possible scenarios suggests
that vd-sRNAs could mimic host miRNAs, leading to a lowered
expression of a target gene [37]. Therefore, we extracted the 21-
23 nt long vd-sRNAs and selected hotspots HS1-HS12 which were
present uniquely or in higher/lower numbers in N72_H and A72_H
samples (Table 3; Fig. 5E). Surprisingly, HS3, HS7, HS9, HS10, and
HS12 had higher read counts in Hypr-infected astrocytes, and only
HS11 had a higher read count in Hypr-infected neurons. Subse-
quently, the prediction of vd-sRNA targets was performed using
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analysis (DAVID tool; GO Biological processes; p < 0.05) of DE genes 1) uniquely expressed in either A72_H or N72_H, and 2) genes expressed with >1.5 log, difference in one
of the samples. (B) Relative expression of OASL and RSAD2 (viperin) genes in TBEV infected cells. Calculations were performed via the AA-ct method with HPRT1 as a
reference gene. All samples were analysed in biologcal and technical triplicates. (C) Expression pattern of IFN-3 and IFN-4 in TBEV-infected cells based on RNA-seq data. (D)
Overview and comparison of the expression pattern of selected immune response-related genes from this study and works of Fares et al. [12] and Pokorna et al. [13] (E)
Number of mapped reads for vd-sRNAs (16-50 nt) in the respective sample. Data summarise three independent experiments, and values in graphs are expressed as
mean * SD.
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the miRDB tool in combination with DE pc-mRNA lists. In total, 51
host DE pc-mRNAs were identified (Table 4). Interestingly, vd-
sRNAs derived from HS10 and HS12, the two hot-spots with the
highest read count in astrocytes, were both predicted to target
RNA splicing factors MBNL2 and RBFOX1, whose mRNA levels were
significantly lower in A72_H in comparison to N72_H (Table S3).
For HS11-derived vd-sRNA, nine mRNA targets with the corre-
sponding expression pattern (N72_H < A72_H) were predicted
(LEKR1, DLX1, AOX1, MYCN, PCDH18, DPYSL2, TSHZ1, PFKFB3, BCLIL).
Notably, four out of nine identified target genes were characterized
as transcription factors (DLX1, MYCN, TSHZ1, BCLIL), with DLX1 and
DPYSL2 further considered as factors contributing to proper neural
development [59,60].

3.4. Candidate gene networks responsible for distinct TBEV infection
outcomes in neurons during infection with strains of varying severity

The comparison of infection dynamics and cell death rate
between severe Hypr and mild Neudoerfl strains in infected neu-
rons confirmed a higher pathogenic effect for Hypr (Fig. 1). There-
fore, observed differences between Hypr and Neudoerfl infection
manifestation in human neuronal cells drove us to search for dif-
ferences between N72_H and N72_N datasets on the pc-mRNA/
miRNA/ncRNA level. Using an in silico approach, we employed an
analogous pipeline to A72_H and N72_H datasets.

We identified 1935 DE pc-mRNAs either uniquely up-/down-
regulated in N72_H/N72_N datasets or differentially expressed
(both up and down-regulated) between N72_H/N72_N datasets
with a fold change higher than 1.5 log,. The GSEA analysis found
significant differences in infection between the two TBEV strains
in (i) the extent of the negative impact of Hypr infection on neu-
ronal development, (ii) the level of Hypr-induced dysregulated
activity of RNA polymerase Il promoters, and (iii) higher activation
of host immune response to Hypr infection (Fig. 6A).

Table 3

Identification of hot-spots for 21-23 nucleotides long vd-sRNAs in TBEV Neudo-
erfl and Hypr genome. SNPs characteristic for either Hypr or Neudoerfl strains are
marked in bold.

vd- sequence (5'-3") start end

SRNA

HS1 TGCTTCGGACAGCATTAGCAGC 26 47

HS2  AAGGCGTTCTGGAACTCAGTCCC 310 332

HS3  AGGAGAAGAGCCTGTTGACGTG 645 666

HS4  ATCTCCAGATGTGAACGTGGCC 2016 2037

HS5  TAAGGACGGTGTCTACAGGATT 4659 4680

HS6  AAAGTGTGATCTGTTTGAACAG 5756 5777
(Hypr)

AAAGTGTGATTTGTTTGAACAG
(Neu)
HS7  TGAAAAGGACTACTCAAGAGT 5787 5807
(Hypr)
TGAAAAGGACTACTCCAGAGT
(Neu)
HS8- TGTGGTGACGACTGATATCTC 5829 5849
1
HS8- TGACGACTGATATCTCGGAGATG 5834 5856
2

HS9  TGGACAGTGTGATGATGATGAC 6030 6051

HS10 ATTTAGATCAGGAATGGACGTG 8040 8061
(Hypr)

ATTTCGATCAGGAATGGACGTG
(Neu)

HS11 GACACAGATAGTCTGACAAGGA 10,784 (Hypr), 10,805 (Hypr),
(Hypr) 11,090 (Neu) 11,111 (Neu)
GACACAGGTAGTCTGACAAGGA
(Neu)

HS12 TGATGTGTGACTCGGAAAAAC 10,808 (Hypr), 10,828 (Hypr),

11,114 (Neu) 11,134 (Neu)
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We identified 1935 DE pc-mRNAs either uniquely up-/down-
regulated in N72_H/N72_N datasets or differentially expressed
(both up and down-regulated) between N72_H/N72_N datasets
with a fold change higher than 1.5 log,. The GSEA analysis found
significant differences in infection between the two TBEV strains
in (i) the extent of the negative impact of Hypr infection on neu-
ronal development, (ii) the level of Hypr-induced dysregulated
activity of RNA polymerase Il promoters, and (iii) higher activation
of host immune response to Hypr infection (Fig. 6A).

Identifying the complex regulatory network of small regulatory
RNAs also requires the identification of their target sites. Thus, we
selected DE expressed miRNAs and IncRNAs under the same condi-
tions as the pc-mRNAs selection. Using the miRWalk and IncBase
v.2 databases, the miRNA targets were identified for pc-mRNAs
and IncRNAs, respectively. The predicted 268 trans targets for both
small RNA classes (207 pc-mRNAs and 61 IncRNAs) are listed in
Table S8. The complete overview of the possible interactions was
predicted by the identification of potential cis targets (100 kb
upstream and downstream) for DE IncRNAs with log,-fold
change >4 or <-4 and IncRNAs identified as potential targets of
DE miRNAs (Table S9). In total, 47 cis targets were predicted,
including transcription factors (e.g. DLX5, DLX6, TFAP2A) and vari-
ous receptors (e.g. CHRNA3, CHRNB4, DCC, PTPRH).

The assessment of vd-sRNA presence in TBEV Neudoerfl-
infected cells revealed a similar pattern to Hypr vd-sRNA data -
increasing number of vd-sRNAs through the infection and higher
numbers of sense reads (Fig. S4). Comparison between N72_N
and N72_H datasets further documented higher numbers of
mapped reads during Hypr infection compared to Neudoerfl
(Fig. 6B and C), which is in agreement with higher titres and viral
gRNA levels (Fig. 1). The distribution pattern of 21-23 nt long vd-
sRNAs was identical for 12 hot-spots with higher abundance in
N72_H samples (Table 3; Fig. 6D). Prediction of host mRNA targets
was performed using the miRDB tool in combination with DE pc-
mRNA datasets with 66 identified host mRNA targets (Table 4).

We further focused on HS11, the hot-spot with the highest
number of mapped 21-23 nt reads in N72_H samples. The vd-
SRNA derived from HS11 was predicted to target 22 mRNAs with
the corresponding expression pattern (N72_H < N72_N), out of
which seven pc-mRNAs (DLX1, MYCN, PCDH18, DPYSL2, TSHZ1,
PFKFB3, BCLIL) were also identified as less expressed in A72_H
samples compared to N72_H. We suggest that these genes repre-
sent a candidate set of markers of increased pathogenicity that
Hypr strain confers towards neurons.

3.5. TBEV infection results in altered pre-mRNA splicing

Both, neuron/astrocyte-specific response to infection and
pathogenicity-related response to infection, led us to examine
the potential impairment of host pre-mRNA splicing events since
several IncRNAs and vd-sRNAs were predicted to interact with
partners involved in this pathway. The idea was also supported
by previous studies describing DENV- and ZIKV-induced alter-
ations in host pre-mRNA splicing [27,61,62]. Thus, RNA-seq data
of astrocytes and neurons infected with TBEV were submitted to
a differential splicing analysis using MAJIQ v2.2 [54]. The corre-
sponding mock controls were used as a reference for differential
splicing calculation. Identified LSVs were further classified by
MAJIQ to binary and complex events. Binary LSVs include exon
skipping (ES), intron retention (IR), alternative 3’/5' splice site
(A3SS/A5SS) and involve only two exons or two splice sites in the
same exon. Complex LSVs combine several binary events originat-
ing from or targeting the same site. In total, differential splicing
analysis revealed 4009 LSVs in all datasets (Table S10) and the vast
majority of detected LSVs (3639; 90.7 %) were documented for
N72_H (2390; 59.6 %) and A72_H (1249; 31.2 %) datasets; interest-
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Table 4
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List of miRDB tool-predicted host targets of vd-sRNAs. A/N ratio - mapped read count ratio between astrocytes and neurons.

vd-sRNA X read count A/N ratio predicted gene targets (miRDB)
A72_H N72_H

HS1 279 497 243 019 1.15 N/A

HS2 171 548 169 885 1.01 N/A

HS3 373 158 159 523 2.34 OPCML, THUMPD2, LPXN, GAS7, CDH7, ERBB4, ZMAT3, ANKS1A, GIPC2

HS4 92 596 96 652 0.96 N/A

HS5 108 436 50 154 2.16 no targets

HS6 246 963 193 317 1.28 N/A

HS7 193 436 120 863 1.60 TBC1D30, PLCH1, G2E3, PBX1, ESRRG, TIPARP, MAN1A1

HS8-1 91 952 72 746 1.26 N/A

HS8-2 92 748 81 201 1.14 N/A

HS9 309 580 125 640 2.46 BDNF, KCNS2, SHISAL1, GOLGA4, LGI1

HS10 751 154 150 617 4.99 PCHD20, TM4SF18, TMTC1, MCTP1, RBFOX1, TRHDE, ZMYM5, SEMA3E, MBNL2, LCOR, CXADR,
CALB1, ARID2, GABRG2, DIRAS2, NEK7, FUT9

HS11 124 140 202 003 0.61 LEKR1, DLX1, AOX1, MYCN, PCDH18, DPYSL2, TSHZ1, PFKFB3, BCLOL

HS12 597 869 338 876 1.76 RBFOX1, RNF212, MBNL2, GRIN2A, CREG2, KRR1

vd-sRNA X read count N/H ratio predicted gene targets (miRDB)

N72_N N72_H

HS1 5594 243 019 0.02 no targets

HS2 26 642 169 885 0.16 no targets

HS3 39 241 159 523 0.25 SIAH3, NKAINT1, EBF1, KLHDC8A, ST6GAL1, DNMT3B, SOGA1, SHF, KLHL13

HS4 25 886 96 652 0.27 PIK3C2B, EPHB1, NYNRIN, ELAVL2, SH3TC2, ZNF124, SLITRKS5, SIRPA, ONECUT2,
BDKRB2, ACACA, RTL8B, ZNF730

HS5 11 486 50 154 0.23 no targets

HS6 27 970 193 317 0.14 AKR1C2, NCAM1

HS7 22 292 120 863 0.18 TFAP2A, ELAVL4, BCL11B, POU3F4, AUTS2, MN1, SH3TC2, DACH1, ONECUT2, PIP4P2, TMEM229B

HS8-1 20918 72 746 0.29 NFASC, NCAM1

HS8-2 22 262 81 201 0.27 no targets

HS9 34 893 125 640 0.28 NAV1, GLRA2, GAS2L3

HS10 52 035 150 617 0.35 PRDM12, NRN1, ELAVL4, CDKN1C, ANOS1, NXPH2, PSRC1, PPM1L, CYYR1, LUZP2, LRRTM3

HS11 19 224 202 003 0.10 PTPNS5, DCX, MYCN, DLX1, NREP, THSD7A, NXPH2, PIK3C2B, CAMK2A, EPHB1, RAPGEF5,
PCDH18, DPYSL2, KCND2, GNG2, TSHZ1, KLHL13, ONECUTZ2, ISGF3, PFKFB3, BCLIL, PPP1R17

HS12 46 500 338 876 0.14 DACH1, NDRG4

ingly, infection with Neudoerfl strain resulted in a total of only 94
(2.3 %) identified LSVs. The detailed characterization of identified
LSVs revealed that exon skipping was the most frequent LSV type
(Fig. 7B). The biological pathways affected by TBEV-induced differ-
ential splicing were determined using a GSEA analysis for A72_H,
N72_H, and N72_N samples using the list of differentially spliced
genes. Significantly enriched GO terms (biological process;
Benjamini-Hochberg P-value < 0.05) were identified only in the
case of A72_H and N72_H samples (Fig. 7C). Only a single GO term
“mRNA splicing process” was significantly enriched in both sam-
ples. The remaining biological processes were significantly
enriched only in the case of N72_H. The most highly ranking terms
were found among DNA repair, G2/M transition of mitotic cell
cycle, protein transport, and membrane fusion biological pro-
cesses. MTUS2 and CFAP61 were the top-ranked genes recognized
in the list of TBEV-induced alterations in host pre-mRNA splicing
in A72_H and N72_H samples, respectively. Therefore, we prepared
sashimi plots of LSVs identified as significantly spliced in these two
genes using the MAJIQ Voila tool (Fig. 7D). As a control, the visual-
ization of bam files used for LSV identification in MTUS2 and
CFAP61 genes was done using Integrated Genome Browser (IGB)
v9.1.8 [71] to support the MAJIQ LSV detection and quantification
capacity. Both IGB graphs also support the presence of newly
included exons in LSV detection by MAJIQ in these two genes in
Hypr-infected cells (Fig. 7E).

4. Discussion

TBEV, a neurotropic flavivirus, targets the host CNS and fre-
quently causes severe encephalitis in infected patients. The exact
mechanism responsible for TBEV-induced neuropathogenesis has
not been fully understood to date, although several studies suggest
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the combination of virus-induced neuronal cell death and the
immunopathogenic effect of activated host immune response
[10,12]. The complexity of the whole process is further supported
by the different outcomes of TBEV infection in neurons and astro-
cytes [5-7,12]. One of the suggested mechanisms underlying the
distinct susceptibility of both cell types to TBEV infection is the
neuron-/astrocyte-specific ~expression pattern of immune
response-related genes [12,13]. However, both studies assayed
only a limited number of pre-selected genes in a microarray-
based analysis. Here, we present a thorough transcriptomic study
describing differential expression of both small RNAs as well as
poly-(A) RNAs in human neurons and astrocytes infected by mild
and severe strains of TBEV in an early and late stage infection.
Thus, the combination of all factors (infection time, cell type, TBEV
strain) gives a complex overview of host-cell response at the RNA
level and provides new significant data for a better understanding
of TBEV neuropathogenesis.

4.1. Cell-type specific response in neurons and astrocytes challenged
by TBEV

In silico pc-mRNA-miRNA-IncRNA interactome analysis identi-
fied major differences in response between TBEV challenged astro-
cytes and neurons. The key feature was the expression pattern of
immune response-related genes (Fig. 5; Table S3; Fig. S3), which
is in concordance with studies of Fares et al. and Pokorna et al.
[12,13]. The phenomenon of cell type-specific immune response
to flaviviral infection in CNS was also described for WNV [63],
which further highlights its relevance for the flaviviral pathogenic
effect. Besides, Hypr infection negatively affects extracellular
matrix organization and RNAPII promoter activity pathways in
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Fig. 6. Comparison of TBEV Hypr/Neudoerfl infection in neurons reveals disruption of proper neural development. (A) Heatmap summarizing results from gene set
enrichment analysis (DAVID tool; GO Biological processes; p < 0.05) of DE genes 1) uniquely expressed in either N72_H or N72_N, and 2) genes expressed with >1.5 log;
difference in one of the samples. (B) Number of mapped reads for vd-sRNAs (16-50 nt) in the respective sample. Data summarise three independent experiments and values
in graphs are expressed as mean + SD. (C) Frequency distribution of 21-23 nt vd-sRNAs mapped to TBEV Hypr/Neudoerfl genome in N72_H (black) and N72_N (red) samples.
HS - hot-spot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

infected neurons, which may also play a substantial role in the
impairment of the neuronal tissue.

The altered expression pattern of pc-mRNAs, which belong to
the aforementioned pathways, could result from the miRNA/
IncRNA-driven regulation process. Thus, we further focused on
the linkage of the DE miRNAs/IncRNAs to their possible targets in
the DE pc-mRNA datasets. The in silico prediction revealed several
networks possibly involved in the differential expression pattern
documented in astrocytes and neurons.
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Interferon signalling is considered a key regulatory cascade of
the innate immune system triggering the expression of a wide
panel of ISGs with a direct or indirect antiviral effect [64]. Our data
revealed that in addition to IFN-B, IFN-A1/2 expression is induced
in both cell types in an early TBEV infection (24 h p.i.). However,
only astrocytes maintained the IFN-A1/2 expression later during
the infection (72 h p.i.). Interestingly, the IFN-A cluster was
predicted to be a cis target regulated by AC011445.2 IncRNA
(ENSG00000269246), which was highly up-regulated in A72_H,
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Fig. 7. TBEV infection induces changes in the splicing of host pre-mRNAs. (A) Graphical summary of identified LSVs (local splicing variants) in RNA-seq data using MAJIQ
tool. Binary LSVs include exon skipping (ES), intron retention (IR), alternative 3'/5" splice site (A3SS/A5SS) and involve only two exons or two splice sites in the same exon.
Complex LSVs combine several binary events originating from or targeting the same site. (B) Classification of binary and complex LSVs identified in TBEV-infected astrocytes
and neurons (combined). (C) Heatmap summarizing results from gene set enrichment analysis (DAVID tool; GO Biological processes; p < 0.05) of genes in which > 1 LSV was
identified (for samples A72_H, N72_H, and N72_N). (D) MAJIQ-generated Sashimi plots of top-ranked genes in N72_H (CFAP61) and A72_H (MTUS2) samples. Numbers above
splicing event arcs represent the number of mapped junction reads. For the sake of readability, cropped areas with identified LSVs are shown. (E) Analysis of read depth
distribution across CFAP61 and MTUS2 genes (areas with identified LSVs) in N72_H/M and A72_H/M samples, respectively, using the integrated genome browser.

but not in N72_H samples (Fig. 5, Table S3). Our previous study
demonstrates that IFN-A1 is the predominantly expressed inter-
feron in response to TBEV infection in cells of neuronal origin
[28], and its significance was also demonstrated in the case of
WNYV infection [65]. Thus, the deficiency of IFN-A1/2 production
in neurons is a potential contributor to the decreased expression
of specific ISGs, which are necessary for a successful antiviral
response to TBEV in astrocytes. Similarly, astrocyte-specific up-
regulation of AL445490.1 IncRNA (ENSG00000225886) may con-
tribute to the elevated expression of IFI6, a predicted cis-target of
this IncRNA (Table S7).

When we focused on the neural cell-type-specific response in
the case of host miRNAs, the hsa-miR-1298 is the only miRNA spe-
cies which was significantly up-regulated in Hypr-infected neu-
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rons, while significantly down-regulated in Hypr-infected
astrocytes (Fig. 4D). Among the predicted hsa-miR-1298 mRNA tar-
gets with the corresponding DE profile (LUZP2, SPSB4, VCAN,
TFAP2B, MAST3, RSAD2, CMPK2, and DLX5), the RSAD2 and CMPK2
we found the most important since both were documented to
interfere with flavivirus infection [66]. Additionally, hsa-miR-
7974, the second most up-regulated miRNA in Hypr-infected neu-
rons, was predicted to target OAS1, whose DE profile also showed a
decreasing induction rate in Hypr-infected neurons and which has
already been proven to possess strong antiviral activity against fla-
viviruses [67]. Interestingly, a post mortem analysis of brain tissue
from children with congenital ZIKV syndrome revealed elevated
levels of hsa-miR-145 and hsa-miR-148a [68]. Similarly, here we
documented that hsa-miR-145-5p was up-regulated exclusively in
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Hypr- and Neudoerfl-infected neurons, whereas hsa-miR-148a-5p
was up-regulated exclusively in Hypr- and Neudoerfl-infected
astrocytes (Fig. 4).

Besides dysregulated host miRNAs, small RNAs derived from
the viral genome may also interfere with host mRNA levels
[37,38]. Our data document an accumulation of TBEV vd-sRNAs
in infected neurons and astrocytes; the distribution pattern of
vd-sRNAs across the TBEV genome was remarkably similar among
the samples, with coverage rate as the only variable factor.
Interestingly, in the case of TBEV Hypr-infected astrocytes, vd-
sRNAs (21-23 nt long) derived from the two hot-spots with the
highest coverage (HS10, HS12) were both predicted to target
MBNL2 and RBFOX1. These genes are involved in pre-mRNA splicing
regulation necessary for proper neural development [69-72], and
their depletion may thus contribute to the observed dysregulation
of the splicing process in astrocytes. This hypothesis is supported
by a finding that one of the RBFOX1 targets, SNAP25 [69], was iden-
tified among differently spliced mRNAs in TBEV Hypr-infected
astrocytes. Analogously, vd-sRNA derived from HS11 (hot-spot
with the highest coverage in TBEV Hypr-infected neurons) was
predicted to target 22 genes in total. However, only seven genes
(DLX1, MYCN, PCDH18, DPYSL2, TSHZ1, PFKFB3, BCL9L) met the cri-
terion of being expressed at a lower rate in N72_H in comparison
to A72_H and N72_N samples. The dysregulation of mRNA levels
through HS11-derived vd-sRNA for these genes could be thus
responsible for the severe pathogenic effect in Hypr-infected neu-
rons when compared to Hypr-infected astrocytes and Neudoerfl-
infected neurons.

4.2. Alternative splicing as an important co-factor of high TBEV Hypr
virulence in neurons

Based on the previous studies describing flavivirus-induced
changes in the host pre-mRNA splicing process [61,62] in combina-
tion with observed dysregulation of various splicing factors upon
TBEV infection (e.g., MBNL2, RBFOX1, or CELF3/4/5; Table S3), we
hypothesized that TBEV infection alters the splicing of host mRNAs.
Indeed, the differential splicing analysis revealed significant alter-
ations in TBEV-infected cells. Since more than half of differently
spliced LSVs were identified in Hypr-infected neurons (64.5 %),
we contemplate that this phenomenon may also contribute sub-
stantially to the high pathogenic effect of Hypr strain in infected
neurons. This assumption is further corroborated by the list of
affected significantly enriched biological pathways, including
DNA repair, G2/M transition during the mitotic cycle, protein
transport, and membrane fusion. Malfunction of these processes,
especially DNA repair and G2/M checkpoint, results in an elevated
apoptotic rate and neuronal dysfunction [73,74].

Earlier, we reported a diverse rate of pathogenesis between
TBEV Hypr and Neudoerfl strains in a human cell line of neuronal
origin [56]. Similar findings were documented in the human pri-
mary neurons in this work, where Hypr infection resulted in a sub-
stantially more severe pathogenic effect (Fig. 1C). Therefore, we
tried to extrapolate the link between the intensity of pathogenesis,
replication rate, and host transcriptional response. Even though
both strains reached high titres in neurons, Hypr strain replication
and progeny production were more efficient, generating almost
10-times more mature virions (Fig. 1B), gRNA (Fig. 1D), and vd-
sRNAs (Fig. 6B-D). Moreover, a lower replication rate of the Neudo-
erfl strain correlates with low numbers of identified DE poly-(A)
RNAs (Fig. 3B) and altered splicing events (Fig. 7A), which suggests
a direct dependency on virus replication rate and intensity of the
host response. Almost identical findings were described in the
study of Overby et al., where the Hypr strain replicated with higher
efficiency and induced a stronger immune response than the Neu-
doerfl strain [75]. On the contrary, the study of Sessions et al.
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described an inverse trend, where an attenuated DENV1 strain
caused three-fold more changes in the host transcriptome than
the wild-type DENV1 [61].

4.3. Diverse strain virulence in neurons

The lower replication and pathogenesis rates observed for the
mild Neudoerfl strain can also be perceived as a consequence of
a more successful host response. However, Neudoerfl-infected cells
showed a lower rate of immune response activation in the case of
pc-mRNAs (Table S3 and Fig. S3). Thus, the dysregulation of miRNA
with proviral or antiviral properties may be the factor involved.
We, therefore, compared the list of DE miRNAs in N72_H and
N72_N samples with the list of experimentally verified proviral
and antiviral miRNAs in the case of ZIKV [76] and DENV [77]. How-
ever, no corresponding matches were found. We, therefore,
searched for novel antiviral miRNAs targeting Hypr or Neudoerfl
gRNA using the miRDB tool. The hsa-miR-592 was identified as
the only miRNA species targeting Hypr and Neudoerfl gRNA. At
the same time, this miRNA was up-regulated in samples with
lower TBEV titres (A72_H and N72_N), but not in samples with
higher TBEV titres (N72_H) (Fig. 4). These correlations thus sup-
pose that hsa-miR-592 may negatively regulate TBEV replication
in human neurons and astrocytes. Except for the direct interaction
with TBEV gRNA, hsa-miR-592 may indirectly affect TBEV replica-
tion as well. He et al. [78] experimentally proved that hsa-miR-
592 targets SPRY2 mRNA, which is a negative regulator of inter-
feron signalling [79], and in our study was shown to be up-
regulated only in N72_H samples. We thus identified a new poten-
tial circuit of host cell countermeasure against TBEV involving hsa-
miR-592 unique among flaviviruses.

5. Conclusions

Altogether, we have characterized the alterations in poly-(A)
RNA and small RNA expression profile of human neurons and
astrocytes upon TBEV infection using two TBEV strains of distinc-
tive virulence (mild Neudoerfl and severe Hypr). Subsequent inte-
grative in silico analysis of miRNA/mRNA/IncRNA/vd-sRNA
networks and pre-mRNA splicing found significant changes in
inflammatory and immune response pathways, nervous system
development and regulation of mitosis in TBEV Hypr-infected neu-
rons. Candidate mechanisms include specific regulation of host
mRNA levels via differentially expressed miRNAs/IncRNAs or vd-
sRNAs mimicking endogenous miRNAs and virus-driven modula-
tion of host pre-mRNA splicing. Thus, our data provide a valuable
source of information for any research that aims to investigate
and further characterise the mechanism of TBEV-host interactions
and the related process of TBEV pathogenesis. Moreover, strain-
specific expression pattern of selected host genes also represents
a list of potential biomarkers, which can be used for improved
TBEV diagnostics.
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Abstract: A highly virulent strain (Hypr) of tick-borne encephalitis virus (TBEV) was serially
subcultured in the mammalian porcine kidney stable (PS) and Ixodes ricinus tick (IRE/CTVM19) cell
lines, producing three viral variants. These variants exhibited distinct plaque sizes and virulence in a
mouse model. Comparing the full-genome sequences of all variants, several nucleotide changes were
identified in different genomic regions. Furthermore, different sequential variants were revealed to
co-exist within one sample as quasispecies. Interestingly, the above-mentioned nucleotide changes
found within the whole genome sequences of the new variants were present alongside the nucleotide
sequence of the parental strain, which was represented as a minority quasispecies. These observations
further imply that TBEV exists as a heterogeneous population that contains virus variants pre-adapted
to reproduction in different environments, probably enabling virus survival in ticks and mammals.

Keywords: TBEV; host alternation; neuroinvasiveness; genome mutation; quasispecies; flavivirus
adaptation; tick cell line

1. Introduction

Tick-borne encephalitis virus (TBEV), a member of the genus Flavivirus in the family Flaviviridae,
is endemic in many parts of Europe and Asia and causes serious, even fatal encephalitis in humans [1].
AS with other flaviviruses, TBEV is an enveloped virus with single-stranded RNA of positive polarity.
The RNA genome of TBEV is about 11 kb in length and encodes a single large polyprotein flanked by 5’
and 3’ untranslated regions (UTR) of variable sizes. Following translation, the viral polyprotein is
cleaved by viral and cellular proteases into three structural proteins, namely capsid (C), membrane
(M, derived from its precursor prM), and envelope (E) proteins, as well as seven nonstructural proteins,
namely NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [2].

In nature, tick-borne flaviviruses are maintained through a transmission cycle involving an ixodid
tick vector and a vertebrate host. The virus can persist in ticks throughout their lifespan, enabling
virus transmission for years after the initial infection [3]. Although the majority of the evolutionary
life of the virus is spent in the tick vector, transmission to a vertebrate host is required to ensure the
survival of the virus in natural foci [4,5]. Since arthropod and vertebrate species are only distantly
related, flaviviruses have to be very adaptable to persistently infect the arthropod host, yet also to
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replicate quickly in vertebrates upon transmission. Host alternations presumably select for a virus
population that is well adapted to both host systems [6,7]. However, the mechanisms that allow
efficient replication in the new host after host switch have not yet been elucidated.

One possible explanation for the adaptability of RNA viruses and their rapid evolution is the
presence of quasispecies. Quasispecies are dynamic distributions of non-identical but closely related
mutant and recombinant viral genomes existing as one population in a single host. Quasispecies
result from the high error rates of most RNA virus-encoded RNA-dependent RNA polymerases,
as well as from short viral generation times and large population sizes [8]. They are subjected to a
continuous process of genetic variation, competition, and selection, and act as a unit of selection [9-11].
The diversity of viral quasispecies has been shown to be both host- and virus-dependent[12,13], and is a
critical determinant of virus fitness [14,15]. A genetically diverse virus population would seem to have
an adaptive advantage due to the pre-existence of variants that may have a higher rate of reproduction
in a novel or changing environment [16]. The existence of quasispecies was previously described for
several mosquito-borne flaviviruses [17-19]. There is growing evidence from field studies [16,20] and
laboratory experiments [21-23] that the same is true for TBEV.

Serial passage of viruses in cell culture in certain cases produces cell-adapted mutant viruses.
Many reports state that virus adaptation to cell lines results in reduced virulence in vivo [24-26].
However, the mechanism by which cell-adapted flaviviruses undergo attenuation in vivo is unclear.

In this study, we serially subcultured the highly virulent TBEV strain Hypr in parallel in mammalian
porcine kidney stable (PS) cells [27] and in the tick cell line IRE/CTVM19 [23,28], producing three new
viral variants. The biological properties of these new variants were investigated in a mouse model and
compared to each other, as well as to the parental virus. In addition, complete nucleotide sequences
of all these variants were analyzed and differences were appraised as potential genetic determinants
important for replication in either the tick or the mammalian host. The correlation between virulence
and observed genome changes is discussed.

2. Materials and Methods

2.1. Cell Lines and Viruses

Porcine kidney stable (PS) cells [27] were cultured at 37 °C in L-15 (Leibovitz) medium
(PAA Laboratories, Pasching, Austria) supplemented with 3% newborn calf serum (Sigma-Aldrich,
Darmstadt, Germany), 2 mM L-glutamine (Sigma-Aldrich, Darmstadt, Germany) and 100 IU/mL
penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL amphotericin B (Sigma-Aldrich, Darmstadt,
Germany). The tick cell line IRE/CTVM19 [28] derived from Ixodes ricinus embryos was grown at
28 °C in L-15 (Leibovitz) medium supplemented with 10% tryptose phosphate broth, 20% foetal
bovine serum, 2 mM L-glutamine and 100 IU/mL penicillin, 100 pg/mL streptomycin, and 0.25 ng/mL
amphotericin B (Sigma-Aldrich, Darmstadt, Germany). The Czech prototype TBEV strain Hypr was
originally isolated from the blood of a 10-year-old child diagnosed with tick-borne encephalitis in
1953 [29]. Subsequently, the strain was propagated through 4 mouse brain passages and used directly
as the parental virus strain in our experiments.

2.2. Passage Series and Plaque Size Measurement

The parental virus (designated as 0 P) was serially passaged in PS or IRE/CTVM19 cells forty times,
producing two new viral variants (40 PS and 40 IRE). Since TBEV produces permanent infection of the
tick cells, a third variant was derived by long-term propagation without passage in tick cells for one
month and designated as LT IRE. For a passage series, PS and IRE/CTVM19 cells were seeded in 24-well
plates (10° and 10° cells/well respectively) and infected with 10% PFU of the parental virus. The cells
were then grown at the respective appropriate temperatures in an atmosphere of 5% CO,. After four
days of cultivation, the cells were harvested, frozen at =70 °C to release intracellular viral particles,
then the suspension was clarified by centrifugation (2500x g for 5 min at 4 °C). Subsequently, 100 uL
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of the supernatant was used as inoculum for the next passage. Plaque morphology and virus titers
were determined by plaque assay on PS cells, as described previously [30]. After washing with saline
(0.9% NaCl w/v), the cells were fixed and stained using naphthalene black solution (0.1% naphthalene
black in 6% acetic acid solution) for 45 min, subsequently washed with water, then air-dried. During
propagation in PS cells, titers of the virus at 4 days post infection fell gradually between passages 20
and 30 due to the increased replication rate of the virus, early onset of cytopathic effect, and thus faster
depletion of the cells. Thereafter, the passage interval in PS cells was shortened to two days.

To assess the evolution of the plaque size during the passaging history, the plaque sizes in passage
numbers 5, 10, 20, 30, 35, and 40 in both cell lines and in LT IRE were measured using Image] software
(NIH, Bethesda, MD, USA, version 1.52a) [31] and compared to the 0 P plaque size. The diameters of a
minimum of 20 randomly chosen discrete plaque samples per viral variant were measured in duplicate
and mean value sizes were plotted and compared statistically.

2.3. Virulence Assays

Virulence assays for all viral variants were performed in adult CD1 mice (TBEV-susceptible strain
of mice, females, body weight 15-20 g; AnLab Prague, Czech Republic). Groups of 9 mice were
inoculated subcutaneously with 100 PFU of the 0 P, 40 PS, 40 IRE, or LT IRE viruses. Survival rates
were recorded daily for a period of 30 days post inoculation (p.i.).

Laboratory animals were used in compliance with all relevant national legislation and regulations
of the European Union. The experiments were approved by the Committee on the Ethics of Animal
Experiments of the Institute of Parasitology of the Biology Centre of the Czech Academy of Sciences of
the Czech Republic.

2.4. Virus Replication in the Mouse Model

Groups of 15 adult CD1 mice (females, body weight 15-20 g) were inoculated subcutaneously
with 100 PFU of viruses 0 P, 40 PS, or 40 IRE. At different time points p.i., two mice from each group
were anesthetized and euthanized. Samples of blood, spleen, and brain were collected. Organs were
individually homogenized using a TissueLyser II (Qiagen, Hilden, Germany) and prepared as 20%
(spleen) or 33% (brain) (w/v) suspensions. The suspensions were clarified by centrifugation at 16,000
g for 10 min at 4 °C. Blood samples were allowed to clot for 30 min at room temperature and serum
samples were obtained by centrifugation at 1000x g for 5 min at 4 °C. Samples were analyzed by
quantitative reverse transcription-PCR (qRT-PCR).

2.5. Quantitative RT-PCR

The number of virus genome copies was determined by qRT-PCR (TagMan, Waltham, MA, USA).

Viral RNA was extracted from serum and organs using a QIAamp Viral RNA Mini Kit (Qiagen).
The cDNA was synthesized using a First Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania).
Real-time PCR quantitative analysis was performed using the absolute quantification method, whereby
the sample concentrations were determined using a standard curve derived from measurements of
serial dilutions of a TBEV sample with a known titer. All samples and standards were analyzed in
triplicate. The following primers and probe were used: E(F), ACA CGG GAG ACT ATG TTG CCG CA
(nt 1409-1431); E(R), CCG TTG GAA GGT GTT CCA CT (nt 1606-1587) [32]; and probe, BHQ1-FAM,
ACG CCA CTA GCG ACC CTG CAC AAC A. The qRT-PCR was carried out in a Rotor Gene 3000
instrument (Corbett Research, Cambridge, UK) using an amplification protocol consisting of enzyme
activation steps at 95 °C, 10 min; followed by 45 cycles of 95 °C, 15 s denaturation; and 60 °C, 30 s
annealing—synthesis steps.

2.6. Statistical Analysis

Statistical evaluation of plaque size of TBEV viral variants in comparison to the parental strain
Hypr 0 P were tested in GraphPad Prism 8 software using the Kruskal-Wallis test followed by Dunn’s
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post hoc test corrected for multiple comparisons. Statistical significance of differences in virus growth
in sera and organs and the assessment of relative survival rates was evaluated using Statistica (StatSoft
CR, Prague, Czech Republic, version 9.). The Fisher’s Least Significant Difference (LSD) post hoc test
was used. Statistical significance was accepted at p < 0.05.

2.7. Genome Analysis

The viral genome was transcribed into cDNA as described above and amplified by PCR using
overlapping sets of TBEV-specific primers (Supplementary Table S1) [33]. Sequencing was carried out
directly from purified PCR products. Sequencing data were processed using MEGA software, version
4 [34]. The sequences were aligned with ClustalW software in MEGA. Modeling of 3D structures of
the modified TBEV E protein was done in GENO3D (http://geno3d-pbil.ibcp.fr) and SwissPdbViewer
(Basel, Switzerland, version 4.1.0) [35-37] using the E protein structure obtained by crystallography
(PDB: 1SVB) [38]. Different model variants were compared using Swiss Model Structure Assessment
(http://swissmodel.expasy.org). The best performing model was used for visualization of the amino
acid substitutions by DeepView and Swiss-PdbViewer (Basel, Switzerland, version 4.1.0) [39].

2.8. Viral Genome Variability

To study viral genome variability within individual isolates and the potential presence of
quasispecies, PCR products were cloned using a Clone]ET PCR Cloning Kit (Fermentas). Plasmid
isolation was performed with a GeneJET™ Plasmid Miniprep Kit (Fermentas). Purified plasmid DNA
was then sequenced directly using the pair of universal primers surrounding the vector cloning site.

3. Results

3.1. Changes in Growth Characteristics During Passaging

The growth characteristics of TBEV strain Hypr (0 P) were evaluated over 40 serial passages in
mammalian (PS) and tick (IRE/CTVM19) cells. Viral titers and plaque sizes of new viral variants were
estimated by plaque assay at every 5th passage (except at passage numbers 15 and 25). The titer of the
parental virus at the beginning was 3 x 10* PFU/mL (Figure 1). After an initial increase in virus titers
in both cell lines, the titer in IRE/CTVM19 cells remained more or less constant, about 10°~107 PFU/mL,
while the titer in PS cells was more variable, ranging from 10°~10% PFU/mL. Between passages 20 and
30, virus replication rates in PS cells increased substantially, resulting in a pronounced cytopathic effect
and decrease in the virus titer due to depletion of the host cells at the end of the 4-day incubation
period. Thereafter, the passage interval in PS cells was shortened to two days to compensate for the
replication rate increase, which led to a subsequent titer increase (Figure 1).

While the plaque size of the virus selected in PS cells did not change dramatically (in 40 PS
the mean plaque size was 1.1 mm and over 60% of plaque samples had a diameter above 1.0 mm)
in comparison to the parental virus (mean plaque size 1.6 mm and over 60% of plaque samples
with diameter above 1.0 mm), the plaque size of the virus selected in IRE/CTVM19 cells changed
considerably (Figure 2, Supplementary Figure S1). From the 30th passage, the plaque samples were
approximately half the size of the plaque samples of the parental strain (in 30 IRE the mean plaque
size was 0.8 mm and more than 70% of plaque samples had a diameter below 1.0 mm) (Figure 2A,B;
Supplementary Figure S1). The plaque sizes did not change further up to the 40th passage, which was
then used for further analysis (Figure 2C). After the final passage, the derived TBEV variants were
designated 40 PS and 40 IRE for the mammalian and tick cell lines, respectively.

124


http://geno3d-pbil.ibcp.fr
http://swissmodel.expasy.org

Viruses 2020, 12, 902 50f17

10 -IRE =PS
_ 9
E s5-
=)
g 7 —
£ 6 -
3 5
Y
3 4
> 3
2,
1 T T T T T
0 5 10 15 20 25 30 35 40
Passage number

Figure 1. Viral replication kinetics during serial passages of tick-borne encephalitis virus parental
strain Hypr in mammalian porcine kidney cells (PS) (dark line with triangles) and in the tick cell line
IRE/CTVM19 (light line with circles). The titer was determined using plaque assay and viruses were
sampled once at the indicated passage levels per virus variant.

B C D
Figure 2. Plaque size and morphology in mammalian porcine kidney (PS) cells during serial passaging
of tick-borne encephalitis virus variants in PS and IRE/CTVM109 tick cells. (A) Plaque size of the parental
strain OP. (B) Difference in plaque size between 30 PS (left) and 30 IRE (right). (C) Difference in plaque

size between 40 PS (left) and 40 IRE (right). (D) Plaque samples of LT IRE after continuous propagation
for a month in the IRE/CTVM19 cell line. Well diameter captured in the photographs is 16 mm.

A

A third experimental TBEV variant (LT IRE) was derived by long term continual propagation in
IRE/CTVM19 cells for a period of one month to simulate virus adaptation to permanent infection of tick
vectors. From the initial inoculum, the titer of LT IRE increased slightly up to 9 x 10* PFU/mL. In the
plaque assay, a mixture of small and large plaque samples was observed (mean plaque size 1.5 mm and
75% of plaque samples had a diameter above 1.0 mm; Figure 2D). The size of the large plaque samples
corresponded to the plaque size of the parental virus strain, while small plaque samples corresponded
to plaque samples of 30 IRE and 40 IRE variants.

By applying specific cultivation conditions to the TBEV Hypr strain, three virus variants adapted
to tick and mammalian cells were derived, exhibiting either altered replication rate in cell culture or
altered plaque morphology.

3.2. Virulence Assay in the Mouse Model

Different plaque size of variants obtained under the three different modes of propagation indicated
that biological properties of such viruses could vary. To test this hypothesis, we performed a virulence
assay in a mouse model. Mice were inoculated subcutaneously with 100 PFU of viral variants or
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parental strain. A significantly longer median survival time and lower mortality rate were observed
in mice inoculated with 40 PS in comparison to 0 P-, 40 IRE-, and LT IRE-inoculated mice (Fisher’s
LSD, p < 0.05). Moreover, 66% of mice survived the challenge with 40 PS, whereas only 11-33% of
mice survived infection with the remaining strains (Figure 3). By challenging laboratory mice with
individual TBEV variants, different virulence levels and outcomes of the disease were observed.

—-0P LTIRE ==40PS --40IRE

iy
(]

Number of surviving mice
o - [\ ] w = (85 ] [=)} ~ [e¢] e}

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Days post infection

Figure 3. Survival curve of CD1 mice after subcutaneous inoculation with 100 PFU of parental TBEV
strain 0 P (dark line with diamonds) or virus variants 40 IRE (light line with circles), 40 PS (dark line with
triangles), and LT IRE (light line with squares). Mice infected with 40 PS had significantly prolonged
median survival times and lower mortality rates when compared to other viral strains. Statistical
significance was tested using Fisher’s Least Significant Difference (LSD) post hoc test (* p < 0.05).

3.3. Virus Replication in the Mouse Model

To investigate the cause of the differences in the survival rate of mice inoculated with the TBEV
variants, the dynamics of virus replication in the mouse model were determined. CD1 mice were
challenged with 100 PFU of TBEV parental strain, 40 PS, or 40 IRE variants, then samples were collected

daily for eight days from two individuals (except from day 7, when only one individual was sampled).
Virus loads in the blood, spleen, and brain were estimated by qRT-PCR (Supplementary Figure S2).

In all groups of mice, the virus was first detected in blood 2-3 days p.i., followed by infection of organs
(spleen) at days 3—4 p.i. (Supplementary Figure S2A,B). In mice inoculated with 40 PS, a lower level
of virus amplification in blood and tissues was observed compared with mice inoculated with 0 P or
40 IRE. However, the viruses differed markedly in their dissemination to the brain. In 0 P- and 40
IRE-infected mice, the virus was present in the brain by the 5th day p.i. and the viral titer increased
during the following two days. In mice challenged with 40 PS, the virus was detected for the first
time on the 8th day and in one individual only (Supplementary Figure S2C). Due to the limited size
of the experimental groups, statistical evaluation of these data was not possible. Results from this
experiment are in concordance with the virulence assay results. The viral variant adapted by serial
passaging in mammalian cells showed markedly lower neuroinvasiveness than the parental strain or
the variant passaged in tick cells.
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3.4. Sequence Changes Associated with Adaptation to Mammalian or Tick Cell Lines

To identify genetic changes associated with adaptation to mammalian or tick cell lines and altered
neuroinvasiveness in mice, almost the entire viral genome (10,835 bp) was sequenced for the parental
virus and for all three new viral variants (40 PS, 40 IRE, and LT IRE). The sequences were submitted to
the NCBI GenBank database under the following accession numbers: parental strain: MT228627; 40 PS:
MT228628; 40 IRE: MT228625; LT IRE: MT228626. No insertions or deletions were observed in any of
the variants. Whole genome sequence analysis revealed 20 single-nucleotide changes, 12 of which were
non-conservative at the level of amino acids (Table 1). The highest number of changes compared to the

parental virus sequence was recorded in 40 PS (11 nucleotide substitutions, 6 amino acid substitutions).

One or more of these substitutions could be responsible for the lower virulence of 40 PS. The 40 IRE
variant differed from 0 P in nine nucleotide positions and four amino acids. The least-altered sequence
was LT IRE, with only three nucleotide and two amino acid substitutions.

Table 1. Genetic differences between the parental tick-borne encephalitis virus (0 P) and individual
new variants (40 PS, 40 IRE, and LT IRE) based on a comparison of full genome sequences. (UTR stands
for “untranslated regions”)

Nucleotide Substitution Amino Acid Substitution
Genome Region
Substitution TBEV Variant Substitution TBEV Variant
5 UTR G(B2)—> A 40 IRE
Protein C A (315 -G 40 IRE
Protein prM C(101)->T 40 IRE Thr (34) — Ile 40 IRE
A (913) > G 40 PS Thr (305) — Ala 40 PS
Protein E C(1078) » T 40 PS Pro (360) — Ser 40 PS
A(1411) > T LT IRE Met (471) —»Leu LT IRE
. G (169) —» A 40 IRE Val (57) — Ile 40 IRE
Protein NS1 G(237) - A 40 PS
Protein NS2A T (605) —» C 40 PS Val (202) — Ala 40 PS
Protein NS2B G@O97)-> A 40 IRE Val (33) - Met 40 IRE
. T (978) —» C 40 PS, 40 IRE
Protein NS3 A(1314) > G LT IRE
C(40) > T 40 PS
Protein NS4B G((253)—>T 40 IRE Ala (85) — Ser 40 IRE
T(262) > A 40 PS Phe (88) — Ile 40 PS
G(333) > A 40 PS, 40 IRE
. A (529) - C LT IRE Thr (177) — Pro LT IRE
Protein NS5 C2332) - T 40 PS Leu (778) — Phe 40 PS
A (2588) —» G 40 PS Asn (863) — Ser 40 PS
3’ UTR T(282) » C 40 PS, 40 IRE

To evaluate the potential impacts of nucleotide substitutions on virulence, the locations of the
alterations in the least-virulent variant 40 PS was investigated in detail. Amino acid substitutions
were found in the NS2A and NS4B proteins (one substitution each) and in the NS5 and E proteins
(two substitutions each). Because of several crucial functions of the E protein in the viral life cycle,
mutations in this protein were analyzed more closely. The substitution Thr (305) — Ala was situated in
the region connecting domain I with domain III (DI-DIII linker). The second substitution Pro (360) —
Ser was placed close to the region with a probable function in binding to a cell receptor (Figure 4).
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Thr (305) Ala

" Pro (360) Ser

Figure 4. Locations of amino acid substitutions in the TBEV variant 40 PS mapped on the three-
dimensional structure of flavivirus E protein (PDB: 1SVB). Domain I—red, domain II—yellow, domain
III—green, fusion loop—violet.

3.5. Presence of Quasispecies

Considering the hypothesis of viral adaptation to different environments due to selection from
co-existing sequential variants (quasispecies), we tried to identify the sequence variability within our
viral variants. Four important parts of the genome were cloned, namely the C protein gene (333 bp),
5 UTR (132 bp), 3" UTR (458 bp), and part of the gene coding E protein (796 bp), then between 5 and
13 individual clones per virus variant were sequenced (Figure 5). Nucleotide sequence variability was
observed in both coding sequences and the 5" UTR. On average, the highest nucleotide diversity was
observed in the non-coding 5" UTR (0.4-0.9%). Frequencies of nucleotide changes in the remaining
genome regions varied from 0.1% to 0.4% and from 0.3% to 0.4% in C and E protein regions, respectively.

A

0 P full genome sequence

0 P all colonies (10/10)

40 PS full genome sequence
40 PS all colonies (6/6)

40 IRE full genome sequence
40 IRE colonies (2/10)

40 IRE colonies (8/10)

LT IRE full genome sequence
LT IRE all colonies (11/11)

46 112
GCGGTTGGTTTGAAAGAAATATTCTTTTGTTTTTACCAGTCGTGAACGTGTTGAGAAAAAGACAGCT

B 301 327 c 899 925

| 1 | |
ATGAGCTGGTTGCTAGTCATTACTCTG 0P full genome sequence AAGGTCTTACGTACACAATGTGTGACA
........................... 0 P all colonies (5/5)
B T SRR 40 PS full genome sequence
---------- G- - 40PScolony(1/3)
--------------------- 40 PS colonies (2/3)

0P full genome sequence
0P all colonies (7/7)

40 PS full genome sequence
40 PS colony (1/9)

40 PS colonies (8/9)

40 IRE full genome sequence - ¢ - vttt st s e s G- 40 IRE full genome sequence
40 IRE colonies (4/11) T I 40 IRE all colonies (8/8)
40 IRE colonies (7/11) s e e e e e G- T IRE full genome sequence
LT IRE full genome sequence  « =+« v oror s s e e e s e e e e LT IRE all colonies (5/5)

LT IRE all colonies (13/13)  « =« « = + = © s s e s e e e

Figure 5. Comparison of partial nucleotide sequences of (A) 5’UTR, (B) C protein, and (C) E protein
among clones derived from parental tick-borne encephalitis virus (0 P) and virus variants 40 PS, 40 IRE,
and LT IRE. Numbers in parentheses represent the frequency of a particular substitution among the
sequenced clones. Dots represent conserved nucleotides, letters indicate substitutions.

Most of the nucleotide substitutions were found only in a single clone within one viral variant.
However, some of the changes were detected in several colonies independently. In the case of position
52 in the 5" UTR of variant 40 IRE, eight clones carried adenine, while only two carried guanine,
as in the parental strain. Interestingly, guanine in this position was observed in all colonies obtained
from other viral variants. Consensus nucleotide sequences created from the clone sequences showed
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100% identity with the full genome sequence (Figure 5A). Further on in the genome, a synonymous
substitution within the C protein sequence of 40 IRE in position 315 was detected. Seven clones

had guanine in this position, while in the four remaining colonies adenine was present (Figure 5B).

Similarly, variability was found in the E protein sequence of 40 PS in position 913. While this variant
had guanine within its consensus genome sequence and sequences of two colonies, a third colony
displayed adenine, the same as all colonies of the other viral variants (Figure 5C). To conclude, here we
demonstrate the intra-population nucleotide variability contained within individual TBEV variants
derived from the parental virus by long-term specific cell line cultivation constraints, which indicates
the existence of quasispecies.

4. Discussion

Closely related viral strains may produce a considerably different course of infection in the
host [40,41]. Detailed information on particular determinants of virulence at the molecular level would
allow a better understanding of the infectious process leading to optimization of disease treatment
or development of attenuated vaccines. In the current study, by adapting TBEV to different cell lines
in vitro, we have obtained strains of TBEV differing in growth characteristics in cell culture, as well as
pathogenicity in a mouse model. We attempted to track back the differences in biological properties
among these strains to changes at the genome and amino acid levels.

The first apparent difference between the newly prepared variants was in plaque size. While the
variant adapted to tick cells (40 IRE) produced plaque samples of approximately half the size of
the parental strain, the variant adapted to mammalian cells (40 PS) produced plaque samples of the
same size as the parental strain. Similar observations were reported for strains of Siberian subtype
TBEV passaged in ticks and tick cell lines [22]. Nevertheless, the assumption that the production of
larger plaque samples in cell culture is associated with increased virulence in vertebrates [42] was not
confirmed in our virulence experiments in the mouse model. Similar results were obtained in the case
of the mutant TBEV Oshima 5-10 strain [24] and related Langat and dengue viruses [43]. Similarly,
the small plaque phenotype is not necessarily associated with reduced virulence (neuroinvasiveness)
in a vertebrate animal model, as described for the Siberian subtype of TBEV using small plaque
purified clones [22].

Frequently described changes related to reduction in TBEV plaque size and attenuation in vivo
are mutations in the E protein resulting in an increase of its positive charge, subsequently leading to an
increased affinity to glycosaminoglycans, particularly heparan sulphate [21,22,24,25,44]. A combined
effect of multiple amino acid substitutions on the small plaque phenotype was suggested previously [45].
Interestingly, no amino acid substitutions were found in the E protein sequence of the 40 IRE that
produced a small plaque phenotype. Apparently, different mechanisms may result in small plaque
phenotypes (including innate immune responses) [46].

The course of infection with the individual viral variants corresponded to the results of the virulence
assay in laboratory mice. The onset of viraemia from the parental strain and viral variants 40 PS and
40 IRE occurred in the blood on days 2-3 after infection, and in the spleen on days 3—4. However,
the titer of the 40 PS variant was lower than that of the other two viruses. We speculate that these
differences could have been caused by incapacitation of 40 PS in the preceding steps of pathogenesis,
either affecting its ability to replicate in the hypodermis [47], infect dendritic cells, or spread to the
draining lymph nodes [2,48]. Following replication in the blood and internal organs, TBEV overcomes
the hematoencephalic barrier to reach the brain. If the virus is sufficiently neurovirulent, it causes
encephalitis [49]. Both of the more virulent variants (0 P and 40 IRE) were detected in mouse brains
soon after their presence in blood (by the 5th day p.i.), then their titers rose steeply to the 7th day
p-i. The 40 PS variant was first detected in the brain on the 8th day, the last day of the experiment.
By comparing the spread of the virus in the blood and tissues to the virulence assay results, we found
out that time of death of the mice correlated with high virus burden in the brain. Differences in the
degree of virulence between 0 P, 40 IRE, and the attenuated variant 40 PS can be attributed to the lower
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efficiency of viral replication, demonstrated by the lower level of viraemia, prior to entry into the brain
(lower neuroinvasiveness). Lower neuroinvasiveness was also described as a cause of lower virulence
in previous studies [24,43].

Full genome sequences were acquired for the three variants of the virus, as well as for the parental
strain. The frequency of substitutions was higher in the mammalian cell-line-passaged viruses in
comparison to tick-cell-derived variants. This might reflect the faster reproduction cycle in mammalian
cells in comparison to tick cells. An increased number of replication cycles gives an error-prone TBEV
NS5 viral polymerase a higher chance of introducing a mutation into the genome.

Comparing biological properties, the variant most different from the parental virus was 40 PS.
Two amino acid substitutions were found in the E protein. Particular attention was paid to these
because of important roles that this protein plays in the viral life cycle. The mutation Thr (305) — Ala
was located in the region connecting domain I with domain III (DI-DIII linker). During TBEV entry into
the host cell and virion uncoating in the endosome, E protein is exposed to acidic pH, and important
conformational changes occur in this region, enabling domain III to take a correct position in the E
protein trimer [50]. Therefore, we assume that the mutation, even if it did not affect charge distribution,
could influence the spatial interactions between E protein monomers, and consequently all the processes
of virion fusion with the endosome membrane and release of viral RNA into the cytoplasm.

Virulence could also possibly be influenced by the second E protein mutation (Pro (360) — Ser)
in domain III, since it is close to the region that is supposed to have a role in cell receptor binding.
The receptor domain has not yet been exactly defined, and therefore some participation of amino
acids in proximity to the receptor binding site cannot be completely excluded. Previously, several
single-nucleotide changes that influence virulence were identified in domain III. In the TBEV genome,
such changes were found at positions 384 [51], 310 [52], and 368 [53]. All these mutations were
associated with lower virulence in mice.

Another amino acid change in 40 PS was Val (202) — Ala in the NS2A protein. This protein is
a membrane-associated part of the flavivirus replication complex [54]. NS2A participates in virion
assembly and release of infectious particles from host cells. A significant effect on virion assembly
was proven for mutations within the restriction site [55] and mutations distorting hydrophobic
domains [56]. The mutation in 40 PS was located in the N-terminus, and both original and mutated
amino acids were hydrophobic, thus both of the two above-mentioned mechanisms are unlikely to
be involved in the viral attenuation observed in the present study. Moreover, the NS2A protein is
generally one of the least-conserved proteins in the TBEV genome [57]. Another amino acid change in
40 PS was found in the NS4B protein at position Phe (88) — Ile. NS4B is a transmembrane protein
with a poorly defined function that colocalizes with TBEV membrane NS proteins and takes part in
replication complex formation and ER membrane invagination [43,58,59]. However, this mutation
was possibly related to the adaptation of 40 PS to PS cells. The last two amino acid substitutions
were found in the region encoding the NS5 protein, in positions Leu (778) — Phe and Asn (863) —
Ser. This highly conserved bifunctional protein works as a methyltransferase and RNA-dependent
RNA polymerase [60]. The catalytic domain of the RNA-dependent RNA polymerase lies in position
270-900 and includes six highly conserved regions [61]. Both amino acid changes in 40 PS were found
in the catalytic domain of the viral RNA polymerase but outside of conserved regions, so they probably
had no influence on its function.

The variant 40 IRE showed almost the same virulence for laboratory mice as the parental virus,
even though it differed from 0 P in nine nucleotide substitutions and four amino acid changes.
This variant also differed from all the others in terms of plaque morphology. One amino acid mutation
was found in position Thr (34) — Ile in the prM protein. This mutation destroyed the only potential
glycosylation site in the prM protein, Asn-X-Thr. The prM protein plays an important role as a
chaperonin of E protein [62]. Goto and co-workers found that mutations in the glycosylation site of prM
caused a considerable decrease of secretion of “virus-like particles” in comparison to the glycosylated
variant [63]. Thus, the mutation in prM could cause accumulation of virions in cells, slower viral spread
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from cell to cell, and consequently smaller plaque samples in PS cell culture. The mutation Ala (85) —
Ser found in NS4B could relate to the adaptation of 40 IRE to tick cells. As mentioned before, mutations
in this protein possibly participate in adaptation to specific host organisms [43]. The two remaining
mutations, Val (57) — Met in the NS1 protein and Val (33) — Met in the NS2B protein, are unlikely to
contribute to the phenotype we observed. A mutation in the replication-participating protein NS1
lay neither in any of the 12 conserved cysteines nor in the potential glycosylation site, which is a key
region linked to defects of RNA and limited virus production in the case of a related flavivirus [64].
The NS2B protein creates a stable complex with the NS3 protein and serves as a co-factor of NS2B-NS3
serine protease [65]. Position 33 lies outside of the 47 amino acid residues of the central part of the
protein involved in this co-factor activity [66].

The variant LT IRE showed a partly attenuated phenotype in comparison with the parental virus.
This could have been conferred by two nucleotide substitutions that affected amino acid sequences.
The first, Met (471) — Leu, was located in the E protein outside the main ectodomain in a so-called
stem—anchor region that participates in binding of E protein to the cell membrane, in interactions with
prM protein, and in pH-dependent conformational changes [67]. Position 471 is specifically included
in the region serving as protein anchorage to the cell membrane (“anchor”). Some stem—anchor region
mutations have been reported previously as a result of TBEV adaptation to tick cells. Mutation at
position 426 was responsible for lower virulence for laboratory mice [21]. In another study, mutation at
position 496 influenced viral neuroinvasiveness [68]. Thus, it is possible that the mutation at position
471 of E protein conditioned the partial viral attenuation that we observed. The second amino acid
change in LT IRE was found in the NS5 protein, in position Thr (177) — Pro, which falls within a
functional domain of methyltransferase. Previous studies showed that single-nucleotide mutations in
NS5 protein influence viral attenuation, but that these mutations rather participate in the cumulative
effect of single mutations, where the biggest influences are from changes in E protein, while mutations
in NS5 merely contribute to attenuation [68,69].

Mutations in proteins and in non-coding regions could influence viral pathogenesis [70,71]. In our
study, both non-coding regions showed higher nucleotide variability in comparison to coding regions.
Untranslated regions participate with their secondary structures in regulation of viral replication,
translation, and packaging. Therefore, multibase deletions in particular influence the virulence and
viability of the virus [70,71]. However, the extent of attenuation depends on the particular conserved
region affected [71]. Previously, single-nucleotide mutations in the 5" UTR related to the production of
smaller plaque samples have been described [21,72]. Therefore, it is possible that mutation G (52) —
A in 40 IRE resulted in the production of small plaque samples, the only phenotypic trait where this
variant differed from all the others.

The T (282) — C mutation in the 3’ UTR was shared by 40 PS and 40 IRE variants, which differed
in plaque size and virulence in vivo. Involvement of this particular mutation in newly acquired
phenotypic traits in these variants is, thus, unclear. This mutation lies in the terminal 190 nucleotide
region that forms the conserved 3’stem loop. This secondary structure is required for viral RNA
cyclization and replication, and was also identified as an important determinant of virulence [73].
In the related West Nile virus, single-nucleotide mutations in a region responsible for cyclization have
impaired the replication efficiency of the virus or plaque size [74]. However, the specific cyclization
sequence in TBEV has not yet been defined. Thus, the implications of our findings cannot be confirmed
without further investigation.

In summary, both amino acid changes in the E protein of the 40 PS probably contribute to lower
virulence in vivo, while the mutation in the NS4B protein most likely arose as a consequence of viral
adaptation to PS cells. An underlying role of the structural genes in the pathogenicity for mice was
reported previously [75]. Small plaque production by 40 IRE might be the consequence of mutations in
the prM protein and 5" UTR, while the mutation in the NS4B protein arose most likely as a consequence
of viral adaptation to tick cells. In order to determine the exact contribution of each of these amino acid
changes to the virus phenotype, each of the mutations observed in this study should be investigated
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individually or in combination using mutated TBEV infectious clones. Results from several studies
dealing with attenuated viral strains indicate that viral adaptation to a specific environment does not
happen only on the basis of actual random mutations. It is more likely that the adapted variant is
selected from an already existing set of sequential variants—quasispecies [16,21-23,76]. To explore the
variability within the individual viral variants, we used cloning and sequencing of parts of the 5" UTR,
E protein, and C protein, focusing on nucleotide variability in positions in which we documented
changes by whole genome sequencing. Several independent clones were used to minimize the
possibility of accidental nucleotide substitutions caused by the error rate of Taq polymerase during
PCR amplification [77]. Several mutations were found in more than one colony per viral variant.

The mutation (G (52) — A) in the 5" UTR and the non-conservative mutation in the E protein
(Thr (305) — Ala) may play roles in virus adaptation to different environments. In both cases, the same
situation was observed. In the viral variant in which nucleotide variability was detected, the minor
base was identical to whole genome sequences of the remaining viral variants, as well as to all their
colonies. Very similar results were obtained with the Langat virus [43], West Nile virus [18], and the
Siberian subtype of TBEV [22]. Thus, it is possible that after the emergence of a new mutation that is
advantageous in a new environment, the original variant is retained by a certain mechanism, albeit at a
lower frequency. This assumption corresponds with results of previous experiments, in which new
viral variants of TBEV were obtained after serial passaging in ticks or tick cell lines, which produced
a mixture of small plaque samples and plaque samples of original size in mammalian cell culture.
After plaque purification and sequencing, nucleotide changes unique to the virus producing small
plaque samples and to phenotypic revertants were detected [21,22]. Phenotypic variability after serial
passaging of TBEV in ticks was also observed in the study by Labuda and co-workers [76]. In another
study [78], two virulent variants were obtained from a naturally attenuated TBEV strain after five
passages in mice or a single passage in PS cells. These variants had identical nucleotide substitutions
in their genomes.

Unfortunately, we cannot be sure which of the mutations found in our study provides a selective
advantage within a certain environment and which are just equivalent alternatives without any influence
on viral traits. The mutation in the E protein, causing the change of amino acid in the connection of
domains I and III, probably influences the protein function, as discussed above. The mutation in the 5’
UTR seems to have some importance because the ratio among the clones (8:2) shows strong dominance
of A over G. The direct relationship of a single-nucleotide change in the 5" UTR to the change in
phenotypic traits, specifically to plaque size, is less probable, as other authors emphasize the cumulative
effect of single-nucleotide changes and their combinations on viral traits [43,45,79]. The substitutions
found in our study confirm some changes from a previously published list of mutations involved in
changes in virulence and other biological properties of TBEV and other flaviviruses [73], and even
contribute further evidence of such involvement. Such information may be particularly important
for genetic comparisons with sequences acquired from newly isolated TBEV field strains and viruses
sequenced directly from ticks or clinical samples.

To conclude, serial passaging and long-term persistent infection of tick cell lines do not result in
attenuation of TBEV in a vertebrate host. Plaque size in mammalian cells is not directly linked to the
virulence of a viral strain. There are mechanisms ensuring maintenance of a certain level of genotypic
and phenotypic variability during an adaptation process, which allow rapid selection of adapted variants
from a pre-existing pool of viral variants (quasispecies).
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Table S1: List of sequencing primers used to amplify overlapping regions of the TBEV genome. Figure SI:
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Figure S2: Replication of mammalian-cell- and tick-cell-derived variants of TBEV in mice.

Author Contributions: R.H., VH., and M.P. contributed to the conception and the design of the study. R.H.
performed the experiments and wrote the first draft of the manuscript. V.H. and H.T. contributed to manuscript
major editing. R.H., VH., and H.T. contributed to data analysis and visualization. R.H. and M.P. performed the
statistical analysis. L.B.-S. and L.G. provided resources and supervision. All authors contributed to manuscript

132


http://www.mdpi.com/1999-4915/12/8/902/s1

Viruses 2020, 12, 902 13 of 17

revision and read and approved the submitted version. All authors have read and agreed to the published version
of the manuscript.

Funding: RH., H.T,, and L.G. were supported by the Ministry of Education, Youth, and Sports of the Czech
Republic INTER-ACTION (projects LTARF 18021 and LTAUSA 18040), as well as the Czech Science Foundation
(GA18-27204S). Access to instruments and other facilities was supported by the Czech research infrastructure for
systems biology C4SYS (project LM2015055). V.H. and M.P. were supported by the Czech Science Foundation
(GA20-30500S). L.B.-S. is supported by the U.K. Biotechnology and Biological Sciences Research Council,
grant number BB/P024270/1.

Acknowledgments: The IRE/CTVM19 cell line was provided by the Tick Cell Biobank. The authors would like to
thank Jan Stérba for critical input and Ryan Rego for critical reading of the manuscript and language corrections.

Conflicts of Interest: The authors declare no conflict of interest.

References

. Dumpis, U,; Crook, D.; Oksi, J. Tick-borne encephalitis. Clin. Infect. Dis. 1999, 28, 882-890. [CrossRef]

2. Lindenbach, B.D.; Thiel, H.].; Rice, C.M. Flaviviridae: The viruses and their replication. In Fields Virology,
5th ed.; Knipe, D.M., Howley, PM., Eds.; Lippincott-Raven Publishers: Philadelphia, PA, USA, 2007;
pp. 1101-1133.

3. Rehacek, J. Cultivation of different viruses in tick tissue cultures. Acta Virol. 1965, 9, 332-337.

4. Gritsun, T.S.; Lashkevich, V.A.; Gould, E.A. Tick-borne encephalitis. Antivir. Res. 2003, 57, 129-146.
[CrossRef]

5. Nuttall, PA.; Labuda, M. Dynamics of infection in tick vectors and at the tick-host interface. Adv. Virus Res.
2003, 60, 233-272. [PubMed]

6.  Weaver, S.C.; Brault, A.C.; Kang, W.L.; Holland, J.J. Genetic and fitness changes accompanying adaptation of
an arbovirus to vertebrate and invertebrate cells. J. Virol. 1999, 73, 4316-4326. [CrossRef]

7. Cooper, L.A.; Scott, T.W. Differential evolution of eastern equine encephalitis virus populations in response
to host cell type. Genetics 2001, 157, 1403-1412.

8. Holland, J.; Spindler, K.; Horodyski, E.; Grabau, E.; Nichol, S.; VandePol, S. Rapid evolution of RNA genomes.
Science 1982, 215, 1577-1585. [CrossRef]

9. Domingo, E.; Holland, J.J.; Biebricher, C.; Eigen, M. Quasispecies: The concept and the word. In Molecular Basis
of Virus Evolution; Gibbs, A., Calisher, C., Garcia-Arenal, F,, Eds.; Cambridge University Press: Cambridge,
UK, 1995; pp. 171-180.

10. Eigen, M. On the nature of virus quasispecies. Trends Microbiol. 1996, 4, 216-218. [CrossRef]

11. Domingo, E.; Holland, ].J. RNA virus mutations and fitness for survival. Annu. Rev. Microbiol. 1997, 51,
151-178. [CrossRef]

12.  Schneider, W.L.; Roossinck, M.]. Evolutionarily related Sindbis-like plant viruses maintain different levels of
population diversity in a common host. J. Virol. 2000, 74, 3130-3134. [CrossRef]

13.  Schneider, W.L.; Roossinck, M.]. Genetic diversity in RNA virus quasispecies is controlled by host-virus
interactions. J. Virol. 2001, 75, 6566-6571. [CrossRef] [PubMed]

14. Martinez, M.A; Carrillo, C.; Gonzalezcandelas, F.; Moya, A.; Domingo, E.; Sobrino, F. Fitness alteration of
foot-and-mouth disease virus mutants: Measurement of adaptability of viral quasispecies. J. Virol. 1991, 65,
3954-3957. [CrossRef] [PubMed]

15.  Ruiz-Jarabo, C.M.; Arias, A.; Baranowski, E.; Escarmis, C.; Domingo, E. Memory in viral quasispecies. J. Virol.
2000, 74, 3543-3547. [CrossRef]

16. Asghar, N.; Lindblom, P.; Melik, W.; Lindqvist, R.; Haglund, M.; Forsberg, P.; Overby, A.K.; Andreassen, A.;
Lindgren, PE.; Johansson, M. Tick-borne encephalitis virus sequenced directly from questing and
blood-feeding ticks reveals quasispecies variance. PLoS ONE 2014, 9, e103264. [CrossRef]

17.  van Boheemen, S.; Tas, A.; Anvar, S.Y.; van Grootveld, R.; Albulescu, I.C.; Bauer, M.P,; Feltkamp, M.C.;
Bredenbeek, P.J.; van Hemert, M.]. Quasispecies composition and evolution of a typical Zika virus clinical
isolate from Suriname. Sci. Rep. 2017, 7, 2368. [CrossRef] [PubMed]

18. Jerzak, G.; Bernard, K.A.; Kramer, L.D.; Ebel, G.D. Genetic variation in West Nile virus from naturally
infected mosquitoes and birds suggests quasispecies structure and strong purifying selection. J. Gen. Virol.
2005, 86, 2175-2183. [CrossRef]

133


http://dx.doi.org/10.1086/515195
http://dx.doi.org/10.1016/S0166-3542(02)00206-1
http://www.ncbi.nlm.nih.gov/pubmed/14689696
http://dx.doi.org/10.1128/JVI.73.5.4316-4326.1999
http://dx.doi.org/10.1126/science.7041255
http://dx.doi.org/10.1016/0966-842X(96)20011-3
http://dx.doi.org/10.1146/annurev.micro.51.1.151
http://dx.doi.org/10.1128/JVI.74.7.3130-3134.2000
http://dx.doi.org/10.1128/JVI.75.14.6566-6571.2001
http://www.ncbi.nlm.nih.gov/pubmed/11413324
http://dx.doi.org/10.1128/JVI.65.7.3954-3957.1991
http://www.ncbi.nlm.nih.gov/pubmed/1645804
http://dx.doi.org/10.1128/JVI.74.8.3543-3547.2000
http://dx.doi.org/10.1371/journal.pone.0103264
http://dx.doi.org/10.1038/s41598-017-02652-w
http://www.ncbi.nlm.nih.gov/pubmed/28539654
http://dx.doi.org/10.1099/vir.0.81015-0

Viruses 2020, 12, 902 14 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Kurosu, T.; Khamlert, C.; Phanthanawiboon, S.; Ikuta, K.; Anantapreecha, S. Highly efficient rescue of dengue
virus using a co-culture system with mosquito/mammalian cells. Biochem. Biophys. Res. Commun. 2010, 394,
398-404. [CrossRef]

Asghar, N.; Pettersson, ].H.; Dinnetz, P.; Andreassen, A.; Johansson, M. Deep sequencing analysis of
tick-borne encephalitis virus from questing ticks at natural foci reveals similarities between quasispecies
pools of the virus. J. Gen. Virol. 2017, 98, 413-421. [CrossRef]

Romanova, L.I; Gmyl, A.P; Dzhivanian, T.I; Bakhmutov, D.V.; Lukashev, A.N.; Gmyl, L.V.; Rumyantsev, A.A.;
Burenkova, L.A.; Lashkevich, V.A.; Karganova, G.G. Microevolution of tick-borne encephalitis virus in course
of host alternation. Virology 2007, 362, 75-84. [CrossRef]

Belova, O.A; Litov, A.G.; Kholodilov, L.S.; Kozlovskaya, L.I.; Bell-Sakyi, L.; Romanova, L.I.; Karganova, G.G.
Properties of the tick-borne encephalitis virus population during persistent infection of ixodid ticks and tick
cell lines. Ticks Tick Borne Dis. 2017, 8, 895-906. [CrossRef]

Rizek, D.; Bell-Sakyi, L.; Kopecky, J.; Grubhoffer, L. Growth of tick-borne encephalitis virus (European
subtype) in cell lines from vector and non-vector ticks. Virus Res. 2008, 137, 142-146. [CrossRef]

Goto, A.; Hayasaka, D.; Yoshii, K.; Mizutani, T.; Kariwa, H.; Takashima, I. A BHK-21 cell culture-adapted
tick-borne encephalitis virus mutant is attenuated for neuroinvasiveness. Vaccine 2003, 21, 4043—4051.
[CrossRef]

Mandl, C.W.; Kroschewski, H.; Allison, S.L.; Kofler, R.; Holzmann, H.; Meixner, T.; Heinz, EX. Adaptation of
tick-borne encephalitis virus to BHK-21 cells results in the formation of multiple heparan sulfate binding
sites in the envelope protein and attenuation in vivo. J. Virol. 2001, 75, 5627-5637. [CrossRef]

Nitayaphan, S.; Grant, J.A.; Chang, G.J.J.; Trent, D.W. Nucleotide sequence of the virulent SA-14 strain of
Japanese encephalitis virus and its attenuated vaccine derivative, SA-14-14-2. Virology 1990, 177, 541-552.
[CrossRef]

Kozuch, O.; Mayer, V. Pig kidney epithelial (PS) cells: A perfect tool for a study of flaviviruses and some
other arboviruses. Acta Virol. 1975, 19, 498.

Bell-Sakyi, L.; Zweygarth, E.; Blouin, E.F.; Gould, E.A; Jongejan, F. Tick cell lines: Tools for tick and tick-borne
disease research. Trends Parasitol. 2007, 23, 450-457. [CrossRef]

Pospisil, L.; Jandasek, L.; Pesek, J. Isolation of new strains of meningoencephalitis virus in the Brno region
during the summer of 1953. Lek List 1954, 9, 3-5.

De Madrid, A.T.; Porterfield, J.S. A simple microculture method for the study of group B arboviruses.
Bull. World Health Org. 1969, 40, 113-121.

Schneider, C.A.; Rasband, W.S.; Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nat. Methods
2012, 9, 671-675. [CrossRef]

Rizek, D.; St’astnd, H.; Kopecky, J.; Golovljova, I.; Grubhoffer, L. Rapid subtyping of tick-borne encephalitis
virus isolates using multiplex RT-PCR. J. Virol. Methods 2007, 144, 133-137. [CrossRef]

Kupca, A.M.; Essbauer, S.; Zoeller, G.; de Mendonca, P.G.; Brey, R.; Rinder, M.; Pfister, K.; Spiegel, M.;
Doerrbecker, B.; Pfeffer, M.; et al. Isolation and molecular characterization of a tick-borne encephalitis virus
strain from a new tick-borne encephalitis focus with severe cases in Bavaria, Germany. Ticks Tick Borne Dis.
2010, 1, 44-51. [CrossRef] [PubMed]

Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. MEGA4: Molecular evolutionary genetics analysis (MEGA)
software version 4.0. Mol. Biol. Evol. 2007, 24, 1596-1599. [CrossRef] [PubMed]

Peitsch, M.C. Protein modeling by E-mail. Nat. Biotechnol. 1995, 13, 658—-660. [CrossRef]

Arnold, K.; Bordoli, L.; Kopp, J.; Schwede, T. The SWISS-MODEL workspace: A web-based environment for
protein structure homology modelling. Bioinformatics 2006, 22, 195-201. [CrossRef] [PubMed]

Kiefer, F.; Arnold, K.; Kunzli, M.; Bordoli, L.; Schwede, T. The SWISS-MODEL Repository and associated
resources. Nucleic Acids Res. 2009, 37, D387-D392. [CrossRef] [PubMed]

Rey, FA.; Heinz, EX.; Mandl, C.; Kunz, C.; Harrison, S.C. The envelope glycoprotein from tick-borne
encephalitis virus at 2 A resolution. Nature 1995, 375, 291-298. [CrossRef]

Guex, N.; Peitsch, M.C. SWISS-MODEL and the Swiss-PdbViewer: An environment for comparative protein
modeling. Electrophoresis 1997, 18, 2714-2723. [CrossRef]

134


http://dx.doi.org/10.1016/j.bbrc.2010.02.181
http://dx.doi.org/10.1099/jgv.0.000704
http://dx.doi.org/10.1016/j.virol.2006.12.013
http://dx.doi.org/10.1016/j.ttbdis.2017.07.008
http://dx.doi.org/10.1016/j.virusres.2008.05.013
http://dx.doi.org/10.1016/S0264-410X(03)00269-X
http://dx.doi.org/10.1128/JVI.75.12.5627-5637.2001
http://dx.doi.org/10.1016/0042-6822(90)90519-W
http://dx.doi.org/10.1016/j.pt.2007.07.009
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1016/j.jviromet.2007.04.010
http://dx.doi.org/10.1016/j.ttbdis.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21771510
http://dx.doi.org/10.1093/molbev/msm092
http://www.ncbi.nlm.nih.gov/pubmed/17488738
http://dx.doi.org/10.1038/nbt0795-658
http://dx.doi.org/10.1093/bioinformatics/bti770
http://www.ncbi.nlm.nih.gov/pubmed/16301204
http://dx.doi.org/10.1093/nar/gkn750
http://www.ncbi.nlm.nih.gov/pubmed/18931379
http://dx.doi.org/10.1038/375291a0
http://dx.doi.org/10.1002/elps.1150181505

Viruses 2020, 12, 902 15 0f 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Ruzek, D.; Kopecky, J.; Stérba, J.; Golovchenko, M.; Rudenko, N.; Grubhoffer, L. Non-virulent strains of TBE
virus circulating in the Czech Republic. |. Clin. Virol. 2006, 36, S41. [CrossRef]

Wallner, G.; Mandl, C.W.; Ecker, M.; Holzmann, H.; Stiasny, K.; Kunz, C.; Heinz, FEX. Characterisation and
complete genome sequences of high- and low-virulence variants of tick-borne encephalitis virus. J. Gen. Virol.
1996, 77, 1035-1042. [CrossRef]

Mayer, V. Study of virulence of tick-borne encephalitis virus. III. Biological evaluation of large-plaque and
small-plaque variants of viruses of tick-borne encephalitis complex. Acta Virol. 1964, 8, 507-520.

Mitzel, D.N.; Best, S.M.; Masnick, M.F; Porcella, S.F.; Wolfinbarger, ].B.; Bloom, M.E. Identification of genetic
determinants of a tick-borne flavivirus associated with host-specific adaptation and pathogenicity. Virology
2008, 381, 268-276. [CrossRef] [PubMed]

Kozlovskaya, L.I; Osolodkin, D.I,; Shevtsova, A.S.; Romanova, L.I.; Rogova, Y.V.; Dzhivanian, T.I;
Lyapustin, V.N.; Pivanova, G.P; Gmyl, A.P; Palyulin, V.A; et al. GAG-binding variants of tick-borne
encephalitis virus. Virology 2010, 398, 262-272. [CrossRef] [PubMed]

Khasnatinov, M.A.; Ustanikova, K.; Frolova, T.V.; Pogodina, V.V.; Bochkova, N.G.; Levina, L.S.; Slovak, M.;
Kazimirova, M.; Labuda, M.; Klempa, B.; et al. Non-hemagglutinating flaviviruses: Molecular mechanisms
for the emergence of new strains via adaptation to European ticks. PLoS ONE 2009, 4, e7295. [CrossRef]
[PubMed]

Goh, K.C,; Tang, C.K.; Norton, D.C; Gan, E.S.; Tan, H.C.; Sun, B.; Syenina, A.; Yousuf, A.; Ong, X.M.;
Kamaraj, U.S.; et al. Molecular determinants of plaque size as an indicator of dengue virus attenuation.
Sci. Rep. 2016, 6, 26100. [CrossRef]

Labuda, M.; Austyn, J.M.; Zuffova, E.; Kozuch, O.; Fuchsberger, N.; Lysy, J.; Nuttall, P.A. Importance of
localized skin infection in tick-borne encephalitis virus transmission. Virology 1996, 219, 357-366. [CrossRef]
Fialova, A.; Cimburek, Z.; Iezzi, G.; Kopecky, J. Ixodes ricinus tick saliva modulates tick-borne encephalitis
virus infection of dendritic cells. Microb. Infect. 2010, 12, 580-585. [CrossRef]

McMinn, P.C.; Dalgarno, L.; Weir, R.C. A comparison of the spread of Murray Valley encephalitis viruses of
high or low neuroinvasiveness in the tissues of Swiss mice after peripheral inoculation. Virology 1996, 220,
414-423. [CrossRef]

Bressanelli, S.; Stiasny, K.; Allison, S.L.; Stura, E.A.; Duquerroy, S.; Lescar, J.; Heinz, FX.; Rey, F.A. Structure
of a flavivirus envelope glycoprotein in its low-pH-induced membrane fusion conformation. EMBO J. 2004,
23, 728-738. [CrossRef]

Holzmann, H.; Heinz, FX.; Mandl, C.W.; Guirakhoo, F.; Kunz, C. A single amino acid substitution in
envelope protein E of tick-borne encephalitis virus leads to attenuation in the mouse model. ]. Virol. 1990, 64,
5156-5159. [CrossRef]

Mandl, C.W.; Allison, S.L.; Holzmann, H.; Meixner, T.; Heinz, EX. Attenuation of tick-borne encephalitis
virus by structure-based site-specific mutagenesis of a putative flavivirus receptor binding site. . Virol. 2000,
74, 9601-9609. [CrossRef]

Holzmann, H.; Stiasny, K.; Ecker, M.; Kunz, C.; Heinz, FX. Characterization of monoclonal antibody-escape
mutants of tick-borne encephalitis virus with reduced neuroinvasiveness in mice. J. Gen. Virol. 1997, 78,
31-37. [CrossRef] [PubMed]

Mackenzie, ].M.; Khromykh, A.A.; Jones, M.K.; Westaway, E.G. Subcellular localization and some biochemical
properties of the flavivirus Kunjin nonstructural proteins NS2A and NS4A. Virology 1998, 245, 203-215.
[CrossRef] [PubMed]

Ktimmerer, B.M.; Rice, C.M. Mutations in the yellow fever virus nonstructural protein NS2A selectively
block production of infectious particles. J. Virol. 2002, 76, 4773-4784. [CrossRef] [PubMed]

Leung, ].Y.; Pijlman, G.P; Kondratieva, N.; Hyde, J.; Mackenzie, ].M.; Khromykh, A.A. Role of nonstructural
protein NS2A in flavivirus assembly. J. Virol. 2008, 82, 4731-4741. [CrossRef] [PubMed]

Chambers, T.].; Hahn, C.S.; Galler, R.; Rice, C.M. Flavivirus genome organization, expression, and replication.
Annu. Rev. Microbiol. 1990, 44, 649-688. [CrossRef]

Miller, S.; Sparacio, S.; Bartenschlager, R. Subcellular localization and membrane topology of the dengue
virus type 2 non-structural protein 4B. J. Biol. Chem. 2006, 281, 8854-8863. [CrossRef]

135


http://dx.doi.org/10.1016/S1386-6532(06)80856-5
http://dx.doi.org/10.1099/0022-1317-77-5-1035
http://dx.doi.org/10.1016/j.virol.2008.08.030
http://www.ncbi.nlm.nih.gov/pubmed/18823640
http://dx.doi.org/10.1016/j.virol.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20064650
http://dx.doi.org/10.1371/journal.pone.0007295
http://www.ncbi.nlm.nih.gov/pubmed/19802385
http://dx.doi.org/10.1038/srep26100
http://dx.doi.org/10.1006/viro.1996.0261
http://dx.doi.org/10.1016/j.micinf.2010.03.015
http://dx.doi.org/10.1006/viro.1996.0329
http://dx.doi.org/10.1038/sj.emboj.7600064
http://dx.doi.org/10.1128/JVI.64.10.5156-5159.1990
http://dx.doi.org/10.1128/JVI.74.20.9601-9609.2000
http://dx.doi.org/10.1099/0022-1317-78-1-31
http://www.ncbi.nlm.nih.gov/pubmed/9010282
http://dx.doi.org/10.1006/viro.1998.9156
http://www.ncbi.nlm.nih.gov/pubmed/9636360
http://dx.doi.org/10.1128/JVI.76.10.4773-4784.2002
http://www.ncbi.nlm.nih.gov/pubmed/11967294
http://dx.doi.org/10.1128/JVI.00002-08
http://www.ncbi.nlm.nih.gov/pubmed/18337583
http://dx.doi.org/10.1146/annurev.mi.44.100190.003245
http://dx.doi.org/10.1074/jbc.M512697200

Viruses 2020, 12, 902 16 of 17

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Yau, W.L.; Nguyen-Dinh, V.; Larsson, E.; Lindqvist, R.; Overby, A K,; Lundmark, R. Model system for the
formation of tick-borne encephalitis virus replication compartments without viral RNA replication. J. Virol.
2019, 93, €00292-19. [CrossRef]

Koonin, E.V. Computer-assisted identification of a putative methyltransferase domain in NS5 protein of
flaviviruses and lambda 2 protein of reovirus. J. Gen. Virol. 1993, 74, 733-740. [CrossRef]

Yap, T.L.; Xu, T.; Chen, Y.L.; Malet, H.; Egloff, M.P,; Canard, B.; Vasudevan, 5.G.; Lescar, J. Crystal structure of
the dengue virus RNA-dependent RNA polymerase catalytic domain at 1.85-Angstrom resolution. J. Virol.
2007, 81, 4753-4765. [CrossRef]

Guirakhoo, F,; Heinz, FEX.; Mandl, C.W.; Holzmann, H.; Kunz, C. Fusion activity of flaviviruses: Comparison
of mature and immature (prM-containing) tick-borne encephalitis virions. J. Gen. Virol. 1991, 72, 1323-1329.
[CrossRef]

Goto, A.; Yoshii, K.; Obara, M.; Ueki, T.; Mizutani, T.; Kariwa, H.; Takashima, I. Role of the N-linked glycans
of the prM and E envelope proteins in tick-borne encephalitis virus particle secretion. Vaccine 2005, 23,
3043-3052. [CrossRef] [PubMed]

Muylaert, LR.; Chambers, T.J.; Galler, R.; Rice, C.M. Mutagenesis of the N-linked glycosylation sites of the
yellow fever virus NS1 protein: Effects on virus replication and mouse neurovirulence. Virology 1996, 222,
159-168. [CrossRef] [PubMed]

Falgout, B.; Pethel, M.; Zhang, Y.M.; Lai, C.J. Both nonstructural proteins NS2B and NS3 are required for
the proteolytic processing of dengue virus nonstructural proteins. J. Virol. 1991, 65, 2467-2475. [CrossRef]
[PubMed]

Erbel, P; Schiering, N.; D"Arcy, A.; Renatus, M.; Kroemer, M.; Lim, S.P; Yin, Z.; Keller, T.H.; Vasudevan, S.G.;
Hommel, U. Structural basis for the activation of flaviviral NS3 proteases from dengue and West Nile virus.
Nat. Struct. Mol. Biol. 2006, 13, 372-373. [CrossRef]

Hurrelbrink, R.].; McMinn, P.C. Molecular determinants of virulence: The structural and functional basis for
flavivirus attenuation. Adv. Virus Res. 2003, 60, 1-42.

Gritsun, T.S,; Desai, A.; Gould, E.A. The degree of attenuation of tick-borne encephalitis virus depends on
the cumulative effects of point mutations. J. Gen. Virol. 2001, 82, 1667-1675. [CrossRef]

Hayasaka, D.; Gritsun, T.S.; Yoshii, K.; Ueki, T.; Goto, A.; Mizutani, T.; Kariwa, H.; Iwasaki, T.; Gould, E.A;
Takashima, I. Amino acid changes responsible for attenuation of virus neurovirulence in an infectious cDONA
clone of the Oshima strain of tick-borne encephalitis virus. J. Gen. Virol. 2004, 85, 1007-1018. [CrossRef]
Cahour, A.; Pletnev, A.; Vazeillefalcoz, M.; Rosen, L.; Lai, C.J. Growth-restricted dengue virus mutants
containing deletions in the 5" noncoding region of the RNA genome. Virology 1995, 207, 68-76. [CrossRef]
Proutski, V.; Gritsun, T.S.; Gould, E.A.; Holmes, E.C. Biological consequences of deletions within the
3-untranslated region of flaviviruses may be due to rearrangements of RNA secondary structure. Virus Res.
1999, 64, 107-123. [CrossRef]

Butrapet, S.; Huang, C.Y.H.; Pierro, D.J.; Bhamarapravati, N.; Gubler, D.J.; Kinney, R M. Attenuation markers
of a candidate dengue type 2 vaccine virus, strain 16681 (PDK-53), are defined by mutations in the 5
noncoding region and nonstructural proteins 1 and 3. J. Virol. 2000, 74, 3011-3019. [CrossRef]

Kellman, E.M.; Offerdahl, D.K.; Melik, W.; Bloom, M.E. Viral Determinants of virulence in tick-borne
flaviviruses. Viruses 2018, 10, 329. [CrossRef] [PubMed]

Basu, M.; Brinton, M.A. West Nile virus (WNV) genome RNAs with up to three adjacent mutations that
disrupt long distance 5’-3’ cyclization sequence basepairs are viable. Virology 2011, 412, 220-232. [CrossRef]
[PubMed]

Khasnatinov, M.A.; Tuplin, A.; Gritsun, D.J.; Slovak, M.; Kazimirova, M.; Lickova, M.; Havlikova, S.;
Klempa, B.; Labuda, M.; Gould, E.A.; et al. Tick-borne encephalitis virus structural proteins are the primary
viral determinants of non-viraemic transmission between ticks whereas non-structural proteins affect
cytotoxicity. PLoS ONE 2016, 11, e0158105. [CrossRef] [PubMed]

Labuda, M.; Jiang, W.R.; Kaluzova, M.; Kozuch, O.; Nuttall, P.A.; Weismann, P.; Eleckova, E.; Zuffova, E.;
Gould, E.A. Change in phenotype of tick-borne encephalitis virus following passage in Ixodes ricinus ticks
and associated amino acid substitution in the envelope protein. Virus Res. 1994, 31, 305-315. [CrossRef]
Malet, I; Belnard, M.; Agut, H.; Cahour, A. From RNA to quasispecies: A DNA polymerase with proofreading
activity is highly recommended for accurate assessment of viral diversity. J. Virol. Methods 2003, 109, 161-170.
[CrossRef]

136


http://dx.doi.org/10.1128/JVI.00292-19
http://dx.doi.org/10.1099/0022-1317-74-4-733
http://dx.doi.org/10.1128/JVI.02283-06
http://dx.doi.org/10.1099/0022-1317-72-6-1323
http://dx.doi.org/10.1016/j.vaccine.2004.11.068
http://www.ncbi.nlm.nih.gov/pubmed/15811651
http://dx.doi.org/10.1006/viro.1996.0406
http://www.ncbi.nlm.nih.gov/pubmed/8806496
http://dx.doi.org/10.1128/JVI.65.5.2467-2475.1991
http://www.ncbi.nlm.nih.gov/pubmed/2016768
http://dx.doi.org/10.1038/nsmb1073
http://dx.doi.org/10.1099/0022-1317-82-7-1667
http://dx.doi.org/10.1099/vir.0.19668-0
http://dx.doi.org/10.1006/viro.1995.1052
http://dx.doi.org/10.1016/S0168-1702(99)00079-9
http://dx.doi.org/10.1128/JVI.74.7.3011-3019.2000
http://dx.doi.org/10.3390/v10060329
http://www.ncbi.nlm.nih.gov/pubmed/29914165
http://dx.doi.org/10.1016/j.virol.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21292293
http://dx.doi.org/10.1371/journal.pone.0158105
http://www.ncbi.nlm.nih.gov/pubmed/27341437
http://dx.doi.org/10.1016/0168-1702(94)90024-8
http://dx.doi.org/10.1016/S0166-0934(03)00067-3

Viruses 2020, 12, 902 17 of 17

78. Ruzek,D.; Gritsun, T.S; Forrester, N.L.; Gould, E.A.; Kopecky, J.; Golovchenko, M.; Rudenko, N.; Grubhoffer, L.

Mutations in the NS2B and NS3 genes affect mouse neuroinvasiveness of a Western European field strain of
tick-borne encephalitis virus. Virology 2008, 374, 249-255. [CrossRef]

79. Davis, C.T.; Galbraith, S.E.; Zhang, S.L.; Whiteman, M.C,; Li, L.; Kinney, R.M.; Barrett, A.D.T. A combination
of naturally occurring mutations in North American West Nile virus nonstructural protein genes and in the
3’ untranslated region alters virus phenotype. J. Virol. 2007, 81, 6111-6116. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

137


http://dx.doi.org/10.1016/j.virol.2008.01.010
http://dx.doi.org/10.1128/JVI.02387-06
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

SUMMARY AND FUTURE PERSPECTIVES

CHARACTERIZATION OF VECTOR CELLS RESPONSE TO TBEV INFECTION

Tick antiviral responses are poorly characterized (207). Findings on more intensively studied
MBFVs and their vectors are often extrapolated also on their tick-borne relatives, usually
without considering tick specifics. Nevertheless, it does not compromise the need to perform
tick-specific studies and describe the real responses elicited in ticks against viral infections.
RNAIi pathway was the only generally accepted antiviral mechanism described in ticks so far.
In Manuscript 1 we have characterized the tick RNAi pathway and determined that the main
group of interfering RNAs derived are 22-nt long, which is in striking contrast to mosquito RNAI
response and its predominant production of 21-nt-long dsRNA fragments (211). Our data
indicate that there might be considerable diversity in the immune responses within
arthropods when we compare the more basal Chelicerates (Parasitiformes)
and the evolutionary younger Insecta (Hexapoda) (357). Our finding of the length of siRNAs
in ticks was later confirmed also in vivo (358). Tick siRNAs preferentially targeted 5’and 3" ends
of the flaviviral genome. Further, we identified key components of the tick antiviral immune
pathway. We have documented genomic expansion of Ago and Dcr genes and identified their
involvement in antiviral immune response (Manuscript 1). Ago16 and Ago30 were universally
effective against LGTV infection and LGTV replicon. Further, Ago68 and Dcr90 showed
an effect at least against one of the targets (either replicon or virus). The antiviral function
of Ago30 and Dcr90 was verified also in our successive study on IDE8 cells (Manuscript 2).
The validated antiviral function inthe gene Dcr90, that shares homology to insect Dcrl
(miRNA pathway), argues for selective pressure in ticks for evolving a higher diversity
of antiviral genes. We cannot however exclude that also other homologous proteins (e.g.,
Dcr89), for which we did not obtain consistent or complete knockdowns, are parts
of the pathway as well. Only the methodological approach (RNAi) was not sufficient to silence
the genes to prove their antiviral role. Possibly another methodological approach, such as
CRISPR/Cas9-mediated gene editing, which has recently become available for ticks as well,
would bring us the answer (359).

With RNAi pathway being the only confirmed antiviral innate immunity pathway in ticks,
an additional investigation would be needed to explore the functionality of other tick immune
pathways known to be active in insect. Publication of I. scapularis genome and Hyalomma
asiaticum transcriptome allowed the components of other immune signalling pathways
known from insect (Toll, Imd, Jak-STAT) to be revealed as well (360,361). In Manuscript 2, we
explored the response elicited against TBEV infection on mRNA and protein production level
intwo tick cell lines. As a general feature, stimulation of immunity and metabolism
and repression of cell stress response and protein folding was found. We obtained a list
of immunity response activated and cell stress response repressed genes and proteins. New
putative candidates for genes with antiviral function were revealed by targeted gene
knock-down, such as complement-associated factor H, trypsin protease or heat-shock
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proteins (Hsp90, Hsp70, pg96). Several proteins out of those identified by us in TBEV-infected
tick cell culture (IRE/CTVM19), were currently identified in infected tick cell lines also
by Grabowski et al. (362) or Loginov et al. (363). That opens a question whether these new
factors somehow participate in RNAi pathway, or a novel, so far unrecognized immune
pathway distinct from insects, might be active in ticks. To get a specific answer, a hunt
for the RNA and protein interaction partners of those candidate proteins, e.g., by specific
pull-downs followed by modern transcriptomic and proteomic analyses, would reveal
a broader context in which those proteins are able to exert their antiviral function. An example
of a virus-host protein study is a recently published work from Lemasson et al. (192). They
identified new protein-protein interactions between viral (TBEV) and /. ricinus proteins
by the yeast two-hybrid screening. Putative functions of those proteins were predicted to be
associated with response to cytokine (Ir3, Ir9, Ir11), regulation of MAPK cascade, regulation
of phosphorus metabolic process or regulation of signalling and cell communication (Ir9, Ir10,
Irl1, Ir17), and response to an organic substance (Ir3, Ir8, Ir9, Ir11). Putative factors involved
in the protein degradation pathway, NF-kB, and MAPK putatively associated signalling were
also revealed, however, whether their role is proviral or antiviral in the viral pathogenesis
remains to be elucidated (192).

Finally, when exploring the immune response against LGTV, we described the production
of sfRNA in tick as well as mammalian cells. The pattern of sfRNA species lengths differed
in the mammalian versus tick cells (Manuscript 1). A similar difference was observed in DENV
(59). Additionally, we provided evidence for evasion of tick RNAi pathway by LGTV via its sSfRNA
proving the importance of sfRNA also for the tick-borne flaviviruses life cycle. More data
should be gained on the sfRNA functions in tick-borne flaviviruses and particularly TBEV to
understand this phenomenon. Specifically, the structure of sfRNA from tick-borne flavivirus
has not been elucidated yet, a detailed fate and function of sfRNA in the host cell should be
described, and virus- and host-derived interaction partners need to be identified.
Understanding the immune evasion principle exploited by sfRNA can reveal a new strategy
for flaviviral infection treatment. Lastly, it will be valuable to define the effect the sfRNA

potentially has on the host switch.

CHARACTERIZATION OF NEURAL CELL RESPONSE TO TBEV INFECTION
Although the TBEV life cycle has been studied, there are still a lot of missing pieces to
understanding the processes ongoing in the infected cells, especially in neuronal cells which
are terminal TBEV targets. In Manuscript 3 we studied the effect of TBEV infection on host
protein production in neural cells. We documented a virus-induced decline in the synthesis
of host proteins also termed translational shut-off. Such interference with the host
proteosynthetic pathway can be advantageous for the virus in multiple ways. It frees the host

cell machinery that the virus needs to its own replication and assembly and more importantly
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it promotes the escape from the host immune response (354). Furthermore, this translational
shut-off is accompanied by interference with host cell transcription and a decrease
of specifically RNA polymerase 1-produced transcripts, 18S and 28S rRNA, and their precursor
45-47S pre-rRNA was noted. This makes our findings the first description of transcriptional
and translational shut-off occurring in neuronal cells following flavivirus infection. Until now,
only scarce evidence about flaviviruses and translational shut-off has been published
(353,356) thus, our data bring new evidence on this so far overlooked phenomenon
in flavivirus host cell pathogenesis. It would be intriguing to determine the mechanism which
links TBEV infection with transcriptional and translational shut-off. In the future, we would like
to define viral factors responsible for the described features. Our preliminary data suggest
at least partial involvement of TBEV structural protein (364). Also defining the checkpoint
of translation initiation that is targeted by TBEV would be beneficial. For other flaviviruses the
canonical pathways that lead to translational arrest have been excluded by Roth et al.,
as neither phosphorylation of elF2a was found nor elF4E cap binding to translation initiation
complex was affected. An unconventional strategy that led to activation p38/Mnk1 signalling
was found instead (356). It is also important to explore whether manipulation of host
transcription and translation machinery happens also during an infection of tick cells.
However, some indices are already there, e.g., higher numbers of proteins were identified
in mock compared to infected cells in a proteomic survey (Manuscript 2).

Viral derange of host transcriptional and translational machinery surprisingly also affected
the production of potent antiviral ISG viperin (Manuscript 3), whose expression was
upregulated on the mRNA level, but the protein was missing in infected cells. It is tempting to
speculate, that general shut-off helps flaviviruses suppress the antiviral immune response
of the host cell. Lately, viral mechanism of specific targeting of viperin function emerged.
Degradation of viperin was mediated by the successive action of HAT1 acetyltransferase
and UBE4A ubiquitin ligase. The chain of action of these enzymes could be reverted
by the administration of an interfering peptide (365). It would be tempting to explore whether
this mechanism could answer the lack of viperin protein we observed in TBEV-infected cells.
For silencing of production of other ISGs, flaviviruses use yet another way; flaviviral NS5
sequesters the HSP90 chaperone which results in dysregulation of Jak/STAT signalling and lack
of production of specific ISG proteins (MX1, IFIT1, OAS1, and ISG15) (338). Restoration
of active ISG protein levels could open new potentials for TBEV elimination or treatment.

In TBEV infection, infiltration of the brain is the final step of pathogenesis in humans. We
sought to identify the response elicited in human primary neural cells, neurons and astrocytes,
by TBEV infection. The benefit of studying viral infections on a primary cell line model is
a higher resemblance to in vivo conditions, and, more importantly, a more accurate immune
response unaffected by the accumulation of mutations as in the case of stable cell lines (366).
Even though both, neurons and astrocytes, are highly susceptible to TBEV infection
in Manuscript 4, we confirmed that the outcome of the infection differs significantly
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for individual cell types, with neurons having significantly affected viability. We characterized
the complex small RNA and mRNA expression response and identified a common as well as
a unique response of neural cells to TBEV infection. In a common set of differentially
expressed genes, we identified the immune response factors triggered in neural cells and
identified effector antiviral ISGs, such as IFIT1, IFIT2, IFIT3, IFI6, OAS1, OAS2, OAS3, OASL,
ISG15, MX1, viperin, and CMPK2. A similar representation of ISGs expressed in primary neural
cells was found previously for TBEV (137,148) and related flaviviruses (367). Although
signalling preferentially through RIG-I and not MDA-5 has been suggested for TBEV in stable
cell lines (251). We found that in both examined neural cell types all RLRs (RIG-I, MDAS5 and
LGP2) are up-regulated and probably used for the TBEV infection sensing upon TBEV infection.
That could mean that the infection recognition sensors and immune signalling cascades
leading towards mounting of antiviral response by the host cell can be divergent in different
cell types and can also differ between primary and stable cell culture models.

When dissecting the unique response of human astrocytes and neurons, we found that
astrocytes elicit a stronger immune response when compared to neurons, especially
on the scale of higher expression rate of certain immune-related genes. We recorded higher
upregulation of OAS1-3 genes, viperin, BST2, IL6, and ISG2 in astrocytes. Brain region and
neural cell type specific expression of viperin was revealed before. Viperin was able to restrict
LGTV replication in certain neuronal types, moreover, its effect was also substantial for TBEV,
WNYV, and ZIKV infection control in distinct brain regions and cell types (323). Also, unique
factors, such as TNFSF10, MX2, IFNA2, MMP-13, IFITM1, and IFITM2 were induced
in astrocytes. These factors can be fundamental for the differing outcome of TBEV infection
in astrocytes and their differing resilience. Also, this set of genes represents a pallet of potent
cell type specific ISGs and in a broader context deciphering contribution of individual of these
factors to the outcome of TBEV infection would be important for understanding TBEV

pathogenesis.

Interestingly neurons and astrocytes differed also in the duration of IFNA response. While
neurons activated the IFNA response in early intervals only, astrocytes were able to sustain
the IFNA response to the later time point. Active IFNA response can be one of the factors
conditioning different spectra of ISGs in neurons and astrocytes mentioned earlier.
The importance of a stronger and longer-lasting antiviral response to TBEV infection
in astrocytes was suggested earlier, but the specific antiviral program contained TLR3, viperin,
and TRIMb5alpha (137).

Except for different regulation of mRNA transcripts, we also identified the regulation of small
RNAs — miRNAs, long non-coding RNAs (IncRNAs), and virus-derived small RNAs (vdRNAs)
in TBEV infected neurons and astrocytes. By predicting the targets of those small RNAs
and putting them in the context of differentially regulated mRNAs in infected neurons

and astrocytes we were able to predict several regulatory pathways that would be of interest
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to explore in the future. Such examples are a commonly up-regulated miRNA species
hsa-miR-592 induced in astrocytes and neurons with putative targets (among others) viperin
and CMPK2 mRNAs. Similarly, the hsa-miR-7974 was predicted to regulate OAS1 mRNA. Also,
candidate vdRNAs HS10 and HS12 were proposed to mimic miRNA function and regulate thus
host RNA splicing factors RBFOX1 and MTUS2. This predicted chain of regulation is of special
interest also due to an affection of host splicing machinery in infected neural cells found by
us. Real interactions of small RNAs and their target mRNAs still need to be verified

experimentally.

ADAPTATION OF TBEV TO THE VECTOR AND HOST CELL BACKGROUND
One of the white spaces in understanding TBEV biology is what underlays the capacity
of the virus to persist on a long-term basis in the vector and at the same time to burst into
rapid spread after infecting the mammalian host. By a long-term adaptation to the tick
and mammalian cell culture, we intended to identify parts of the genomic sequence important
to either of these environments (Manuscript 5).

Several mechanisms have been proposed to contribute to TBEV adaptation to vector and host
backgrounds and transition between them. First, specific changes in 3’'UTR and deletions
in the 3"UTR variable region were described as a sign of host adaptation (52,53,368-370).
However, in our study (Manuscript 5) adaptation yielded only one SNP in 3°UTR and no major
rearrangements, such as insertions or deletions in the variable region of the 3’"UTR were
found. Another aspect implicated in the adaptation is the presence of quasispecies, that are
well adapted to both host systems (371). For TBEV quasispecies were previously described
in the field studies (229,230) as well as laboratory experiments (191,231,232). In our study,
we have documented the presence of quasispecies in three different loci of TBEV (Manuscript
5). The original sequence was retained in the pool of viral variants after adaptation
and remained thus available in reserve for the potential change of host/cell background.
Finally, differences in patterns of sfRNA production have been proposed to play an important
role in mosquito-borne arbovirus adaption to mammalian vs. arthropod host cells (372). This
aspect was not investigated in our study, however the inspection of sfRNA species production
in the vector and host background would bring valuable insight. To conclude, our data speak
for the importance of quasispecies in vector-host switch of all the individual aforementioned
mechanisms; however, a profound study testing in vivo would be needed to validate this
hypothesis. Our data contribute to the importance of quasispecies diversity
for the pathogenicity of TBEV (223), especially when their importance is more and more
obvious from natural tick and patient isolates without previous passage history (230,373). One
day the diversity of quasispecies could have also a potential application in diagnosing TBE
patients for example in estimating their prognosis (373).
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In Manuscript 5, certain mutations in coding, as well as non-coding regions, were identified
by TBEV adaptation to the mammalian or tick cells. Although our strains represent only
a small-scale sample for a broader evaluation of regions prone to mutation, more than one
mutation was found in genomic regions of E, NS3, NS4B, and NS5. Such mutation-prone
regions might be virus specific because, for example, for WNV the highest diversity between
virus isolates from human and mosquito were documented for the C, NS1, and NS2A genomic
regions, and conversely, 5’"UTR and E regions were relatively stable (374). For DENV, a few hot
spots that might be under selective pressure emerged in E protein in humans and in NS3
and 3"UTR in mosquitoes. In mosquitoes, cold spots in prM and NS5 have been identified that
hint at the functionally important loci (227). On the other hand, 3’"UTR was found to be highly
heterogeneous for TBEV (229).

The defined sequence changes led to altered biological properties of individually selected
variants. We show in Manuscript 5 that plaque size produced in the cell culture and virulence
in the host are independent variables. For the mammalian cells adapted viral variant (40PS),
we documented an unaffected large-plague phenotype, but the virus was attenuated
in the pathogenicity in mice. Conversely, IRE40 exhibited reduced plaque size in the cell
culture, andresembled in the pathogenicity to the parental strain. Some mutations
in the E protein and in the UTR have been proposed to be involved in the attenuation or
plague size phenotype (179,375). In our case, the mechanism of the small plague phenotype
must be independent of the TBEV E protein, which was not affected by the mutation
in the adapted viral variant PS40. An alternative mechanism can include a lost capacity to
escape some of the host immune mechanisms, which leads to the impaired spread in the cell
culture. An example of such factors is IFITM proteins (274). Regarding the attenuation,
an increased affinity to glycosaminoglycans (such as heparan sulphate) due to increased
charge on the E protein is believed to be the main factor of attenuation (375). Thus,
the mutation in the 40PS variant E protein may play a substantial role in the attenuated
phenotype. However, to provide a conclusive answer, targeted mutagenesis would be needed
to define which of the specific mutations we found during TBEV adaptation to vertebrate
and invertebrate host cells determine the phenotypes we have described.
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LIST OF ABBREVIATIONS

The abbreviations used throughout the text are listed below:

2-5A
45-47S pre-rRNA
5'dA
7mG
ADAR1
Ago
AP-1
ATF6
BiP

BBB
BST2
CD4+
CD8+
CNS
CMPK2
COPI
CARD
CSF
DC(s)
DC-SIGN

Dcr
ddhCTP
DENV
DNA
DNAJC14
dsRNA
elF2a
elF2A
elF2B

elFAE
ELISA
ER
FPPS

2’ - 5’oligoadenylate

45-47S pre-ribosomal RNA, precursor to mature ribosomal RNA
5’-deoxyadenosyl radical

7-methylguanosine cap

double-stranded RNA-specific adenosine deaminase

Argonaute

Activator protein 1

Activating transcription factor 6

immunoglobulin heavy chain-binding protein, also known as HSPA5
blood-brain barrier

bone marrow stromal antigen 2, also known as Tetherin
cluster of differentiation 4 positive cells

cluster of differentiation 8 positive cells

central nervous system

cytidylate monophosphate kinase 2

coat protein complex |

caspase activation recruitment domain

Cerebrospinal fluid

dendritic cell(s)

dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin

Dicer

3’-deoxy-3’,4’-didehydro-CTP

Dengue virus

deoxyribonucleic acid

Dnal homolog subfamily C member 14

double-stranded RNA

eukaryotic translation initiation factor 2 subunit alpha
eukaryotic translation initiation factor 2A

guanine nucleotide exchange factor for the eukaryotic initiation
factor 2, protein complex

eukaryotic translation initiation factor 4E
enzyme-linked immuno sorbent assay
endoplasmic reticulum

farnesyl diphosphate synthase
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GA
GAF

gRNA
gpo6

GBF1
factor 1

HAT1
HCV
hsa-miR-592/7974
HSP90
IDE8
Imd

IFN
IFNL2
IFI6
Ifi27
IFIT 1/2/3
IFITM
IFNAR
IFNGR
IFNLR1
Ig

IL
ILI0R1/2
Irgl
IRAK1
IRE1
IRE/CTVM19
IRF1
IRF3
IRF7
ISG/s
ISG15
1SG20
ISGF3
ISRE

Jak

JEV
LGTV

Golgi apparatus
gamma-activated factor

viral genomic RNA

heat shock protein gp96, also known as heat shock protein 90kDa beta

member 1 (HSP90B1)

Golgi-specific brefeldin A-resistance guanine nucleotide exchange

histone acetyltransferase 1

hepatitis C virus

Homo sapiens (human) microRNA-592/7974
heat shock protein 90

tick cell line of Ixodes scapularis

Immune deficiency

interferon

interferon lambda receptor 1
IFN-a-inducible protein 6

IFN-a-inducible protein 27

IFN-induced protein with tetra-tricopeptide repeats 1/2/3
Interferon-inducible transmembrane proteins
interferon-alpha/beta receptor
interferon-gamma receptor

interferon lambda receptor 1
immunoglobulin

interleukine

interleukin-10 receptor 1/2

Immunity related guanosine triphosphatase 1
interleukin-1 receptor-associated kinase
inositol requiring ring enzyme 1

tick cell line of Ixodes ricinus

interferon regulatory factor 1

interferon regulatory factor 3

interferon regulatory factor 7
interferon-stimulated gene/s
interferon-stimulated gene 15
Interferon-stimulated gene 20 kDa protein
IFN-stimulated gene factor 3 gene complex
interferon-stimulated response element
Janus kinase

Japanese encephalitis virus

Langat virus
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LIV
IncRNA
LGP2
MAPK
MAVS

MDA-5
miRNA
MMP-9/13
Mnk1
MmRNA
MVEV

MX 1/2
MTUS2
NF-kB
OAS 1/2/3
OASL

OHF

p38
PAMPs
PERK

PiIRNA
PKR

POWV
prM
PRRs
R2D2
RdRp
RIG-I
RISC
RNA
RNAI
RLR(s)
rRNA
RSAD2
RTN3A
RBFOX1
SAM

Louping ill virus

long non-coding RNA

Laboratory of Genetics and Physiology 2

mitogen-activated protein kinase, also known as MAP kinase

mitochondrial antiviral signaling (also known as IPS-1, IFN-B promoter
stimulator 1)

melanoma differentiation-associated protein 5

microRNA

matrix metalloproteinase-9/13

MAP kinase-interacting serine/threonine-protein kinase 1

messenger RNA

Murray Valley encephalitis virus

MX Dynamin Like GTPase 1/2

Microtubule associated scaffold protein 2

nuclear factor kappa-light-chain-enhancer of activated B cells

2°-5" oligoadenylate synthetase 1/2/3

2'-5'-oligoadenylate synthetase-like protein

Omsk hemorrhagic fever virus

p38 mitogen-activated protein kinases
pathogen-associated molecular patterns

protein kinase R (PKR)-like endoplasmic reticulum kinase (also known as
EIF2AK3 — eukaryotic translation initiation factor 2-a kinase 3)

Piwi-interacting RNA

protein kinase R (as eukaryotic translation initiation factor 2-alpha
kinase 2 [EIF2AK2)

Powassan virus

precursor of M protein of flaviviruses
pattern recognition receptors

R2D2

RNA dependent RNA polymerase
retinoic acid inducible gene |
RNA-induced silencing complex
ribonucleic acid

RNA interference

RIG-I-like receptor(s)

ribosomal RNA

radical SAM domain-containing 2 gene, see also Viperin
reticulon 3A protein

Fox-1 homolog A
S-adenosyl-I-methionine
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siRNA small interfering RNA

sfRNA subgenomic flavivirus RNA

SNP single nucleotide polymorphism

STAT signal transducer and activator of transcription

TAM TAM receptor protein tyrosine kinases: TYRO3, AXL and MER

TBE tick-borne encephalitis

TBEV tick-borne encephalitis virus

TMEMA41B Transmembrane protein 41B

TNF- a tumor necrosis factor alpha

TIM T-cell immunoglobulin and mucin domain

TLRs Toll-like receptors

TNFSF10 TNF-related apoptosis-inducing ligand, also known as TRAIL

TRAF6 TNF receptor associated factor 6; E3 ubiquitin ligase

TRIM tripartite motif-containing

TRIM25/79a tripartite motif-containing protein 25/79a

Tyk2 Tyrosine kinase 2

UBE4A Ubiquitin conjugation factor E4 A

UPR unfolded protein response pathway

UPD unpaired cytokine

UTR untranslated region

vdRNAs virus derived small RNAs

Viperin virus inhibitory protein, endoplasmic reticulum-associated, interferon-
inducible (also RSAD2, Vig1, or Cig5)

VP vesicular packets

VMP1 vacuole membrane protein 1

WNV West Nile virus

XBP1 X box-binding protein 1

XRN1 5’-3’exonuriboclease 1

xrRNA exoribonuclease-resistant RNA element

YFV Yellow fewer virus

ZIKV Zika virus
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