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1 Preface

Arthropod-borne viruses (arboviruses) represent a paraphyletic group of
viruses with a world-wide impact on human and animal health, with
millions of cases reported per year. According to their name, arboviruses
are defined as viruses that are maintained in nature via biological
transmission between susceptible vertebrate hosts and invertebrate
vectors (haematophagous arthropods — ticks, mosquitoes, midges,
sandflies, etc.). Arboviruses include species from various families, e.g.,
Reoviridae, Flaviviridae, Togaviridae, Nairoviridae, Phenuiviridae,
Peribunyaviridae, and Asfaviridae.

Virus species, which were the object of this thesis’ research, belong to the
Flaviviridae family, genus Flavivirus. As stated above, flaviviruses being
arboviruses are important human pathogens. Almost the whole human
population lives in areas where at least one flavivirus species is endemic.
Among the medically most important flavivirus species belong dengue
virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), Zika virus
(ZIKV), Japanese encephalitis virus (JEV), tick-borne encephalitis virus
(TBEV) and many others. As vaccination against most flaviviruses is
missing or the population is not sufficiently vaccinated, a specific
anti-flaviviral cure, which is also currently unavailable, is urgently needed.

Research interests of our laboratory include mainly the description of
TBEV-host interactions and do not involve the direct characterization of
an antiviral agent. However, we believe that by understanding the nature
of TBEV pathogenesis in the central nervous system (CNS) we could help
to find the way for identifying a suitable treatment against TBEV infection.
Therefore, we are focused on the identification of viral factors responsible
for the modulation of host immune response on one side and the
description of host response to TBEV infection on the other side.

The proposed thesis tries to at least partially explore and describe the
vast universe of virus-host interactions by studying TBEV infection in cells
of neural origin. In more detail, the host response in terms of gene and
protein expression was studied as well as the modulatory effects of
particular viral components from TBEV and ZIKV.



2 Introduction

2.1 Flaviviruses

According to the phylogenetic relationships, family Flaviviridae shows
clustering into four currently assigned genera — Flavivirus, Hepacivirus,
Pestivirus, and Pegivirus (Fig. 1). However, only species belonging to the
genus Flavivirus are characterized as arboviruses. Based on their vector,
flaviviruses can be further divided into mosquito-borne flaviviruses
(currently 34 species), tick-borne flaviviruses (currently 13 species), or
flaviviruses with no known vector (currently 13 species) [1]. Disease
severity of flaviviral infections ranges from asymptomatic or mild
flu-like/febrile illness to severe encephalitis, haemorrhagic fever, jaundice
or developmental disorders. Basic information about the most important
flaviviruses is described in the following text.

2.1.1 Mosquito-borne flaviviruses
Dengue virus

DENYV circulates in endemic areas of tropic and subtropic Asia, Africa,
Australia, and both Americas (Fig. 2). Its vectors are mosquitoes from the
Aedes genus, with A. aegypti being the principal one. DENV infection is
very often asymptomatic (~75% of the cases), however, it can also
develop into dengue fever (headache, severe muscle and joint pain, and
rash) or into potentially lethal dengue haemorrhagic fever (increased
vascular permeability and plasma leakage from blood vessels into tissues
accompanied by significant thrombocytopenia). Four distinct serotypes
(DENV1—4) have been classified. Recovery from the primary infection
with one serotype provides life-long immunity. However, secondary
infection with a different serotype may lead to an increased risk of sever
dengue fever thanks to the antibody-dependent enhancement [2, 3].

Based on the report from WHO, the number of reported DENV cases
increased dramatically in the last years from 2.2 million (2010) to 3.34
million (2016) in Americas, South-East Asia and Western Pacific [4]. The
exact numbers of annual DENV cases worldwide are not available.
However, the study of Bhatt et al. estimates 390 million cases per year,



of which 96 million manifested clinically [5]. Currently, 20 countries have
approved the use of dengue tetravalent vaccine CYD-TDV (Dengvaxia®;
Sanofi Pasteur), which was licensed in 2015. Based on several studies,
the vaccine was proved to be efficient. However it is recommended that
the vaccine should be given only to patients with confirmed prior dengue
virus infection [4, 6, 7].

Yellow fever virus

YFV is the prototype virus of the Flavivirus genus (lat. flavus — yellow —
one of the yellow fever symptoms is jaundice). Three different
transmission cycles have been described for YFV (sylvatic/jungle,
intermediate, and urban), with monkeys being the natural reservoir. The
vectors are mosquitoes of the Haemogogus, Aedes, and Sabethes
genera. The geographical distribution includes tropical and subtropical
areas of Africa and South America (Fig. 2). The yellow fever disease
follows a similar scheme as in the case of dengue — only low percentage
of infected people manifest symptoms. These could be characterized as
fever, muscle pain, headache, loss of appetite, and nausea or vomiting.
The vast majority of patients recover after several days, however, circa
14 % of patients develop a severe haemorrhagic form of the disease,
which is accompanied by high fever, epigastric pain, jaundice (liver
failure), renal failure, and bleeding from the eyes, nose, bladder, and
rectum. The mortality rate of severe form reaches 30—-60 % [8, 9].

Based on the data from Africa during the year 2013, it was estimated that
there were 84 000—170 000 severe form cases, out of which 29 000—
60 000 were lethal [10]. Fortunately, there is a very effective vaccine
against YFV in the form of live attenuated strain YFV-17D with life-long
protection.

Japanese encephalitis virus

Geographical distribution of JEV spreads across the vast area of
Southeast Asia including China, India and Indonesia (Fig. 2). Vectors of
JEV are mosquitoes from the Culex species (particularly Cx.
tritaeniorhynchus) and the natural reservoir are domestic animals (pigs)
and water birds; humans are dead-end hosts. Only 1 % of infected people
will develop symptoms (fever, headache, and vomiting), however, a
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relatively high portion of patients (up to 30 %) may develop severe
encephalitis. The mortality rate for patients with severe encephalitis is 20—
30 %. In addition, survivors often suffer with neurological sequelae (30—
50 %) [11, 12].

Up to 68 000 clinical cases of Japanese encephalitis (JE) are estimated
annually, with circa 13 600—20 400 deaths [13]. No specific treatment for
JE exists, hence, vaccination is the main preventive measure. Currently,
four different types of vaccines are at disposal in various countries around
the world: (1) mouse brain-derived killed-inactivated, (2) cell
culture-derived live-attenuated, (3) cell culture-derived killed-inactivated,
and (4) genetically engineered live-attenuated chimeric [11].

West Nile virus

WNV circulates in bird-mosquito-bird cycle with humans as a dead-end
host. It is believed that migratory birds and a considerably high number of
sensitive mosquito species play a key role in the almost worldwide
distribution of WNV (Fig. 2). Nevertheless, the main vectors of WNV are
mosquitoes from the Culex genus (mainly Cx. pipiens and Cx.
quinquefasciatus). Since WNV belongs to the JEV serocomplex, the
disease characteristics are relatively similar to JEV. According to
statistics, 20 % of infected people develop symptoms such as fever,
headache, tiredness, body aches, nausea, and vomiting. Only a very low
number of infected people (0.66 %) develop a severe form of the disease,
West Nile encephalitis, which is characterised by high fever, headache,
neck stiffness, stupor, disorientation, coma, tremors, convulsions, muscle
weakness, vision loss, numbness, and paralysis. The severe form is fatal
in 10 % of cases. No vaccine or specific antiviral treatment for WNV
infection is available [14, 15].

Zika virus

ZIKV was firstly isolated in the Zika forest in Uganda in 1947 from a rhesus
monkey (strain MR766) [16] and the first human infection was
documented in 1954 in Nigeria [17]. For almost 50 years, ZIKV was
considered a low-importance flavivirus with only 14 reported human
cases in Africa and Asia [18]. However, starting in 2007, ZIKV caused
large-scale outbreaks in Micronesia, French Polynesia (2013), New
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Figure 2: Geographic distribution of selected mosquito-borne flaviviruses (adapted from Creative
Diagnostics®; https://www.creative-diagnostics.com/Flavivirus.htm).

Caledonia (2014), the Cook Islands (2014), Easter Island (2014), and in
Americas (2015) (Fig. 2). These outbreaks have been associated with an
increased frequency of neurological disorders, including Guillain-Barré
syndrome, neuropathy, and myelitis in adults and microcephaly in
newborns [19, 20]. Nevertheless, 80 % of the ZIKV infections are
asymptomatic and most of the patients develop only mild symptoms such
as fever, rash, conjunctivitis, muscle and joint pain, malaise, and
headache [21].

ZIKV is transmitted by the bite of infected mosquitoes from the Aedes
genus (A. aegypti, A. albopictus) [19], or, interestingly, by sexual contact
and blood transfusions [22, 23]. In addition, ZIKV can be transmitted from



mother to foetus, resulting in the congenital Zika virus syndrome
(microcephaly and developmental disorders) [24]. Currently, no vaccine
or direct treatment exists.

2.1.2 Tick-borne flaviviruses

Group of tick-borne flaviviruses includes viruses such as TBEV, Louping
ill virus (LIV), Powassan virus (POWYV), Omsk haemorrhagic fever virus
(OHFV), or Kyasanur forest disease virus (KFDV) [3, 25]. Geographic
distribution encompasses North America and eastern Russia for POWV,
India for KFDV, western Siberia for OHFV, and the majority of Eurasia for
TBEV (Fig. 3).
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Figure 3: Geographic distribution of selected tick-borne flaviviruses (adapted from [25]).

Powassan virus

POWYV was firstly identified in 1958 in the town of Powassan (Ontario,
Canada) [26]. Until 1998, only 27 human cases of POWYV infection were
reported in North America. However, 152 cases of POWYV infection were
reported in USA since 1999. Main vectors of POWV are hard ticks, .
scapularis and . cookei. The disease is mostly asymptomatic, however,
severe encephalitis/meningitis cases with 10 % mortality rate were
reported [27].



Kyasanur forest disease virus

KFDV was firstly described in 1957 in India (Kyasanur forest of Shimoga
district, state of Karnataka) [28]. Annually, 400-500 cases of Kyasanur
forest disease (KFD) are estimated with 3—5 % case fatality rate. Ticks
from various genera were proved to be able to transmit the KFDV
(Haemaphysalis, Argas, Dermacentor, Hyalomma, Ixodes, Ornithodoros,
and Rhipicephalus). KFD is clinically characterized as a haemorrhagic
disease with limited evidence of encephalitis [29].

Tick-borne encephalitis virus

The causative agent of viral encephalitis, TBEV, was firstly isolated in the
eastern region of Russia in 1937 [30]. Endemic areas of TBEV are found
in most European countries (except Great Britain, the Benelux countries,
Portugal, and Spain) and in large parts of Asia, including Russia, northern
and western China, and northern Japan (Fig. 3). As in the case of other
flaviviruses, the geographic distribution of TBEV is expanding — in 2015,
TBEV was confirmed in ticks and deer in the Netherlands [31]. Shortly
after, in 2016, the first human case of tick-borne encephalitis (TBE)
acquired in the Netherlands was reported as well [32].

TBEV is further subdivided into three subtypes based on the serological
analyses: a European subtype (TBEV-EU), Siberian subtype (TBEV-Sib)
and Far Eastern subtype (TBEV-FE) [33, 34]. These subtypes are varying
in clinical outcome, the main natural vector and geographical distribution.
The Far-Eastern subtype is seasonally epidemic in scattered foci in the
far eastern part of the former USSR and extending across into China and
Japan, while the Siberian subtype occurs in the Urals, Siberia and
far-eastern Russia. The European subtype includes most virus isolates
from Europe [35]. However, all three subtypes occur in Europe, because
the TBEV-Sib and TBEV-FE subtypes were recently detected in the Baltic
republics and Finland [36-38].

The principal vectors of TBEV are hard ticks from the Ixodes genus and
the geographical distribution of particular TBEV subtypes strongly
correlates with the geographical distribution of their main tick vector:
TBEV-EU is transmitted mainly by /. ricinus in Europe and Scandinavia;
1. gibbosus was shown to be a potent TBEV vector in the Mediterranean.



I. persulcatus is the principal vector of both TBEV-FE and TBEV-Sib
subtypes, less often I ovatus together with ticks belonging to the
Dermacentor and Haemaphysalis genera. Competent vertebrate hosts
and reservoirs of TBEV are small forest mammals, especially rodents and
insectivores. Although other larger animals, including birds, deer and
horses also serve as hosts for ticks, they are not considered to be
important hosts for virus transmission between ticks [35, 39, 40].

TBEV transmission is realized in several ways; the virus can be
transmitted tran-ovarially to the progeny of an infected female tick [41], or
uninfected larvae and nymphs can get infected by feeding on a viremic
animal or by co-feeding next to an infected tick. The co-feeding
mechanism enables a transmission in the absence of significant viremia,
even on immune hosts, and is probably the most relevant pathway for
viral spread among ticks in nature [42, 43]. Once a tick gets infected, it
carries the virus for the rest of its life — TBEV infection is then maintained
throughout the developmental stages (trans-stadial transmission).
Humans are dead-end hosts from the epidemiologic point of view, and
they do not play any role in the maintenance of the virus in nature. There
are two ways how people can get infected by TBEV: (1) by a bite of an
infected tick, or (2) by consumption of unpasteurised milk and dairy
products from infected goat, cow or sheep [44]. Despite the knowledge of
TBEV transmission via raw milk, several outbreaks of TBEV coming from
this source were recently reported [45, 46].

After the bite of an infected tick and the release of TBEV-containing saliva
into the human body, various cell types in the skin are infected, namely
epidermal Langerhans cells, which are among the first and most important
host cells to be infected [47, 48]. These cells then transport the virus to
the draining lymph nodes and initiate the spread of infection to lymphoid
compartments. Virus replication in these and other tissues leads to
viremia and systemic infection including the central nervous system
(CNS), which can be invaded only under high-level viremia conditions.
How the neurotropic TBEV gains access to the CNS remains incompletely
understood, but interactions at the blood-brain barrier (BBB) are critical.
Proposed mechanisms include active replication within the endothelial
cells, passive transfer across the BBB or within leukocytes that migrate
across the barrier [49, 50]. Recently, the transcellular pathway of crossing



BBB was suggested [51]. The primary human microvascular endothelial
cells (HBMECs) were proved to be susceptible to TBEV infection and
produced high titres of TBEV despite relatively low infection rate (> 5%).
In addition, TBEV infection of HBMECs in an in vitro BBB model did not
compromise its integrity and transcellular transport of TBEV was
observed.

Once TBEV enters the CNS, neurons are the predominantly infected cell
type. Immunocytochemistry analysis of brain autopsies from fatal TBE
cases detected widespread localization of viral antigens in the spinal cord,
brainstem, cerebellum, and basal ganglia. Prominent labelling was
consistently found in perikarya and processes of Purkinje cells and large
neurons of dentate nucleus, inferior olives, and anterior horns [52].
Astrocytes were recently also shown to be susceptible to TBEV infection,
however, no cytopathic effect was observed [53]. The suggested
mechanism of neural tissue damage during TBEV infection is
virus-associated cell death combined with an immunopathogenic role of
cellular and humoral responses of the host immune system, especially
CD8* granzyme B—releasing cytotoxic T cells and macrophages/microglia
[54, 55].

According to WHO, 10 000—12 000 cases of TBE are reported annually
worldwide [56]. Czech Republic reported 681 cases per year on the
average from 2003 to 2009, which represents the second highest
incidence of TBE in Europe after Russia [57]. The number also represents
25 % of all the TBE cases reported in the European Union between 2000—
2010 [58]. The clinical outcome of TBEV infection in humans depends on
the respective TBEV subtype. While the early stage of the disease is more
or less similar during the infections caused by all three TBEV subtypes,
the late neurological symptoms are varying in frequency and severity.
Regardless of disease severity, the incubation period of TBE on average
lasts between 7 and 14 days (4—28 days in extreme cases). The early
stage is characteristic by unspecific influenza-like symptoms including
fever (99 %), fatigue (63 %), general malaise (62 %), headache and body
pain (54 %). Nevertheless, acute neuroinvasive disease is the most
commonly recognized clinical manifestation of TBE with the following
forms described: febrile, meningeal, meningoencephalitic, poliomyelitic,
polyradiculoneuritic and chronic. A significant proportion of the patients
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suffered with various long-term subjective and objective sequelae [59,
60].

The TBEV-EU strain is associated with high ratio of sub-clinical or
asymptomatic cases (estimated 70-95 %). Typically, the disease is
biphasic in 72—-87 % of patients. The first stage is characterized by viremia
and influenza-like symptoms. This is often followed by asymptomatic
interval ranging from 1 to 33 days. 20—-30 % of infected patients develop
the symptoms typical for the second meningoencephalitic phase. In the
second stage, the clinical spectrum ranges from mild meningitis to severe
encephalitis with or without myelitis and spinal paralysis. Neurologic
sequelae were reported up to 30 % of the patients and case fatality in
adult patients is < 2 % [61]. Human infection with a TBEV-FE subtype
viruses results in the most severe form of CNS disorder with a tendency
for the patient to develop focal meningoencephalitis or polyencephalitis
accompanied by loss of consciousness and prolonged feelings of fatigue
during recovery. The course of the disease is mostly monophasic (85 %
of patients) and the case fatality ranges between 20 and 40 %. TBEV-Sib
subtype viruses induce a less severe acute period and a high prevalence
of the non-paralytic febrile form of encephalitis. Case fatality rates rarely
exceed 6-8 %. Instead, there is a tendency for patients to develop chronic
TBE, when several cases were reported in Western and Eastern Siberia
and of Central Russia [39, 60].

2.1.3 Structure of flaviviruses

All members of the genus Flavivirus share similar architecture of their
virions, genomic organization and life cycle. Fig. 4 shows composition of
the flaviviral particle — virions are about 50 nm in diameter and are
composed of an electron dense core surrounded by a lipid bilayer
containing two glycoproteins — E (envelope) and prM/M (membrane). The
core includes single stranded RNA genome of positive polarity, which is
approximately 11 kb long and a capsid composed of protein C (capsid)
units. The TBEV E protein is responsible for yet unknown receptor binding
and membrane fusion; it also acts as a main antigen inducing production
of neutralizing antibodies and protective immune response. The prM
protein in immature virus particles protects the E protein from premature
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membrane fusion. The pr fragment of M is cleaved by the host protease
furin in the trans-Golgi network enabling secretion of mature virions from
the infected cells [62, 63].

M protein

Fi &% “. i
B )Y Genomic RNA -l
— \_/

T=3 Capsid T=3-like organization
of surface dimers

Figure 4: Schematic illustration of flaviviral virion (adapted from http:/viralzone.expasy.org).

Because of its (+) orientation, the flaviviral genomic RNA acts directly as
an mRNA and contains only one open reading frame flanked by 5' (ca.
130 nt) and 3' (400-700 nt) UTRs. The flaviviral genome further
possesses a 5' type | cap structure (m7GpppAmpN1), but lacks a poly-(A)
tail at the 3' end [64]. Interestingly, a poly-(A) sequence is found in the
variable region of 3' UTR of some TBEV isolates, including Neudoerfl [65].
A single ORF encodes a polyprotein of 3 392-3 433 amino acids
(depending on the species). This polyprotein is co-translationally and
post-translationally cleaved by viral and cellular proteases to three
structural (C, prM and E) and seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5) (see Fig. 5). As mentioned above, three
structural proteins are responsible for virion composition, while non-
structural proteins play a key role during TBEYV life cycle in host cell — viral
replication and virion assembly [62, 63]. Functional characteristics of all
10 proteins are depicted in detail in Fig. 5.

The various stages of the flavivirus life cycle seems to be coordinated and
strictly regulated. Among others, cis-acting RNA structures within the viral
genome play an important role in the regulation — specific RNA secondary
structures located in both UTRs are involved in translation, cyclization and
initiation of genomic RNA replication and probably determine the genome
packaging [65-69]. Interestingly, 3' UTR of TBEV was shown to play a
crucial role also in the virulence [70].

12



Jﬁ“’ M G=arl

5" NTR Structural proteins Non-structural proteins 3'NTR

NS28 K

Envelope plicatic
glycoprotein assembly

Figure 5: Flaviviral genome organization and viral protein functions. The single open reading frame
encodes a polyprotein precursor that is co- and post-translationally cleaved into three structural
proteins and seven non-structural proteins. Putative functions of these proteins during infection are
described. Simplified RNA secondary and tertiary structures within the 5' and 3' non-translated regions
(NTRs) are indicated. Adapted from [71].

More recently, several studies have described the presence of a 0.3-0.8
kb long non-coding RNA derived from the 3' UTR of flaviviral genomes.
This so-called sfRNA (subgenomic flaviviral RNA) was detected in cells
infected with WNV [72], JEV [73], DENV [74], TBEV and LGTV [75]. The
origin of sSfRNA was outlined in the case of WNV by Pijlman et al. — sSfRNA
molecules are produced by degradation of viral genome by the cellular
5'-3' exonuclease XRN1 [72]. The same study showed that sfRNA is also
required for viral pathogenicity in a mouse model, which corresponds to
the findings of Sakai et al. [70].

2.1.4 Replication cycle of flaviviruses

Replication and translation processes occur in special virus-induced
membranous structures derived from endoplasmic reticulum of the host
cells (Fig. 6). These large morphological changes are typical for
flaviviruses in general. Using 3D tomography and electron microscopy, it
was shown that replication of flaviviral RNA takes place in vesicle packets
(VPs) and translation occurs in convoluted membranes [53, 76-79]. The
VP membranes do not only promote viral replication, but also contribute
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to the protection of viral factors from detection by the host immune system
[80, 81]. The viral genomic RNA is translated into a transmembrane
polyprotein that is processed by viral protease NS2B-3 and host signal
peptidase at the luminal and cytoplasmic site of ER, respectively (Fig. 6).
Interestingly, all virus-induced membrane compartments are
interconnected and constitute a single endo-membrane system in which
all the steps necessary for viral replication and virion assembly take place
[77].

Attachment

Clathrin
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. / RNA replication

Figure 6: Flavivirus infectious life cycle. Flaviviruses are internalized by receptor-mediated endocytosis
and transported to endosomes, where the acidic environment induces fusion between the virus and the
host membrane resulting in the release of genomic (+) RNA (gRNA). Translation of viral gRNA is
followed by processing of the resulting polyprotein by host and virus-proteases. Subsequently, a
replication complex is assembled and associated to virus-induced vesicular packets where viral
replication takes place. The replication complex produces (-) gRNA strands, which then serves as
template for new (+) gRNA synthesis. Progeny (+) gRNA strands can either initiate a new translation
cycle or be assembled into virions. Packaging takes place on the surface of the ER, followed by budding
of the structural proteins and newly synthesized RNA into the lumen of the ER. The resultant immature
virions are transported to the trans-Golgi where furin-mediated cleavage of prM to M generates mature
infectious particles that are released by exocytosis. Adapted from [71].
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Following the replication of flaviviral genomic RNA in VPs, progeny
strands are incorporated into the nucleocapsid as they exit VP pores.
Nucleocapsids are then transported through an adjacent ER membrane
and acquire the lipid envelope containing the prM-E heterodimers. These
immature virions accumulate in ER cisternae prior to transport to the Golgi
apparatus. Immature individual virions are conveyed within individual
ER-derived vesicles to the Golgi apparatus; here they are exposed to
acidic pH allowing the host enzyme furin to proteolytically cleave prM
resulting in the formation of a mature virion. Mature virion particles are
then assumed to be secreted at the plasma membrane immediately [76,
82].

2.2 Immune system and its response to the viral
infection

After a virus infects a human, antiviral responses are generated that
attempt to prevent virus dissemination. The human immune response
generally acts on two levels: (1) the innate immune system represents the
early non-specific reaction; (2) the adaptive immune system is triggered
when a virus evades the innate immune system and generates a
threshold level of antigen. The effectors of the innate immune system can
either eliminate the virus or interfere with the infection process providing
sufficient time for slower antigen-specific adaptive immune response.
Although these two arms of the immune system have distinct functions,
there is an interplay between both systems, when components of the
innate immune system influence the adaptive immune system and vice
versa.

2.2.1 Adaptive immune response

The adaptive immune system consists of two arms: the humoral immune
response (B lymphocytes) and the cellular immune response (CD4+ and
CD8+ T lymphocytes). Studies have shown common and disparate
features among the flaviviruses in the induction of both the humoral and
the cellular arms of the adaptive immune responses which play a central
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role in the disease pathogenesis and outcome of flavivirus infection (see
below). Generally, to initiate an adaptive immune response, sensing by a
subset of immune cells, the antigen-presenting cells (APCs), is required.
The most potent antigen-presenting cells are dendritic cells (DCs) which
can be described as sentinels of immunity [83]. However, Langerhans
cells are susceptible to TBEV infection and may contribute to the spread
of TBEV to uninfected cells at the same time [47].

The humoral immune response is crucial in controlling flaviviral infection
and dissemination. The passive immunization by application of
monoclonal and polyclonal antibodies protects mice against WNV [84],
DENYV [85], and JEV [86]. Moreover, mice lacking B lymphocytes are
more vulnerable to lethal WNV infection [84]. Much of the humoral
immune control is provided by neutralizing antibodies, which recognize
epitopes located predominantly in the viral E glycoprotein. NS1-specific
antibodies were also documented to prevent mice from flavivirus-induced
disease in case of TBEV and DENV [87, 88]. On the other hand, the
phenomenon of antibody-dependent enhancement (ADE) of infection was
described for DENV [89, 90], thus the humoral immune response can also
favour arboviral infection as a side effect.

In addition to host humoral immunity, the activation of cellular immunity is
usually required for the clearance of established infection. Viral peptides,
which are generated by either proteasome machinery (cytosolic antigens)
or lysosomal pathway (internalized antigens), are translocated into the
endoplasmic reticulum where they are loaded onto major
histocompatibility complex class | or Il (MHCI or Il) molecules and
transported to the cell surface to promote antigen-restricted recognition
by CD8+ T lymphocytes (MHCI) or CD4+ T lymphocytes (MHCII) [91]. For
example, mice that lacked CD8+ T cells were inflicted with more severe
CNS damage and higher mortality rate, when infected by WNV [92].
Importance of CD8+ T cells was also demonstrated in case of DENV and
JEV [93, 94]. CD4+ T cells were required for clearance of WNV from CNS
in infected mice [95]. Surprisingly, differential targeting of viral
components by CD4+ and CD8+ T cells was documented in case of
DENV and TBEV. Whereas CD4+ are directed to recognize viral
components that are also targeted by B cells (E, C and NS1) for both
DENV and TBEV, CD8+ T cell epitopes preferentially target non-structural
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proteins (NS3, NS5) in case of DENV [96, 97]. The complexity of
flavivirus-adaptive immunity interactions is demonstrated by in vivo
studies with TBEV, where activation of the cytotoxic T lymphocytes
(CTLs) contributes to the disease pathogenesis [55, 98].

2.2.2 Innate immune response

Innate immune system acts as the first line of defence for sensing a viral
infection. It includes the rapid recognition of pathogen-associated
molecular patterns (PAMPSs) in immune and non-immune cells by the
pattern-recognition receptors (PRRs) and subsequent response including
IFN signalling pathway, inflammatory cytokines, complement response,
natural killer cells, apoptosis and autophagy. All these components play
complementary roles limiting the viral replication and dissemination, as
well as initiation of the adaptive immune response.

2.2.2.1 Natural killer cells

Natural killer (NK) cells are a class of lymphocytes that contain
cytoplasmic granules filled with chemicals and enzymes that are toxic to
the target cells. NK cells recognize and kill abnormal cells (e.g. cancer or
virus-infected cells) via receptor-mediated granule exocytosis.
Furthermore, a wide range of cytokines, including IFN-y, is produced by
NK cells [99]. Significant increase of NK cell number and their activation
was detected in patients infected with DENV, TBEV, and YFV [100-102].
Transient activation of NK cells was observed even in WNV-infected mice
[103], however, the depletion of murine NK cells did not alter morbidity or
mortality in infected individuals [104].

2.2.2.2 Complement

The complement system includes more than 50 soluble and
membrane-associated proteins that recognize exogenous, altered, or
potentially harmful endogenous ligands. Activation of these proteins
triggers several antiviral responses including opsonisation (marking of
pathogen by specific molecules for phagocytosis), release of
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anaphylotoxins (attracting leucocytes) or formation of the membrane
attack complex, which lyses the infected cells. The complement cascade
can be activated by one of the three distinct pathways — the alternative,
the classical or the lectin pathway, depending on a specific recognition
molecules [105]. In connection with flaviviral infections, complement
system acts as one of the antiviral effector pathways, however, it can also
contribute to the eliciting of the flaviviral pathogenic effect. The protective
effect of the complement was described in the case of WNV and DENV
[106, 107]. In addition, an interesting study of Mehlhop et al
demonstrated that complement protein C1q is a potent inhibitor of
antibody-dependent enhancement in case of in vitro and in vivo DENV
infection [108].

2.2.2.3 Interferons (IFNs)

Despite the innate response being enormously multifaceted, IFNs
possess a central role and are responsible for inducing a cellular antiviral
state, which plays a major role in limiting the early replication and spread
of many viruses. Two key steps are required to trigger IFN-mediated
antiviral state in infected cells: (1) PAMP recognition by PRRs, resulting
in an activation of signalling cascade, which induces IFN expression, (2)
expression of effector interferon-stimulated genes (ISGs) via the
IFN-mediated pathway. Depending on the mechanism of action, cellular
localization and type of the ligand, PRRs are divided into several groups:
(1) Toll-like receptors (TLRs), (2) retinoic acid-inducible gene | (RIG-1)-like
receptors (RLRs), (3) NOD-like receptors (NLRs), (4) C-type lectin
receptors (CLRs), and AIM2-like receptors (ALRs). A particular virus may
be sensed by several PRRs and, vice versa, particular PRR may sense
several types of viruses [109, 110]. More details about selected PRRs are
stated in Table 1.

Among other pathways being induced downstream after the activation of
PRRs, expression of IFNs represents the crucial point of the innate
immune response. An activated IFN signalling pathway eventually results
in expression of hundreds of genes in order to elicit the antiviral state in
infected (autocrine signalling) or neighbouring (paracrine signalling) cells.
IFNs also possess potent immune-modulating activities, and thus serves
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to regulate the responses of other parts of the innate immune system
(CTLs and NK cells). The immune-modulating activities of IFNs were also
described for adaptive immune system (dendritic cells, B cells and T
cells). So far, three classes of IFNs have been described — type I, I, and
.

Table 1: List of PRRs known to play a role in virus detection in host cells (summarized from [109, 110]).

class receptor localization ligand downstream signalling
pathway
TLR2 cell surface viral proteins MyD88 --> MAPK/NF-«kB
TLR3 endosome viral dsRNA TRIF --> IRF3/IRF7/MAPK/NF-«B
TLRs TLR4 cell surface viral proteins MyD88/TRIF --> IRF3/MAPK/NF-kB
TLR7/8 endosome viral ssRNA MyD88 --> IRF7/MAPK/NF-«kB
TLR9 endosome viral DNA MyD88 --> IRF7/MAPK/NF-kB
MDA5 cytosol viral dsRNA MAVS --> IRF3/IRF7
RIG-I cytosol viral MAVS --> IRF3/IRF7
RLRs ssRNA/dsRNA
LGP2 cytosol viral RNA enhances/inhibits other RLRs
NLRs NLRP3 cytosol viral proteins ;c:::gtur:tfifr:né?ffﬂn‘;e complex
NOD2 cytosol viral ssRNA MAVS --> IRF3
IFI16 cytosol/nucleus  viral DNA STING --> NF-kB
ALRs | DAl cytosol viral DNA STING --> NF-kB
AIM12 cytosol viral DNA Z’r:gqxgtur;f?:;’ff‘fge complex
CLRs | DC-SIGN  cell surface carbohydrates phospholipase C --> Raf-1
Type | IFNs

The class of type | IFNs represents the largest group comprising of IFN-q,
IFN-B, IFN-g, IFN-k, and IFN-w. Out of these, IFN-a and IFN-B are
considered to be the most important in the early response to viral
infection, since they are almost ubiquitously expressed. Their importance
in the case of flaviviral infections was well-documented by several studies.
For instance, in vitro pre-treatment of cells by IFN-a/f substantially
reduced viral replication in case of DENV and WNV [111, 112]. The role
of IFN-B in preventing the viral infection of neuronal cells in vitro was
shown for human granule cell neurons and cortical neurons, when IFN-f3
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pre-treatment resulted in inhibition of both, WNV and Saint Louis
encephalitis virus (SLEV) [113]. More recently, IFN-a/f signalling was
proved to be crucial in eliciting an antiviral state in murine astrocytes.
Astrocytes derived from IFNAR”- mice showed higher sensitivity to TBEV,
JEV, WNV, and ZIKV in comparison to the wild-type [114]. In vivo
experiments with knockout mice (IFNAR1” or IFN-B”) supported the
observations from in vitro experiments — defective type | IFN signalling
resulted in rapid development of neurological symptoms and higher
mortality upon LGTV and TBEV infections [115].

Receptor of type | IFNs is a heterodimer (IFNAR1 and IFNAR2 subunits)
localized on the cell surface. Binding of IFN to the receptor activates
receptor-associated tyrosine kinases JAK1-TYK2 resulting in the
phosphorylation of STAT1 and STAT2. These proteins subsequently
heterodimerize and bind to a third component, IRF9/p48, creating
interferon-stimulated gene factor 3 complex (ISGF3), which is
subsequently translocated into the nucleus and activates expression of
various ISGs (Fig. 7) [116].

Type Il IFNs

The class of type Il IFNs includes IFN-y, which was described to be
produced in immune cells only. These include T lymphocytes, B
lymphocytes, and various APCs including NK cells, dendritic cells, and
macrophages [117]. IFN-y was also shown to be an important player in
the immune response against flaviviruses. The pre-treatment with IFN-y
resulted in reduced infection and replication rate of DENV in vitro [111].
In addition, lack of IFN-y or impaired IFN-y signalling lead to an increased
vulnerability to lethal WNV infection in mice [118].

Receptor complex for IFN-y is composed of two ligand-binding IFNGR1
subunits and two signal-transducing IFNGR2 subunits (Fig. 7). As in the
case of type | IFNs, binding of IFN-y to the receptor triggers the JAK-STAT
signalling pathway. However, small differences in signal transduction
were described — IFNGR utilizes JAK1-JAK2-TYK2 tyrosine kinases,
which phosphorylates STAT1 to form a homodimer (GAF complex). GAF
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is then translocated into the nucleus, where it activates expression of
ISGs containing GAS sequence in their promoters [117].

TypelIFN Type Il IFN Type ll IFN

IFNAR1
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IFNGR1

Plasma membrane
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Figure 7: Signalling pathways for all types of IFNs (adapted from [119]).

Type Il IFNs

Type Il IFNs are the newest class of IFNs being identified in 2003 [120,
121]. Up to date, type Il IFNs include IFN-A, which is further divided into
four subtypes (A1-A4). Type lll IFN receptor is a heterodimer composed
of IL10RB and IFNLR1/IL28Ra subunits. Although there are different
receptors for type | and Il IFNs, the downstream signalling utilizes the
same pathway (Fig. 7). As a result of this shared downstream signalling
cascade for both, type | and Il IFNs, the spectrum of ISGs up-regulated
upon IFN-A stimulation overlaps strongly with that up-regulated upon
IFN-a/B [122, 123]. However, a strong tissue specificity was described for
IFN-MIFNLR expression in comparison to IFN-a/B/IFNAR in the study of
Sommereyns et al; in addition, cells of epithelial origin were
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predominantly sensitive to IFN-A stimulus in analysed tissues [124]. IFN-A
was also proven to control the infection of several flaviviruses. In more
detail, IFN-A restricted replication of DENV in epithelial cell line C-33A via
up-regulation of OAS1 and Mx1 ISGs [125]. Furthermore, an interesting
study of Lazear et al. documented that IFN-A decreased the permeability
of BBB in vivo, which resulted in a reduced WNV infection rate of brain
tissue. Detailed in vitro experiments revealed the nature of this
phenomenon: IFN-A modulated the localization of tight junction proteins
in microvascular endothelial cells [126]. IFN-A was also shown to confer
protection against ZIKV in the case of primary human trophoblasts (cells
responsible for the formation of placenta) [127].

2.2.2.4 Interferon-stimulated genes

As already stated above, autocrine or paracrine IFN signalling results in
an induction of expression of hundreds of genes (Fig. 8). The spectrum
of ISGs being up-regulated strongly depends on the context, i.e. the type
of IFN and the type of tissue. Depending on the function, several groups
of ISGs could be distinguished: (1) ISGs with direct antiviral effect, (2)
ISGs with positive regulatory effect, and (3) ISGs with negative regulatory
effect. Among ISGs with positive regulatory effect belong many PRRs and
IRFs, whose production leads to the sensitization of pathogen sensing in
infected and also neighbouring cells thanks to the paracrine signalling
effect of IFNs. The desensitization process is done via USP18 and SOCS
proteins, which belong to the group of negative regulators of the IFN
response [119].

ISGs with direct antiviral effect represent the most intriguing category with
promising candidates for the treatment of flaviviral infections. An
extensive number of studies describing the mechanisms and effects of
particular 1ISGs has been published in the last decade. As type | IFN
signalling represents the main effector pathway of the early innate
immune response, the following text is focused on selected type |
IFN-induced ISGs with direct antiviral effect.

PKR

One of the first ISGs to be linked with an antiviral response was the
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Figure 8: Signalling pathway of type | IFNs (adapted from [119]).

dsRNA-dependent Protein Kinase R (PKR). PKR is a serine/threonine
kinase composed of an N-terminal regulatory domain that contains two
dsRNA binding motifs and a C-terminal kinase domain [128, 129]. Under
normal circumstances, PKR is maintained as an inactive monomer, and
activation of PKR by dsRNA results in the formation of dimers that are
stabilized by autophosphorylation at multiple residues [130]. PKR belongs
to the family of stress-responsive kinases that regulate protein synthesis
via phosphorylation of elF2a translation initiation factor (PRK, PERK,
GCN2, HRI) [131].

Basal levels of PKR are maintained in all tissues and type | and Il IFN
stimulation leads to PKR up-regulation [132]. Besides the translational
arrest, PKR utilizes other mechanisms in order to antagonize viral
replication including posttranscriptional regulation of IFN-B levels [133],
activation of MDAS5 signalling or induction of IFN production via MAVS
[134].

Experiments with transgenic mice or mouse embryonic fibroblasts
showed that PKR is crucial in protection against HCV [135], WNV [136],
and vesicular stomatitis virus (VSV) [137]. Moreover, it was shown
recently that DENV replication triggers autophosphorylation of PKR,
however, no phosphorylation of elF2a was observed. This striking
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observation thus suggests a possible DENV-driven interference of PKR
downstream signalling [138].

TRIM proteins

Tripartite motif (TRIM) proteins represent a large family of more than 80
genes with various functions including the regulation of innate immunity,
transcription, apoptosis, autophagy, oncogenesis, etc. The “tripartite
motif” name corresponds to the unique structure of TRIM proteins, which
includes three conserved N-terminal domains: (1) a Really Interesting
New Gene (RING) domain, (2) one or two zinc-finger domains called
B-Boxes (B1/B2), and (3) a coiled-coil (CC) domain, all together referred
as RBBC. The structural diversity of TRIM proteins is further enlarged by
the occurrence of various C-terminal domains and their combinations.
The identified C-terminal domains include COS domain, fibronectin type
Il repeat, PRY domain, SPRY domain, acid-rich region, filamin-type IG
domain, NHL domain, PHD domain, bromodomain, Meprin and
TRAF-homology domain, ADP-ribosylation factor family domain, and
transmembrane region [139, 140].

From the functional point of view most of the TRIM proteins are
considered to be E3 ubiquitin ligases thanks to the presence of the RING
domain. Indeed, the majority of the described antiviral effects by TRIM
proteins in the case of flaviviral infections is realized via the RING domain.
In more detail, TRIM69 inhibits DENV replication by ubiquitination and
subsequent degradation of viral NS3 protein [141]. A similar scenario was
described in the case of TRIM79a and TBEV, when TRIM79a targets the
viral NS5 polymerase for degradation [142]. Furthermore, TRIM56 inhibits
ZIKV replication via combination of two mechanisms: RING-mediated E3
ubiquitin ligase activity is needed as well as RNA binding activity via the
C-terminal NHL-like domain [143]. On the other hand, JEV-induced
expression of TRIM21 resulted in decreased production of IFN-B in
human microglial cells, thus suggesting a possible strategy of JEV how to
suppress the type | interferon response during the early course of
infection [144].
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IFIT proteins

Interferon-induced proteins with tetratricopeptide repeats (IFITs)
represent a small group of ISGs capable of binding to various cellular and
viral RNAs and proteins. So far, four IFIT family members have been
characterized in humans (IFIT1, IFIT2, IFIT3, IFIT5). The tetratricopeptide
repeat (TPR) motif comprises 34 amino acids and forms the HTH
(helix-turn-helix) structural motif, which in tandem repetitions forms the
TPR domain super structure serving as a protein-protein interaction
module. The number of TPRs differs among IFITs and ranges from 4 to 8
[145, 146]. Surprisingly, structural studies revealed that the TPR domain
selectively binds also specific RNAs [147, 148]. Moreover, C-terminal
part of IFIT1 was shown to be necessary for RNA binding as well [149].

Currently described antiviral effects of IFIT proteins include several
mechanisms. The first mechanism is based on the protein-protein
interactions, when IFIT1 and IFIT2 restrict host translation via binding to
the elF3 complex [150, 151]. Next mechanism involves direct binding of
IFIT1 to viral proteins in order to inhibit their function. This phenomenon
was observed only in the case of human papilloma virus [152]. The last
mechanism exploits the RNA-binding capabilities of IFIT proteins. IFIT1
protein is able to recognize 5'-triphosphorylated RNA (feature of many
viral RNAs) and in co-operation with IFIT2 and IFIT3 prevents its
utilization as a template for translation [153, 154]. Furthermore, IFIT1 also
recognizes N1 and N2 ribose 2'-O-methylations [155, 156]. The
recognition of 2'-O-unmethylated viral genomic RNA is the mechanism
behind the antiviral effect of IFIT1 protein against JEV [157] and WNV
[158]. In the case of WNV, in vivo experiments documented an important
role in restricting the infection also for IFIT2 [159].

IFITM proteins

The family of IFITM (interferon-induced transmembrane) proteins
includes five membrane-bound genes (IFITM1, IFITM2, IFITM3, IFITM5,
IFITM10), however, only IFITM1-3 are considered as ISGs. Interestingly,
IFITM5 was not shown to be IFN-inducible and is expressed only in
osteoblasts. Based on their structure, IFITMs belong to the CD225 protein
superfamily and comprise of 5 structural domains: (1) N-terminal domain,
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(2) intramembrane/transmembrane domain 1, (3) conserved intracellular
loop, (4) intramembrane/transmembrane domain 2, and (5) C-terminal
domain. The canonical CD225 domain  spans  across
intramembrane/transmembrane domain 1 and conserved intracellular
loop domain. Various post-translational modifications were documented
for IFITM proteins as well, including phosphorylation, ubiquitination, and
S-palmitoylation. The suggested mechanism of IFITMs antiviral effect
arises from their transmembrane localization — the proposed model
includes the interference with viral fusion on the host cytoplasmic or
endolysosomal membranes in the case of enveloped viruses [160, 161].

Since flaviviruses belong to the group of enveloped viruses, it is not
surprising that IFITMs were proved to inhibit some of them. In the case of
DENV and WNV, IFITM3 was described to decrease the infection rate
[162]. The restricting role of IFITM3 in the case of DENV infection was
further supported by the study of Jiang et al.; in addition to IFITM3, IFITM2
was also shown to be a potent inhibitor of DENV infection [163]. Recently,
Savidis et al. documented that IFITM1 and IFITM3 interferes also with
ZIKV infection. In more detail, IFITM3 was described to inhibit early
stages of ZIKV replication process [164]. Moreover, an interesting
localization of IFITM3 in exosomes was documented during DENV
infection. The IFITM3-containing exosomes were shown to fuse with cell
membranes of other cells, thus transmitting antiviral agent via
extracellular pathway [165].

ISG15

ISG15 is a 15 kDa ubiquitin-like protein, which has been described as one
of the most highly induced ISGs. The structure of ISG15 is characteristic
by two ubiquitin-like domains with the C-terminal LRLRGG maotif, which is
necessary for the conjugation reaction termed ISGylation [166-168].
ISGylation utilizes a three-step enzymatic mechanism similar to
ubiquitination: (1) the activating E1 enzyme UBE1L forms an
ATP-dependent thioester bond with 1ISG15, (2) activated ISG15 is then
transferred to the conjugating E2 enzyme UBCHS8; (3) finally, E3 ligases
(ARIH1/TRIM25/HERCS5) transfer ISG15 to lysine residues on target
proteins. As for ubiquitylation, ISGylation is reversible due to the specific
removal of ISG15 from conjugated proteins by the deconjugating enzyme
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USP18. Apart ISGylation, ISG15 was detected in an unconjugated form
as an extra- and intracellular protein. ISG15 thus represents an ISG with
a complex range of functions including modulation of immune response,
regulation of protein stability and translation, or direct inhibition of viral
replication [169].

According to mass spectrometry data, hundreds of proteins were
identified to be possibly 1SGylated [170, 171]. ISGylation was also
documented in case of viral proteins [172]. Thanks to the wide variety of
ISGylation targets the full image of ISGylation effects is still incomplete.
However, plenty of interesting effects have been already described. For
example, ISGylation of USP18 plays a crucial role in desensitizing the
type | IFN pathway [173], whereas ISGylation of TSG101 restricts release
of influenza A virus (IAV) [174]. Several studies have also provided
evidence that ISG15 plays a key role in the host antiviral response to
flaviviruses. 1ISG15 was shown to inhibit replication of JEV [175], DENV
and WNV [176]. On the other hand, ISG15 functions also as a proviral
factor, as it is necessary for HCV replication cycle [177].

OAS/RNase L system and OASL

Family of IFN-inducible oligoadenylate synthethases (OASs) is known to
co-operate with the cellular RNase L, thus creating a unique system of
antiviral defence. The human OAS family consists of three isoforms —
OAS1, OAS2, and OAS3. All three isoforms are active enzymes
synthesizing 2'-5'-linked oligoadenylates via the OAS domain, which
activate the cellular RNase L resulting in general degradation of ssRNA.
The produced short RNAs serve then for induction of IFN-B expression
via RLRs [178]. Activation of RNase L also leads to the general inhibition
of protein production via digestion of Y-RNAs and tRNAs [179], but also
specific mMRNAs [180]. OAS1 can occur in four isoforms (42, 44, 46, and
48 kDa), and OAS2 produces four alternatively spliced transcripts that
encode two proteins (69 and 71 kDa). OAS3 encodes a single transcript
that produces a 100 kDa protein. Tandem repeat of two and three OAS
domains is present in OAS2 and OASS3, respectively. OAS1 contains only
one OAS domain [181, 182].
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The importance of OAS1 in antiviral immunity was highlighted on the
example of WNV infection, when OAS1 was shown to be activated by
WNYV stem loops located in 5" UTR [183] and mutations in the OAS1 gene
lead to increased susceptibility to WNV infection [184]. In addition, DENV
replication was shown to be blocked by OAS1 p42, OAS1 p49, and OAS3
isoforms [185].

Another example of recently identified ISG is the OAS-like protein
(OASL), which is a member of the OAS family. The OASL gene encodes
a two-domain protein, where the N-terminal OAS-like domain is fused to
a C-terminal part containing two tandem ubiquitin-like domains [186].
Unlike other members of the OAS family, OASL does not possess the
2-5A activity [187]. Nevertheless, OASL was proved to be a potent
antiviral ISG in the case of HCV infection, when both structural domains
were found to be necessary [188, 189]. Surprisingly, OASL did not restrict
DENYV replication in A549 and HEK293T cells [185]. So far, three spliced
transcripts have been identified in humans — OASL a, OASL b, and OASL
d [190].

Viperin

One of the most currently studied ISGs is viperin (virus inhibitory protein,
endoplasmic reticulum-associated, interferon-inducible) coded by RSAD2
gene. This antiviral protein was first identified as an ISG expressed in
fibroblasts upon infection with human cytomegalovirus (HCMV) [191].
Viperin is a 42 kDa protein composed of three structural/functional
domains: (1) N-terminal domain, which contains an amphipathic a-helix
and a leucine zipper motif, responsible for anchoring viperin in the ER
membrane e (2) a highly conserved radical SAM domain forming a
[4Fe-4S] cluster, and (3) a C-terminal domain that also shows high
similarity across different species [192, 193].

Various mechanisms of an antiviral effect have been described for viperin,
suggesting a virus- and cell-specific mode of action. In the case of HCV,
viperin C-terminus was shown to interact with the viral NS5A protein [194]
and to deplete the pro-viral host cell factor hVAP-33 [195]. Helbig et al.
and Wang et al. further showed that viperin inhibits virus release by
budding via modification of the lipid environment within the cell or at the
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cell surface [194, 196]. Multiple mechanisms of viperin antiviral effect in
the case of TBEV were described. First, SAM domain was shown to be
crucial in an antiviral response against TBEV in HEK293 cells, where
viperin inhibited the production of viral genomic RNA [197]. In addition,
viperin-induced secretion of uninfectious TBEV particles was suggested
as another mechanism of antiviral action [198]. The most recent study by
Panayiotou et al. documented viperin-mediated degradation of viral NS3
protein in the case of TBEV and ZIKV [199]. An interesting study by
Lindqvist et al. described more about the specificity of viperin recruitment
against TBEV. Viperin antiviral effect was restricted only to specific CNS
regions and cell types [200]. Except TBEV and ZIKV, other flaviviruses
were shown to be restricted by viperin as well, including WNV and DENV
[163].

As was mentioned above, viperin expression is stimulated by IFN
signalling, however, there are viruses, which can induce viperin
expression by an IFN-independent way. These include JEV [201], HCMV
[202], and Vesicular stomatitis virus (VSV) [203]. An interesting
combination of IFN-dependent and independent expression of viperin
was described in the study of Dixit et al. [204]: upon reovirus or |IAV
infection, rapid and transient IFN-independent expression of viperin
resulted in a short-term protection against the invading virus, whereas
delayed IFN-dependent viperin expression amplified and stabilized the
antiviral response afterwards.

As in the case of ISG15, viperin can act as a proviral factor, for example
it is translocated to mitochondria during HCMV infection where it disrupts
host cellular metabolism via reduction of ATP production [205].

2.2.3 Unfolded protein response

Apart from the induction of host immune system, flaviviral infection also
triggers other signalling pathways, which contribute to the complexity of
host response network. Documented enormous rearrangements of host
ER membrane system accompanied by high levels of viral proteins and
RNA during flaviviral replication play a significant role in the induction of
ER stress [76-79]. Upon sensing the ER stress, the unfolded protein
response (UPR) pathway is activated, resulting either in the recovery of
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ER function or apoptosis. The UPR pathway employs various
mechanisms, which serve to restore the ER homeostasis, including
enhancement of protein-folding capacity, attenuation of mRNA
production, and stimulation of the ER-associated degradation (ERAD) of
misfolded proteins. Additionally, UPR activation was also shown to
increase the rate of autophagy, stress granule formation and potentiation
of antiviral inflammatory responses [206, 207].

Depending on the sensors of ER stress, three distinct arms of UPR have
been described — (a) inositol-requiring protein 1 (IRE1) pathway, (b)
PKR-like endoplasmic reticulum kinase (PERK) pathway, and (c)
activating transcription factor 6 (ATF6) pathway (Fig. 9). Each of the UPR
arms responds to both, unique and common stimuli, by either
up-regulation of specific UPR target genes or by induction/inhibition of
particular processes such as translation, autophagy, protein folding, lipid
synthesis, apoptosis, etc. [206, 207].

Up to date, activation of UPR pathway was observed for DENV [138, 208],
JEV [209], TBEV [210, 211], WNV [211, 212], and ZIKV [213, 214]
infections. However, some of these studies also showed that flaviviruses
are able to interfere with UPR signalling or even that UPR can act in a
proviral way. For instance, IRE1-mediated UPR activation was shown to
be essential for TBEV replication [210]. Furthermore, DENV and ZIKV
were shown to inhibit formation of stress granules and phosphorylation of
elF2a [138, 213].
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Figure 9: Schematic overview of UPR signalling pathway (adapted from [207]).
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2.3 Viral evasion strategies of host immune
system

The co-evolution of the host and pathogen led to creation of complex and
sophisticated defence mechanisms, which should neutralize the invading
pathogen in the host organism. As a countermeasure, pathogens,
including viruses, employ a vast variety of mechanisms for evading such
host defensive responses. Flaviviruses represent no exception to this
phenomenon and multiple intriguing evasion strategies have been
already described. Most commonly, the non-structural proteins are
responsible for the interference with the host immune response. However,
it has been reported that particular parts of the viral RNA and structural
proteins can also act as important modulators of the host immune
response. In order to get more insight into this complex interaction
network, the following chapters will describe the present knowledge about
the flaviviral evasion mechanisms including both types of effector
molecules — viral RNA and viral proteins.

In addition, it is worth mentioning that many of the described evasion
mechanisms are, in fact, part of the viral life cycle itself. The formation of
VPs and replication factories in the host ER prevents the virus to be
sensed by host PRRs in the early stages of infection [53, 76, 77, 79-81].
Moreover, the membrane-associated replication of flaviviruses also
results in an altered lipid production and distribution. For instance,
WNV-driven increase in cholesterol production and its redistribution in
host membrane/protein system resulted in decreased responsiveness to
IFN [215]. Another interesting observation documents that TBEV-induced
autophagy in human neurons favours viral replication [79].

2.3.1 Viral RNA

Cellular mRNAs in eukaryotes have been described to be chemically
tagged (“capped”) at the initial stage of transcription by the addition of
7-methylguanosine to the 5' end. The cap plays an important role in the
stability of mMRNA and also in the self-discrimination from foreign RNAs.
The capping process starts by the dissociation of y-phosphate from the 5'
nucleotide (RNA triphosphatase), then, 7-methylguanosine is added via
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5'-5' triphosphate bond (guanylyltransferase). Eventually N7-guanine
methyltransferase completes the process by addition of methyl to N’
(cap0). Higher eukaryotes further employ 2'-O-methyltransferases for the
generation of cap1 and cap2 types (Fig. 10) [216].

It was already mentioned that 2'-O-methylation of cellular mRNA plays an
important role in IFIT-mediated antiviral response. Remarkably,
flaviviruses are able to counteract this immune response by capping the
viral genomic RNA on their own. Among other enzymatic functions, the
viral NS3 protein acts as an RNA triphosphatase. In addition, the viral
NS5 protein serves as a polymerase, methyltransferase, and
guanylyltransferase. Therefore, the combination of NS3 and NS5
enzymatic activities results in the generation of capped transcripts. Truly,
DENV and WNV mutants lacking the NS5 methyltransferase activity were
strongly attenuated by IFITs [217, 218].
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Figure 10: Schematic overview of the capping enzymatic reaction together with depicted cap types
and their structures (adapted from NEB (https:/international.neb.com/products/m0366-mrna-cap2-o-
methyltransferase#Product%20Information).

A specific 0.3-0.8 kb long non-coding RNA, termed sfRNA, is generated
during the flaviviral infection (see Chapter 2.1.3.). Surprisingly, sfRNA
seems to play an important role in evading the host immune system. For
instance, JEV sfRNA was suggested to inhibit IFN production by blocking
the phosphorylation of IRF3 [73], whereas DENV and WNV sfRNA was
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shown to interfere with RNAi machinery in the infected cells [74]. The
broad variety of sSfRNA functions is further supported by the study of Bidet
et al. where DENV sfRNA, for a change, binds to three RNA-binding
proteins involved in mRNA stability regulation, thus preventing the
translation of selected ISGs with direct antiviral effect [219]. A similar
finding was documented in the study of Manokaran et al., where sfRNA
was observed to bind TRIM25 and prevent its deubiquitination required
for an activation of RIG-I signalling [220]. An incredible variety of sfRNA
modulation functions was further enlarged by the study of Géertz et al. —
WNV sfRNA was proved to modulate the virus transmissibility by C.
pipiens mosquitoes [221].

2.3.2 Viral proteins

As stated in the beginning of this chapter, the non-structural proteins are
considered to be mostly responsible for the interference with the host
antiviral response. However, later findings point towards the key
antagonistic properties of structural proteins as well. For instance, an
elegant study of Arjona et al. described that WNV E protein blocks the
production of TNF-a, IFN-B, and IL-6 cytokines via binding to RIPK1
(Receptor Interacting Serine/Threonine Kinase 1), which results in the
inhibition of RIG-I signalling. However, a specific glycosylation pattern is
required for this unique feature of WNV E [222]. In addition to E protein,
an alternative role for C protein during the infection was demonstrated as
well. Binding of DENV or WNV C protein to Sec3p protein was shown to
trigger its proteasome-driven degradation [223]. The decrease of Sec3p
levels resulted in higher rate of viral replication/translation since Sec3p
was shown to sequester EF1a translation elongation factor as a host
response to the infection [224]. Interestingly, YFV C protein was
documented to suppress RNA silencing machinery in A. aegypti
mosquitoes [225].

In the case of flaviviral non-structural proteins, almost all of them were
described to possess a wide range of activities, which interfere with the
host antiviral responses. It is not surprising that most of these target IFN
and PRR signalling. For example, ZIKV NS1 protein was shown to
interfere with RIG-I signalling via binding to its downstream signal kinase,
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TBK1 (TANK Binding Kinase 1). NS1-induced decrease of TBK1 activity
due to its impaired phosphorylation resulted in the inhibition of IFN-
expression [226]. The complexity of the NS1 interactions is further
developed by an intriguing finding that the extracellularly secreted DENV
NS1 negatively affects endothelial permeability, which results in a
vascular leakage. This phenomenon was shown to strongly enhance the
severity of DENV infection [227].

For NS2A protein, inhibition of IFN- promoter activity was documented
in case of WNV and ZIKV [226, 228]. Similar to ZIKV NS1, DENV NS2B/3
protease complex interferes with the RIG-I downstream signalling by
binding to IkB kinase ¢ (IKKe) and preventing its functionality.
Non-functional IKKe does not phosphorylate IRF3, thus preventing its
nuclear translocation and activation of IFN expression [229]. Inhibition of
IFN-B production and signalling was documented for DENV NS4A and
NS4B proteins as well [230]. In this case, NS4A/B proteins were shown
to inhibit RIG-I/TBK1 signalling as in the case of ZIKV NS1. Interestingly,
NS2A protein was shown to contribute to the NS4B-induced inhibition of
TBK1 and IRF3 phosphorylation [231].

So far, NS5 protein seems to be the most potent effector of viral fight
against the host innate immune system. Its role in restricting the IFN
signalling was described in case of many flaviviruses, including DENV,
KFDV, TBEV, WNV, and ZIKV. The mechanism of inhibition includes
binding to type | IFN receptors (TBEV) or NS5-directed degradation of
STAT proteins (DENV) [226, 232-235].
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3 Aims and objectives

The presented Ph.D. thesis focuses on the host-virus interactions during
flaviviral infection in cells of neural origin. In particular, the innate immune
response of TBEV-infected cells was studied together with the roles of
specific IFNs and ISGs. Furthermore, an additional aim was the
identification of possible viral inhibitors of the host innate immunity.

Specific aims:

1. To analyse the role of viperin and OASL ISGs during
TBEV infection in human neural cells.

2. To describe the response of host innate immune system
in reaction to TBEV infection.

3. To characterize possible viral counter measurements
against the host innate immune system.
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Abstract A short upstream open reading frame (uORF)
was recently identified in the 5" untranslated region of some
tick-borne encephalitis virus (TBEV) strains. However, it is
not known if the peptide encoded by TBEV uORF
(TuOREF) is expressed in infected cells. Here we show that
TuORF forms three phylogenetically separated clades
which are typical of European, Siberian, and Far-Eastern
TBEV subtypes. Analysis of selection pressure acting on
the TuORF area showed that it is under positive selection
pressure. Theoretically, TuORF may code for a short
hydrophobic peptide embedded in a biological membrane.
However, expression of TuORF was detectable neither by
immunoblotting in tick and mammalian cell lines infected
with TBEV nor by immunofluorescence in TBEV-infected
mammalian cell lines. These results support the idea that
TuOREF is not expressed in TBEV-infected cell or expres-
sed in undetectably low concentrations. Therefore we can
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assume that TuORF has either minor or no biological role
in the TBEV life cycle.
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Immunofluorescence

Introduction

Tick-borne encephalitis virus (TBEV), the causative agent
of tick-borne encephalitis (TBE), is a typical representative
of the genus Flavivirus, family Flaviviridae [1, 2]. Tt is
endemic in most of Central and Eastern Europe and North
Asia [3] where it is the most medically important flavivirus
[4]. Despite the availability of effective vaccination in
endemic regions, TBEV infects thousands of people
annually. Many of them develop clinical manifestations of
TBE, often followed by permanent decrease in their life
quality. TBEV mortality varies according to the TBEV
subtype [4].

The TBEV genomic RNA, which is approximately
11,000 nt long, serves also as viral mRNA. It contains a
single open reading frame (ORF) encoding one polypro-
tein. Translation of this ORF is initiated by a classical cap-
dependent scanning mechanism [5]. The polyprotein is co-
and post-translationally cleaved into three structural (C, , M
and E) and seven nonstructural (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) proteins [6]. Apart from the major
proteins, some flaviviruses such as Japanese encephalitis
virus (JEV) and West Nile virus (WNV) produce minor
proteins and peptides. Each minor protein is usually
specific only for a narrow group of closely related fla-
viviruses. NS1’ produced by JEV [7, 8] and WARF4 pro-
duced by WNV [9, 10] are typical examples of such
flaviviral minor proteins. Both these minor proteins are
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encoded by alternative open reading frames and produced
via a ribosome frame-shifting process [11, 12]. While the
role of WARF4 is unknown, JEV NS1’ plays an important
role in virus—host interaction, especially in virus neuroin-
vasiveness [8, 13] and JEV genomic RNA replication [14].

The presence of a short upstream open reading frame
(uORF) in the 5 untranslated region (UTR) of some TBEV
strains has been reported [15]. Expression and functional
importance of this second ORF (here called TuORF)
remain unknown. In the present study, we investigated the
expression of the hypothetical TuORF-encoded peptide in
mammalian and tick cells by Western blotting and indirect
immunofluorescence.

Methods

TBEYV strains, cell lines, synthetic TuORF peptide,
and anti-TuORF antibodies

Low-passage TBEV strain Neudoerfl (4th passage) (kindly
provided by F. X. Heinz) and the strain Hypr (unknown
passage history) were used in this study. TuORF presence
and absence in TBEV strains Neudoerfl and Hypr, respec-
tively, were verified by sequencing. Human cell lines of
neural origin comprising neuroblastoma (UKF-NB-4),
medulloblastoma (DAOY), and glioblastoma cells [16] and
the Ixodes ricinus tick cell line IRE/CTVMI19 [17] were
used. A synthetic version of the TuORF peptide (sequence
MRLLRTALAAVGLKKKC) and anti-TuORF protein
A-purified mouse and rabbit polyclonal antibodies were
produced by GenScript (USA). Because of high hydropho-
bicity, the most hydrophilic part of the peptide was synthe-
sized together with an additional hydrophilic tail (KKC) in
order to obtain sufficient yields of the artificial peptide.

Bioinformatics characterization of TBEV 5 UTR
and TuORF peptide

One hundred closest homologs of the TBEV strain Neu-
doerfl 5 UTR were identified in GenBank using the blastn
algorithm [18]. TBEV strains containing uORF were
manually selected and classified into appropriate TBEV
subtypes. Alignment of selected 5 UTRs was constructed
using ClustalX [19]. Protein sequences of hypothetical
TuORF peptides were deduced from nucleotide sequences
using the EXPASy—Translate tool [20].

Distant homologs of the TBEV TuORF peptide were
sought using HHPred [21], HHblits [22], and Psi-blast
algorithms [23]. Basic biophysical characteristics of the
TuORF peptide from TBEV strain Neudoerfl were pre-
dicted using ProtParam [24]. TuORF peptide secondary
structure was predicted using Jpred [25]. TuORF peptide
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position in the cell membrane was predicted by TMpred
[26].

Phylogenetic analysis and selective constraint
calculation

Phylogenetic analysis of TuORF evolution was carried out
using MEGAG6 [27]. Protein and nucleic acid sequence
alignments were processed by the neighbor-joining method
using 1000 bootstrap replicates.

To calculate selective constraint, codon-based sequence
alignment of TuORF was constructed on the GUIDANCE
server [28, 29], using the implemented ClustalW algorithm
[19]. The dN and dS difference was calculated in MEGA6
[27]. Analyses were conducted using the Nei-Gojobori
method [30]. The analysis involved 17 nucleotide
sequences. The variance of the difference was computed
using 1000 bootstrap replicates. All ambiguous positions
were removed for each sequence pair. There were a total of
29 positions in the final dataset. Wilcoxon tests were used
to assess the significance of linked and unlinked synony-
mous and nonsynonymous scores, respectively.

Western blot assay

Mammalian and tick cell lines were infected with TBEV
strain Neudoerfl at a multiplicity of infection (MOI) of 10.
Virus adsorption was carried out for 1 h. Cells were har-
vested and lysed at several time points post infection (3, 6,
12, 18, 24, and 48 h in the case of mammalian cell lines,
and 24, 92, 168, and 336 h in case of the tick cell line).
Equal amounts of whole cell proteins were separated by
Tricine-SDS-PAGE [31] and transferred to nitrocellulose
membranes (0.2 um porosity, Bio-Rad). Transferred pro-
teins were labeled with primary mouse or rabbit polyclonal
anti-TuORF antibodies (GenScript, USA). Both primary
antibodies were diluted 1:200 in a 5 % skimmed milk
powder in PBS (5 % milk). Subsequently, primary anti-
bodies were detected by goat anti-rabbit secondary anti-
body conjugated with alkaline phosphatase (Vector
Laboratories, USA) diluted 1:1000 in 5 % milk and tertiary
horse anti-goat antibody conjugated with alkaline phos-
phatase (Vector Laboratories). Labeled proteins were
visualized by chemiluminescence assay using CDPP-Star
Reagent (NewEngland Bioloabs, USA).

Immunofluorescence staining

Neuroblastoma cells were infected with TBEV strains
Neudoerfl and Hypr at an MOI of either 1 or 10. Virus
adsorption was carried out for 1 h. At several time points
post infection (12, 24, 48, and 72 h), cells were fixed in 4 %
paraformaldehyde in PBS for 15 min, rinsed in PBS and
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permeabilized with 0.1 % Triton X-100 in PBS for 5 min.
Fixed cells were treated with PBS containing 50 mM NH,Cl
and a 1 % solution of bovine serum albumin (BSA) to block
the formaldehyde autofluorescence. Further, cells were
blocked with 3 % BSA dissolved in PBS and labeled with
either mouse or rabbit polyclonal anti-TuORF antibody
(GenScript) and with chicken polyclonal anti-NS3 antibody
(reactive with TBEV NS3 protein, kindly provided by M.
Bloom) [32]. After washing in PBS, the cells were labeled
with goat anti-rabbit and goat anti-chicken secondary anti-
bodies conjugated with DyLight 594 and DyLight488,
respectively (Vector Laboratories). Subsequently, the cells
were mounted in Vectashield mounting medium (Vector
Laboratories). Examination was done on an Olympus BX-51
fluorescence microscope equipped with an Olympus DP-70
CCD camera.

Results

An upstream ORF is present in the 5 UTR
of numerous (but not all) TBEV strains as well
as in the 5 UTR of some other flaviviruses

A TuORF was identified in 43 of 100 tested TBEV strains.
TuORF was present in strains representative of all TBEV
subtypes (European, Siberian, and Far Eastern—Supple-
mentary Table 1). The length of the TuORF varied
between 36 and 93 nt; correspondingly, the length of coded
peptides varied between 13 and 31 amino acid residues
(Fig. 1). The modal length of the hypothetical TuORF
peptide in European subtype TBEV strains was 23 amino
acid residues. The most frequently seen length of the
TuORF peptide in Siberian subtype TBEV strains was 21
amino acid residues. The longest TuORF peptide was in
Far-Eastern TBEV strains where it is up to 31 amino acid
residues in length. The N-terminal part of the TuORF
peptide is conserved while its C-terminal part accommo-
dates many substitutions typical for either European or
Asian TBEV subtypes (Fig. 1b).

Among other tick-borne flaviviruses, uORFs were found
in all 5’ UTR sequences of Langat virus (LGTV) (AF2534
19.1, AF253420.1, EU790644.1), Kama virus (KAMV)
(NC_023439.1, KF815940.1), and Karshi virus (KARV)
(DQ462443.1) available in GenBank (Supplementary
Fig. 1). LANV and KAMYV uORFs were, respectively, 339
and 51 nt long and they exceeded the 5 UTR continuing
also into the main ORF. In KARYV, the initiating AUG
codon was immediately followed by a UAG amber stop
codon. Among mosquito-borne flaviviruses, the uORF was
detected only in St. Louis encephalitis virus (DQ525916.1)
(Supplementary Fig. 1). Sequences of these uORFs as well
as the sequences of the possibly encoded peptides are

unrelated to TuORF. Sequences of other screened tick- and
mosquito-borne flaviviruses did not contain any uORF (a
complete list of flaviviruses that do or do not contain a
uOREF in their 5 UTR is shown in Supplementary Table 2).

Evolutionary history of TuORF

Reconstruction of its evolutionary history and determina-
tion of any selection pressure would indicate if the TuORF
peptide has a molecular function or whether it is only a free
rider in the TBEV genome.

First we reconstructed phylogenetic relationships among
the TuORFs of the different TBEV strains. Nucleic acid- and
protein-based analysis revealed existence of three TuORF
groups corresponding to the European, Siberian, and Far-
Eastern TBEV strains (Supplementary Fig. 2). Only the
position of the European strain Ek-328 in the phylogenetic
tree is uncertain, possibly due to its origin. It was created by
multiple passaging of TBEV in mice, which may have led to
the accumulation of multiple mutations [33].

To see if the uORF coding for the TuORF peptide is
under selection pressure, we compared the proportion of
nonsynonymous (dN) and synonymous (dS) substitutions
appearing in the TuORF of different TBEV strains. A dN
higher than dS 1 implies positive selection, while a dN
lower than dS 1 indicates negative (purifying) selection. In
the case of TuOREF, the overall average of dN and dS shows
that the number of nonsynonymous mutations is signifi-
cantly higher than the number of synonymous mutations
which shows that TuORF is under positive selection
pressure (Table 1). Nevertheless, this trend is only poorly
or not at all visible in pairwise analyses or in overall
analyses done on data subsets containing only individual
TBEV subtypes (Supplementary Table 3).

Bioinformatics characterization of the putative
TuORF peptide

The putative TuORF peptide is a highly hydrophobic
peptide. According to in silico prediction, TuORF should
form a single helix embedded into a membrane with its
N-terminus protruding outside (Supplementary Table 4)
possibly into the lumen of the endoplasmic reticulum. No
TuORF peptide homologs were found among any other
protein sequences in GenBank.

The TuORF peptide was not detected in TBEV-
infected cells by immunoblotting

To test TuORF peptide expression in TBEV-infected cells,
we infected three human neural cell lines and one tick cell
line with TBEV Neudoerfl strain as described in Methods.
Neither human nor tick cells were positive for TuORF
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(A)

TBEV 5 UTR, strain Neudorfl

A TGCGTTTGCT TCGGACAGCA TTAGCAGCGG TTGGTTTGAA AGAGATATTC TTTTGTTTCT ACCAGTCGIG 090

091 A : 3

(B)

European TBEV strains:

Neu ATG CGT TTG CTT CGG ACA
KeM 93 ATG CGT TTG CTT CGG
AS33 CGT TTG CTT CGG
tc263  ATG CGT TTG CTT CGG
T-2003  ATG CGT TTG CTT CGG
EK-328 ATG CGT TTG CTT CGG ACA

A TTC TTT TGT TTC TiC
TTC TTT T6T TTT TGC
TTC TTT T6T TTC TGT
TTC TTT TGT TTC TAC
TTC TTT TGT TTC TAC

Siberian TBEV strains:
L23-3 ATG CGT TTG CTT
i36-6 X CGT TTG CTT
€19-5 CGT TTG CTT CAG
0-13 CGT TTG CTT CAG
22 CGT TTG CTT CGG
L22-3 ATG CGT TTG CTT CGG
L-1-96 ATG CGT TTG CTT CGG
Yar 71 ATG CGT TTG CTT CGG

TTG TCT CGT TTC TAC
TTG TCT CGT TTC TA
\ TTG TCT CGT TTC
TTG TCT CGT TTG
A TTG TCT CGT TTC
A TTG TCT CGT TTC TA
TCG TCT CGA TTC TGC
A TTG TCT CGA TTC TAC

A GCA

Far East TBEV strains:

OskS5-10 ATG CGT TTG CTT CGG ATA
M0 ATG CGT TTG CTC CGG 3 0GC TTG ACC
Protl ATG CGT TTG CTT CGG ACA A CGT TTG
TEQS  ATG CGT TTG CTC CGG ATA GEA ACA GCA GZG ACA A A coc 176 ATC

TGT TTG ATC A

137

©

EuropeanTBEV strains:

CAG TCG
CAG TCG
€AG TCG
CAG TCG
CAG TCG

CGT GTT GAG

26T C6T GAA

Fig. 1 Comparison of TuORF nucleotide and protein sequences: TuORF protein sequences (c) of various TBEV strains. GenBank
Full-length sequence of TBEV 5 UTR strain Neudoerfl (a). uORF accession numbers of all nucleotide sequences used in this study are
sequence is marked in color, while remaining part of the 5 UTR is in listed in Supplementary Table 1. Protein sequences of hypothetical
gray. uORF start and stop codons as well as major ORF start codons TuORF peptides were deduced from nucleotide sequences as
are underlined. Alignment of uORF nucleotide sequences (b) and described in Methods

Table 1 Determination of
selection pressure on the
TuORF peptide: Overall
analysis revealed significant

Negative selection  Any selection pressure  Positive selection

positive selection acting on the all TuORFs
complete set of TuORF peptides TuORFs of European TBEV strains

dS—dN P dN-dS P dN-dS P

—2.4251 1 2.2685 0.0251 2.3365 0.0106
0364  0.3583  —0.3907 0.6967 —-0.3971 1

TuORFs of Siberian TBEV strains —0.501 1 0.4858 0.628 0.4996  0.3091
TuORFs of Far-Eastern TBEV strains 0.3579  0.3605 —0.34 0.7392 —0.3348 1

This evolutionary trend was not confirmed at the level of TuORFs encoded by individual TBEV subtypes.
The probability of rejecting the null hypothesis of strict neutrality (AN = dS) in favor of the alternative
hypothesis (Negative selection: dN < dS, any selection pressure: dN # dS, or positive selection: dN > dS)
is shown. P values lower than 0.05 are considered significant at the 5 % level and are shown in bold type.
The values were calculated as described in Methods

peptide expression at any time point tested while the pos- ~ TuORF staining with mouse (data not shown) or rabbit
itive control (synthetic peptide loaded onto the gel)  polyclonal antibodies (Fig. 3) did not produce any visible
returned a strong positive signal in all cases (Fig. 2). The  signal from either TBEV strain. Control anti-NS3
results indicate that the TuORF peptide either was not  immunofluorescence staining showed a very bright signal
expressed in the cell lines tested or its expression was  increasing in intensity with the time post TBEV infection
extremely low, below the detection limit of the  (Fig. 3). These results show that either TBEV Neudoerfl-
immunoblotting, which was 10 pg (Supplementary Fig. 3).  infected cells do not express the TuORF peptide or that

TuOREF peptide expression was below the detection limit of
TuORF peptide expression was not visible in TBEV- the indirect immunofluorescence.

infected cells using indirect immunofluorescence

To confirm the immunoblotting experiment results, we  Discussion

explored TuORF peptide expression in TBEV-infected

neuroblastoma cells using indirect immunofluorescence. = Minor peptides occur in some flaviviruses; for example
Both Neudoerfl (encodes for TuORF) and Hypr (does not JEV NSI’ protein [7, 8] and WNV WARF4 protein [9].
encode for TuORF) strains of TBEV were used. Anti- Presence of a uORF in the TBEV 5’ UTR was described
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Fig. 2 Detection of the TuORF
peptide by immunoblotting:
Immunoblotting analysis using
rabbit anti-TuORF antibodies,
followed by goat anti-rabbit-AP
and horse anti-goat-AP
antibodies was done on human
neuroblastoma, glioblastoma,
and medulloblastoma cell lines
and on the tick cell line IRE/
CTVM19 infected with TBEV
strain Neudoerfl as described in
Methods. No positive signal was
detected for TuORF peptide in
the cell lysates, while the
positive control (artificial
TuORF—marked by asterisk)
always gave a very strong
response

TuORF
12hpi
24hpi

e

neuroblastoma cell line UKF/NB-4

TuORF
12hpi
24hpi

previously [15]. However, it has not been determined
whether or not a peptide coded by TBEV uORF is
expressed in TBEV-infected cells.

Here we showed that the putative peptide coded by the
TBEV strain Neudoerfl uORF was not detectably expressed
in the TBEV-infected human or tick cell lines tested. As
two sets of polyclonal antibodies were used for TuORF
peptide detection it is very unlikely that the negative results
were caused by the inability of the antibodies to detect the
natural TuORF peptide.

These results can be explained in at least three different
ways. (i) The simplest explanation is that the TuORF
peptide is not produced in TBEV-infected cells and TuORF

41

glioblastoma cell line

meduloblastoma cell line DAOY

48hpi
72hpi
TuORF
12hpi
24hpi
48hpi
72hpi

tick cell line IRE/CTVM19

= = w i

=4 = o - = =Y

< £ o 5 =4 = °

© ~ Ef & ° o <

< ~ = H < ~ ~
e

itself is just a product of random mutation. This explana-
tion is also supported by evolutionary analyses. (ii) The
TuORF peptide may be produced under different condi-
tions from those tested in our experiments; TBEV infects
various cell types during mammalian host infection and
neural cells are only the final targets [34]. Other target cells
such as dendritic cells, macrophages, and spleen cells are
infected during primary viremia; in some of these cells the
TuORF peptide may be produced. (iii) TuORF peptide is
expressed in TBEV-infected cells but is rapidly degraded
and therefore it is impossible to detect it.

The bioinformatics analyses showed that TuORF is
present in some (but not all) TBEV strains belonging to all
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(A) 1MOI mock

0 hpi

TBEV Neudoerfl

TBEV Hypr

(B) 10M0I

mock 0 hpi

TBEV Neudoerfl

TBEV Hypr

Fig. 3 Attempted detection of TuORF peptide expression by
immunofluorescence: Human neuroblastoma cells were infected by
TBEV strains Neudoerfl (sample, TuORF containing TBEV strain)
and Hypr (negative control, TuORF lacking TBEV strain). Mock- and
TBEV-infected (MOI of 1, panel A; MOI of 10, panel B) cells grown

three TBEV subtypes. Individual TuORFs specific for
European, Siberian, and Far-Eastern subtypes differ in both
nucleotide and amino acid sequence (Fig. 1) and they form
three monophyletic clades which can be clearly distin-
guished in the phylogenetic tree (Supplementary Fig. 3).
TBEYV is not the only Flavivirus containing a uORF in its 5’
UTR. uORFs were also detected in other flaviviruses
namely LGTV, KAMV, KARYV, and SLEV (Supplemen-
tary Table 2). Nevertheless these uORFs do not share any
sequence similarity with TuORF (Supplementary Fig. 1).

It is likely that TuORF evolved by mutation of the GUG
codon, which is present in TBEV strains without TuORF,
to an initiating AUG codon. The TBEV 5’ UTR is extre-
mely structured [35]. All the structures are very conserved
and they have crucial functions in TBEV genome replica-
tion [36] and polyprotein expression [37]. Therefore all
mutations in the TuORF peptide have to be assessed in
respect of preservation of the 5 UTR structure. The GUG/
AUG codon is positioned at the base of the stem loop 1
(SL1) structure [35]. As the first guanosine in GUG is not a
part of SL1 but is located in the preceding internal loop,
GUG can mutate to AUG without affecting the 5 UTR
secondary structure.

The TBEV 5’ UTR has numerous sequence variable but
structurally extremely conserved regions, which affect
TBEYV replication and translation [38]. Mutational analyses
of these regions showed that secondary structures, but not
primary sequence, in these regions are responsible for their

@ Springer

12 hpi

12 hpi

24 hpi 48 hpi 72 hpi

24 hpi 48 hpi 72 hpi

and fixed at various time points were stained with anti-NS3 antibody
(green) and anti-TuORF antibody (red), and counterstained with
DAPI (blue). No positive response for TuORF was detected at any
time post infection while NS3 protein was already detectable 12 h
post infection. The size of yellow measure line is 100 pm

function [39, 40]. TuORF is located in SL1, which is one of
the most important structures in the TBEV 5" UTR [38].
Therefore it is not surprising that the proportion of non-
synonymous mutations (dN) exceeds the proportion of
synonymous mutations (dS) in this region which would
allow retention of the keep native SLI structure in all
tested TBEV strains (data not shown). This indicates that
the putative TuORF peptide, if expressed, does not have an
exact, precisely defined role in the TBEV life cycle.

It is possible that TuORF can regulate expression of the
major TBEV ORF by itself. Translation regulation by
uORFs is a well-known and intensively studied process. In
most cases UORF down-regulates gene expression [41].
The rate of down-regulation depends on sequence context
of the uORF initiation codon, uORF length, and the dis-
tance between uORF and major ORF [42]. In the case of
TuORF, down-regulation of the major ORF would not be
great. The AUG codon initiating TuORF is in a suboptimal
sequence context (acgTgcAUGC) which is far from the
optimal Kozak sequence (gccRccAUGG) [43, 44]. Also the
length of TuOREF is rather short and the distance between
TuORF and the major TBEV OREF is sufficient for possible
translation reinitiation. This allows us to speculate that a
high proportion of ribosomes would pass the TuORF ini-
tiation codon by leaky scanning and initiate translation on
the major TBEV ORF initiation codon. Nevertheless, the
exact effect of TuORF presence on major TBEV
polyprotein production remains unknown.
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Summary

We showed that uORFs are present in some strains of
TBEV, LGTV, KAMV, KARYV, and SLEV. TuORF
sequence conservation among different TBEV subtypes is
low. The TuORF peptide was not detectably expressed in
TBEV strain Neudoerfl-infected human neural or tick cells.
Therefore, we can assume that the uORF plays either a
minor or no role in TBEV infection of these cell types.
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Abstract

Background

The outbreak of Zika virus (ZIKV) in the Americas has transformed a previously obscure
mosquito-transmitted arbovirus of the Flaviviridae family into a major public health concern.
Little is currently known about the evolution and biology of ZIKV and the factors that contrib-
ute to the associated pathogenesis. Determining genomic sequences of clinical viral iso-
lates and characterization of elements within these are an important prerequisite to
advance our understanding of viral replicative processes and virus-host interactions.

Methodology/Principal findings

We obtained a ZIKV isolate from a patient who presented with classical ZIKV-associated
symptoms, and used high throughput sequencing and other molecular biology approaches
to determine its full genome sequence, including non-coding regions. Genome regions
were characterized and compared to the sequences of other isolates where available. Fur-
thermore, we identified a subgenomic flavivirus RNA (sfRNA) in ZIKV-infected cells that
has antagonist activity against RIG-I induced type | interferon induction, with a lesser effect
on MDA-5 mediated action.
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tant for further understanding of pathogenesis and virus-host interactions.

Author Summary

The current ZIKV outbreak is a major public health concern in the Americas. To further
understand the virus, and to develop tools and potentially vaccines, more information on
the virus strains circulating in the Americas is required. Here we describe the full-length
sequence of a ZIKV isolate from a patient with classical symptoms, including the complete
non-coding regions which are missing from many currently available sequences, and put
these in context. Moreover, we also demonstrate the production of an RNA molecule
derived from the 3’ untranslated region that counteracts interferon responses and may
therefore be important for understanding the pathogenesis of ZIKV infection.

Introduction

Zika virus (ZIKV) is a mosquito-transmitted arbovirus in the Flavivirus genus, Flaviviridae
family. This previously obscure virus has recently caused large scale outbreaks in French Poly-
nesia in 2013 [1, 2], New Caledonia [3], the Cook Islands [4] and Easter Island [5] in 2014 and
the Americas in May 2015, beginning in Brazil [6, 7]. These outbreaks have been characterized
by an increased prevalence of neurological syndromes, such as Guillain-Barré syndrome and
microcephaly [8-13], which has heightened public concern. As of April 2016 the World Health
Organization (WHO) announced that 60 countries had reported autochthonous transmission
in the escalating epidemic originating in Bahia, Brazil in 2015 that has so far resulted in over
1.5 million suspected cases [14]. This unprecedented spread combined with the associated neu-
rological conditions resulted in WHO declaring a global public health emergency in February
2016.

Brazil has the greatest burden of dengue virus (DENV), a related flavivirus, in the world and
the ongoing ZIKV epidemic is occurring in areas where such mosquito-borne arboviruses are a
major public health problem. This is due to widespread arbovirus vectors such as Aedes aegypti
and Ae. albopictus which are important vectors of DENV and chikungunya virus (CHIKYV,
Togaviridae), as well as ZIKV [15-19]. Clinical manifestations of ZIKV are similar to symp-
toms of DENV or CHIKYV infections making misdiagnosis common [3, 20]. Only 20% of ZIKV
infections are thought to progress to clinical symptoms, which present as an acute, self-limiting
illness comprising fever, myalgia, headache, polyarthralgia, nonpurulent conjunctivitis and
maculopapular rash. The largest public health risk from ZIKV is its association with neurologi-
cal conditions such as Guillain-Barré syndrome and microcephaly which place substantial
strains on local communities and healthcare providers.

As is characteristic of flaviviruses, ZIKV possesses a linear single-stranded, positive-sense
RNA genome. The flavivirus genome has a single open reading frame that encodes all struc-
tural and non-structural proteins flanked by 5" and 3" untranslated regions (UTRs) [21]. Phy-
logenetic analysis of partial ZIKV sequence data revealed isolates may be categorised into
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African and Asian lineages, of which the African lineage is further subdivided into Nigerian
and MR766 prototype strain clades [22, 23]. Recently obtained sequences from the current epi-
demic are of Asian lineage and are most closely related to strains from the French Polynesian
outbreak in 2013 [5, 6, 24]. However, there are currently few full-length complete sequences
that include the genome termini. One of these is from the Americas and was derived from a
microcephaly case [10]. Nonetheless, such information is important given the relevance of the
genome termini and non-coding regions in virus translation, replication and pathogenesis. The
5" and 3’ non-translated regions of flavivirus genomes have been shown to demonstrate con-
served secondary structures, cyclization elements, and are important for binding to several
host proteins in addition to proteins involved in viral replication complexes [25, 26]. Further-
more, the 3’UTR encodes subgenomic flavivirus RNA (sfRNA) which is produced by the
incomplete degradation of viral RNA by a cellular 5’-3’ exoribonuclease [27, 28]. These mole-
cules have been shown to be more than a by-product and are involved in viral interference with
innate immune responses in both vertebrates and invertebrates through antagonizing type I
interferon and RNA interference responses respectively [29-36].

Herein we present the complete genome sequence of a ZIKV isolate derived from a patient
in Brazil with classical disease symptoms. This will be important for future studies and the
development of reagents, such as reverse genetics systems, for ZIKV. We also identified ZIKV-
derived sfRNA in infected cells and show that it functions as an antagonist of RIG-I mediated
induction of type I interferon, while a lesser effect on MDA-5 mediated induction was
observed. The production of sfRNA in ZIKV infection may be an important contributor to
associated pathogenesis.

Materials and Methods
Ethics statement

This study was approved by the Brazilian Ethics Committee, Process number: IMIP Human
Ethics Research Committee Approval number 4232, PlatBr580.333 and 44462915.8.2004.5190.
The virus reported here, ZIKV/H. sapiens/Brazil/PE243/2015 (abbreviated to ZIKV PE243),
was isolated in Recife (Brazil) in 2015 from a patient (rash on face and limbs; arthralgia hands,
fist/wrist, ankle; edema on hands, fist/wrist; no neurological symptoms). All patients who
agreed to participate in this study were asked to sign an informed consent form.

Virus isolation from cell culture

ZIKV from positive serum samples was isolated at Fundagio Oswaldo Cruz (FIOCRUZ),
Recife (Brazil) by amplification in C6/36 Ae. albopictus cells. then Vero cells, which are fre-
quently used for virus isolation and were obtained from collections at FIOCRUZ. Briefly, 50 ul
of positive serum was incubated for 1 h at room temperature on monolayers of C6/36 cells.
The cells were then further incubated for 7 days. Following this, ZIKV infection was confirmed
by RT-PCR as described below.

Viral RNA extraction and RT-PCR

Viral RNA was extracted from serum of suspected acute DENV/ZIKV cases using the QIAmp
Viral RNA Mini kit (Qiagen) following the manufacturer’s instructions. RNA was extracted
from 140 pl of the sample and stored at -70°C prior to downstream applications. RT-PCR was
carried out using the QIAGEN OneStep RT-PCR kit in a final volume of 25 pl following previ-
ously established protocols and primers [22].

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016 3/20

48



@ PLOS | NesLecTen
2z TROPICAL DISEASES Genome Sequence of Zika Virus from Recife, Brazil

Virus growth and titration by plaque assay

Vero E6 cells, a commonly used cell line for the growth of viruses [37] were infected with ZIKV
PE243 for the preparation of virus stocks which were collected upon detection of cytopathic
effect. ZIKV PE243 infected cells tested positive with mouse anti-ZIKV serum (provided by G.
Fall and A. A. Sall, Institut Pasteur de Dakar, Senegal) as well as with commercially obtained
ZIKV E protein-specific antibodies by western blotting and immunofluorescence (S1 File). For
titration, Vero E6 cells were infected with serial dilutions of virus and incubated under an over-
lay consisting of DMEM supplemented with 2% FCS and 0.6% Avicel (FMC BioPolymer) at
37°C for 5-7 days. Cell monolayers were fixed with 4% formaldehyde. Following fixation, cell
monolayers were stained with Giemsa to visualize plaques. Plaque assays for plaque size com-
parisons were also performed using A549 and A549/BVDV-Npro cell lines (provided by R. E.
Randall, University of St Andrews, UK) [37-39].

Detection of ZIKV PE243 sfRNA by northern blot

Denaturated total RNA (3.5 ug per sample; isolated from Vero E6 cells infected with ZIKV
PE243 at an multiplicity of infection [MOI] of 1 by Trizol followed by Direct-zol RNA purifica-
tion) was separated on a denaturating formaldehyde agarose gel (1.5% agarose, 1x MOPS buffer
[Fisher Scientific], 12.3 M formaldehyde) in 1x MOPS running buffer. RNA was transferred onto
a Hybond-N+ membrane (GE Healthcare Life Sciences) via capillary transfer action using 10x
SSC (1.5 M NaCl, 150 mM trisodium citrate). RNA was crosslinked to the membrane by UV
(120 mJ/cm?). Following transfer, the membrane was prehybridized for 2 h in PerfectHyb Plus
Hybridization buffer (Sigma-Aldrich) at 65°C. Specific oligonucleotides for the sfRNA region of
the ZIKV PE243 3’'UTR (forward: AGCTGGGAAACCAAGCCTAT, reverse: GTGGTGGAAAC
TCATGGAGTCT) were used to amplify a fragment by PCR with KOD polymerase (Merck
Millipore). Following this 250 ng of the PCR product was end-labelled with **P using T4 Polynu-
cleotide Kinase (NEB) and [y-**P]Adenosine 5’-triphosphate (PerkinElmer) to produce a probe.
The probe was denatured for 5 min at 95°C and added to prehybridization mixture which was
incubated on the membrane overnight at 65°C. The membrane was then washed twice for 15
min at 65°C with each of the following three buffers: 2x SSC and 0.5% SDS, 2x SSC and 0.2%
SDS, 0.2x SSC and 0.1% SDS. RNA species were detected by phosphorimaging.

Cloning of ZIKV 3UTR

The Gateway cloning system was used for cloning the 3 UTR of ZIKV, potentially containing the
sfRNA sequence, fused to hepatitis delta virus ribozyme (HDVr) into pDEST40 (mammalian
expression vector [Invitrogen]). The 3’UTR of ZIKV PE243 was amplified by PCR using 1 ul of
the 3' end RACE reaction as a template. Subsequently, fusion PCR was performed using the
primers described in Table 1. The resulting fragment was inserted into the pPDONR207 using BP
Clonase IT kit (Invitrogen) and sequenced using the pDONR201 forward primer. LR Clonase II
kit (Invitrogen) was used for the recombination of pPDONR207-ZIKV PE243-3'UTR (entry vec-
tor) and the empty pDEST40 resulting in pDEST40-ZIKV PE243-3’UTR. The sequence of
pDEST40-ZIKV PE243-3"UTR was validated using the T7 promoter forward primer. Similar
cloning strategies have been used for other flavivirus 3’UTRs containing sfRNA [29, 30].

Interferon assays

In vitro type I interferon assays were performed using the human A549 cell line [37] to analyze
the activity of the IFN-pB promoter in the presence of plasmids expressing flavivirus 3’ UTRs
containing the sSfRNA sequence. A549 cells were grown in DMEM (supplemented with 10%
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Table 1. Primers used for cloning of ZIKV 3’'UTR containing sfRNA.

Primer Use Sequence (5’-3’)

ZIKV-3'UTR-FW ZIKV 3'UTR amplification GCACCAATCTTAATGTTGTCAGG

ZIKV-3'UTR-RV AGACCCATGGATTTCCCC

ZIKV-3'UTR-attB-FW | amplification of attB-ZIKV 3UTR-HDVr | GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCACCAATCTTAATGTTGTC
ZIKV- fragment CATGCCGACCCAGACCCATGGATTTCCCCA

3'UTR-HDVR-RV

HDVR-ZIKV- amplification of ZIKV 3UTR-HDVr-attB | GAAATCCATGGGTCTGGGTCGGCATGGCATCTC

3UTR-FW fragment

HDVR-attB-RV (E10)
pDONR201 forward
T7 promoter (F)

sequencing (h(DONR207)
sequencing (pDEST40)

doi:10.1371/journal.pntd.0005048.t001

GGGGACCACTTTGTACAAGAAAGCTGGGTTTTCCGATAGAGAATCGAGAGAAAA
TCGCGTTAACGCTAGCATGGATCTC
TAATACGACTCACTATAGGG

FBS, 1000 units/ml penicillin and 1 mg/ml streptomycin) at 37°C with 5% CO,. Briefly, 24 h
prior to transfection, A549 cells were seeded in 24 well plates at a density of 1.2x10° cells/well
to reach 70% confluency the following day. Cells were first co-transfected with 400 ng p125Luc
IFN-B promoter reporter vector expressing Firefly luciferase [40], 2 ng pRL-CMV (internal
control, expressing Renilla luciferase), and 500 ng of either pDEST40 expressing DENV [29] or
ZIKV 3’UTRs (constructs described in this study) or a MBP-HDVr (maltose-binding protein-
HDVr) control using Opti-MEM and Lipofectamine2000 (Invitrogen) according to the manu-
facturer’s protocol. Following a further 24 h incubation, type I interferon induction was stimu-
lated by transfecting the cells a second time with either 10 pg/well poly I:C, 50 ng Vero cell
produced EMCV RNA or 50 ng Neo' ™’ IVT-RNA (universal, MDA-5 specific and RIG-I spe-
cific type I interferon agonists respectively) [41, 42]. Cells were lysed in 1x passive lysis buffer
(Promega) 24 h after the second transfection and Firefly and Renilla luciferase activities deter-
mined using a Dual-Luciferase reporter assay kit (Promega) in a GloMax luminometer.

Virus infection for RNA sequencing

Vero E6 cells were infected with ZIKV at an MOI of 0.001 in triplicate. At 48 h post infection
(p.i.), cell culture supernatant was harvested and clarified by low speed centrifugation. Follow-
ing clarification, 6 ml of infected cell supernatant was concentrated to 250 ul using an Ultra-15
Centrifugal Filter Units with 100 kDa molecular weight cut-off (Amicon). Concentrated super-
natant was then added to Direct-zol solution and RNA extracted using a Direct-zol RNA mini
kit (Zymogen) according to the manufacturer’s instructions. Purified RNA was then stored at
-80°C for further downstream processing.

RACE analysis of viral genome termini

Sequencing of the 5’ and 3’ termini of the viral genome was performed using a 5°/3° RACE kit
(Roche) following the manufacturer’s protocol. All primers used are described in Table 2. To

Table 2. Primers sequences used for 5’/3’ RACE of ZIKV viral termini.

Primer Use Sequence (5’-3’)

SP1 cDNA synthesis CTCATGGTGGCATCACACATGTGTCCAAGATCC

5" PCR PCR amplificiation TGCACTCCCACGTCTAG

3'PCR PCR amplification TGGCCAATGCCATTTGTTCATCTGTGC

5’ SEQ Sequencing CATCTATTGATGAGACCCAGTGATGGC

3’ SEQ Sequencing GAAGACTTGTGGTGTGGATCTCTCATAGGGCACAG
3'SEQ2 Sequencing GCCTGAACTGGAGATCAGCTGTGGATC

doi:10.1371/journal.pntd.0005048.t002
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obtain the 5" end sequence of the ZIKV genome 5" RACE was performed. Briefly, 1 pg total
RNA was extracted from ZIKV-infected Vero E6 cells using a Direct-zol RNA mini kit and
reverse transcribed using the ZIKV specific primer, SP1. The synthesized cDNA was purified
using the illustra GFX PCR DNA and Gel Band Purification kit (GE Healthcare) according to
the manufacturer’s instructions. This was prior to polyadenylation at the 3’ end and amplifica-
tion using the PCR anchor primer and a ZIKV specific primer (5" PCR). 3’ RACE was carried
out to obtain the 3’ end sequence using 1 ug total RNA extracted from ZIKV infected Vero
cells which was polyadenylated at the 3’ end using Poly(A) polymerase (New England Biolabs)
following the manufacturer’s guidelines. cDNA synthesis was performed by reverse transcrib-
ing the RNA using the oligo (dT) anchor primer. Amplification of the cDNA was achieved by
using the PCR anchor primer and a ZIKV specific primer (3’ PCR). The PCR cycling condi-
tions were 95°C for 2 min then 35 cycles of 95°C 20 sec, 56°C (5 RACE) or 68°C (3’ RACE) for
10 sec, 70°C for 15 sec and 70°C for 7 min.

cDNA synthesis and NGS library preparation

A volume of 25 pl of cell culture supernatant was treated with RNase-free DNase I (Ambion),
purified with RNAClean XP magnetic beads (Beckman Coulter) and eluted in 11 pl of water.
In parallel, an equivalent sample was concentrated from 25 to 11 ul using magnetic beads as
indicated above, in the absence of DNase I treatment. In addition, 45 pl of extracted total cellu-
lar nucleic acid was treated with RNase-free DNase I and purified as above. Half of the volume
was further depleted of ribosomal RNA (RiboZero Gold) according to the manufacturer's
protocol.

All samples were reverse-transcribed using Superscript III (Invitrogen) followed by dsDNA
synthesis with NEB Next(r) mRNA Second Strand Synthesis Module (New England Biolabs).
Libraries were prepared using a KAPA DNA Library Preparation Kit (KAPA Biosystems), uti-
lizing a modified protocol that includes ligation of the NEBnext adapter for Illumina (New
England Biolabs), followed by indexing with TruGrade oligonucleotides (Integrated DNA
Technologies) to eliminate tag crossover. Resulting libraries were quantified using a Qubit 3.0
fluorometer (Invitrogen) and their size determined using a 2200 TapeStation (Agilent). Librar-
ies were pooled in equimolar concentrations.

Sequencing analysis
Samples from different passages were sequenced on a NextSeq500 platform (Ilumina). This
obtained 24,275,098 read pairs (2x150bp) and 88.8% of reads had a quality score of >Q30.

Bioinformatic analysis

Reads were first checked for quality using FASTQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) and trimmed for adapter sequences and quality filtered using trim_galore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). These were subsequently
mapped to the ZIKV complete genome KU321639 using two different aligners: Tanoti (http://
www.bioinformatics.cvr.ac.uk/tanoti.php) and Bowtie2 [43]. The assembly was parsed using
customized scripts to determine the frequency of nucleotides at each site and reconstructa con-
sensus with nucleotides above 50%. The complete genome was extended at the 5> and 3’UTRs
by extracting additional reads that overlapped with the terminal ends of the consensus
sequence. The sequence of the ZIKV PE243 genome has been deposited in GenBank with the
accession number KX197192.
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Phylogenetic and sequence analysis

Phylogenetic and comparison analyses were carried out using full coding sequence alignments
that were generated using MUSCLE [44] within the program suite Geneious (version 7.1.8:
http://www.geneious.com) [45]. These alignments were created using our ZIKV PE243
sequence in addition to publicly available coding sequences on GenBank. All Asian and African
lineage ZIKV sequences used for the analysis are described in S1 Table. A single African
sequence (MR-766, accession NC_012532) was used as an outgroup. Before generating phylog-
enies, the data set was analyzed for the presence of recombination. The Recombination Detec-
tion Program version 4 (RDP4) [46] software was utilized, specifically the programs RDP,
Chimaera, BootScan, 3Seq, GENECONYV, MacChi & SiScan. Phylogenies were generated with
both maximum likelihood and Bayesian inference methods using the software packages
PhyML [47] and MrBayes (version 3.2.6) [48] respectively. Support for the maximum likeli-
hood tree topology was generated by 1,000 non-parametric bootstrap replicates. For the Bayes-
ian analysis one MCMC run of four heated chains of length 1,000,000 was utilized to ensure an
effective sample size of at least 200. The run was sampled every 200" generation and the first
10% of samples were discarded as burn-in. The generalized time reversible (GTR) substitution
model with gamma distribution (+G) was found to suit the data set best, as selected by both
jModel Test [49] and HyPhy [50] software packages. The topologies of both the Bayesian and
maximum likelihood trees were identical; here we present only the Bayesian tree.

Statistical analysis

All data were analysed using Prism 5 software (GraphPad) and presented as mean + standard
error. Statistical significance for the comparison of means between groups was determined by a
two-way ANOVA; p values <0.05 were considered significant.

Results and Discussion
Characterization of ZIKV/H. sapiens/Brazil/PE243/2015

At the time of writing, 62 ZIKV genomes are available on GenBank, of which 37 are published.
Of these only 11 showed both 5’ and 3’ complete UTRs (accessed 16th April 2016). A summary
of currently available strain information and accession numbers is presented in S1 Table. ZIKV
PE243 was isolated from a patient presenting with classical symptoms associated with ZIKV
infection and the complete viral genome sequence including the non-coding regions was deter-
mined. The UTRs are largely missing in many sequences from the Americas, with some excep-
tions including the Natal isolate derived from a case presenting with microcephaly [10]. Only
recently have more full-length ZIKV sequences been described [51, 52].

Our phylogenetic analysis uses the entire protein-coding region and the position of our iso-
late was supported by a posterior probability node support of 1. Recombination screening
prior to analysis also produced no signals. The sequence of ZIKV PE243 used for further analy-
sis (as deposited in GenBank) derives from virus that had been passaged five times in Vero E6
cells upon receipt by the Centre for Virus Research (Glasgow, UK) on a NextSeq500 (average
depth of coverage of 5637, range 52-13691). Three nucleotide substitutions were observed fol-
lowing the sequencing of this virus compared to a previous passage of the isolate (passage two)
that had been sequenced on a MiSeq platform (these earlier data did not generate complete
coverage; average depth of coverage of 1158, range 2-2944). The mutations observed are as fol-
lows: site 2784, 1149 out of 1159 reads had A in the MiSeq run (after two passages) and 3508
out of 3910 reads had G in the NextSeq run after a further three passages. The mutation
A2784G corresponds to the amino acid substitution R893G in NS1. The mutations observed in
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NS3 (U5231C: 1727/1730 Ts in passage two versus 7031/7623 Cs in passage five) and NS4B
(A7637G: 1835/1846 As in passage two versus 9578/10587 Gs in passage five) were synony-
mous. These three substitutions represent mutations obtained during adaptation in cell culture
between passage two and passage five. The mutations A2784G and U5231C are unique to
ZIKV PE243 and are not found in any other strains published to date. Phylogenetic analysis
based on the entire protein coding region grouped the ZIKV PE243 isolate with another 2015
Brazilian isolate (KU321639, ZikaSPH2015) with 100% posterior support (Fig 1). As expected,
our isolate clusters with other strains from the Americas which belong to the Asian lineage that
is attributed to the epidemic in French Polynesia in 2013 (Fig 1). Previous findings have shown
that American isolates are genetically very comparable, with approximately 99% homology at
the nucleotide level, and there is less than 12% diversity between strains from both African and
Asian lineages [24, 53]. Our data are in agreement with this as ZIKV PE243 demonstrates a
strong degree of conservation at amino acid level (98.3% pairwise identity) with sequences
from 62 isolates (Fig 2). ZIKV PE243 shares the greatest level of similarity with the Brazilian
isolate ZikaSPH2015 (99.9% at the nucleotide level and 99.97% at amino acid level) [54] and
the passage two isolate matched the coding region precisely. There is no obvious virological
explanation, based upon our sequence analysis, for the increased occurrence of neurological
disease cases associated with the outbreak in Brazil. This is in accordance with other findings
which have similarly suggested that there are no specific mutations in the viral genome associ-
ated with severe cases [54]. However, the role of mutations in ZIKV isolates needs to be
assessed by reverse genetics approaches to provide conclusive evidence.

We also successfully sequenced both the 5" and 3’ non-coding regions (Figs 3 and 4). Of the
62 sequences publicly available (as of 16™ April 2016), 48 sequences with 5’UTR information
are shown in the consensus alignment (Fig 3). ZIKV strains ZIKV/Homo sapiens/NGA/ibH-
30656_SM21V1-V3/1968 and ZIKV/Macaca mulatta/UGA/MR-766_SM150-V8/1947 contain
large insertions and were subsequently excluded from 5’UTR analysis. The 5’UTR of ZIKV
PE243 shares 100% sequence identity with the consensus sequence (the most common bases
between all sequences analyzed) and overall very few mismatches are detected across all 48
sequences studied. The 5’UTR is largely conserved between isolates of the same lineage and is
approximately 107 nucleotides long in isolates from the Asian lineage, similar to the length
shown for MR766 strain and other African lineage viruses. There was strong similarity between
ZIKV PE243 and Natal RGN, a Brazilian isolate associated with microcephaly [10], while
ZIKV PE243 was associated with classical symptoms. Similarly, there are few mismatches
between known 3’UTRs (Fig 4). These non-coding regions are expected to be approximately
428 nucleotides in length as seen for many Asian and African isolates.

ZIKV PE243 produces interferon antagonist sSfRNA

The host interferon response is known to be essential for fighting viral infections and prevent-
ing virus replication, including mosquito-borne flaviviruses [55-58]. This has been specifically
illustrated for ZIKV as in vivo pathogenesis studies require murine models lacking type I inter-
feron [59], while type III interferon has been shown to have a protective role against ZIKV
infection in human placental cells [60]. Furthermore, ZIKV NS5 has recently been described as
a type I IFN signaling antagonist that targets STAT2 [61]. Indeed, ZIKV PE243 was also sus-
ceptible to type I interferon responses and produced much larger plaque sizes in the type I
interferon incompetent A549/BVDV-Npro cell line than in A549 cells (S1 Fig).

However, viruses also employ mechanisms that allow them to counteract the host’s inter-
feron responses in order to replicate efficiently. Mosquito- and tick-borne flaviviruses express
sfRNA derived from the 3’ terminus, which is resistant to RNase (XRN1)-mediated virus
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Fig 1. Bayesian maximum clade credibility tree generated from coding sequence data. Bayesian
posterior probabilities are given at nodes of importance. Isolates which have been implicated in particular
diseases are highlighted, as is the ZIKV PE243 isolate we have sequenced. GenBank accession numbers of
all sequences used are given in S1 Table. EC_2007 refers to the epidemic consensus sequence generated
from the Yap Island outbreak in 2007 (EU545988).

doi:10.1371/journal.pntd.0005048.9001

genome degradation due to RNA stem loop structures and pseudoknots in this region [27, 28].
Interestingly, sSfRNA has been implicated in pathogenesis, immune evasion and inhibition of
small RNA-based responses [29-34]. Thus, a similar subgenomic RNA produced during ZIKV
infection could be important in the development of disease and virus-host interactions. Based
on our sequence data and comparisons to other mosquito-borne flavivirus 3'UTRs, we pre-
dicted the structure of ZIKV PE243 sfRNA (Fig 5). Secondary structures, specific for flavivirus
3’UTRs, were detected in the 3’UTR of ZIKV PE243 by Clustal alignments of the 3’UTR of
ZIKV PE243, yellow fever virus (X03700, K02749), DENV2 (M19197), Kunjin virus
(AY274504), Japanese encephalitis virus (AF014161) and Murray Valley encephalitis virus
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doi:10.1371/journal.pntd.0005048.9003

(AF161266) in combination with Mfold. Putative pseudoknot interactions were determined by
hand. Further analysis was also carried out to compare the 3’UTR sequences between ZIKV
PE243 and 3 African strain isolates (two MR766 isolates [AY632535, KX377335] and another
African isolate [KU955592]). Our comparisons suggest that the sequence differences between
these Asian and African isolates do not, or are unlikely to, affect the predicted sfRNA structure
(S2 Fig, S3 Fig and S2 Table).
Our sequence data for ZIKV PE243 and predictive analysis suggested that the ZIKV sfRNA
molecule begins 15 nt after the stop codon of the open reading frame and is 413 nt in length.
This was further confirmed by northern blot analysis, which indicates a band at the anticipated
size present only in ZIKV PE243 infected cell lysate (Fig 6). It is important to determine
whether this molecule is involved in inhibition of type I IFN production as previously
described for other flavivirus sfRNAs [27]. To test this hypothesis, cells were co-transfected

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016
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doi:10.1371/journal.pntd.0005048.9004

with a reporter plasmid (p125Luc) expressing Firefly luciferase under the control of the IFN-B
promoter as well as plasmids expressing either ZIKV or DENV 3’UTRs which contain the
sfRNA sequences. The IFN-B promoter was stimulated by treating with poly I:C (Fig 7).

As demonstrated in Fig 7, ZIKV PE243 sfRNA reduced activation of the IFN-B promoter to
the same level as DENV sfRNA compared to MBP-HDVr control. This shows that ZIKV
sfRNA functions in a similar manner to other flavivirus sfRNA molecules and interacts with
important innate immune responses that may impact on virus replication and thus the severity
of the clinical outcome.

To further understand the mechanism of action ZIKV sfRNA molecules use to antagonize
the interferon response, the above assay was repeated this time using specific inducers of type I
interferon induction components, RIG-I and MDA-5 [41, 42]. Receptors such as RIG-I and
MDA-5 signal for the induction of IFN-0/8 production through the detection of viral nucleic
acid [62, 63]. As shown in Fig 8, stimulation of RIG-I (Fig 8A) results in a significant decrease
in IFN-B promoter activity in the presence of both DENV and ZIKV sfRNAs compared to the
control. In contrast MDA-5 (Fig 8B) stimulation did not alter the activity of the IFN-8 pro-
moter in the presence of DENV sfRNA, although a weak but significant decrease was observed

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005048 October 5, 2016
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Fig 5. The predicted structure of ZIKV PE243 3'UTR. 5'-3' of the ZIKV PE243 3'UTR sequence, left to right. The
arrow indicates the predicted start of sSfRNA. Nucleotides are indicated either counted from the 3’ (indicated as
negative numbers) or from the start of the 3'UTR (positive number in brackets). SL, stem loop structure; DBL,
dumbbell structure; 3'SL; 3’ end stem loop structure. The dotted line represents the predicted pseudoknot.

doi:10.1371/journal.pntd.0005048.9005

in ZIKV sfRNA expressing cells. These data suggest that both ZIKV and DENV antagonize
RIG-I mediated type I interferon induction. Our data is consistent with previous findings for
DENV sfRNA which found that DENV sfRNA binds TRIM25 interfering with its deubiquityla-
tion, consequently hindering RIG-I mediated interferon induction [34]. Only ZIKV sfRNA
antagonized MDA-5 activity in this assay, although the biological significance of this is yet to
be clarified.

Over the past 40 years there has be an upsurge in the number of cases of important arbovi-
rus infections such as DENV, CHIKV and West Nile virus (WNV), and ZIKV is now another
emerging arbovirus of significant clinical importance. The factors involved in the emergence of
ZIKV from a rarely detected pathogen to a major epidemic are yet to be determined and could
include genetic adaptation, environmental influences, interactions with other pathogens within
infected individuals and changes in population dynamics of the virus. To date, the northeast
region of Brazil has reported a significant increase in cases of microcephaly and it is important
to understand the determinants that lead to this clinical outcome. It has been suggested that
alterations in codon usage in the NS1 gene may have facilitated an adaptation towards
improved fitness for human infections in the Asian lineage over the African [64]. These
changes, combined with the geographical ranges throughout the Americas of its vector popula-
tion, may have contributed to its accelerated spread. More work is required to analyze these
possibilities, and reverse genetics systems in particular will be key to studying mutations and
genetic diversity within viral populations. The 5" and 3’UTRs are important for virus replica-
tion and are therefore required for the development of such reverse genetic systems [65] that
may be used in vaccine development or to advance knowledge of virus-host interactions. In
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Fig 6. sfRNA production in ZIKV PE243 infection. Top panel: Vero E6 cells were infected with ZIKV
isolate PE243 and sfRNA detected by northern blot. Total RNA isolated from Vero E6 cells infected with
ZIKV PE243 was separated on a denaturing agarose gel and transferred to a nylon membrane as described
in Materials and methods. Radiolabeled DNA probe complementary to 3'UTR was used to detect genomic
RNA and sfRNA. Bottom panel: assessed amounts of 18S ribosomal RNAs (fluorescently labelled with
ethidium bromide) prior to transfer.

doi:10.1371/journal.pntd.0005048.g006

order to understand not only ZIKV evolution and pathogenesis but also to support the devel-
opment of virus-based tools, it is imperative to generate full virus genome sequences from
ZIKV isolates in the Americas and elsewhere associated with classical and non-classical symp-
toms. Although new scientific information about ZIKV is published on a near daily basis,
many avenues of research are yet to be fully explored in order to understand the clinical mani-
festations surrounding this outbreak. Characterization of the full sequence of ZIKV PE243
from a patient with symptoms classically associated with infection adds to our understanding
of the virus genetics. We have also shown that ZIKV, like other pathogenic flaviviruses infect-
ing humans, encodes sfRNA which inhibits type I interferon induction and thus is likely to
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Fig 7. Activation of the IFN-B promoter by poly I:C in cells over expressing ZIKV sfRNA. A549 cells were co-transfected with
either pPDEST-DENV-3'UTR, pDEST-ZIKV PE243-3‘UTR or pDEST40-MBP (sfRNA over-expression plasmids and MBP-HDVr control,
respectively) and p125Luc IFN-f promoter reporter (expressing Firefly luciferase) along with pRL-CMV (internal control, expressing
Renillaluciferase). The IFN-B promoter was stimulated by transfecting poly I:C 24 h after the primary transfection. The relative
luciferase activity (Firefly/Renilla) was analyzed at 24 h following the second transfection. The mean with standard error is shown for
three independent experiments performed in triplicate; values of independent experiments were used for analysis. The data were
normalized to cells transfected with pDEST40-MBP without any poly I:C treatment. Asterisk (*) indicates significance (2-way ANOVA,
p<0.05).

doi:10.1371/journal.pntd.0005048.9007

A B
ol e
25 - 61 .
O Mock —— O Mock

20 B RIG-I Agonist B MDA-5 Agonist
o o 41
2 15 2
5 2
S S
el =
2 10 2 )

5 |___| l._l

ol I, —l. — Y T | |. T

MBP- HDVr ZIKV sfRNA DENV sfRNA MBP-HDVr ZIKV sfRNA DENV sfRNA

Fig 8. Activation of the IFN-B promoter by RIG-l or MDA-5 agonists in cells over-expressing ZIKV sfRNA. A549 cells were co-transfected
as described with either pPDEST-DENV-3'UTR, pDEST-ZIKV PE243-3‘UTR or pDEST40-MBP and p125Luc IFN-B promoter reporter along with
pRL-CMV. The IFN-B promoter was stimulated by transfecting either RIG-I agonist (Neo'*® IVT-RNA) (A) or MDA-5 agonist (Vero cell produced
EMCV RNA) (B) 24 h after the primary transfection. The relative luciferase activity (Firefly/Renilla) was analyzed at 24 h following the second
transfection. The mean with standard error is shown for three independent experiments performed in duplicate; values of independent
experiments were used for analysis. The data were normalized to cells transfected with pDEST40-MBP without any agonist treatment. Asterisk (*)
indicates significance (2-way ANOVA, p<0.05).
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contribute to viral pathogenesis. Our interferon induction assays suggest that ZIKV sfRNA
may have broader antagonist activity compared to DENV sfRNA, which could contribute to
disease outcome and requires further investigation. The data shown here give important
insights into virus-host interactions that will help guide future research efforts in this field.
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Abstract

Tick-borne encephalitis virus (TBEV) is a member of the genus Flavivirus. It can cause serious infections in humans that
may result in encephalitis/meningoencephalitis. Although several studies have described the involvement of specific genes
in the host response to TBEV infection in the central nervous system (CNS), the overall network remains poorly
characterized. Therefore, we investigated the response of DAQY cells (human medulloblastoma cells derived from
cerebellar neurons) to TBEV (Neudoerfl strain, Western subtype) infection to characterize differentially expressed genes by
transcriptome analysis. Our results revealed a wide panel of interferon-stimulated genes (ISGs) and pro-inflammatory
cytokines, including type Il but not type | (or Il) interferons (IFNs), which are activated upon TBEV infection, as well as a
number of non-coding RNAs, including long non-coding RNAs. To obtain a broader view of the pathways responsible for
eliciting an antiviral state in DAOY cells we examined the effect of type | and Ill IFNs and found that only type | IFN pre-
treatment inhibited TBEV production. The cellular response to TBEV showed only partial overlap with gene expression
changes induced by IFN-B treatment — suggesting a virus-specific signature — and we identified a group of ISGs that were
highly up-regulated following IFN-B treatment. Moreover, a high rate of down-regulation was observed for a wide panel of
pro-inflammatory cytokines upon IFN-B treatment. These data can serve as the basis for further studies of host-TBEV
interactions and the identification of I1SGs and/or IncRNAs with potent antiviral effects in cases of TBEV infection in human

neuronal cells.

INTRODUCTION

Tick-borne encephalitis virus (TBEV) is a medically import-
ant tick-borne flavivirus and is the causative agent of tick-
borne encephalitis (TBE). TBE is widespread in Europe and
North Asia, and more than 10000 cases per year are
reported [1]. The Czech Republic has the second highest
incidence of TBE in Europe after Russia [2]. The clinical
outcome of TBE can vary from sub-clinical cases to severe
encephalitis/meningoencephalitis. The European subtype of
TBEV is associated with a high ratio of sub-clinical or
asymptomatic cases (estimated 70-95%). Neurologic
sequelae were reported in up to 30 % of the patients and the
case fatality in adult patients is <2 % [3].

The mechanism(s) by which TBEV crosses the blood-brain
barrier (BBB) and enters the CNS are still not clear. Several

routes have been suggested: (i) direct infection of epithelial
cells and transport of viruses across basolateral membranes,
(ii) cytokine-mediated breakdown of BBB, or (iii) a “Trojan
horse’ pathway in which TBEV-infected leukocytes can
migrate across the BBB [4, 5]. Once TBEV enters the CNS,
neurons are the predominantly infected cell type [6]. Astro-
cytes were recently also shown to be susceptible to TBEV
infection [7]. Immunocytochemistry analysis of brain autop-
sies from fatal TBE cases detected localization of viral anti-
gens in the spinal cord, brainstem, cerebellum and basal
ganglia. Labelling was consistently found in the perikarya
and processes of Purkinje cells, large neurons of the dentate
nucleus, inferior olives and anterior horns [6]. The suggested
mechanism of neural tissue damage during TBEV infection
is virus-associated cell death combined with an immunopa-
thogenic role of the cellular/humoral responses of the host
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immune system, especially CD8" granzyme B-releasing
cytotoxic T cells and macrophages/microglia [8, 9].

The interferon (IFN) response is part of the innate immune
system. IFNs activate the expression of hundreds of genes,
known as IFN-stimulated genes (ISGs), which elicite the
antiviral state [10-12]. In most cell types, type I IFNs (IFN-
« and IFN-B), which signal through the IFNAR1/IFNAR2
receptors, are the primary IFNs produced. With regard to
the production of type I IFNs in CNS, murine astrocytes
and microglia were observed to be the main IFN producers
following La Crosse virus (LACV) infection [13]. However,
a study by Delhaye et al. showed that 16 % of IFN-produc-
ing cells in the CNS of mice infected with either Theiler’s
encephalomyelitis virus (TMEV) or LACV corresponded to
neurons [14]. The importance of the type I IFN system in
preventing CNS infection in mice was also characterized for
West Nile virus (WNV) [15]. Furthermore, the role of IFN-
B in preventing viral infection in neuronal cells was shown
for human granule cell neurons and cortical neurons when
IFN-p pre-treatment resulted in the inhibition of WNV and
Saint Louis encephalitis (SLEV) flaviviruses [16]. Recently,
type III IFNs were found to play an important role in the
immune response to neurotropic viruses. IFN-A1/2 pre-
treatment of human neurons and astrocytes resulted in inhi-
bition of herpes simplex virus 1 (HSV1) [17] and IFN-A2
pre-treatment reduced WNV infection in murine CNS by
decreasing BBB permeability [18]. Type III IFNs bind to
IFNLR1/IL108, which signals through a similar pathway to
the type I IFN receptor complex and induces many of the
same ISGs [19, 20].

To date, only the type I IFN system has been shown to
be essential for control of TBEV and related Langat virus
(LGTV) systemic infection of the murine CNS [21, 22].
Moreover, type I IFN responses have been shown to pro-
tect murine astrocytes — a CNS cell type - from tick-
borne flavivirus infection [23]. IFN-a pre-treatment of
murine neuroblastoma cells resulted in a decrease in the
production of LGTV [24]. However, to date no study has
described the host response of human neuronal cells
upon TBEV infection. Here we investigated the responses
to TBEV infection and type I IFNs in DAOY cells
(human medulloblastoma cells derived from cerebellar
neurons) by transcriptome analysis. We previously used
this cell line to investigate morphological changes post-
TBEV infection [25], and here expanded our study of
virus—cell interactions. Our results show that in response
to TBEV infection DAOY cells modulate the expression
of ISGs, type III IFNs and pro-inflammatory cytokines.
We found that the virus-induced responses differed from
those induced by IFN-B, with partial overlap. We exam-
ined the protective effect of type I and III IFNs on TBEV
infection to assess pathways capable of eliciting an antivi-
ral state in DAOY cells. Host responses mediated by type
I but not type III IFNs mediated antiviral protection.
Virus-specific host response signatures may be relevant
for understanding TBEV pathogenesis.
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RESULTS

Human DAOY medulloblastoma cell line expresses
markers typical for neural precursor cells

As TBEV infection can result in CNS damage, we studied
the antiviral host response against TBEV strain Neudoerfl
(Western subtype) in vitro in the human medulloblastoma-
derived neuronal cell line, DAOY HTB-186. These cells are
derived from the cerebellum [26], one of the brain areas
affected most during TBE infection [6], and were shown to
be susceptible to TBEV strain Hypr [25]. In order to deter-
mine the infection rate of TBEV Neudoerfl, DAOY cells
were infected at a multiplicity of infection (m.o.i.) of 0.1, 1,
and 5, respectively, and levels of viral NS3 protein were ana-
lysed at 24 h post infection (h p.i.) using an immunofluores-
cence assay. The infection rates for an m.o.i. 0.1, 1 or 5 at 24
h p.i. were 1.5 % (sD +0.44), 5.0 % (SD +£0.93) and 19.6 % (sD
+2.25), respectively (Fig. 1a). The m.o.i. refers to the TBEV
titre in PS cells (see below); infection rates may therefore
vary in other cell lines.

In order to verify the neuronal origin of DAOY cells, we
analysed them for the presence of CNS biomarkers - tubu-
lin beta 3 class III (TUBB3), vimentin (VIM) and myelin
oligodendrocyte glycoprotein (MOG) [27]. These three
CNS biomarkers were found to be among the genes with the
highest expression according to transcriptomic analysis [see
Tables S1 and S2 (available with the online Supplementary
Material) for lists of glial and neuronal markers identified in
DAOY cells]. In addition, we characterized the presence of
glial fibrillary acidic protein (GFAP) in DAOY cells, which
is a commonly used marker for glial cells [28]. The human
glioblastoma cell line U-373 MG (Uppsala) was used as a
control for glial origin [29]. The expression of GFAP was
only detected in U373 cells (14.6 %, sD +2.5), whereas MOG
was detected in both DAOY (18.9 %, sp +11.0) and U373
(23.4%, sp +10.4). Both cell lines were also positive for
TUBB3 (45.4 %, sp +13.1,and 81.7 %, sp +12.2 for DAOY
and U373, respectively) as well as VIM (100 %, sp +0, and
100 %, sp 0 for DAOY and U373, respectively), as shown
in Fig. 1(b, c) (see also Fig. Sl for separate TUBB3/MOG
staining).

Furthermore we analysed the expression of selected glial/
neuronal markers in DAOY cells upon TBEV infection, and
whether TBEV preferentially targets certain cells (m.o.i. 5;
analysis at 24 h p.i.). As shown in Fig. S2(a), the expression
rates of TUBB3, MOG and VIM were not significantly
changed upon TBEV infection in comparison to control
cells (Student's t-test; P=0.9679, P=0.9249 and P=0.2244,
respectively). No signal was detected for GFAP, which cor-
relates with the data described in Fig. 1. In order to deter-
mine whether the presence of a particular marker affects the
ability of DAOY cells to be infected with TBEV, we also
quantified infected cells positive for TUBB3, MOG or VIM
(30.4 %, sD £5.1; 7.9 %, SD *2.5; 100.0 %, SD 0, respectively)
(Fig. S2b). These numbers largely correlated with CNS
marker expression levels in infected and uninfected cells, as
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Fig. 1. DAOQY cells were susceptible to TBEV infection and expressed both neuronal and glial markers. (a) DAQY cells were seeded on
a chamber slide and infected at an m.o.i. of 0.1, 1 and 5 with TBEV Neudoerfl strain. Detection of viral NS3 protein via immunofluores-
cence was carried out at 24 h p.i. using anti-NS3 antibodies. Representative pictures from two independent experiments (in triplicate
per experiment) are shown. The infection rate was calculated as a ratio of the total number of infected cells (positive signal for NS3)
to the total number of cells. The average with standard deviation is shown. (b) DAOY and U373 cells were seeded on a chamber slide
and incubated 24 h. Cells were stained with antibodies for TUBB3, MOG, VIM and GFAP. Representative pictures from two independent
experiments (in triplicate per experiment) are shown. Scale bar represents 20 um. (c) Cell counts for each of the markers are pre-
sented. The average with standard deviation from two independent experiments (in triplicate per experiment) is shown.

shown in Fig. S2(a), suggesting that TBEV did not preferen-
tially infect cells expressing a specific marker.

IFN-p pre-treatment of DAQY cells resulted in
reduced production of TBEV

It was previously shown that in vitro type I IFN pre-treat-
ment of neuronal cells resulted in decreased production
of several neurotropic RNA viruses, including LGTV,
WNV and SLEV [16, 30]. To analyse whether IFN-f pre-
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treatment can impair TBEV infection, DAOY and A549
cells were pre-treated with human recombinant IFN-g (10,
100, and 1000 ng ml ") and infected with TBEV 12 h later at
an m.o.i. of 5. A549 cells were used as controls, given their
wide use in type I IFN studies (for example [31-34]). Cells
were incubated for 5days until a virus-induced cytopathic
effect (CPE) was observed in the control wells. Viability
assays using MTT were subsequently performed (see the
Methods section). We analysed the rescue of cell viability in



Selinger et al., Journal of General Virology

the presence of recombinant IFN- compared to uninfected
samples. In both cases, rescue effects were observed at IFN
concentrations of 10 ngml ™', culminating at 100 ngml™" in
DAOQY cells (Fig. 2a). To further verify the antiviral effect of
IFN-B and determine the kinetics of virus production,
DAOY cells were treated with recombinant IFN-S (10 ng
ml ") and subsequently infected with TBEV at an m.o.i. of
5 at 12h post-IFN-B treatment. Samples were harvested at
12, 24, 48 and 72 h p.i. An over 10000-fold decrease in viral
titres was observed starting at 24 h p.i. in IFN-B-pre-treated
cells (Fig. 2b). Moreover, a decrease of viral NS3 protein lev-
els in IFN-B-pre-treated cells was also observed, as shown
in Fig. 2(c).

In order to analyse the activity of viral pattern-recognition/
signalling pathways leading to IFN-S expression, DAOY
cells were co-transfected with the p125Luc plasmid encod-
ing the Firefly luciferase reporter gene under the control of
IFN-B promoter [35] and the pRL-CMV plasmid encoding
Renilla luciferase as internal control. Cells were stimulated
with poly I:C (1 or 10 ugml™") at 24 h post-first transfection
and luciferase actvity was determined 24h post-second
transfection. Again, A549 was used for positive controls
[36]. No activation of IFN-f promoter was observed in
DAOQY cells upon poly I:C treatment (Fig. 2d).

IFN-p treatment and TBEV infection induce
characteristic transcriptome changes in DAOY cells

To characterize the cellular response to TBEV infection and
identify the differentially expressed genes responsible for
the inhibition of TBEV replication after IEN- treatment,
an unbiased transcriptome analysis was performed. Infected
(m.o.i. 5) and mock-infected DAOY cells at 24 h p.i. in the
presence or absence of IFN-B pre-treatment (carried out
12 h prior to infection) were utilized for this analysis. Three
biological replicates for each of the four combinations were
prepared and successful infection was confirmed by plaque
titration assays; again, a decrease in viral titre was observed
in IFN-B-pre-treated cells (Fig. 3a). On average, ~48 million
reads/sample were generated (Phred quality >30), and these
were assembled against the Homo sapiens genome using
TopHat2 [37]. In total, 94.3 % of the sequence reads were
assembled to the reference genome. Differentially expressed
genes (Benjamini Hochberg P-value<0.05and fold change
>1.50r <—1.5) in comparison to mock-treated cells were
identified using Cuffdiff2 [38]. The analysis showed that
TBEV infection resulted in the differential expression of 498
genes (Fig. 3b; see Table S3 for a comprehensive list of dif-
ferentially expressed genes). Moreover, either 155 or 778
genes were found to be differentially expressed in mock- or
TBEV-infected cells pre-treated with IFN-fB, respectively,
thus confirming the high sensitivity of DAOY cells to IFN-
B treatment (Fig. 3 and Table S3). Interestingly, IFN-8 pre-
treatment resulted in the altered expression of a rather
unique set of genes: only 12.3 and 29.2 % of the differentially
expressed genes identified in mock- and TBEV-infected
cells that had been pre-treated with IFN- were also identi-
fied in TBEV-infected cells. The differential expression
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analysis was further validated by the relative quantification
of eight selected genes using qRT-PCR (Fig. 3c). Signifi-
cantly decreased numbers of reads mapped to the TBEV
genome in IFN-B-pre-treated cells infected with TBEV (613
reads; sD +61) compared to TBEV-infected cells without
IEN-B pre-treatment (176000 reads; sp +15733) were
observed (Student’s t-test; P<0.0001). In addition, the Kra-
ken tool was used to verify any contamination present in
the samples. As shown in Table S4, the DAOY cells were
free of bacterial or viral contamination, including Myco-
plasma spp. or human cytomegalovirus, which might have
interfered with host responses.

Host response-associated genes, including type Il
IFNs, are activated upon TBEV infection of DAOY
cells

It was recently shown that TBEV infection of mouse brain
and human astrocytes resulted in inflammatory responses,
which included elevated production of cytokines (IL-1e, IL-
1B, IL-6, IL-8, IFN-a and IFN-7y) and chemokines (CCL2/
MCP1, CCL3/MIP12a, CCL4/MIP1B, CCL5/RANTES and
CXCL10/IP-10) [7, 39]. As shown in Fig. 4(a), DAOY cells
activated a similar panel of cytokine-coding genes upon
TBEV infection (CCL3/MIPla, CCL4/MIP1B, CCL5/
RANTES, CXCL10/IP-10, IL-6 and TNF-a). In addition,
five new cytokine-coding genes were identified as being sig-
nificantly up-regulated, (CXCL2/MIP2«r, CXCL11/IP-9, IL-
12a, IL-15 and IL-23a), together with the IL-18 receptor
accessory protein (ILI8RAP). Hundreds of ISGs have been
identified as being induced following viral infection
(reviewed in [10-12]). Transcriptome analysis of TBEV-
infected DAOY cells revealed significant induction of a
number of ISGs (Table S3), including IFIT1, IFIT2, RSAD2,
OASL, IFIT3, OAS2, ISG15 and ISG20 amongst the most
up-regulated (fold-change >2.5; Fig. 4a and Table S5). RIG-
I/DDX58 and MDAS5/IFIHI of the retinoic acid-inducible
gene I-like receptor family, which are responsible for sens-
ing viral RNA [40], were also significantly up-regulated. A
TBEV-directed decrease in IL-2 and IL-4 mRNA levels was
documented in the murine spleen [41]. A panel of 277 sig-
nificantly down-regulated genes in TBEV-infected DAOY
cells (fold-change >1.5; Fig. 3b and Table S3) was also
observed. RNA28S5, RN7SL2, NOTCH3, COL1A1, BCLIL,
BCORLI, POLR2A, FAM71D, IGF2, RN7SL3 and HSPG2
were found to be the most strongly down-regulated genes
(fold-change >2.5; Fig. 4 and Table S5). Other than protein-
coding genes, a number of non-coding RNAs were also
identified as being differentially expressed upon TBEV
infection, as shown in Fig. 4(b). However, of these, RN7SL2,
RN7SL3 and RNA28S5 are the only RNA genes with known
functions. The remaining differentially expressed RNAs
were long non-coding RNAs (IncRNAs) with unknown
functions. The observed pattern of general activation of host
responses upon TBEV infection was also confirmed by
Ingenuity Pathway Analysis (IPA) software. Table 1 shows
the 10 most significantly affected canonical pathways that
include IFN signalling. Furthermore, the unfolded protein
response and endoplasmic reticulum stress pathways were
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Fig. 2. IFN-B pre-treatment resulted in decreased virus production. (a) DAOY and A549 cells were treated with human recombinant
IFN-B at concentrations of 10, 100 and 1000 ng ml~", and after 12 h infected with TBEV (m.o.i. 5). MTT viability assays were performed
at 5d p.i, when CPE was observed in infected cells without IFN pre-treatment. The numbers represents the percentage of living cells
normalized to the untreated control. The average with standard deviation from three independent experiments (in triplicate per experi-
ment) is shown. *Represent a significant difference from the TBEV-infected control as calculated by Student's t-test (*P<0.05;
**P<0.01). (b) IFN-B- (10ngml~") or mock (no IFN-B)-treated DAQY cells were infected (m.o.i. 5) at 12 h post-treatment and viral titres
(at 12, 24, 48 and 72 h p.i) were determined by plaque assay. Time 0 stands for the initial infection input (6x10°p.f.u). The average
with standard deviation from three independent experiments is shown. Significant difference from the control was calculated by Stu-
dent's t-test (***P<0.0001). (c) Cell lysates from (b) were used for the detection of viral NS3 levels by Western blot. GAPDH was used
as a loading control. (d) DAQOY and A549 cells were first co-transfected with p125Luc IFN-B promoter reporter expressing Firefly lucif-
erase (500 ng well™") and pRL-CMV internal control expressing Renilla luciferase (2 ng well™). IFN-B promoter was stimulated follow-
ing a secondary transfection of poly I:C (either 0, 1 or 10 ug well™") at 24h post-first transfection. Relative luciferase activity was
analysed at 24 h post-second transfection. The mean with standard error is shown for three independent experiments performed in
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triplicate. Data were normalized to cells co-transfected with p125Luc and pRL-CMV without poly I:C treatment. Significant differences

from the control were calculated by Student's t-test (**P<0.01).

also identified as being significantly affected. The TBEV-
induced expression changes for genes that are functionally
involved in these two pathways correlates with recent find-
ings of TBEV-driven reorganization of the ER structure in
infected cells [25, 42].

Basal expression of IFN-A1 and its receptor, IFNLR1/
IL10RB, was documented in human brain tissue and a set of
human neuronal cells including primary human neurons,
NT2-N neurons and neuroblastoma cell lines [43]. Our
transcriptome data, together with qRT-PCR analysis, dem-
onstrated that IFN-A1 was expressed in non-infected

DAOY cells and highly up-regulated upon TBEV infection.
Surprisingly, type I IFNs (IFN-« and IFN-S) as well as type
II IFNs (IFN-y) were not found to be up-regulated in
response to TBEV infection in DAOY cells (Fig. 5a, b). In
addition, the basal levels of IFN-« and IFN-f, but not INF-
7, were found to be significantly lower than the basal levels
of IFN-A1. IPA software analysis confirmed that a wide
spectrum of genes involved in the IFN-A signalling pathway
were differentially expressed upon TBEV infection, as
shown in Fig. 5(c). In order to assess the potential antiviral
effect of IFN-A1 on TBEV infection, we performed CPE
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method using HPRT as housekeeping gene was employed for relative fold-change calculation (control: mock-infected cells). The mean
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Fig. 4. Overview of selected differentially expressed genes. DAQY cells were pre-treated with IFN-B (10 ng ml~") and/or infected with
TBEV (m.o.i. 5) after 12 h. Three independent biological replicates were included for each of the combinations [untreated mock cells
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expressed in at least one of the combinations over control (Benjamini Hochberg P-value <0.05and fold change >1.50r <—1.5; down-
regulated in red and up-regulated in green). To emphasize the up-regulation of IFN-A1, information for transcripts of IFN-a, IFN-B and
IFN-y was also included. (b) List of selected non-coding genes identified to be differentially expressed in at least one of the combina-
tions over control (Benjamini Hochberg P-value <0.05and fold change >1.50r <—1.5; down-regulated in red and up-regulated in

green).

inhibition in pre-treated DAOY and A549 cells. The cells
were pre-treated with human recombinant IFN-A1 (10, 100
and 1000ngml ') and then the analysis was carried out
12 h p.i. with TBEV at m.o.i. 5. Cells were incubated for
5days until a virus-induced CPE was observed in non-
treated control cells and then viability assays using MTT
were performed. A significant rescue effect by type III IFNs
in A549 cells was only seen when 100 ng IFN-A1/ml was
applied. No significant rescue of cell viability was observed
in the case of DAOY cells, as shown in Fig. 6(a). The poten-
tial antiviral effects of IFN-A1 pre-treatment were further
validated via plaque assays and the detection of TBEV NS3
protein by Western blot. Again, no significant changes were
observed in the viral titres and protein levels of NS3 in
DAOY cells pre-treated with either 10 or 100ngml™" of
IFN-A1, as shown in Fig. 6(b, c). In order to verify whether
these concentrations of IFN-A1 are sufficient to trigger the
expression of ISGs, we analysed the mRNA expression of
six genes that were found to be up-regulated most after
TBEV infection. This suggested that the activation of their
expression could be influenced by elevated levels of
endogenous IFN-A. No ISG expression was observed in
DAOY cells treated with 10ngml ™" of IEN-A1, but in cells
treated with 100ngml™" of IFN-A a strong induction of
RSAD2 (viperin) gene expression was detected (Fig. 6d).
Moreover, high basal mRNA expression of receptor subu-
nits for both type I and type III IFNs was documented in
DAOY cells (Fig. 6e).

IFN-pB pre-treatment results in up-regulation of
ISGs and down-regulation of pro-inflammatory
cytokines

Transcriptome analysis showed that IFN-B treatment of
DAOY resulted in the altered expression of 155 genes, as
shown in Fig. 3(b), thus confirming the high sensitivity of
human neuronal cells to type I IFNs. Based on the inhibi-
tory effects observed following IFN-B pre-treatment in
TBEV infected-DAOY cells, we speculated that IFN-8
activates the expression of the genes responsible for this
antiviral effect. We searched for genes that were highly up-
regulated upon IFN-S pre-treatment in both mock- and
TBEV-infected DAOY cells; 41 genes were found to be up-
regulated in both data sets (Fig. 3b). Analysis of the litera-
ture showed that five genes (encoding BST2, IFI27, IFITM3,
ISG15 and RSAD2) were also expressed in IFN-B-treated
human granule and cortical neurons [16]. Out of the 41
identified genes, IF127, IFI6, RMRP, RN7SK, IFITM1, BST2,
EPSTI1, IFITM3 and CRABP2 were up-regulated most
(fold-change >2.5; Fig. 4a Tables S6 and S7). IFI6 and IFI27
were both characterized as being most highly expressed
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upon IFN-B treatment in mock- and TBEV-infected cells
(Fig. 4a, Tables S6 and S7). Interestingly, a panel of genes
down-regulated following IFN-B treatment consisted
mainly of cytokine coding genes (Fig. 4a and Table S3). The
same rate of down-regulation for CCL3/MIPla, CSF3,
CCL20/MIP3a, IL36RN, CXCL1/KC, CXCL2/MIP2a,
CXCL3/MIP2j3, CXCL5/ENA78, ILle, IL1S3, IL6, IL8 and
IL11 was observed in both mock- and TBEV-infected
DAOY cells pre-treated with IFN-B, but not in TBEV-
infected cells (Fig. 4a). These data suggest a unique response
of DAOY cells to type I IFN treatment in terms of the
decreased mRNA levels of pro-inflammatory cytokines. The
down-regulation of cytokine expression was by far the most
significant expression pattern observed after IFN-S treat-
ment. These findings were also supported by IPA analysis,
which identified that for the most part cytokine-related
canonical pathways were  most significantly affected
(Table 1). Our transcriptome analysis also revealed altered
IFN-B-driven expression of a wide panel of non-coding
RNAs (Fig. 3b). RNA5-8SP6, RMRP and RN7SK were the
most up-regulated non-coding RNAs in this condition.
Their expression may, however, be negatively influenced by
TBEYV, since a lower rate of up-regulation was seen for all
three genes in IFN-B-treated cells subsequently infected
with TBEV (Fig. 4b; Tables S6 and S7).

DISCUSSION

Here we established a model for studying the interactions
between TBEV and cells of neural origin. Human DAOY
medulloblastoma cells are derived from cerebellum and
their neuronal origin was analysed using TUBB3, MOG,
VIM and GFAP biomarkers. TUBB3 and VIM expression is
typical for neural precursor cells; TUBB3 expression was
documented in neuronal precursor cells [44], whereas
vimentin is typical for radial glia, a primary progenitor cells
capable of both neuro- and gliogenesis [27]. Therefore, our
findings support the neuronal origin of DAOY cells, as well
as their dedifferentiated state, which is typical for cancer
cells. In the case of U373 cells, TUBB3 and VIM expression
also points to a dedifferentiated state (especially TUBB3 for
an ascending histological grade of malignancy). However,
the presence of GFAP supports their glial origin. Despite its
expression in radial glia, the presence of VIM in both cell
lines may also serve as a cancer marker, since the high
expression of VIM and CD44 results in an epithelial- mes-
enchymal transition that is typical for metastasis [45]. Rela-
tively low expression of MOG, a minor component of
myelin (0.05 %) in both cell lines, could point to an ascend-
ing histological grade of malignancy, since this protein is
located in oligodendrocytes (a fully differentiated type of



Table 1. List of top 10 predicted canonical pathways affected by TBEV infection or IFN-B pre-treatment according to IPA software analysis

Untreated mock cells versus TBEV-infected cells
Canonical pathway
Unfolded protein response
Role of hypercytokinemia/hyperchemokinemia in the
pathogenesis of influenza
Pathogenesis of multiple sclerosis
Activation of IRF by cytosolic pattern recognition receptors
VDR/RXR activation

Differential regulation of cytokine production in macrophages
and T helper cells by IL-17A and IL-17F
Endoplasmic reticulum stress pathway
Role of macrophages, fibroblasts and endothelial cells in
rheumatoid arthritis
Interferon signalling
Granulocyte adhesion and diapedesis
Untreated mock cells vs IFN-B-treated cells
Canonical pathway
Granulocyte adhesion and diapedesis
Agranulocyte Adhesion and Diapedesis

Differential regulation of cytokine production in macrophages
and T helper cells by IL-17A and IL-17F

Role of cytokines in mediating communication between
immune cells

Communication between innate and adaptive immune cells

Differential regulation of cytokine production in intestinal
epithelial cells by IL-17A and IL-17F

Role of hypercytokinemia/hyperchemokinemia in the
pathogenesis of influenza

Role of IL-17F in allergic inflammatory airway diseases

Role of IL-17A in psoriasis

Hematopoesis from pluripotent stem cells

Untreated mock cells versus IFN-p-treated cells infected with TBEV

Canonical pathway
Hepatic fibrosis/hepatic stellate cell activation
Role of osteoblasts, osteoclasts and chondrocytes in

rheumatoid arthritis
Agranulocyte adhesion and diapedesis

Granulocyte adhesion and diapedesis

Atherosclerosis signalling

Communication between innate and adaptive immune cells
Role of IL-17F in allergic inflammatory airway diseases
Graft versus host disease signalling

Inhibition of matrix metalloproteases

Role of IL-17A in psoriasis

P-value
1,10E-13
5,09E-12

5,93E-10
8,51E-10
2,39E-09
3,15E-09
5,06E-09
5,98E-09

7,53E-09
9,68E-09

P-value
1,43E-07
2,00E-07
4,45E-07

5,53E-07

6,11E-07
1,17E-06

3,24E-06

4,30E-06
7,89E-06
2,10E-05

P-value
6,85E-11

6,79E-08

8,17E-08
1,16E-07
2,32E-07

2,95E-06
5,92E-06
1,26E-05
1,92E-05
2,74E-05

Pathway-associated genes found to be differentially expressed
DDIT3, DNAJB9, DNAJC3, EIF2AK3, ERO1LB, HSP90B1, HSPA1A, PPP1R15A, SELIL, XBP1
CCL3, CCL4, CCL5, CXCLI10, IFNLI1, IL6, IL15, IL12A, TNF

CCL3, CCL4, CCL5, CXCL10, CXCL11

CREBBP, DDX58, DHX58, IFIH1, IFIT2, IL6, ISG15, LTA, PPIB, TNF

CCLS5, CXCL10, EP300, IGFBPS5, IGFBP6, IL12A, KLF4, LRP5, MXD1, NCOR2, RXRG
CCL3, CCL4, CCL5, IL6, IL12A, TNF

DDIT3, DNAJC3, EIF2AK3, HSP90B1, HSPAS, XPB1

CCL5, CREBBP, EP300, FGF2, IL6, IL15, ILISRAP, JAK2, LRP5, LTA, MMP13, NFATCI, PLCD4, PLCG2, SFRP2, TCF7L2, TNF, TRAFI,
WNT7B, WNTIA
IFI6, IFIT1, IFIT3, IRF1, ISG15, JAK2, MX1

CCL3, CCL4, CCL5, CCL3L1, CCL4L2, CLDN1, CXCL2, CXCL10, CXCL11, ILI8RAP, MMP13, MMP15, SDC4, TNF

Pathway-associated genes found to be differentially expressed

CCL3, CCL4, CCL5, CCL3L1, CCL4L2, CLDN1, CXCL2, CXCL10, CXCL11, IL18RAP, MMP13, MMP15, SDC4, TNF
CCL3, CCL20, CLDN1, CLDN14, CXCLI, CXCL2, CXCL3, CXCL5, CXCLS8, IL1A, IL1B, ILIRN, IL36RN, MMP1
CCL3, CCL4, CCL5, IL6, IL12A, TNF

CSF2, CSF3, CXCLS, IL6, IL1A, IL1B, ILIRN, IL36RN

CCL3, CSF2, CXCL8, HLA-B, IL6, IL1A, IL1B, ILIRN, IL36RN
CCL3, CSF2, CSF3, CXCLI, ILIA, IL1B

CCL3, IL8, IL6, IL1A, IL1B, ILIRN, IL36RN

CSF2, CXCL1, CXCLS5, CXCLS, IL6, IL11, IL1B
CCIL20, CXCLI1, CXCL3, CXCL5, CXCL8
CSF2, CSF3, CXCLS, IL6, IL11, IL1A, LIF

Pathway-associated genes found to be differentially expressed

BCL2, COL13A1, COL1A1, COL1A2, COL3A1, COL4A2, COL5A1, COL5A3, COL6A1, CXCL3, CXCL8, ECEl, EGFR, IGF2, IGFBP3,
IL6, IL1A, IL1B, MMP1, MMP9, MYH9, MYH14, PDGFA, PDGFRB, SERPINEL, TIMP2

BCL2, BMP5, CBL, COL1AL, FZD7, IL6, IL11, IL1A, IL1B, ILIRN, IL36RN, ITGAS5, ITGB3, LRP1, MAP2K3, MMP1, MMP14, NFATCI,
PIK3CD, SFRP2, SPP1, TCF7L1, WNT7B, WNT9A

CCL3, CCL20, CLDN1, CLDN14, CXCLI, CXCL2, CXCL3, CXCL5, CXCLS, IL1A, IL1B, ILIRN, IL36RN, MMP1

CCL3, CCL4, CCL5, CCL3L1, CCL4L2, CLDN1, CXCL2, CXCL10, CXCL11, ILI8RAP, MMP13, MMP15, SDC4, TNF

APOCI, COL1AL, COL1A2, COL3A1, COL5A3, CXCLS, IL6, IL1A, IL1B, ILIRN, IL36RN, MMP1, MMP9, PDGFA, RARRES3, SELPLG,
TNFSF14
CCL3, CSF2, CXCL8, HLA-B, IL6, IL1A, IL1B, ILIRN, IL36RN

CSF2, CXCL1, CXCL5, CXCLS, IL6, IL11, IL1B

HLA-B, HLA-C, HLA-DRA, HLA-F, IL6, IL1A, IL1B, ILIRN, IL36RN
HSPG2, LRP1, MMP1, MMP9, MMP14, MMP15, THBS2, TIMP2
CCL20, CXCL1, CXCL3, CXCL5, CXCL8
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glia) [46, 47]. Importantly, to the best of our knowledge, our
data, as described below, also describe the innate immune
properties of this cell line for the first time in the context of
virus infection, and provide extensive transcriptome infor-
mation. This is important information for others in the field
who wish to make use of this particular cell line. It is often
desirable in virology to use such cell lines before primary
lines, which can be difficult to obtain, grow and infect. The
data supplied here provide information on the nature of
these cells, for example on how they compare to healthy
neurons for experiments in virus-host interaction studies,
drug screens, virus entry studies, etc.

Based on our transcriptome analysis, up-regulation of cyto-
kines/chemokines as described here would mostly result in
the activation/stimulation and chemotaxis of effector
immune cells. This correlates with TBEV-associated immu-
nopathogenesis in the brain [8, 9]. Transcriptome analysis
of LGTV-infected HEK 293 T cells revealed enhanced
expression of CCL5/RANTES, CXCL10/IP-10 and TNF-«
cytokines [48]. CCR5 (specifically the CCR5Delta32 allele)
has been associated with the severity of TBEV-induced dis-
ease, suggesting that differential regulation of CCL5/
RANTES, etc. may be clinically relevant [49]. We did not
observe up-regulation of IFN-«, which is intriguing and
may point to a defect in its regulation. In addition, we iden-
tified that RIG-I/DDX58 and MDAS5/IFIH1 (RIG-I like
receptors, RLRs) are up-regulated upon TBEV infection.
The involvement of RLRs in sensing TBEV RNA was docu-
mented previously [50]. Viral dsRNA ‘hides’ in endoplasmic
reticulum-derived vesicle packets and thus prevents the acti-
vation of host receptors and subsequent IFN-mediated anti-
viral response [51]. Moreover, a recent study showed
enhanced mortality rates of IPS-1/MAVS (a downstream
factor involved in RIG-I and MDAS5 signalling cascade)
knockout mice infected with TBEV or LGTV [22]. In addi-
tion, RLR signalling can induce type III IFN expression
[52]. Therefore, up-regulation of RIG-I and MDAS5 in the
case of TBEV-infected DAOY cells may also contribute to
the observed induction of IFN-A 1.

Our study identified a wide panel of ISGs that were up-
regulated in response to TBEV infection. These ISGs were
found to inhibit a broad spectra of viruses [11, 53-57].
Viperin, encoded by the RSAD2 gene, was shown to inhibit
TBEV replication in infected HEK293T cells [58]. Although
various ISGs were up-regulated, high TBEV titres were
observed in DAOY cells. This suggests the presence of
counteracting measures by TBEV against host immune
responses, at least in the infected cells. TBEV antagonizes
type I IEN signalling in infected cells and NS5 protein inhib-
its JAK-STAT signalling [24, 59]. Although type I and type
III IFNs signal through different receptors, downstream sig-
nalling pathways converge and lead to the formation of the
ISGF3 transcription complex and subsequent expression of
ISGs [60]. Whether IFN-A1 signalling is antagonized via
TBEV protein(s) is not known. Strong up-regulation of
IFIT1, IFIT2 and RSAD?2 transcripts in comparison to other
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ISGs was detected. This could be a result of IFN-indepen-
dent transcriptional induction of either IRF1 or IRF3, as
IFN-independent ISG induction pathways were character-
ized for all three genes [61, 62].

We also identified a panel of genes that were down-
regulated upon TBEV infection in DAOY cells. These genes
are mostly involved in transcription and translation pro-
cesses, as well as the regulation of cell proliferation. Down-
regulation of effectors involved in either transcription
(POLR2A) or translation (RNA28S5, RN7SL2, RN7SL3)
suggests a possible TBEV-driven transcriptional or transla-
tional shut off in host cells. Both transcriptional and transla-
tional shut off are well-documented phenomena [63, 64].
Similar rates of RNA28S5, NOTCH3, COL1A1, BCLIL,
BCORI, POLR2A, FAM71D, IGF2 and HSPG2 down-regu-
lation were also evident in IFN-B-pre-treated cells infected
with TBEV, where significantly lower viral titres were deter-
mined. Intriguingly, down-regulation of these genes was not
documented in only IFN-B-pre-treated cells. Therefore, the
down-regulation observed for these genes could be consid-
ered to be a hallmark of TBEV infection in DAOY cells.

Altered expression of host IncRNAs was described in the case
of influenza A virus and severe acute respiratory syndrome
coronavirus (SARS-CoV) infection [65]. Furthermore, a wide
panel of IncRNAs was found to be regulated by type I IFNs
[66]. Therefore it may be that IncRNAs play an important role
in IFN-stimulated host immune responses to viral infection.
This hypothesis was recently supported by the identification
of an IFN-A3 up-regulated IncBST2/BISPR that positively reg-
ulates expression of BST2/tetherin [67], an ISG with antiviral
effect in murine neurons against measles virus [68]. Further
studies are required to elucidate the possible involvement of
host IncRNAs in response to TBEV infection. The possible
function of RNA5-8SP6 remains unclear, since it is classified
as a 5.8S ribosomal RNA 6 pseudogene. RN7SK is involved in
the regulation of transcription by RNA polymerase IIL Its
enhanced expression upon IFN- treatment may increase the
expression of other ISGs. RMRP was shown to interact with
TERT, forming a complex with RNA-dependent RNA poly-
merase activity. This complex produces dsRNA that is proc-
essed into siRNAs in a Dicer-dependent manner [69],
suggesting a possible role for RMRP in the decrease of TBEV
levels by recruiting the RNA interference pathway. The phe-
nomenon of type I IFN-dependent expression regulation of
IncRNAs was recently described [66, 70]. We also report that
TBEV infection results in the differential expression of genes
coding for IncRNAs (Fig. 3b). No change in RN7SL3 expres-
sion was observed in IFN-B-pre-treated cells infected with
TBEV, although down-regulation of RN7SL3 took place in
TBEV-infected cells. This observation indicates a negative
effect of TBEV on RN7SL3 expression, however this effect
seems to be dose-dependent, since lowered titres of virus (as
IFN pre-treatment resulted in lower TBEV production) did
not affect the RN7SL3 expression at all. The biological rele-
vance of these data, however, needs to be investigated.
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with TBEV; IFN-B-pre-treated cells infected with TBEV). Total cellular RNA was isolated at 24 h p.i. and further processed for transcrip-
tome analysis. (a) Relative quantification of type I, Il and Il IFN mRNA levels in DAOY cells. The AA-ct method, using HPRT as a house-
keeping gene, was employed for relative fold-change calculation; the mean of three biological replicates with standard deviation is
shown. Significant differences to the control (mock-infected cells) were calculated by Student's t-test (**P<0.01). (b) -A ct values of
type |, I and IIl IFNs normalized to the HPRT gene; the mean of three biological replicates with standard deviation is shown. The dotted
line represents the sensitivity of the gPCR. Significant differences were calculated by Student's t-test (**P<0.001, ***P<0.0001). (c)
Schematic overview of the IFN-A (IFNL1) signalling network (as identified by IPA software). Identified up-regulated (red) transcripts in

TBEV-infected DAOY cells are displayed.

With regard to IFNs, based on our data, DAOY cells seem
to exclusively activate the IFN-A1 (type III IFN) pathway
in response to TBEV infection; our data suggest a defect in
the recognition of viral RNA, given the inability the of the
RIG-I/MDA-5 ligand poly I:C to induce a type I IFN
reporter gene while type I IEN signalling itself is func-
tional. This is likely to account at least in part for these
observations. The unique pattern of IFN signalling in
DAOY cells might be virus- and cell-type-specific, since
previous work characterized IFN-A as an inducer of IFN-a
expression in HSV1-infected human neurons [17]. Fur-
thermore, high up-regulation of IFN-B8 in LGTV-infected
HEK 293T cells was also described [48]. However, DAOY
cells express the type I IFN receptor and are responsive to
IFN-B treatment. Furthermore, only IFN-B treatment
resulted in significant inhibition of TBEV production.
These results suggest that DAOY cells express IFN-A1 in
response to TBEV infection, however this endogenous
response does not restrict TBEV production. However, it
may be that TBEV does not inhibit the type IIT IFN path-
way, because it does not affect virus replication, despite
sharing elements of the signalling cascade [19, 20]. A com-
parable phenomenon was indeed observed for epithelial
cell infection with human rotavirus [71].

We identified two genes that were highly up-regulated in
IFN-B-treated DAOY cells, in the absence or presence of
TBEV, IFI6 and IFI27. They belong to the FAM14 family of
ISGs [72] and were documented as mitochondrial proteins
involved in apoptosis regulation [73-75]. Over-expression
of IFI6 inhibited DENV-induced apoptosis of endothelial
cells [74, 75] and restricted HCV replication in hepatocarci-
noma cells [76]. In addition, IFI6 was shown to block HCV
entry into hepatocarcinoma cells [77]. IFI27 overexpression
in human neurons resulted in decreased production of
WNV, SLEV and MHV [16], while over-expression of
murine IFI27 delayed Sindbis virus-induced encephalitis
and death in neonatal mice [78]. This suggests that IFI6 and
IFI27 are promising candidate proteinsthat may be respon-
sible for the inhibition of TBEV infection in DAOY cells.
Both IFITMI1 and IFITM3 were documented to inhibit
HCV entry into hepatocarcinoma cells [79, 80]. However,
the antiviral effects of IFITMs seem to be RNA virus-
specific [81]. An antiviral role in the case of HCV infection
was also reported for EPSTI1, whose expression was
induced upon IFN-A2 treatment and resulted in a decreased
rate of viral replication, assembly and release [82]. More-
over, BST2/tetherin inhibits HCV and DENV in
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hepatocarcinoma cells [83, 84], as well as measles virus in
murine neurons [68].

In summary, our results provide novel insights into the
response of neuronal cells to TBEV infection and the antivi-
ral effects of type I and III IFN. Importantly, we found a
partial overlap of host-induced genes for TBEV and type I
IFN. Whether genes induced by both pathways are particu-
larly important in restricting infection, or whether virus-
specific responses may have unique roles in pathogenesis,
remains to be investigated. Our findings should influence
and encourage further studies into the pathogenic effects of
infection, as well as inhibitors of TBEV that can be further
investigated and targeted.

METHODS
Cells, viruses and IFN pre-treatment

Human medulloblastoma (ATCC; DAOY HTB-186) and
human lung adenocarcinoma (A549; available at the Insti-
tute of Parasitology, Biology Centre of the Academy of Sci-
ences of the Czech Republic, Brani$ovskd) lines were grown
in low-glucose DMEM medium supplemented with 10 %
foetal bovine serum (FBS), 1% antibiotic/antimycotic
(amphotericin B 0.25 pg ml™", penicillin G 100 units/ml and
streptomycin  100pgml™') and 1% L-glutamine. The
human glioblastoma line (U373 MG Uppsala; kindly pro-
vided by T. Eckschlager, Charles University in Prague) was
grown in IMDM medium supplemented with 10 % FBS, 1%
antibiotic/-antimycotic (amphotericin B 0.25 ugml ™", peni-
cillin G 100 units/ml, and streptomycin 100 ugml™") and
1% L-glutamine. The DAOY medulloblastoma cell line was
derived from desmoplastic cerebellar medulloblastoma [26],
and the U373 MG Uppsala glioblastoma cell line was
derived from malignant glioma/astrocytoma [29]. Porcine
kidney stable (PS; cell line as in [85]; available at the Insti-
tute of Parasitology, Biology Centre of the Academy of Sci-
ences of the Czech Republic, Brani$ovska) cells were grown
in L15 medium with 3 % newborn calf serum (NCS), 1%
antibiotic/antimycotic and 1% L-glutamine. All cell lines
were grown at 37 °C and 5 % CO, (PS cells at 37 °C without
additional CO,).

The low-passage TBEV strain Neudoerfl (fourth passage in
suckling mice brains; GenBank accession no. U27495) was
provided by Professor F. X. Heinz (Medical University of
Vienna, Austria) [86]. TBEV in growth medium was added
to the cells 1 day post-seeding. Cells were incubated with
the virus for 2h, washed with PBS and then fresh pre-
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deviation from three independent experiments are shown. Cell lysates were further used for detection of the TBEV protein NS3 levels
by Western blot. GAPDH was used as a loading control. A representative blot of three independent experiments is shown. (d) Total
RNA isolated from DAOY cells 12 h post-IFN-A1 treatment (10ngml™"; 100 ng ml™") was used for relative quantification of the indicated
ISG mRNAs. The AA-ct method, using HPRT as a housekeeping gene, was used for relative fold-change calculation; the mean of three
independent experiments with standard deviation is shown. Significant difference from control was calculated by Student's t-test
(****P<0.0001). (e) -A ct values of type | and Il IFN receptor subunits normalized to the HPRT gene; the mean of three biological repli-
cates with standard deviation is shown. The dotted line indicates the sensitivity of the assay.

warmed medium was added. Human INF-$ la (RayBio-
tech) or IFN-A1 (Sigma Aldrich) were added to the A549 or
DAOY cells 12 h prior to infection.

Virus titration

Viral titres were determined by plaque assay [87], with
minor modifications. Briefly, PS cell monolayers (9x10*
cells per well) were grown in 24-well plates and incubated
with 10x serial dilutions of viral samples for 4h at 37°C.
The samples were then covered by a 1:1 (v/v) overlay mix-
ture of carboxy-methyl cellulose and 2x L15 medium
including 6 % PTS, 2 % antibiotics and 2 % glutamine. After
5 days, the medium with overlay was removed, and the cells
washed and subsequently fixed and stained with 0.1%
naphthalene black in 6 % acetic acid solution for 45min.
Virus-induced plaques were counted and the titres are
stated as p.f.u./ml; it should be noted that infection rates can
be different for other cell types.

IFN and antiviral activity assays

DAOY and A549 cells (1x10*cells well™" and 2x10* cells
well ™!, respectively) were seeded in 96-well plates 12 h prior
pre-treatment with recombinant IFN-B and IFN-A using
concentrations of 10, 100 and 1000ngml'. Cells were
infected at 12 h post-treatment with TBEV strain Neudoerfl
at an m.o.i. of 5 and incubated at 37°C and 5% CO, for
5 days until virus-induced the CPE was observed in control
wells. Subsequently, an MTT assay with minor modifica-
tions was performed for the determination of cell viability
[88]. Briefly, after removal of the medium, the cells were
washed with PBS and 100 ul of fresh medium containing
MTT (3-[4.5-dimethylthiazol-2-yl] —2,5-diphenyl tetrazo-
lium bromide; Sigma Aldrich; 0,5mgml™") was added to
each well. After incubation at 37°C for 2h, the medium
with MTT was removed and 100 pl of DMSO was added to
each well. After shaking for 15min at room temperature,
the absorbance at 570 nm was determined using the micro-
plate reader Synergy H1 (BioTek).

IFN-p promoter activity assay

The in vitro activity of the IFN- promoter was analysed in
DAOY and A549 cells using pl25Luc reporter vector
expressing Firefly luciferase under the control of IFN-S pro-
moter [35] and pRL-CMV vector expressing Renilla lucifer-
ase as an internal control. Transfections were carried out
using the PolyJet transfection reagent (SignaGen) according
to the manufacturer’s protocol. Briefly, cells (1.2x10° well ™!
and 1.6x10° well ' for DAOY and A549 cells, respectively)
were seeded in 24-well plates 1 day prior to transfection.
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The first co-transfection of p125Luc (500ng) and pRL-
CMV (2 ng) was followed by a second transfection of poly I:
C (1 or 10 pg well ') after 24 h. Cells were lysed after a fur-
ther 24 h in passive lysis buffer (Promega). The Firefly and
Renilla luciferase activities were determined using a Dual
Luciferase assay kit (Promega) in an H1 Synergy luminome-
ter (BioTek).

RNA isolation

For transcriptome analysis, RNA from DAOY cells was
extracted by using Trizol (Life Technologies). Briefly, cells
were washed with phosphate buffer saline (PBS) and lysed
in 1 ml Trizol. Chloroform (0.2 ml) was added, and the sam-
ples were mixed intensively and incubated for 5min at
room temperature. The upper aqueous phase was trans-
ferred to a new tube after centrifugation (12 000g, 15 min,
4°C) and mixed with 0.5ml of isopropanol. After incuba-
tion at 4°C for 10 min, the precipitated RNA was pelleted
by centrifugation (12000g/15min/4°C) and washed with
75% ethanol. The RNA pellet was dissolved in 20 pl of
RNase-free water. The RNA was stored at —80 “C until fur-
ther use.

For qRT-PCR analysis, total cellular RNA was isolated using
the NucleoSpin RNA Plus kit (Macherey-Nagel).

Transcriptome analysis

RNA integrity was checked before sequencing using a 2200
TapeStation (Agilent). Five-hundred ng of total RNA from
each sample was enriched for poly(A) RNA, and then frag-
mented and prepared for sequencing using a TruSeq
stranded mRNA preparation kit (Illumina). Index-tagged
libraries were pooled and single-end datasets with a read
length of 76 nucleotides were generated on a NextSeq500
sequencer (Illumina). On average, 48 million reads were
acquired for each sample.

FastQC software (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc) was used to check the RNA-Seq read
quality. In order to check for possible contamination in the
analysed samples we employed Kraken [89]. It is a system
for assigning taxonomic labels to short DNA sequences,
usually obtained through metagenomic studies. We mapped
k-mers to a pre-built 4 GB database constructed from com-
plete bacterial, archaeal and viral genomes in RefSeq. On
average, only ~0.5 % reads aligned to the MiniKraken data-
base constructed from bacterial, archaeal and viral genomes
in RefSeq. TopHat2 [37], a fast splice junction mapper for
RNA-Seq reads, aligns RNA-Seq reads to mammalian-sized
genomes using the ultra high-throughput short-read aligner
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Bowtie2, and then analyses the alignment results to identify
splice junctions between exons. In the present research, we
aligned the short reads to the Homo sapiens genome
(GRCh37) downloaded via the Ensembl genome browser.

Cuffdiff was used to identify differentially expressed genes
[38]. Cuffdiff is a program in the Cufflinks package (version
2.2.1). It adopts an algorithm that controls cross-replicate
variability and read-alignment ambiguity by using a model
for fragment counts based on a beta negative binomial dis-
tribution. It can identify differentially expressed (DE) tran-
scripts and genes, differential splicing and promoter
preference changes, and returns far more statistically signifi-
cant differentially expressed genes than microarray analysis.

After identifying the DE genes, the software IPA was
applied for the function annotation and pathway analysis.
Sequencing data were deposited in EBI (study accession
number: PRJEB14767).

Real-time qPCR

For qPCR validation of gene expression from samples used
for transcriptome analysis, 1pg of total RNA was first
treated with DNase using the TURBO DNA-free kit (Life
Technologies) and then reverse-transcribed by SuperScript
III reverse transcriptase (Life Technologies) with 500 ng of
oligo d(T);s primer according to the manufacturer’s proto-
col. For qPCR reactions, 2 pl of 5x diluted cDNA reaction
was used for the detection and amplification of selected
genes; Fast SYBR Green Master Mix (Life Technologies)
was used according to manufacturer’s protocol.

For qPCR analysis of the IFN-A1 treatment effect on DAOY
cells, total RNA was first treated with dsDNase (Life Tech-
nologies) and 80ng per reaction was used for RT-qPCR
using the FAST Universal One-Step qRT-PCR kit (Kapa
Biosystems) according to the manufacturer’s protocol.

All data were analysed using the relative quantification AA
Ct method and HPRT as the reference gene. A full list of
primers is outlined in Table S8.

Western blotting

Cells were washed with PBS and subsequently lysed on ice
for 15min in 1x cell lysis buffer (Cell Signalling Technol-
ogy) including protease and phosphatase inhibitors (Life
Technologies). Lysate was sonicated and centrifuged at 4°C
for 15min at 14 000 g to eliminate cellular debris, and then
analysed by BCA assay for protein concentration quantifica-
tion. Using SDS-PAGE, 8-12 g of protein extract per well
was separated. The proteins were then subsequently
transferred to a PVDF membrane (GE Healthcare). For
TBEV NS3 detection, chicken polyclonal primary antibodies
in 1:5000 dilution ratio were used (kindly provided by
Dr M. Bloom, National Institute of Allergy and Infectious
Diseases, USA). Goat polyclonal antibodies (Abcam) for the
detection of GAPDH were used at 1:500 dilution. For NS3/
GAPDH detection, anti-goat and anti-chicken alkaline
phosphatase-conjugated secondary antibodies (both 1:1000
dilution ratio; Vector Laboratories) were used and immuno-
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labelled proteins were visualized by chemiluminescence
assay using Novex AP chemiluminescent substrate (CDP-
Star) reagent (Life Technologies).

Immunofluorescence analysis

DAOY and U373 cells were seeded on a chamber slide
(0.3cm? well %; 1x10*cells well ). For the detection of
CNS markers, cells were fixed after 24h post-seeding,
and in the case of TBEV NS3 detection, cells were infected
with TBEV at an m.oi. of 0.1, 1 or 5, and fixed at
24 h p.i. Fixation was carried out by using 4 % paraformal-
dehyde for 15min; cells were subsequently rinsed in PBS
and permeabilized with 0.1 % Triton X-100 for 15 min. Cells
were also treated with 50 mM NH,CI in 1% BSA in PBS to
block formaldehyde auto-fluorescence. Following this, cells
were blocked in 3 % BSA in PBS and incubated with chicken
polyclonal anti-NS3, goat polyclonal anti-MOG (Abcam),
rabbit polyclonal anti-TUBB3 (Abcam), rabbit polyclonal
anti-VIM (Abcam), or rabbit polyclonal anti-GFAP (Dako)
antibodies at 1:5000, 1:200, 1:200, 1:1000 and 1:500
dilutions, respectively. After washing with PBS, primary
antibodies were labelled using DyLight488/594-conjugated
secondary antibodies (Vector Laboratories) at a 1:1000
dilution. For MOG immunodetection, the Tyramide ampli-
fication signal kit (Life Technologies) was used according to
the manufacturer’s instructions. Subsequently, the cells were
mounted in Vectashield (Vector Laboratories). Analysis of
NS3-labelling was carried out on an Olympus BX-51 fluo-
rescence microscope equipped with an Olympus DP-70
CCD camera. For CNS marker expression imaging, an
Olympus Fluoview FV10i confocal microscope was used. In
order to analyse the numbers of cells expressing NS3 or one
of the CNS markers, four-nine images (100X magnifica-
tion) were taken for NS3 or markers in two independent
experiments. Subsequently, the total number of NS3 or CNS
marker expressing cells (as indicated in figures) were
counted and transformed to percentages relating to the total
number of cells. Average values and standard deviations
were calculated from two independent experiments.
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Corrigendum: Analysis of tick-borne encephalitis virus-induced
host responses in human cells of neuronal origin and
interferon-mediated protection
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Due to a mistake in data set export, an error was introduced by which CTD-2328D6.1 was mistakenly switched to RNA28S5 in
Table S5, leading to this gene wrongly being mentioned in the text on several occasions, and errors in Fig. 4.

The corrected Table S5 is shown in the supplementary material.

On page 2046, section, ‘Host response-associated genes, including type IIT IFNG, are activated upon TBEV infection of DAOY
cells’, the first appearance of ‘RNA28S5’ should be changed to ‘CTD-2328D6.1" and the final appearance of ‘RNA28S5” should
be removed from the following section of text.

‘RNA28S5, RN7SL2, NOTCH3, COL1A1, BCL9L, BCORL1, POLR2A, FAM71D, IGF2, RN7SL3 and HSPG2 were found to be
the most strongly down-regulated genes (fold-change >2.5; Fig. 4 and Table S5). Other than protein-coding genes, a
number of non-coding RNAs were also identified as being differentially expressed upon TBEV infection, as shown in Fig. 4(b).
However, of these, RN7SL2, RN7SL3 and RNA28S5 are the only RNA genes with known functions.”

This section should read as follows:

‘CTD-2328D6.1, RN7SL2, NOTCH3, COL1A1, BCL9L, BCORL1, POLR2A, FAM71D, IGF2, RN7SL3 and HSPG2 were found
to be the most strongly down-regulated genes (fold-change >2.5; Fig. 4 and Table S5). Other than protein-coding genes, a
number of non-coding RN As were also identified as being differentially expressed upon TBEV infection, as shown in Fig. 4(b).
However, of these, RN7SL2 and RN7SL3 are the only RNA genes with known functions.”

On page 2052, right-hand column, paragraph 2, the first occurrence of ‘RNA28S5’ should be removed and the final appearance
of ‘RNA28S5” should be changed to ‘CTD-2328D6.1’ in the following section of text.

‘Downregulation of effectors involved in either transcription (POLR2A) or translation (RNA28S5, RN7SL2, RN7SL3) suggests a
possible TBEV-driven transcriptional or translational shut off in host cells. Both transcriptional and translational shut off are
well-documented phenomena [63, 64]. Similar rates of RNA28S5, NOTCH3, COL1A1, BCLIL, BCOR1, POLR2A, FAM71D, IGF2
and HSPG2 down-regulation were also evident in IFN-f-pre-treated cells infected with TBEV, where significantly lower viral titres
were determined.”

This section should read as follows:

‘Downregulation of effectors involved in either transcription (POLR2A) or translation (RN7SL2, RN7SL3) suggests a possible
TBEV-driven transcriptional or translational shut off in host cells. Both transcriptional and translational shut off are
well-documented phenomena [63, 64]. Similar rates of CTD-2328D6.1, NOTCH3, COL1A1, BCLIL, BCOR1, POLR2A,
FAM71D, IGF2 and HSPG2 down-regulation were also evident in IFN-B-pre-treated cells infected with TBEV, where
significantly lower viral titres were determined.”

An error also occured in Table S3 due to a formatting mistake. The following changes are shown in the updated supplementary
material:
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‘3.01” on page 1 in column ‘TFN-B’ was corrected to ‘MARCI’.

‘9.09’ on page 10 in column “TBEV’ was corrected to ‘SEPT9’.

‘3.04” on page 12 in column ‘TBEV” was corrected to ‘MARCH4’.

‘9.09” on page 14 in column ‘IEN-S + TBEV’ was corrected to ‘SEPTY’.
‘3.03” on page 20 in column ‘[EN-B + TBEV’ was corrected to ‘MARCH3’.

( a) TBEV - ER (b) TBEV - - . o
! fold-change B+ . + nge
PN+ + fry IFN- (log2)
s 31 asasre 4
Pt e
s s
caaz Acoucnroa
cas o s sazizoa o
caz Acireszs
e ez zsokse
P wazncos 248
pons e 57
oas RPS-11724221
oo ReiLsiMIL
e MRLseA
g U cTo-232806.1.
ue ACD03082.1
e RStz
o st
=
e ety
- frotenry
L= iz assris2
Loy Paast
L) reizsoosz
Ly ozt
on ity
fid risisspios
i rizissrios
findt reis01ss
vy Jrerpnivnt
s Acosssess
o wissaes
e ez sosmir
el onkice st
o weisassieies
fatas eroaareiiy
piey weivssnas2
o Jremon
piiiend rssnaLass
s weissriciss
Pl eizroses2
TeRsFis APO00S74.1
biindl weizasiors s
pes e tosseer
f resssiona1
ey scosairie
s Acoossere
iscis rszamis
Bans Auososons
ey emecior
= wists
e easeans
2 Jrovimnet
s o
s eszasueios
s uncsosor
vz wrasssozns
s Reivaese
e uncrioos
s emasmeiny
ar reisassers
e ressasmisz
e v
s Acoserrze
s weississ
st wriinerios
teisasaasas
rizasir 0
Noran croasions
Norais wrisasmia
e jren
ern Apoonosar
scizns essassmass
saist e
w i
senome ooy
ot st
aoma teisssicas
o rss0sn
wseaz Atz
esws uncoses
Fres: uncsoses
ooms reisassosss
seas re
erouis uncsoez2
onaes weivaane s
wars i szsecis 1
onacs scoorasra
st Acossaraa
e weizsssors
Presnian eaoasiass
ans priserny
nseasn [

Fig. 4. Overview of selected differentially expressed genes. DAOY cells were pre-treated with IFN-B (10 ng ml~") and/or infected with
TBEV (m.o.i. 5) after 12 h. Three independent biological replicates were included for each of the combinations [untreated mock cells
(control); IFN-B-treated mock cells; untreated cells infected with TBEV; IFN-B-pre-treated cells infected with TBEV]. Total cellular RNA
was isolated at 24 h p.i. and used for transcriptome analysis. (a) List of selected protein-coding genes identified to be differentially
expressed in at least one of the combinations over control (Benjamini Hochberg P-value <0.05 and fold change >1.5 or <—1.5; down-reg-
ulated in red and up-regulated in green). To emphasize the up-regulation of IFN-A1, information for transcripts of IFN-«, IFN-B and IFN-y
was also included. (b) List of selected non-coding genes identified to be differentially expressed in at least one of the combinations over
control (Benjamini Hochberg P-value <0.05 and fold change >1.5 or <—1.5; down-regulated in red and up-regulated in green).
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Fig. 4 also required a correction in the heatmap and four genes that were in panel (a) should only be present in panel (b), with
RNA28S5 deleted from the figure. The corrected Fig. 4 is shown above.

The authors apologise for any inconvenience caused.
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Abstract

Vector-borne diseases constitute 17% of all infectious diseases in the world; among the blood-feeding arthropods,
ticks transmit the highest number of pathogens. Understanding the interactions between the tick vector, the
mammalian host and the pathogens circulating between them is the basis for the successful development of
vaccines against ticks or the tick-transmitted pathogens as well as for the development of specific treatments
against tick-borne infections. A lot of effort has been put into transcriptomic and proteomic analyses; however,
the protein-carbohydrate interactions and the overall glycobiology of ticks and tick-borne pathogens has not been
given the importance or priority deserved. Novel (bio)analytical techniques and their availability have immensely
increased the possibilities in glycobiology research and thus novel information in the glycobiology of ticks and
tick-borne pathogens is being generated at a faster pace each year. This review brings a comprehensive
summary of the knowledge on both the glycosylated proteins and the glycan-binding proteins of the ticks as
well as the tick-transmitted pathogens, with emphasis on the interactions allowing the infection of both the
ticks and the hosts by various bacteria and tick-borne encephalitis virus.

Keywords: Tick, Pathogen, Host, Glycan, Lectin, Glycobiology, Borrelia, Anaplasma, TBEV, Carbohydrate-binding

Background

Vector-borne diseases constitute 17% of all infectious
diseases in the world [1]. Pathogenic viruses, bacteria, and
protozoa are carried by blood-feeding arthropods on just
about all the continents and both livestock and people
tend to be affected by these. This becomes a large
economic burden on the animal health sector and on the
public health system of various countries. Ticks are the
first among blood-feeding vectors in terms of the number
of pathogens that they can transmit. Unfortunately, there
are next to no vaccines against the tick-transmitted
bacterial and protozoan diseases and very few against
tick-borne viruses [2]. The only successful anti-tick
vaccine, based on the glycoprotein Bm86 from the cattle
tick Rhiphicephalus microplus, has been shown to be effi-
cient against ticks of the genus Rhiphicephalus and Bm86
homologue vaccines have had some efficiency against at
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least two species of the genus Hyalomma, but this is not
the case for other ticks and the pathogens they transmit
[3]. The European Centre for Disease Prevention and
Control suggests that there will be a rise in tick-borne
diseases based on changes in various factors including the
environment and socio-economics [4]. Research efforts to
combat tick-borne diseases have usually centred, as with
most other infectious diseases, on determining the
Achilles” heel of the pathogen. Most endeavours have
focussed on understanding host-pathogen interactions,
primarily at the vertebrate level. Protein-carbohydrate
interactions between the pathogen and the host cell are of
primary importance, in terms of attachment and/or inva-
sion of the cell, whether in an invertebrate or vertebrate
host. The observation that there is conservation in the
protein-carbohydrate recognition strategies can be used as
part of novel approaches for intervention [5]. It has been
shown that many regulatory mechanisms are mediated by
post-translational modifications (PTM). One example of a
PTM that regulates protein degradation and signaling in
eukaryotes is ubiquitination. Pathogens are known to
exploit ubiquitination to infect mammalian cells and it
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has been shown that the ubiquitination machinery is
present in the tick Ixodes scapularis. It was identified that
the E3 ubiquitin ligase XIAP restricted bacterial
colonization of the vector and xiap silencing significantly
increased tick colonization by the bacterium Anaplasma
phagocytophilum, the causative agent of human granulo-
cytic anaplasmosis [6].

Over the last decade, there has been a slow increase in
the knowledge of vector-host-pathogen interactions which
start from the time a pathogen invades the vector within a
blood meal and attaches to the tick midgut lumen. Later it
traverses to the tick salivary glands and completes its
life-cycle by transmission to a new mammalian host
during the subsequent tick feeding [2].

Four possible routes that may facilitate pathogen
survival and transmission by most arthropod vectors
including ticks have been pointed out. These include: (i)
pathogen carbohydrate-binding adhesins that attach to
receptors in the tick midgut; (ii) the attachment of
carbohydrate-binding proteins of the arthropod to the
pathogen as part of its innate immunity; (iii)
carbohydrate-binding proteins that are soluble and form
a link between the pathogen and midgut surfaces; and
(iv) the use of co-receptors to enhance the interactions
within the vector [5].

In this review, we would like to highlight the glycobio-
logical aspects of all four of these specific mechanisms
that come into play when looking at the vector-pathogen
interactions as well as glycobiology-associated pro-
cesses between the mammalian host and the pathogen
(see Fig. 1). Glycobiology of ticks and tick-borne patho-
gens is developing together with the increased availability
and sensitivity of analytical methods; a short overview is
listed below, together with some relevant references for
readers seeking deeper knowledge.

Importance of glycosylation for protein functions
Post-translational modifications can be found in both pro-
karyotic and eukaryotic organisms; among them, glycosyl-
ation is one of the most abundant and most important.
Protein glycosylation affects all the functions of proteins -
their structure, activity, interactions with other molecules,
half-life in the cell or organism; immune recognition is
also dependent on the interaction of immune cells and
receptors with glycosylated molecules. A wide variety of
possible glycan structures and linkages increases the func-
tionality of proteins [7].

The importance of carbohydrates for the function of
proteins can be simply shown on complement proteins.
The complement system comprises of more than 30
plasma- or membrane-bound components. Most of them
are glycosylated to the various extent and the type of
glycosylation generates tissue- or cell-specific population
of glycoforms of each complement molecule. The specific
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Fig. 1 Pathogen-tick and pathogen-host interactions. The scheme
represents carbohydrate mediated interactions depicting in
particular the most well-known interacting partners of Borrelia, tick
vector and host (a) and Anaplasma, tick vector and host (b). Both
Borrelia and Anaplasma produce adhesion molecules recognizing
either a specific glycoprotein (such as TROSPA, decorin) or a specific
glycan (core al,3-fucose, sialylated glycans) in the tick and the host.
Furthermore, Borrelia produce proteins interacting with host
glycoproteins regulating its immune system. Two examples of the
recognized glycans are shown in (b): an O-glycan bearing both a1,3-
bound fucose and also a sialic acid, and an N-glycan with its core
modified by the a1,3-bound fucose. The used symbol nomenclature
is based on the Consortium for Functional
Glycomics (http://www.functionalglycomics.org/)

glycoform population then secures functions that are
required for a particular cell type or tissue. The repertoire
of functions secured by glycans ranges from the control of
protein folding, proper assembly within the endoplasmic
reticulum, mechanistic shielding of the protein backbone
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against protease degradation, preventing inappropriate
protein-protein interactions or formation of proper spatial
protein conformation or participation in recognition
epitope formation [8]. Specific examples show interesting
ways in which glycans influence or modulate the comple-
ment cascade.

Clq is a recognition molecule of classical complement
pathway and mediates initiation of the pathway by binding
to the antibody-antigen complexes. The proper function
of the Clq is conditioned by the appropriate triple helix
formation within C1q monomer and the formation of Clq
hexamer whose spatial conformation may be secured by
the presence of N-linked glycan of each monomer [9].

Glycosylation was also proven important in complement
regulatory factors where factor H (fH) glycosylation medi-
ates its proper folding within the endoplasmic reticulum
(ER). The absence of glycosylation or its malfunctioning
leads to in fH misfolding and retention in ER causing clin-
ical symptoms in children in form of hypocomplemente-
mic renal disease [10].

Cl-inhibitor is a plasma glycoprotein and, along with
other members of the serpin proteases, its inhibitory
activities are enhanced by binding of negatively charged
polysaccharides. Most of the polysaccharides binding to
the Cl-inhibitor induce allosteric changes of the inhibi-
tor molecule causing potentiation of the attachment to
the C1 proteases or, as in case of dermatan sulphate, the
potentiation is caused by the formation of a negatively
charged  polysaccharide-mediated linkage between
positively charged portions of the Cl-inhibitor and C1
protease molecules [11]. Structural characterization of
the Cl-inhibitor reveals extensive O-glycosylation with a
high number of sialylated glycans. The trials for
functional characterization of Cl-inhibitor glycosylation
showed an increased resistance of highly O-glycosylated
region against proteolytic degradation [12] and
highlighted the importance of sialylation for prolonged
serum half-life [13].

Advances in bioanalytical methods for glycobiology

The most frequently used methods in glycobiology are
mass spectrometry in combination with chromatography
or capillary electrophoresis, glycan/lectin microarrays, or
lectin staining. All of these developed greatly recently; for
example, the increasing number of mass spectrometers
available throughout the world and the development of
more sensitive instruments and specifically the introduction
of the Orbitrap mass spectrometers, greatly advanced the
possibilities for glycan and glycoprotein analysis [14, 15].
The number of commercially available microarrays is also
increasing and nowadays allows more or less specific detec-
tion of almost any kind of glycan. The availability of lectins
together with the possibility to synthesize specific glycan
molecules allows also the preparation of in-house glycan-
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or lectin-arrays; another possibility is the service provided
by the Consortium for Functional Glycomics (http://
www.functionalglycomics.org/).

Here, we review the current knowledge on how patho-
gens have evolved “sweet” strategies to overcome the
immune responses within the vector and the mammalian
host and the use of carbohydrate-binding properties to
perpetuate their transmission and dissemination into a
vertebrate host (Tables 1 and 2). We also provide a near
comprehensive catalogue of all carbohydrate molecules
that play a part in the disease cycle that have been charac-
terized to date, be it within the tick or the mammalian
host. We would like this to be the start of a renewed inter-
est in the glycobiology of ticks and tick-borne diseases.

Glycosylation in the Borrelia infection cycle
Compared to eukaryotes, glycosylation in bacteria pro-
duces a much more diverse repertoire of glycoconjugate
structures which are often species- or strain-specific. Most
of the bacterial glycoconjugates are an integral part of the
bacterial cell wall and provide the bacterial cell structural
integrity. Additionally, the bacterial glycosylated cell
surface structures mediate adhesion and interaction with
its environment or host. Although the structural features
of bacterial surface glycans have been well described, the
function of many of them, including those in pathogenic
bacteria, remain unexplored. In principle, pathogenic bac-
teria use glycosylation for two reasons; they synthesize
host-like glycan structures to hide from the host immune
system and, conversely, they produce glycosylated proteins
that are able to bind more effectively the host immune
molecules and thus influence their activity [16].

Since all Borrelia species are host-propagated bacteria
that shuttle between a vertebrate host and an arthropod
vector, these spirochetes have developed strategies to adjust
to these diverse environments [17]. This is achieved by
regulating the level of gene expression in response to
changes in temperature, pH, salts, nutrient content, and
other host- and vector-dependent factors. A significant
number of Borrelia proteins mediate the interactions with
host/vector molecules and thus enable Borrelia to complete
its infectious cycle. Recent findings highlight the import-
ance of carbohydrate moieties in these interactions and in
the overall pathogenesis of this infectious spirochete.

Borrelia/tick glycosylated interactions

When entering the vertebrate host during tick-feeding,
Borrelia must overcome several barriers to successfully
invade and disseminate in the host body. The invasion of
the host is difficult as it requires the interaction of the
existing Borrelia surface structures with host tissues
without being noticed by the host immune system. Borre-
lia have developed many elaborate strategies to recognize
diverse host molecules and cell types to promote
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Table 1 Summary of carbohydrate-binding proteins of Borrelia spp. recognizing tick or host receptors. The carbohydrate-binding
proteins from Borrelia spp. are listed together with the recognized molecule from the vector or the host. Glycoproteins or glycans

are listed as the recognized molecules depending on the available information. Majority of proteins from Lyme borreliosis

spirochetes are listed; in the case of relapsing fever Borrelia, the bacterial species is defined

Borrelia spp. protein Tick binding partner Reference

Borrelia vs tick
OspA TROSPA [236]
OspC SALP15 27
TSLPI/P8 Mannose binding lectin (MBL) [42]
Vsp33 (B. hermsii) Unknown receptor in tick SG 62]

Borrelia vs host
Bgp (p26) GAG [294]
DbpA (p20) Decorin/dermatansulfate [48, 295]
DbpB (p19) Decorin/dermatansulfate/chondroitinsulfate [48, 295]
Bbk32 Fibronectin /heparansulfate/dermatansulfate [63]
P66 Integrins [87]
OspA Plasminogen [296]
OspC Plasminogen [297, 298]
Enolase Plasminogen [299]
Erps (OspE/F related proteins) Factor H or FHL protein [105]
CRASPs Factor H [105]
PAMPs Mannose receptor on dendritic cells [300]
Unknown Neolacto-(Gal4GlcNAc3Gal4Glc1)-carrying glycoconjugates in human erythrocytes [301]
VspB (B.turicatae) GAG [61]

Table 2 Summary of carbohydrate-binding proteins of Anaplasma recognizing tick or host receptors. The carbohydrate-binding
proteins from Anaplasma are listed together with the recognized molecule from the vector or the host. Glycoproteins or glycans are
listed as the recognized molecules depending on the available information

Anaplasma protein Binding partner Reference

MSP1a (MSP1 complex) Vector binding partner: Unknown receptor in IDE8 tick cells [189, 190]

Unknown molecule Vector binding partner: Core a 1,3-fucose glycoprotein [203]

Unknown adhesin-like molecule Host binding partner: 1,3-Fuc and Sia in sialyl Lewis X, PSGL-1 in human neutrophils [199, 200]

Unknown adhesin-like molecule Host binding partner: 1,3-Fuc and Sia in sialyl Lewis X, PSGL-1 in murine neutrophils [199]

Unknown adhesin-like molecule Host binding partner: 1,3-Fuc and Sia in sialyl Lewis X, PSGL-1 in human myeloid HL-60 cells [197, 201]

Unknown molecule of A. Host binding partner: 1,3-fucose in murine bone marrow-derived mast cells (BMMCs), murine [198]

phagocytophilum NCH-1 strain peritoneal mast cells

Unknown molecule of A. Host binding partner: a 1,3-Fuc in human skin-derived mast cells [198]

phagocytophilum NCH-1 strain

AmOmpA Host binding partner: a2,3-sialylated and a1,3-fucosylated glycan of the sialyl Lewis x in [182]
myeloid cells

AmOmpA Host binding partner: a2,3-sialylated and a1,3-fucosylated glycan of the 6- sulfo-sialyl [180, 182]
Lewis x in endothelial cells

AmMOmMpA Host binding partner: a2,3-sialylated, a2,6-sialylated, a1,3-fucosylated glycan receptors [180-182]
in human and murine myeloid HL-60 cells, 6- sulpho-sialyl Lewis x in endothelial cells

Unknown Host binding partner: a1,3-fucose [203]
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dissemination and chronic infection [18], and to overcome
host immune system surveillance [19]. The concerted ac-
tion of these structurally and functionally diverse Borrelia
surface molecules helps the spirochete to successfully
adapt and multiply in the host body.

The interacting molecules of Borrelia and the tick are
often modified by glycosylation producing a diverse pool
of structures. Moreover, glycosylation is a dynamic
modification and can be readily altered upon environ-
mental cues [20].

The presence of glycoconjugates on the surface of
cultured B. burgdorferi has been demonstrated by the
ability of Borrelia to bind a number of lectins [21]. In
search of B. burgdorferi glycosylation patterns, increased
attention has been paid to outer surface proteins that
are produced at different stages of the Borrelia transmis-
sion cycle and represent points of interaction between
the spirochetes and their hosts/vectors.

Borrelia outer surface proteins

Borrelia outer surface proteins A and B (ospA and ospB)
are encoded on a bicistronic operon and extensively
expressed on the surface of spirochetes in unfed ticks.
OspA is one of the major and most comprehensively
studied Borrelia proteins. While OspA mediates Borrelia
attachment to the tick midgut when spirochetes are ac-
quired by ticks during blood-feeding, OspB plays a key role
in successful colonization of the tick midgut. OspA down-
regulation is important for Borrelia detachment, multipli-
cation, and migration from the tick midgut to salivary
glands [22-25]. When ticks are fed to engorgement, Borre-
lia clears OspA and OspB from the surface expressing
instead another outer surface protein C (OspC) [22, 26].

OspC, encoded by bbb19 mapped to the cp26 plasmid,
is one of the most divergent genes in Borrelia genome,
and is crucial for the early stages of mammalian host in-
fection by the spirochete, but not required for acquisition
of spirochetes by tick, tick colonization or migration from
salivary glands to the gut [27-32].

Erps (OspE/F-related proteins) are a family of surface
integrins with high affinity to factor H and encoded by
erp-loci localised on each of the cp32 plasmids. Lyme dis-
ease spirochetes control Erp synthesis throughout the bac-
terial infectious tabacycle, producing the proteins during
the infection of the host but downregulating their synthe-
sis during tick infection stage. The best-characterized
members are OspE and OspF proteins [33], their paralo-
gues OspE/F-related proteins [34] and a group of OspE/
F-like leader peptides (Elps) [35].

OspA, OspB and TROSPA

Earlier work had indicated that OspA and OspB are the
major Borrelia glycosylated proteins [36], yet a later study
showed that the suggested N-linked glycosylation does not
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occur [37]. Colonization of ticks by spirochetes requires
the involvement of tick receptor(s). Although a tick recep-
tor for OspB has not yet been identified, the tick receptor
for OspA (TROSPA) is located in the tick gut and is heav-
ily glycosylated. The blockade of TROSPA by TROSPA
antisera or by downregulation of TROSPA via RNAi re-
duced B. burgdorferi adherence to the tick gut, hampering
the spirochete transmission to the mammalian host. The
number of potential posttranslational modification sites in
TROSPA is unusually high (> 30), with a predominance of
O-glycosylation sites [25].

OspC and Salp15

When transmitted from the tick vector to the host, Borrelia
are delivered within the tick saliva. Tick saliva contains a
plethora of bioactive molecules, which have been shown to
be important for immunosuppression of the host responses
[28]. One of the secreted salivary proteins is Salpl5 [29].
This protein specifically interacts with B. burgdorferi OspC
which results in the protection of Borrelia from
antibody-mediated killing and plays a critical role in estab-
lishing B. burgdorferi infection [27]. Whereas no data exists
about the potential glycosylation of OspC, the glycosylation
of Salpl5 was demonstrated experimentally [30]. Salpl5
from L ricinus did not deliver the same protection to B.
garinii and B. afzelii against antibody-mediated killing [31],
presumably suggesting that the Salpl5 binding for some
species is an advantage for surviving in nature [31]. An
explanation may lie in a different structural or spatial
organization of the OspC or Salp15 molecule causing better
access to the binding sites of each of the molecules in B.
burgdorferi. Another hypothesis claims that B. burgdorferi
OspC holds differently charged areas which interact in a
way that favour formation of OspC multimers or even a
lattice [38]. This structure, along with bound Salp15, might
form a protective coating on the bacteria preventing an
access of anti-OspC antibodies or B. burgdorferi antiserum
[27]. In addition to the direct interplay between Salpl5 and
B. burgdorferi, Salp15 indirectly facilitates the host invasion
by inhibiting dendritic cell activation by binding to the
receptor/lectin DC-SIGN, localized on the surface of mac-
rophages and dendritic cells [32].

Ixofin3D and Ixodes scapularis dystroglycan-like protein

Ixofin3D and I scapularis dystroglycan-like protein
(ISDLP) are glycoproteins expressed on the surface of mid-
gut cells which were identified as candidate tick midgut
binding partners of B. burgdorferi using a yeast surface dis-
play assay [39]. The expression of both Ixofin3D and ISDLP
was elevated in Borrelia-infected tick midgut during feed-
ing. Ixofin3D and ISDLP interact with spirochete cells as
was confirmed in vitro by immunofluorescence assay and
RNA interference. The RNAi-mediated reduction in ex-
pression of Ixofin3D and ISDLP resulted in decreased
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spirochete burdens in the tick salivary glands and in the
murine host as well [39, 40]. The full-length Ixofin3D con-
tains four putative fibronectin type III domains. Ixofin3D is
glycosylated as shown experimentally by periodic-acid
Schiff’s staining of a recombinant protein produced in
Drosophila cells. Even though the importance of Ixofin3D
for Borrelia infection was shown, the borrelial binding part-
ner for Ixofin3D has not yet been identified [39].

The binding partner for ISDLP is also yet to be discov-
ered. Like Ixofin3D, ISDLP silencing did not reduce the
spirochete numbers in the gut but the transmigration
process from gut to salivary glands was impaired. The
mechanism remains unknown although the collected
evidence implies that ISDLP may facilitate gut tissue
remodelling or reduced barrier for spirochete transfer to
salivary glands [40].

TSLPI

Tick salivary lectin pathway inhibitor (TSLPI) is a se-
creted salivary protein that protects Borrelia from
complement-mediated killing. TSLPI facilitates spirochete
transmission and acquisition through interference with the
host mannose-binding lectin (MBL) and inhibition of the
host lectin complement pathway [41]. N-linked glycosyla-
tion of recombinant Drosophila-expressed TSLPI appeared
to be vital for its function as a lectin pathway inhibitor,
suggesting that TSLPI N-glycans are involved in its binding
to MBL carbohydrate recognition domains [42, 43].

Borrelia adhesins and extracellular matrix

Adhesion is the first and basic event in establishing an
infection. The Borrelia cell surface is, at the time of host
invasion, covered by adhesion proteins that can recognize
and bind to various host cell types and/or extracellular
matrix (ECM) components and thus promote Borrelia dis-
semination and settlement in various corners of the host
body. Although Borrelia adhesins are not glycosylated, the
presence of glycosylation has been confirmed in their tick
receptors, suggesting a significant role of glycosylation in
adhesin-receptor interaction.

Borrelia burgdorferi encodes a variety of adhesins and
their characterization and role in the Borrelia infection
cycle using different approaches was thoroughly described
in a review by Coburn et al. [44]. With regard to their
overlapping roles in Borrelia adhesion to the host tissue, it
is important to note that only the concerted action of
various adhesins guarantees an effective adhesion and
transmigration of spirochetes to different hosts and their
tissues [44].

A short overview of host ECM proteins
Glycosaminoglycans

Several ECM-associated molecules are specifically targeted
by Borrelia adhesins. Exceptionally important seem to be
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the glycosaminoglycans (GAGs), large linear polysaccha-
rides constructed of repeating disaccharide units (e.g. hya-
luronan, chondroitin, dermatan, heparan, keratan) that
decorate the ECM proteins. GAG chains are abundantly
modified by sulphurylation, which imparts them a strong
negative charge [45]. Numerous studies have shown that
binding of GAGs by B. burgdorferi enables colonization of
the host [46].

Fibronectin

A relevant ECM-associated molecule for B. burgdorferi
attachment is fibronectin (Fn), a high-molecular weight,
dimeric glycoprotein found in body fluids and in the
ECM. Borrelia burgdorferi fails to bind to the ECM in
vitro upon exposure to an anti-Fn antibody, implicating
the Fn involvement in Borrelia attachment [47].

Decorins

Decorins are ubiquitous ECM proteoglycans, which are
associated with collagen fibrils in the mammalian con-
nective tissues [48]. Decorins are complex glycoproteins;
apart from serine linked GAG chain, they are also modi-
fied by up to 3 N-glycans [49, 50]. Numerous studies asso-
ciate decorins with Borrelia adhesin attachment and
interestingly, the binding is promoted by intact decorin
proteoglycan molecule rather than its protein core or
GAG chain itself [48].

Laminin
Laminin is a large extracellular matrix multidomain glyco-
protein. It is a critical molecule in the basement mem-
brane assembly and, by extension, in tissue formation in
the developing organism [51]. Besides its role in basement
membrane architecture, it also mediates cellular interac-
tions and provides a dense network for various cellular
signalling and attachment events. The existence of differ-
ent laminin isoforms gives space to developmental regula-
tions mediated by differential responses to cells and newly
forming tissues. Laminin, as well as other ECM forming
molecules, possesses numerous glycosylation sites and its
molecule is modified up to 32 % by N-linked glycans [52].
The carbohydrate portion of Laminin was proven to
be a mediator of attachment in several bacterial species
[53]. Laminin is also a potent target of several borrelial
adhesins [54-56] although the direct involvement of the
laminin carbohydrate moiety has not been reported yet.

Integrins

Integrins are glycosylated cell surface receptors mediating
cell adhesions to the extracellular matrix and some
important cell-cell interactions [57]. The presence of
N-linked glycans in integrin molecule proves integral for
the stability of the domain conformation and consequently
affects integrin adhesive properties [58]. Integrins possess
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a typical heterodimeric structure combining different «
and B polypeptide chains and their combination deter-
mines the specificity of integrins [59]. Integrins are
expressed on all mammalian cells except erythrocytes.
The expression of different integrin subtypes produces
unique cell surface signature of each cell type [60].

Borrelia adhesins

Vsps

Relapsing fever Borrelia, unlike Lyme disease-causing
Borrelia, are vectored by soft ticks of the genus Ornitho-
doros. They are present in the blood of the mammalian
host in high numbers which lead to high fevers followed
by bouts of relapses. They recognize glycosaminoglycans
(GAG), which mediates the attachment of Borrelia to
mammalian cells. GAG recognition is partly dependent
on the presence of some of the variable small proteins
(Vsps). Borrelia turicatae, a relapsing fever borrelia that
is vectored by O. turicata, recognizes GAGs via VspB
which allows binding of B. turicatae to cultured mam-
malian cells as well as increased spread and replication
in the mammalian host. Borrelia hermsii also attaches to
cultured mammalian cells via GAGs; however, Vsps are
not essential for this binding [61].

After the feeding of O. hermsi with B. hermsii-infected
blood, the bacteria switched from expression of many
bloodstream outer surface variable major proteins (Vmps)
to a unique protein, variable tick protein (Vtp, Vsp33) [62].

BBK32, RevA and Cl-inhibitor
Borrelia  burgdorferi  expresses at least  two
fibrinogen-binding proteins, BBK32 [63] and RevA [64].
BBK32 is a protein, whose attenuation does not block the
spirochete transmission from the tick to the host [65], but
lowers the bacterial loads in different tissues at different
time points of infection [66]. Borrelia burgdorferi also
attaches to endothelium in the vascular system through
fibrinogen (Fn) and this interaction becomes stronger with
increasing blood flow, allowing the spirochete to over-
come fluid shear stress [67]. These stabilizing interactions
are sustained by catch bond properties of BBK32 [68].
Following the binding to Fn, BBK32 binds to various kinds
of GAGs, including heparin sulphates and dermatan
sulphates of the host ECM [69-71]. It also seems to be
involved in the modulation of the innate immunity. In
particular, BBK32 binds the C1 complex of the classical in-
nate immunity pathway, preventing its activation and thus
obstructing classical pathway-mediated Borrelia lysis [72].
As B. burgdorferi BBK32 mutants are still able to bind
fibronectin, an additional Fn-binding protein, RevA, was
identified [58]. RevA expression on the Borrelia cell
surface was upregulated in mammalian host compared to
the tick vector. Furthermore, Borrelia-infected patients
produced anti-RevA antibodies throughout various stages

Page 7 of 27

of Lyme disease suggesting its involvement in Lyme
disease establishment and persistence in the host. RevA
appears to have multiple binding sites which Borrelia uses
to bind host cells via Fn [46, 73].

DbpA/DbpB

Decorin-binding proteins A and B (DbpA and DbpB) are
adhesins found on the surface of B. burgdorferi [20, 45].
These proteins are critical for the virulence of B. burgdorferi
[74, 75]. New data suggests that the decorin-binding pro-
teins actually do not bind directly to the decorin protein
core but interact with decorin via GAGs that are attached
to the protein [76-78]. The binding studies of DbpA and
DbpB from different Borrelia genospecies showed that
there are clear differences in the decorin binding activity
and that these differences may ultimately lead to the differ-
ences in tissue tropism and clinical manifestations associ-
ated with particular Borrelia genospecies [76, 79]. In vivo
functional studies demonstrated the importance of DbpA/B
adhesins for Borrelia invasion of the mammalian host espe-
cially in the early stages of infection [80].

Bgp

Borrelia burgdorferi glycosaminoglycan binding protein
(Bgp) is a surface-exposed protein on intact spirochetes
[70]. Recombinant Bgp bound the same GAG as the
whole spirochete, agglutinated erythrocytes and inhib-
ited binding of B. burgdorferi to the mammalian cells. A
transposon mutant of the Bgp gene had less ability to ad-
here to host endothelial and epithelial cells in vitro and
to colonize host target tissues leading to the reduced in-
flammatory manifestation of Lyme disease in the mouse
model. The adherence was not fully disrupted due to the
existence of other GAG-binding adhesins which facilitate
host colonization and also highlights the importance of
Borrelia GAG-binding ability for the completion of the
infection cycle [81]. Although the Bgp attachment to
GAG is not essential for disease establishment, the pro-
tein appears to be involved in the formation of an initial
infectious niche in the host. Different spirochetes strains
possess different GAG-binding preferences and their
binding ability to multiple cells depends on the GAGs
that they express [76].

BmpA

BmpA (Borrelia membrane protein A) and its three para-
logues B, C, and D are all laminin-binding borrelial outer
surface proteins [82]. Like other Borrelia surface proteins,
BmpaA is also antigenic. All bmp genes are located on the
Borrelia chromosome, arranged in clusters that are differ-
entially regulated [83]. The involvement in the develop-
ment of arthritis in the mouse model was described for
two Bmp proteins, BmpA and BmpB [84].
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Borrelia adhesins and integrin-mediated interactions
Borrelia binds to host endothelial cells via the inter-
action of integrins ayPs, avPs, and ayP; with Borrelia
surface adhesins [59, 85]. It was also described that the
causative agent of relapsing fever, B. hermsii, binds to
human platelets promoted by the platelet glycoprotein
integrin oypPs and is diminished by oyp,B3 antagonists or
by a genetic defect in this integrin [86].

P66

P66 is one of the candidate ligands for B;-chain integrins
(e.g. amPs, ovPs) [87]. P66 also functions as a porin [88, 89],
and structural predictions, as well as some experimental
data, present the molecule as porin assuming the structure
of B-barrel [90].

P66 mutants showed a dramatically reduced ability to
attach to integrin o3 [91]. Endothelial cells responded to
wild-type Borrelia infection by upregulation of endothelial
growth factor compared to a control infection with a P66
deletion mutant. The ability of P66 mutants to transmi-
grate through the cell monolayer was impaired, which
suggests the role of P66 in Borrelia transendothelial
migration, although its porin function does not play a role
in the migration process [92].

Mammalian integrins typically contain an RGD (Arg--
Gly-Asp tripeptide) consensus sequence in their binding
domain, where aspartic acid is a key binding amino acid.
P66 lacks this sequence; however, residues 205 and
207 of its 203-209 binding region are both aspartic
acid [93]. P66 deletion mutants applied subcutane-
ously are readily cleared out of the site of infection,
which refers to the possible involvement of the innate
immune system and confirms the importance of this
protein for host colonization together with other
studies [94]. However, tick colonization is shown to
be P66-independent [94].

BB0172

BB0172 is an outer membrane protein containing von
Willebrand factor A domain which mediates intercellular
and protein-protein interactions in ECM. It is, for
example, involved in the attachment of platelets to the
ECM in the site of damaged endothelial epithelium via
platelet surface glycoprotein [95]. BB0172 showed a weak
interaction with ECM-associated fibronectin. Importantly,
a strong affinity was observed in the attachment of
BB0172 to oy integrin. Moreover, the affinity was much
stronger than the one observed in the interaction of bor-
relial P66 adhesins with B3 chain integrins [95].

Borrelia adhesins interacting with mammalian
complement

Mammalian innate immunity is alerted by a variety of
surface-exposed molecules of invading pathogens. The
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first encounter of host antibodies with potentially harmful
intruder activates the complement system which assists in
tagging of the pathogen for destruction and also acts on
pathogen clearance itself by the formation of membrane
attack complex. Different pathways of the complement
system progress in a cascade-like manner and its brisk
response to pathogen invasion must be under the control
of regulating mechanisms preventing complement from
attacking host cells.

Invading a host organism, the pathogens have evolved
different strategies to circumvent the immune response.
Many of these strategies are in fact directed against com-
ponents of the complement system. The most widespread
strategy employs molecules recruiting or mimicking the
complement regulators, including the direct interaction of
pathogens with complement proteins leading to the
modulation or inhibition of their function or indirectly to
the activation of complement proteins enzymatic degrad-
ation [96].

The complement regulators are represented by several
serum proteins that are able to dampen the activity of
complement and prevent host self-destruction. Two of
them, complement factor H (FH) and its splice homologue
Factor H-like (FHL) inhibit the alternative complement
pathway response using host-|specific surface patterns like
sialic acid or GAGs and thus promoting self-recognition
processes [97, 98].

FH is a plasma glycoprotein containing 9 glycosylation
sites [99] bearing complex, predominantly diantennary
disialylated, fucosylated, and nonfucosylated glycans at
eight of the nine glycosylation sites [100]. Similarly, FHL
is also a plasma glycoprotein [101]. Both proteins pos-
sess a RGD motif which is assigned cell adhesive proper-
ties and thus can modulate cell adhesion. Additionally,
FHL promotes anchorage-dependent cell attachment
and spreading [102].

CRASPs and ERPs

The two complement regulators, FH and FHL are bound
by Borrelia surface proteins hence preventing the activation
at the central step of the complement cascade. Serum re-
sistant Borrelia express adhesins on their surface, which are
capable of interfering with different components of the host
complement system leading to the modulation of host im-
mune response and hampering the complement-mediated
spirochete lysis [103, 104].

The two well-characterized types of complement inter-
fering adhesins, complement regulator-acquiring surface
proteins (CRASP) 1 and 2 [105], control the complement
activity by binding complement regulating molecules such
as FH and FHL-1 [104, 106]. Up to now, five different
CRASPs (CRASP-1 to CRASP-5) have been described and
each of them presents a different binding ability to FH,
FHL-1, or plasminogen [98, 104, 106].
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CRASP-1 (CspA, BBA68) has been studied the most
extensively. It shows a strong affinity to the complement
regulators which inactivate the complement response
very efficiently [106, 107].

The expression of CRASP-1 is repressed in the tick
vector and increases in the mammalian host, which sug-
gests its role in spirochete transmission and evasion of
the host immune response [108, 109]. CRASP-1 also
confers serum resistance to B. burgdorferi. The role of
CRASP-1 in complement inactivation is evident in the
CRASP-1 knockout-mutants which inefficiently bound
human FHL and attracted complement constituents
more readily [110, 111].

Apart from B. bavariensis, all studied Borrelia species
possess CRASP-1 orthologues conferring complement
inactivation [112, 113]. The orthologues belong to the
same protein family although the encoding genes do not
share the same locus with the B. burgdorferi CspA [98].

CRASP-2 (CspZ) is another Borrelia adhesin binding
both FH and FHL-1 independently of CRASP-1 and
reinforcing Borrelia complement resistance [114, 115].
The CRASP-2 expression fluctuates in a somewhat similar
manner to CRASP-1 during the Borrelia infectious cycle.
Like CRASP-1, CRASP-2 is also upregulated during an
established mammalian infection and is able to activate
antibody-mediated immune response [116], which makes
this adhesin important for the diagnosis of Lyme disease
infection. The triggered immune response does not,
however, provide the host with protective immunity and
has no effect on spirochete dissemination [117].

Three members of the polymorphic Erp (OspE/F-re-
lated protein) protein family, ErpA (BBP38, CRASP-5),
ErpC (CRASP-4) and ErpP (BBN38, CRASP-3), are plas-
minogen binding proteins that can simultaneously bind
to FH and FH-related proteins [103, 107, 118—122].

The Erp proteins are most probably involved in different
reservoir hosts infection due to differential binding abil-
ities of particular Erp paralogues [123, 124]. Despite their
complement regulator binding properties, none of the Erp
proteins are necessary for the protection of Borrelia spiro-
chetes against complement-mediated killing; CRASP-1/
CRASP-2 deletion mutants expressing all Erp proteins
were susceptible to serum mediated lysis [119, 120, 125].

Erps are not upregulated during Borrelia transmission
but their expression gradually increases during Lyme dis-
ease progression, suggesting their role during mammalian
infection [125]. Interestingly, Borrelia can regulate the
expression of both Erps and CRASPs very dynamically as
different isolates of B. burgdorferi (s.l.) reacted differently
to complement-mediated killing [56, 126]. Moreover,
some of the Erp members present multiple functions
during Borrelia infection. For example, ErpX ability to
bind complement regulators is complemented by its
laminin binding properties [56]. The overlapping activities
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of Borrelia surface molecules enhance the overall infec-
tious potential of the spirochete.

Borrelia-specific host pattern-recognition receptors and
lectins

Toll-like receptors

Recognition of pathogens is mediated by a set of
pattern-recognition receptors (PRRs). The group of
glycosylated proteins that comprise the Toll or Toll-like
receptors family (TLRs) are transmembrane receptors that
function as PRRs in mammals [127]. So far, eleven mem-
bers that potentially participate in the recognition of invad-
ing pathogens have been identified in mammalian genomes
[128] and glycosylation was shown to have a critical role in
TLR presentation on the cell surface [129, 130].

There are several TLR members, whose role in spirochete
recognition has been identified. The well-characterized
TLR2 is presented on antigen-presenting cells, epithelial
and endothelial cells [131]. It was able to recognize a variety
of ligands and was important for macrophage activation
and further triggering of the immune response in
Borrelia-infected mammalian hosts when stimulated by
OspA [132]. The signal transduction through TLR1/2 in
response to B. burgdorferi invasion can elicit opposite
immunoregulatory effects in the blood and CNS immune
cells, affecting the different susceptibility of these compart-
ments to infection [127].

TLR4 is expressed in macrophages and dendritic cells
[130] and is upregulated upon Borrelia infection or stimu-
lation by OspC [133, 134] and its main ligands are lipo-
polysaccharides (LPS) from gram-negative bacteria [135].
The role of TLR4 in Borrelia recognition remains unclear
as B. burgdorferi does not express LPS on its surface.

TLR9 is responsible for recognition and further endoso-
mal/lysosomal internalization of CpG motifs in bacterial
DNA [136]. This process has been observed in sonicated
Borrelia, which promoted the activation of murine cells
via TLR9 [137].

Nucleotide-oligomerization domain-like receptors
Nucleotide-oligomerization ~ domain-like  receptors
(NOD-like receptors or NLR) are a group of intracellular
PRRs, capable of binding bacterial muropeptides, the
molecules derived from bacterial peptidoglycans [138].
Together with TLRs, NOD-like receptors are crucial for
recognition of Borrelia species. Contrary to other PRR
families, NLRs bind bacterial ligands intracellularly, i.e.
they are able to recognize the pathogen-associated mo-
lecular patterns (PAMPs) that enter the cell via phago-
cytosis or through the membrane pores induced during
cellular stress [139].

There are several NLR protein members that can bind
carbohydrate-associated PAMPs, although only a few of
them were directly observed to be involved in Lyme
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disease. NOD1 and NOD2 receptors are the most exten-
sively investigated major PRRs [138, 140].

Borrelia-infected primary murine astrocytes upregulated
NOD-proteins upon exposure to some TLR-ligands [138],
while murine primary microglia infected by Borrelia only
upregulated NOD2 and not the NOD1 [141]. NOD2 activa-
tion by Borrelia stimulated inflammatory cytokines release.
Their activities are assigned to a host proinflammatory
response, although their particular role in Lyme disease
establishment remains unknown [142]. NOD2 stimulation
by Borrelia induces inflammation during the early stages of
Lyme disease but induces tolerance and suppresses B. burg-
dorferi-mediated Lyme arthritis and carditis in mice during
later phases of infection [143]. Borrelia recognition in the
host is conferred by the combined action of TLR and
NOD2. The activation of both receptors at a time by Borre-
lia species is essential for an effective cytokine release. It
has been concluded that TLR2 and NOD2 co-recognition
of Borrelia surface receptors leads to both induction of a
proper immune response and to inflammatory-induced
pathology [144].

C-type lectin receptors
A family of calcium-dependent receptors that bind carbo-
hydrate ligands include both soluble and cell-associated
(transmembrane) lectins in vertebrates. C-type lectin recep-
tors (CLRs) expressed by dendritic cells are crucial for tai-
loring immune response to pathogens. The transmembrane
type is predominantly expressed by antigen-presenting cells
functioning as PRRs recognizing PAMPs in bacteria [128].
Currently, 17 CLR subfamilies are described in vertebrates.
Mannose receptor represents a subgroup of CLRs bind-
ing mannose-containing bacterial transmembrane PAMPs.
CLRs are involved in the recognition and phagocytosis of
several microorganisms including B. burgdorferi. In particu-
lar, CLRs were upregulated in dendritic cells after B.
burgdorferi activation and facilitated phagocytosis of B.
burgdorferi by monocytes and macrophages [128]. How-
ever, the recognized borrelial protein is yet to be identified.

Surface glycolipids of Borrelia burgdorferi

Borrelia have an unusual composition of glycolipids
in their outer membrane; they synthesize mono-a-
galactosyl-diacylglycerol (MGalD) and cholesterol de-
rived glycolipids cholesteryl-p-D-galacto-pyranoside,
cholesteryl 6-O-acyl-B-D-galactopyranoside (ACG), or
cholesteryl 6-O-palmitoyl-B-D-galactopyranoside (ACGal/
BbGL-1) [145-147].

The Borrelia glycolipids induce inflammatory reactions;
in particular, two glycolipids ACGal/BbGL-I and MGalD/
BbGL-II, are probably immunogenic [145, 148]. The
immunogenic epitope is recognized in the lipid part of the
glycolipids [149]. An important constituent of the im-
munogenic epitope is the a-linked terminally bound
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galactose which is recognized by the T-cell receptor of
invariant natural killer T cells (NKT) [150]. This then pro-
motes their activation as well as the proliferation of Lyme
disease-directed antibodies [151-153] which recognize
glycolipids in the cell membrane of Borrelia but also Ehrli-
chia [154]. Importantly, the induced antibodies against the
glycolipid fraction cross-react with gangliosides, which
explains the phenomenon of neuroborreliosis [155].

The glycolipid recognition by invariant NKT cells seems
to be an alternative system for innate immune system acti-
vation by bacteria lacking LPS, an otherwise typical anti-
genic determinant of most gram-negative bacteria [156].

Borrelia bind to GalCer (galactosylceramide) on Schwan
cells [157], LacCer (lactosylceramide), ceramide trihexo-
side and gangliosides GD1a and GT1b. Moreover, Borrelia
displays a specific affinity to disialoganglioside GD1a and
trisialoganglioside GT1b carrying sialic acid. The ability to
bind such a wide range of glycosphingolipids might
provide an explanation for its ability to adhere to a wide
spectrum of different cell types [158]. Borrelia did not
bind gangliosides GMI1, GDlb, GM2, GM3 and
asialo-GM1 implying the requirement for terminally
bound sialic acid in ganglioside recognized epitope and
demonstrates the specific character of Borrelia and acidic
gangliosides interaction. Interestingly, adhesion to GDla
and GT1b, as well as GalCer or LacCer was not compro-
mised by free sialic acid, galactose or lactose, respectively
[158, 159]. Conversely, GalCer-binding sites were satur-
able using free GalCer in CHO-K1 cells preventing spiro-
chetes from attachment [148].

Vector-host glycosylated interactions

Similarly to Borrelia, the tick’s successful evasion of the
host response depends on its ability to conceal its
activities from the host immune system. The pursuit of
successful feeding drove ticks to equip their saliva with
multiple pharmacologically active molecules which feature
immunomodulatory activities. The myriad of diverse
functions include cytolysis, vasodilatation, anticoagulation,
anti-inflammation and immunosuppression. The compre-
hensive list of tick pharmacologically active salivary gland
molecules is presented in a recent review [28].

P672 and CCL8

P672 is a chemokine binding protein (evasin). Evasins
bind to multiple chemokines of different origin and their
effects are thus pleiotropic. To date, several evasins origin-
ating in tick saliva have been identified [160, 161] and they
inhibit responses of many chemokine sensitive molecules
including neutrophiles or macrophages, which have been
demonstrated in several tick species [28]. P672 was
originally identified in Rhipicephalus pulchellus and its
promiscuous binding abilities assign it 13 different chemo-
kine partners showing different dissociation constants.
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Mass spectrometric characterisation revealed the presence
of several N-linked glycans and their deprival negatively
influences the affinity of P672 to CCLS8, although the
underlying mechanism of this observation is yet to be
uncovered [162].

Protease inhibitors

Many of the tick salivary proteins are glycosylated [163].
While the exact structure of the glycans attached to these
proteins has not been studied, research has concentrated
on the role of glycosylation with regard to the recognition
of glycans by host immune systems. The importance of
the glycan part for antibody recognition was shown for
several proteins, such as AamS6 serpin [164], R. microplus
serpins [165] or evasins 1 and 3 [166] confirming the need
to use of glycosylated recombinant proteins in anti-tick
vaccine preparations.

For proteins, where the role of glycosylation for the
protein function was not confirmed, masking of the tick
proteins antigenic epitopes and thus minimization of the
immune response was speculated as the role of glycosyl-
ation [166].

Serpin 19

Serpin 19 is a serine protease inhibitor identified in the
saliva of Amblyomma americanum. Serpin 19 displays a
broad range of inhibitory activities: it interferes with the
host homeostasis, coagulation and the development of
inflammatory response. Importantly, the activity of many
serine proteases is both positively and negatively regulated
when bound to GAGs [167-169] and serpin 19 also con-
tains several predicted GAG binding motives [170]. The
functional validation further confirmed its GAG-binding
properties and also extended the list of binding partners
with heparin sulphate and heparin [170].

Variegin

The inhibition of blood coagulation cascade represents an
important property of tick saliva that facilitates successful
engorgement on the host. Variegin is a small
thrombin-binding oligopeptide isolated from A. variega-
tum salivary glands. During tick feeding, variegin binds
thrombin and disables its fibrinolytic activity and thus
blocks the blood coagulation cascade. Despite its small
size, variegin possesses a single O-linked glycan [171]. The
synthetic O-glycosylated variegin analogues show signifi-
cantly higher affinity to thrombin and consequently lower
reaction kinetics of thrombin-mediated fibrinogenolysis
compared to the non-glycosylated form, confirming the
importance of its glycosylation. The functional analysis of
the inhibition mechanism using macromolecular docking
revealed the formation of some favourable hydrogen
bonds between hydroxyl groups of the glycan and the
allosterically important sites of thrombin [172].
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Glycosylation in the Anaplasma infection cycle
Anaplasma is a genus of gram-negative rickettsial
bacteria. They are obligate intracellular parasites infect-
ing mammals including many domestic animals. The
infection causes a reduction of the animal’s body weight,
abortions, reduces milk production and frequently leads
to death [173-175]. In humans, A. phagocytophilum is
the only confirmed pathogenic species causing human
granulocytic anaplasmosis. Patients suffer from fever,
headache, myalgias, chills, leukopenia, thrombocytopenia
and liver damage manifested by elevated liver enzymes
in serum [176]. The symptoms are usually mild but for
some individuals, e.g. patients with a weakened immune
system, it can be fatal. The infected vertebrate host
serves as a reservoir where the bacterium can proliferate
for many years and infect naive ticks [177].

The main vectors of the genus Anaplasma are ticks,
especially species of the genera Ixodes, Dermacentor, Rhipi-
cephalus and Amblyomma [178, 179]. The initial phase of
the infection during colonization of the host is the recogni-
tion of a suitable cell, attachment onto this cell, and entry
into it. This process is facilitated by several specialized
bacterial proteins (adhesins/invasins) that can recognize
host surface molecules including glycans and glycoproteins
and initiate signalling cascades to promote pathogen intern-
alization. Anaplasma spp. express several surface proteins
which are involved in binding to glycosylated host cells
receptors and thus in the infection of the host and tick cells.
These differ in glycan specificity and importance for the
infection of various hosts and host cell types.

Anaplasma glycoprotein-binding surface proteins

As an intracellular pathogen, Anaplasma depends on a
host cell to survive. Anaplasma infects two different types
(groups) of organisms: the tick vector and the mammalian
hosts, with various cell types being infected by the patho-
gen. Recognition of the cell type and of the infected organ-
ism is provided through binding of surface glycan epitopes
or even several epitopes on a glycoprotein molecules.

Two groups of Anaplasma surface proteins were shown
to recognize tick or host glycoproteins: outer membrane
proteins (Omps) and major surface proteins (MSPs).

OmpA belongs to highly conserved genes among A.
phagocytophilum isolates and is transcriptionally induced
during feeding of A. phagocytophilum-infected ticks on
mice and also during the invasion of mammalian but not
tick cells [180, 181]. Pre-treatment of A. phagocytophilum
or A. marginale bacteria with the respective OmpA
antiserum reduces their ability to infect mammalian cells
[181, 182]. Also, preincubation of mammalian cells with a
recombinant ApOmpA effectively inhibits A. phagocyto-
philum infection of host cells.

Glycoproteins containing o1,3-fucose and either sLex
or 6-sulfo sLex on host cells are recognized by the outer
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membrane protein A (ApOmpA) of A. phagocytophilum
[180, 181]. On the other hand, OmpA of A. marginale
(AmOmpA), a species non-pathogenic for humans, binds
only al,3-fucose and sLex but not 6-sulfo-sLex glycans.
Anaplasma marginale also produces AmOmpA in both
the infected mammalian and tick cells. Pre-treatment of
host cells with sialidase or trypsin reduces or nearly elimi-
nates OmpA adhesion. Therefore, AmOmpA interacts
with sialylated glycoproteins via an adhesin-receptor pair.
Thus, both AmOmpA and ApOmpA recognize different
receptor molecules even though these receptors share
some structural similarity and thus provide a similar func-
tion to these two bacterial species [182].

Structures of A. marginale and A. phagocytophilum
OmpA proteins are very similar and their binding
domains are structurally conserved. The OmpA binding
domain was identified within amino acids 59 to 74 and it
is responsible for the recognition of a2,3-bound sialic acid
and al,3-fucose [180]. A recent study by Hebert et al.
[182] describes the OmpA receptor-binding domain
between the amino acids 19 to 74.

Another group of surface proteins interacting with
host (glycosylated) molecules are the major surface
proteins (MSPs) that are involved in the adhesion of
host cells and the immunological reaction of the host
[183-187]. MSP1 protein with its variants a, B1, and 2
and the MSP3 protein are present in A. marginale, while
MSP2 and MSP4 in both A. marginale and A. phagocyto-
philum [188]. The MSP1 complex consists of two poly-
peptides MSPla and MSP1b and both polypeptides
participate in adhesion processes to both tick cells and
bovine erythrocytes [183-186].

Similarly to OmpA, these proteins show glycan-binding
activity. Anaplasma marginale MSP1 and MSP2 can hem-
agglutinate bovine erythrocytes [184] suggesting recogni-
tion of some erythrocyte surface saccharide molecules.
Recombinant forms of the MSP1 isoforms are glycosyl-
ated; MSPla recombinant glycoprotein contains glucose,
galactose, mannose and xylose, while MSP1b contains
glucose, galactose and mannose. The functional domain of
MSP1a contains tandemly repeated peptides that are im-
portant for adhesion to tick cells and bovine erythrocytes.
The MSP1a polypeptide backbone alone shows binding
to tick cell extract proteins and the glycan in its
N-terminus enhances this binding [189, 190]. The
MSP2 protein binds to the mammalian PSGL-1 [191]
and thus can be responsible for the above mentioned
Anaplasma recognition of sialic acid on this protein. A
hypervariable region is present in the middle of the
MSP2 gene which allows the bacterium to express
various paralogs of the protein on its surface, possibly
enhancing immune system evasion [192, 193]. However,
the glycan binding abilities of the various MSP2 para-
logs were not studied.
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In addition to the above-described receptor molecules,
two other proteins, Aspl4 and AipA, were found to be
acting together with OmpA during the infection of host
cells. However, neither of these two proteins were shown
to bind glycans nor to be glycosylated [180]. Finally, dur-
ing the past ten years, other novel A. phagocytophilum
surface proteins Asp55, Asp62 and APH_1235, with pos-
sible function as adhesins and invasins have been identi-
fied [194—196]; however, their receptor molecules remain
unknown.

Anaplasma-host interactions

A confirmation of Anaplasma recognition of host-surface
glycans came by Goodman et al. [197] showing binding of
A. phagocytophilum to the cell surface of the promyelocytic
leukaemia cell line HL-60. Bacterial binding to the cell
surface correlates with the expression of the sialyl Lewis x
(sLex) or a closely related 6-sulpho sLex glycan-containing
molecules glycan and «l,3-fucosylated molecules. On the
other hand, al,3-fucosylated glycans but not sialylated gly-
cans, are essential for the infection of murine and human
mast cells by A. phagocytophilum [180, 198]. These glycan
epitopes are important for Anaplasma in vivo as has been
shown by Carlyon et al. [199].

The protein part bearing the recognized glycans can be
also important; thus, not any glycan molecule is recog-
nized, only the one found on a specific protein. In humans
and animal hosts, A. phagocytophilum exhibits, amongst
others, a tropism for myeloid cells. As an adhesion
molecule involved in the binding to the surface of human
neutrophils, the P-selectin glycoprotein ligand-1, PSGL-1,
has been identified [197, 199-202]. In the case of human
PSGL-1, A. phagocytophilum cooperatively binds to a
short amino acid sequence in its N-terminal region and an
O-glycan containing a sialyl Lewis x (sLex) on PSGL-1
(NeuAca2,3Galp1,4[Fucal,3]GlcNac) [202] or on another
molecule. On the other hand, PSGL-1 is not the major
ligand in mice [199, 200]. Thus, the terminal or core
al,3-fucosylated glycans seem to be a generally recognized
receptor, while sialylated glycans and PSGL-1 enhance the
infection of diverse types of mammalian host cells.

Anaplasma-vector interactions

In the pathogen-tick relationship, several tick glycosylated
molecules can be induced in the presence of a pathogen
in the tick tissues and help the pathogen to colonize the
tick or enhance its infection. For example, «1,3-core-fuco-
sylated glycans are required for tick colonization by A.
phagocytophilum and silencing of the responsible fucosyl-
transferases results in the absence of Anaplasma in the
infected ticks. To increase the number of its receptors in
the tick, A. phagocytophilum induces the expression of
al,3-fucosyltransferases to enhance the colonization of L
scapularis ticks. Therefore, a 1,3-fucose is a unifying
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determinant that A. phagocytophilum targets to infect its
natural murine and arthropod reservoirs and accidental
human hosts as well. In addition, the presence or absence
of these glycans does not affect the transmission of the
pathogen from the tick vector to the vertebrate host.
While the infection of the tick by Anaplasma depends on
the presence of «al,3-core-fucosylated glycans, these
epitopes do not seem to be important for the infection by
another tick-borne pathogen, B. burgdorferi [203].

Furthermore, tandem repeat peptides of the MSPla
functional domain are important for the adhesion of bac-
teria to tick cells and the glycosylation of MSP1a probably
plays a role during the adhesion of A. marginale to tick
cells [189, 190].

Colonization of the tick by pathogens depends on the
tick life-cycle; one of the crucial steps is the colonization
of the midgut or survival in the midgut in the process of
the blood meal digestion. For successful colonization, the
tick midgut peritrophic matrix (PM) and bacterial biofilms
formed in the midgut are critical. The PM forms a barrier
between the midgut lumen and the epithelial cells lining
the luminal side of the midgut and is formed by a thick
matrix of mostly chitin with various proteins, such as
chitin deacetylase, and glycoproteins [204]. One of the
bacteria depending on the biofilm formation in the I
scapularis tick midgut is A. phagocytophilum. The
presence of this bacterium affects the midgut microbial
community and biofilm composition and it also decreases
the expression of several genes for the glycoprotein
peritrophin, one of the major PM components. This
results also in decreased PM thickness. Furthermore,
RNAI silencing of these genes significantly enhanced Ana-
plasma colonization of the tick [205]. Anaplasma further
enhances its chances for a successful colonization of I sca-
pularis ticks by induction of an antifreeze protein (IAFGP)
during the infection of ticks [205]. This secreted antifreeze
glycoprotein inhibits bacterial biofilm formation through
binding to the D-alanine residue of some bacteria peptido-
glycan and was induced in response to Anaplasma
infection [206, 207]. IAFGP expression resulted in thin-
ning of the tick midgut PM and RNAI silencing of iafgp
gene resulted in the absence of Anaplasma in the tick
midgut [205].

Tick lectins

Ticks, like other arthropods, lack specific adaptive
immunity. To defend themselves against invading micro-
organisms, ticks use the evolutionarily older nonspecific
innate immune system, including both cellular and
humoral immune responses. Cellular immune reactions
involve haemocytes capable of phagocytosis, encapsulation
or nodulation of foreign microorganisms and particles.
The humoral immune response involves a range of
non-specific pathogen-recognizing defence systems: PRRs,
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lectins, complement-like molecules, pro-phenoloxidase
activation, haemolymph coagulation factors, antimicrobial
peptides, reactive oxygen species, etc. Some of these
molecules which function as mediators in the innate
immune response are glycosylated and/or may recognize
glycan-containing epitopes, e.g. recognition receptors for
pathogens, complement-related molecules, or lectins
(Table 3). In mammals, lectins play an important role in
the recognition of specific glycosylated surface molecules
of a variety of pathogens (PAMPs) and subsequent activa-
tion of the lectin pathway [208, 209]. MBL or ficolins
known to recognize N-acetyl groups [210] serve as the
recognition molecules, which are further integrated with
the MBL-associated serine proteases to trigger the com-
plement activation.

Fibrinogen-related proteins
Invertebrates contain a variety of fibrinogen-related
proteins (FRePs), all of them sharing structural similarity
with fibrinogen. A common feature of FRePs is their
glycan-binding activity as they recognize the invading
pathogen through its specific glycan epitopes. Their
expression increases upon infection of the invertebrate by
parasites or by pathogens [211, 212] with possibly a spe-
cific role in complement activation [213]. However, some
of the tick FRePs family proteins (such as ixoderins de-
scribed below) may have various other functions (Table 3).
Dorin M from the soft tick Ornithodoros moubata, the
first lectin purified and characterized from any tick
species, shows a strong similarity to ficolins but lacks the
N-terminal collagen domain [214, 215]. Dorin M and its
closest homologue OMFREDP, also from O. moubata, share
sequence similarity with the innate immune FRePs
Tachylectin 5A and B from the horseshoe crab, Tachypleus
tridentatus [215, 216]. It has a binding activity for sialic
acid [214], its conjugates and N-acetyl-hexosamines. The
protein has three N-glycosylation sites modified by
high-mannose type glycans and core-fucosylated
paucimannose glycans [217]. Other FRePs were later iden-
tified in the haemolymph of D. marginatus, R. appendicu-
latus, R. pulchellus and R. sanguineus based on the
cross-reactivity with sera directed against Dorin M [218].
The hard tick L ricinus contains several FReP encoding
sequences in its genome (ixoderins A, B and C) and their
analogues are present in L scapularis as well. While pro-
teins similar to ixoderins A and C are present also in other
tick species, ixoderin B-like proteins are found only in the
genus Ixodes. All these proteins contain predicted glyco-
sylation sites and they contain the fibrinogen-like domain
with carbohydrate-binding properties [213, 215]. In I
ricinus, the expression of ixoderin A is restricted to
haemocytes, salivary glands, and midgut while ixoderin B
is only expressed in salivary glands [215]. As expected
based on published information on other invertebrate
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Table 3 Overview of identified tick lectins. Lectins identified in different tick species are listed including the tissue where the lectin
was identified. Lectin binding specificity, its function and molecular weight are also listed if known

Lectin Species Tick tissue Specificity MW Function Reference
(kDa)
Galectins (OmGalec) O. moubata Haemocytes, Lactosamine-like 374 Putative functions in tick development, 221
midgut, SG, disaccharides immunity, and vector-pathogen interaction
ovaries
Dorin M O. moubata Haemocytes N-acetyl-D-hexosamines  na Pattern recognition molecules [214]
and Sialic acid specific
OMFREP O. moubata Hemolymph,  Probably similar to na Probably similar to Dorin M [215]
salivary glands  Dorin M
Ixoderin A I. ricinus Hemolymph,  Peptidoglycan na Putative defence protein, identification [215, 219]
salivary glands, recognition protein? of self-/non-self tissues
midgut
Ixoderin B I. ricinus Salivary glands  Unknown na Unknown putative immunomodulatory [215, 219]
function
Hemelipoglycoprotein  D. marginatus  Haemocytes,  Galactose- and mannose- 290, 2 Putative innate immunity [220]
salivary glands, binding specificity subunits
gut
Unknown lectin |. ricinus Gut, Sialic acid, N-acetyl- 85 Putative recognition molecule [233]
hemolymph glucosamine
Unknown lectin 1. ricinus SGs Sialic acid 70 Unknown [233]
TSLPI I. scapularis Unknown Mannan na Unknown [42]
HICLec H. longicornis ~ Midgut, ovary ~ Unknown 60.2 Unknown [223]
Serpin 19 A. americanum  Saliva GAGs 430 Serine protease inhibitor [170]

Abbreviations: MW molecular weight, na not available

FRePs, ixoderins are also involved in defence against path-
ogens. Namely, ixoderins A and B are involved in phago-
cytosis of some pathogens as shown for Candida albicans
[219]. On the other hand, knockdown of these two ixoder-
ins did not affect the phagocytosis of the tick-transmitted
B. afzelii and knockdown of all three ixoderins does not
affect its transmission [219]. The reason can be the miss-
ing protein glycosylation and thus the binding site for
these lectins on the Borrelia surface [37]. Ixoderins and
FRePs can be involved in other processes as well; ixoderin
B may be involved in the matrix attachment processes and
angiogenesis inhibition. Alternatively, it may antagonize
the effect of host ficolin [215].

Finally, one of the tick storage proteins, hemelipogly-
coprotein, from several hard tick species seems to share
a structural similarity to FRePs with its primary se-
quence showing a high similarity to the fibrinogen do-
main [218, 220].

Other tick lectins

Om@Galec from the soft tick O. moubata is the first
member of galectin family identified in ticks with the
specificity towards P1-3 and P1-4 bound galactose to
GIcNAc, and Glc and al-3 bound galactose to GalNAc
[221]. Similar proteins are also present in R. appendicu-
latus and I scapularis [188]. OmGalec contains two
carbohydrate-binding domains which share low se-
quence similarity and thus possibly possesses a different

saccharide-specificity. The protein is expressed in vari-
ous life-stages and tissues, with the highest expression in
haemocytes, midguts and ovaries [221]. It has been
shown that galectins play a vital role in immune homeo-
stasis by being pathogen recognition receptors [222].

C-type lectins are also present in the available tick ge-
nomes and transcriptomes [223, 224]. The only charac-
terized C-type lectin from Haemaphysalis longicornis
(HICLec) contains three various carbohydrate-binding
domains. Each of them has been shown to recognize the
bacteria E. coli and S. aureus and participate in the tick
defence against gram-negative bacteria, but they do not
have a direct effect on bacterial growth. HICLec also
affects the blood-feeding process and affects larvae
hatching and mortality. Expression of this lectin is
increased during blood-feeding and is the highest in the
midgut and ovary [223]. In mosquitoes, C-type lectins
influence the midgut colonization by bacteria midgut
microbiome [225] and facilitate infection with West Nile
and dengue viruses [226, 227].

Calreticulin (CRT), a lectin chaperone responsible
mainly for the control and proper folding of glycoproteins,
is conserved in all tick species and is even used as the
biomarker for human tick bites in I scapularis [228]. In
blood-feeding parasites, CRTs participate in evasion of the
host defence mechanisms, namely the complement by
binding the initiator of this pathway, the Clq protein, or
factor Xa participating in the blood coagulation [229]. In
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mammals, CRT on the surface of neutrophils also binds
Clq as well as other immune-related lectins [230].
Similarly, the salivary secreted CRT from A. americanum
binds host Clq. On the other hand, it does not bind the
factor Xa and does not inhibit the activation of the
classical complement cascade and host haemostasis. The
A. americanum CRT shares a very high sequence similar-
ity with other tick CRTs and thus similar functions of tick
CRT can be expected [231].

Several other lectins are characterized in I ricinus, but
have not been identified to date: the 37, 60, 65, and 73
kDa lectins from midgut showing haemagglutination
activity [163, 232]. The 37 kDa lectin has a binding specifi-
city towards B1-3 glucan, while the 65 kDa protein binds
bovine submaxillary mucin, containing a complicated
mixture of various glycan structures and more specifically
binds free sialic acid. Another lectin is present in haemo-
lymph/haemocytes with a molecular weight of 85 kDa. It
is a C-type lectin with specificity towards sialic acid and
GIcNAc [233]. Several other lectins with haemagglutin-
ation activity have also been described in other ticks
including R. appendiculatus [234, 235], O. tartakovskyi, O.
tholozani and A. polonicus [233].

Tick glycans

Regarding the glycans and glycoproteins of blood-feeding
arthropods, several studies describe these molecules using
lectin staining and other indirect methods. Lectin studies
show the presence of both N- and O-glycosylated proteins
in tick tissues and some glycoproteins have been shown to
be antigenic determinants for the immune response of the
host [236-239]. In recent years, the direct determination
of glycan structures and composition, mostly using mass
spectrometry, has also been published, either from tick
tissues and cells [203, 240] or purified proteins [220]. The
three most interesting glycan structures related to
host-parasite interaction and host immune system reac-
tion are described below; representation of these struc-
tures in a glycan molecule is shown in Fig. 2. An overview
of tick glycans with known structures is listed in Table 4.

Alpha-galactose epitope

Alpha-galactose epitopes (Galal-3Gal; aGal) are abun-
dant on glycolipids and glycoproteins of plants, arthro-
pods and non-primate mammals [241]. aGal is a novel
allergen identified first during clinical trials in 2004 in
patients treated with cetuximab, a medical preparation
for metastatic colorectal cancer treatment. Several cases
of hypersensitivity reaction were registered soon after
cetuximab administration into the blood due to the pres-
ence of aGal in its structure. The majority of sensitive
individuals come from a population in south-eastern
USA [242]. Furthermore, the geographical distribution
of cases with cetuximab hypersensitivity corresponded
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to the distribution of red meat allergy cases and tick
prevalence. Additionally, patients with red meat allergy
experienced a tick bite in the months preceding the
allergy symptoms. The causative agent of the aGal
sensitization in the south-eastern region of the USA is
the lone star tick A. americanum [243]. Red meat allergy
is also linked with L holocyclus tick bite in the Australian
population [244] . Conversely, a bite by the I scapularis
tick from the same genus in the USA does not seem to
result in red meat allergy [243]. Lastly, Chinuki et al.
[245] described the allergy development upon H. longi-
cornis bite in Japan. Direct evidence on aGal epitopes
presence in I ricinus is provided by Hamsten et al.
[246], specifically in the tick midgut. However, the pres-
ence of aGal just in the tick saliva is what is important
for patient sensitization. In this regard, the presence of
undigested complete host proteins and glycoproteins
was described in the tick body and, importantly, in the
tick saliva [240, 246, 247] and thus the presence of aGal
originating in the blood of non-mammalian hosts from
the previous blood-feeding can be expected in the saliva.
The aGal epitope is only known to be present in the
saliva of A. sculptum, a tick that until now has not been
connected with red meat allergy cases [248].

Core a1,3-fucosylation

The allergenic core al,3-fucose (a1,3-Fuc) attached on the
proximal GlcNAc residue is widely present in plants and
arthropods and is one of the well-known possible human
allergens as it is usually absent in mammals. It can induce
production of specific IgE antibodies associated with
IgE-mediated allergic immune responses, which is mostly
described for schistosomes or venoms of some species of
the order Hymenoptera. However, such a response is not
described after a tick bite [249-251]. It is rather surpris-
ing, as al,3-fucosylated structures are present in the tick
salivary glands as well as in saliva of both I ricinus and L
scapularis [203, 252]. This can be explained by the struc-
tural features of the allergenic epitopes; for example, in
the case of core al,3-Fuc, terminal GlcNAc weakens the
immune response [253]. Additionally, more than one
epitope has to be present to trigger the allergic reaction
and the presence of blocking IgG4 antibodies against this
epitope can lower the immune reaction [249].

The al,3-Fuc modification of the N-linked glycan core
mediates an entrance of one of the tick-transmitted patho-
gens, A. phagocytophilum, into I scapularis midgut cells,
but it is not required for the transmission of the pathogen
to a vertebrate host. Furthermore, Anaplasma increases
the expression of al,3-fucosyltransferases in the tick,
further increasing its ability to infect the tick. On the other
hand, the infection of the tick by B. burgdorferi was not af-
fected by the presence or absence of core al,3-Fuc [203].
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Sialic acids (Sia) are found typically in the terminal pos-
ition of vertebrate complex N- or O-linked glycans. In
insects, some studies have shown the ability of sialylation
[254, 255] and the importance of sialylation for insect-
development, even though the abundance of sialylated
glycans is very low [256].

N-glycans terminated with Sia are present also in the
organs of the tick I ricinus, namely in the gut, salivary
glands, ovary and Malpighian tubules [240, 257]. However,
the sialylated proteins in the adult ticks originate most
probably from the host blood [258]. Hypothetically, sialo-
glycans present in the tick organs and in the secreted tick
saliva can be engaged in molecular mimicry. We suppose
that sialic acid is produced also by the tick itself in the
ovary and eggs and later in larvae; the exact role of the
tick sialylated proteins for the physiology and develop-
ment of ticks is not yet known (unpublished results). Both
eukaryotic types of sialic acids, N-acetyl-neuraminic acid
and N-glycolyl-neuraminic acid (Fig. 2), were detected in
the ticks [240].

N-linked glycans of flaviviruses

Tick-borne encephalitis virus (TBEV), a member of the
genus Flavivirus, can cause serious infections in humans,
which may result in encephalitis/meningoencephalitis.
The viral single-stranded genomic RNA of positive
polarity contains one open reading frame, which encodes

a single polyprotein that is co-translationally and
post-translationally cleaved by viral and cellular prote-
ases into three structural and seven non-structural pro-
teins (Table 4) [259].

Flaviviral non-structural proteins

Non-structural proteins of the flavivirus family (NSI,
NS2A, NS2B, NS3, NS4A, NS4B and NS5) do not have
their precise role elucidated, but they are generally con-
sidered as the effectors of viral replication, which occurs
in close association with cellular membranes. Dramatic
changes in the intracellular membrane structures includ-
ing convoluted membranes, vesicle packets or paracrys-
talline arrays were observed as a result of dengue virus
(DENV), TBEV or West Nile virus (WNV) replication
[260-262]. Recently, NS1, NS4A and possibly also
NS2A, were described to be involved in the formation of
vesicle packets [263, 264]. Moreover, novel functions in
terms of virus-host interactions were recently described
for particular NS proteins; for example, TBEV NS5 pro-
tein acts as an inhibitor of interferon-activated Jak-STAT
signalling [265].

Flaviviral structural proteins

Apart from seven non-structural proteins, the flaviviral
genome encodes three structural proteins (C, M, E). The
flaviviral nucleocapsid is composed of (+) ssSRNA genome
and the capsid protein (C), whereas the host-derived
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Table 4 Overview of identified tick glycan structures composition. Monosaccharide compositions of the identified N-glycans are
shown. Note that in some cases, the same composition can define various structures. For each glycan, the protein or the tick
samples is listed, in which it was identified by mass spectrometry

Glycan composition Protein/sample Reference

Paucimannose glycans

HexNAc Hex dHex Sia

2 3 0 0 Dorin M (position “'NHS, "'NGS, '#°NHS) from O. moubata 217]
I. ricinus fed female salivary glands [240]
I ricinus fed female midgut [240]
I. scapularis salivary gland [203]

2 4 0 0 Dorin M (position “'NHS, "'NGS, '#°NHS) from O. moubata 217]
I. ricinus fed female salivary glands [240]
1. ricinus fed female midgut [240]
I. scapularis salivary gland [203]

High-mannose glycans

HexNAc Hex dHex Sia

2 5 0 0 Dorin M (position *'NHS, '?’NHS) from O. moubata [217]
1. ricinus fed female salivary glands [240]
I. ricinus fed female midgut [240]
1. scapularis salivary gland [203]

2 6 0 0 Dorin M (position “'NHS, '?’NHS) from O. moubata [217]
I. ricinus fed female salivary glands [240]
I. ricinus fed female midgut [240]
I. scapularis salivary gland [203]

2 7 0 0 Dorin M (position *'NHS, '?’NHS) from O. moubata 2171
I. ricinus fed female midgut [240]
1. scapularis salivary gland [203]

2 8 0 0 Dorin M (position “'NHS, "2’NHS) from O. moubata 217)
I ricinus fed female midgut [240]
I. scapularis salivary gland [203]

2 9 0 0 Dorin M (position *'NHS, '?’NHS) from O. moubata 217]
I. ricinus fed female salivary glands [240]
I ricinus fed female midgut [240]
D. marginatus Hemelipoglycoprotein [220]
I. scapularis salivary gland [203]

2 10 0 0 D. marginatus Hemelipoglycoprotein [220]
I. scapularis salivary gland [203]

Core-fucosylated glycans

HexNAc Hex dHex Sia

2 3 1 0 Dorin M (position '/'NGS) from O. moubata 217)
I. ricinus fed female salivary glands [240)
I. ricinus fed female midgut [240]
1. scapularis salivary gland [203]

2 4 1 0 Dorin M (position '/"NGS) from O. moubata 217)
I. ricinus fed female salivary glands [240]
1. ricinus fed female midgut [240]
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Table 4 Overview of identified tick glycan structures composition. Monosaccharide compositions of the identified N-glycans are
shown. Note that in some cases, the same composition can define various structures. For each glycan, the protein or the tick
samples is listed, in which it was identified by mass spectrometry (Continued)

Glycan composition Protein/sample Reference
I. scapularis salivary gland [203]
2 5 1 0 Dorin M (position 7INGS) from O. moubata [217]
I. ricinus fed female salivary glands [240]
I ricinus fed female midgut [240)
I. scapularis salivary gland [203]
3 2 1 0 1. ricinus fed female salivary glands [240]
3 3 1 0 I. ricinus fed female salivary glands [240]
I. ricinus fed female midgut [240]
I. scapularis salivary gland [203]
4 3 1 0 I. ricinus fed female midgut [240]
1. scapularis salivary gland [203]
4 4 1 0 1. scapularis salivary gland [203]
4 5 1 0 I. ricinus fed female midgut [240]
I. scapularis salivary gland [203]
4 6 1 0 I. ricinus fed female midgut [240]
5 3 1 0 I. ricinus fed female salivary glands [240)
I. scapularis salivary gland [203]
5 5 1 0 1. ricinus fed female midgut [240]
6 6 1 0 I. ricinus fed female midgut [240]
Complex glycans
HexNAc Hex dHex Sia
3 4 0 0 1. ricinus fed female salivary glands [240]
4 5 0 0 I. ricinus fed female salivary glands [240]
I ricinus fed female midgut [240)
4 6 0 0 I. ricinus fed female midgut [240)
4 7 0 0 D. marginatus Hemelipoglycoprotein [220]
4 8 0 0 D. marginatus Hemelipoglycoprotein [220]
5 6 0 0 I. ricinus fed female midgut [240]
6 2 0 0 I. ricinus fed female midgut [240)
Sialylated glycans (containing either NeuSAc or Neu5Gc)
HexNAc Hex dHex Sia
4 5 0 1 1. ricinus fed female salivary glands [240)
I ricinus fed female midgut [240]
4 5 0 2 1. ricinus fed female midgut [240]
5 6 0 1 I. ricinus fed female midgut [240]
5 6 0 2 I ricinus fed female midgut [240)

Abbreviations: HexNAc N-acetyl-hexosamine (N-acetyl-glucosamine or N-acetyl-galactosamine), Hex hexose (mannose, glucose, galactose), dHex deoxyhexose
(fucose), Sia sialic acid (N-acetyl-neuraminic acid, N-glycolyl-neuraminic acid)

envelope contains two glycoproteins, the membrane
(prM/M) protein and the envelope (E) protein [266].

The E glycoprotein is localized in the viral envelope
and is the main antigenic determinant of TBEV inducing
a humoral immune response. It mediates fusion of

TBEV with host cell membrane and thus facilitates the

virus entry to the host cell. It forms heterodimers with
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the prM protein; the prM-E protein interaction is essen-
tial for proper folding of E protein [267]. The heterodi-
mers then migrate to the ER membrane and eventually
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bud off as nucleocapsid-containing immature virions
[260, 268].

The M glycoprotein is an integral part of the viral
envelope together with E protein. It forms heterodimers
with the E protein and functions as a chaperon ensuring
proper folding of E protein [267]. Non-infectious imma-
ture virions containing prM/E homodimers undergo mat-
uration process in late trans-Golgi network by cleavage of
pr part from the prM protein by host protease furin. The
cleavage produces protein M and triggers re-organization
of protein E to form homodimers [268, 269].

TBEV proteins glycosylation

The glycosylation of viral proteins increases their folding
efficiency and promotes their intracellular transport by
the interaction with host lectins [270]. In several viruses
that cross the endoplasmic reticulum during their
life-cycle, the protein glycosylation was proven important
for virus growth, budding, secretion, and pathogenicity
(reviewed in [271-273]). So far, only membrane glycopro-
teins prM/M and E are known to be N-glycosylated in
TBEV (Table 5) [274-276]. «l,3-core fucosylated,
high-mannose and hybrid N-glycans were shown to be
present in the E protein of TBEV produced in chicken
embryos by affinoblots [277]. E protein glycosylation was
also confirmed recently also using cryo-electron micros-
copy, even though the exact glycan structure was not
defined [278]. Another two sites (N130 and N207) in the
NS1 protein are N-glycosylated in the case of dengue virus
[274, 279]. One of these two N-glycosylation sites (N207)
is present also in the TBEV NSI1 protein; however, its
glycosylation has not yet been shown (Table 5).

The E glycoprotein is a viral surface protein and thus
contains major antigenic epitopes responsible for trigger-
ing the host immune system [280]. The N-glycosylation
site at position N154 is present in the majority of TBEV
strains and other flaviviruses. Moreover, a potential N361
glycosylation site is present in TBEV E protein as well.
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Depending on the strain, zero to two glycans are attached
[280, 281]. The investigation of the presence and position
of E protein glycans showed that an increased number of
E protein glycans elevate its expression. Conversely, the E
protein glycosylation deletion mutants showed reduced E
protein production, suggesting the importance of glycosyl-
ation for the viral life-cycle [276].

Importantly, the absence of E-protein glycosylation
affects the E protein conformation and further the TBEV
infectivity only in the mammalian host, but not in the tick
vector. Different temperatures in the host (37 °C) and the
vector (23 °C) do not affect the stability of the deglycosyl-
ated E protein [282]. In light of this evidence, the E
protein glycosylation seems to represent one of the factors
conferring different vector and host competence. Interest-
ingly, the investigation of mosquito-borne flaviviruses,
DENV and WNYV, shows that glycans modifying E protein
are important for virus propagation in both vector and
host cells. However, the role of the particular N-linked
glycosylation site varies depending on the invertebrate/
vertebrate host [283-285]. For example, the importance of
N-linked glycan at 154 aa of WNV E protein was proved
in case of the vector (Culex pipiens and Cx. tarsalis mos-
quitoes) as well as the bird host (Gallus gallus) [286, 287].

The prM protein encodes for the precursor of
membrane protein M and also contains one N-linked
glycosylation consensus sequence in N32 position (Table
5) [267, 276]. During TBEV maturation, the structural
proteins prM and E form heterodimer, where prM has a
chaperone-like role in the folding and maturation of E
protein [267], although the biological role of TBEV prM
glycosylation, has not yet been elucidated. However,
Goto et al. [279] suggest the participation of
carbohydrate-mediated interaction for prM-E heterodi-
mer formation; glycosylation-deficient mutant of prM
reduces the secretion of E protein to 60% in comparison
to the wild-type prM. Further evidence for the crucial
role of prM glycan was described in the case of WNV.

Table 5 TBEV protein glycosylation overview. List of TBEV proteins and their functions. Identified or predicted N-linked glycosylation
sites are listed as well. NetNGlyc 1.0 Server was used for N-linked glycosylation site prediction

Protein Function N-linked glycosylation Reference
Structural C Capsid protein; forming of nucleocapsid None

prvi/M Envelope protein; E protein chaperone N32 [265, 302]

E Envelope protein; binding and fusion N154, N361 [263-265]
Non-structural NS1 Replication Predicted: N85, N207

NS2A Assembly, replication None

NS2B NS3 serine-protease cofactor None

NS3 Serine-protease, helicase, replication RNA triphosphatase Predicted: N160, N499, N555

NS4A Assembly, replication None

NS4B Assembly, induction of membrane rearrangements Predicted: N188

NS5 Methyltransferase, RNA-dependent RNA polymerase Predicted: N18, N175, N215
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The prM glycosylation-deficient mutants decreased the
formation and release of virus-like particles as well as
genome copies. However, the infectivity of prM
glycosylation-deficient mutants was not affected in mos-
quito, avian or mammalian cell lines [284].

In summary, N-linked glycosylation of TBEV prM and
E proteins represents a multifaceted factor which is
involved in many steps of the viral life-cycle, especially
in virion assembly/secretion, and host/vector compe-
tence. Despite various studies, there are many aspects
which need to be elucidated, especially the role of viral
protein N-linked glycans within tick vectors. Moreover,
the presence of other N-linked glycans in predicted sites
of NS1, NS3, NS4B, and NS5 remains to be determined
as well as their potential function.

Conclusions

The recent decades have provided an outstanding amount
of new data about glycoconjugates and a growing line of
evidence highlights the importance of carbohydrate-based
interactions in the complex pathogen-host environment
[288]. Glycoconjugates have an enormous structural diver-
sity in the glycan moieties and therefore fulfil a variety of
biological roles [289]. Given the fact that glycoconjugates
are the major components of the outer surface of animal
cells [290], it is likely that all interactions of microbial
pathogens with their hosts/vectors are affected to a certain
degree by the pattern of glycans and glycan-binding
molecules that each produces. Despite the fact that
protein glycosylation in the field of tick-borne pathogens
has become a subject of increased attention in the last
decade [37, 218, 291], there is still a deep knowledge gap
regarding the nature and the specific roles of the glyco-
conjugates in the infectious cycle of these pathogens. All
the findings mentioned in this review have tackled the
important, yet still inadequately explored, the field of the
carbohydrate-based interactions at the pathogen-tick-host
interface. The basis of these interactions needs to be fur-
ther addressed to gain clearer insights into the intricate
strategies that the parasites employ to successfully finish
their life-cycles. Ultimately, the common goal of scientists
working in any field dealing with infectious diseases is to
find an effective countermeasure against the particular
threat. Ticks transmit a great variety of bacterial, viral and
protozoan pathogens and therefore the search for a potent
vaccine against each of these parasites costs an enormous
amount of effort and money. One of the most promising
strategies to cope with all pathogens transmitted by ticks
is the development of a general anti-tick vaccine [292].
The potentially important role of sugar moieties in such a
tick vaccine has already been suggested, showing, for
instance, the tick midgut protein Bm86 to be more
immunogenic in glycosylated form than non-glycosylated
[291]. However, the progress in this matter is still
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insufficient and intense analysis of glycosylation needs to
be addressed in future studies in order to be applied to
the development of new therapeutics. Modern glycan
sequencing technologies and strategies that allow
site-specific mass-spectrometric identification of proteins
with glycan modifications in a complex biological sample
have shown that glycosylation could be much more exten-
sive than previously thought [293].
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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 (DAOY 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 (5S 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, I, 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 285
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
TBEYV 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 POLR1-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 ug/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 Bud¢jovice, 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-POLRIA 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; #TA105-25) 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

DAOY 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
fully 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 (Aex = 550 nm; Aey, = 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.

viability, a1 Vool
BT Vampte (1] = =2
Viabilty g la. ] " f
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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 DAQY 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.g001

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 RNAse-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*
DAOY cells per well were seeded on a 96-well plate. Cells were transfected with 100 ng of
PRL-CMYV vector per well using Poly]Jet 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
CuSOy, and 10 puM 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-POLR1A (Abcam; 1:200)
and chicken anti-NS3 (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
TBEV 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 DAQY 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
DAOQY 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
TBEYV 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 um. 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.0007745.9002

TBEYV 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 gPCR 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: DAOY 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
DAOQY 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.0007745.9003

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-B (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 55 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 58 rRNA in TBEV-infected DAOY cells at 24 and 48 hours p.i. (MOI 5) using
the A-c, method. Graph represents relative fold-induction of 55 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.0007745.9004

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 5.85 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 DAQOY 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 POLRI. Interestingly, the POLR3 transcript 5S
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.

TBEV 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 pM) 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.0007745.9005

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 POLRI1 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, POLR1A
(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 DAOY cells after treatment with cycloheximide (CHX), an
inhibitor of translation elongation. First, we determined the time- and dosage-dependent
effect of CHX in DAQOY cells using a Renilla (RL) luciferase-based reporter system. DAOY
cells were first transfected with pRL-CMV 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); POLRI is localised in distinct foci in host nuclei without any observable virus-induced translocation. Scale bar represents 100 um.
(C) DAOY cells were infected with either TBEV Neudoerfl or Hypr strain (MOI 5) and total RNA was isolated at indicated time intervals. Relative gPCR 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.0007745.9006
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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
either 6 or 14 hours; for metabolic RNA labelling, 5-EU was added 2 hours before the sample collection. Cell viability was measured before the cell lysis. Isolated total
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 55 rRNA in CHX-treated DAOY cells (6 and 14 hours post treatment; 100 ug/ml) using the A-c, method. Graph represents relative fold-
induction of 58 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.0007745.9007

decreases in 18S rRNA levels were observed after a 14-hour incubation (65 + 9%; Fig 7B). 285
rRNA levels were reduced to 81 + 4% compared to control cells; however, this effect was not
statistically significant (Fig 7B). Quantification of 55 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 (POLRI 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

TBEYV 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
DAOQY 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.0007745.9008

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 POLR1 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
WNYV 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 DAOY 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 DAOY 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. (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)

S3 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 phMGFP 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)

$4 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 puM 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 um.

(TIF)

S6 Fig. Cycloheximide (CHX) treatment results in decreased production of Renilla lucifer-
ase. DAOY cells were transfected with 100 ng of pRL-CMV 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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5 Discussion

Flaviviruses represent a worldwide-distributed family of arboviruses with
an enormous impact on the public health. Effective vaccines against some
of the flaviviruses are at disposal, however, no specific treatment for
flavivirus-induced disease exists so far. Thus, any kind of anti-flaviviral
medicine is highly demanded. In order to develop such type of a cure, an
identification of crucial flavivirus-host interactions on the molecular level
may substantially help. Therefore, our laboratory tries to uncover the
course of interactions between the neurotropic TBEV and the innate
immune system in neural cells.

TBEV is a neurotropic tick-borne flavivirus causing the TBE disease in
infected humans. The clinical outcome of TBE can vary from sub-clinical
cases to severe encephalitiss/meningoencephalitis accompanied by
neurological sequelae. Geographical distribution of TBEV includes vast
regions of Eurasia and is further expanding with approximately 12 000
cases of TBE reported annually [3, 39, 60].

In CNS, neurons in spinal cord, brainstem, cerebellum, and basal ganglia
are believed to be the primary targets [52, 54]. However, other cell types
of CNS, including astrocytes, were proved to be sensitive as well [51, 53].
In order to get a model relatively corresponding to the in vivo natural state,
we employed human cell lines of neural origin for our in vitro studies. In
particular, desmoplastic cerebellar medulloblastoma (DAQY HTB-186)
[236], bone marrow metastasis of Evans stage 4 neuroblastoma
(UKF-NB4) [237], and glioblastoma astrocytoma (U373 MG Uppsala)
[238] human cell lines were used.

It has been previously shown that type | IFN pre-treatment of neuronal
cells in vitro resulted in a decreased production of neurotropic WNV and
SLEV [113]. We were the first to report a similar antiviral effect of type |
IFN (IFN-B) pre-treatment in case of TBEV infection in DAQY cells [239,
240]. Without IFN pre-treatment, TBEV infection in DAOY cells results in
high viral titres and strong cytopathic effect eventually leading to cell
death. In order to get more detailed image of the mechanism behind the
IFN-mediated protection, an unbiased transcriptomic analysis was
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performed in DAOY cells (1) pre-treated with IFN-B, (2) infected with
TBEV Neudoerfl strain, or (3) pre-treated with IFN-B with subsequent
TBEV infection.

Analysis of differentially expressed (DE) genes upon TBEV infection
revealed very interesting results. Surprisingly, no type | IFNs were
expressed in response to TBEV infection. Instead, strong up-regulation of
INF-A1 was detected. IFN-A1 was recently shown to play a significant role
during WNV infection of CNS [126]. However, our results suggest no role
of IFN-A1 in defence against TBEV infection — despite its massive
production, IFN-A1 failed to elicit an effective antiviral response, since
high levels of TBEV titres were produced and accompanied by
significantly decreased viability of infected cells. The ineffectiveness of
IFN-A1 against TBEV was further demonstrated in pre-treatment
experiments, when no antiviral effect was observed. On the other hand,
pre-treatment with either IFN-B or IFN-A1 resulted in an increased
protection of A549 cells (human lung adenocarcinoma) against TBEV.
This finding represents one of the main outcomes from this study — an
evidence how important is the context of infection in terms of tissue
response specificity to various IFNs. In accordance to our findings, the
tissue and cell type specificity in terms of IFN signalling was described for
both, IFN-B or IFN-A [124, 200].

In addition to type Il IFN, a wide panel of cytokines, chemokines and ISGs
was up-regulated upon TBEV infection as well. Several studies have
already described various cytokines and chemokines being up-regulated
in response to TBEV infection in neural tissues [53, 241]. However, only
a limited panel of custom-selected genes was analysed in case of both
cited studies. Thus the complexity of the overall host response remained
undetermined. Our transcriptomic data confirmed the up-regulation of five
previously identified  cytokines  (CCL3/MIP1aq, CCL4/MIP1,
CCL5/RANTES, CXCL10/IP-10, IL-6, and TNF-a) and identified five new
(CXCL2/MIP2a, CXCL11/IP-9, IL-12a, IL-15 and IL-23a). The panel of
up-regulated cytokines/chemokines as described here would mostly
result in the activation/stimulation and chemotaxis of effector immune
cells. This finding correlates with TBEV-associated immunopathogenesis
in the brain [54, 55].
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Among ISGs, whose expression was activated upon TBEV infection in
DAOQY cells IFIT1, IFIT2, RSAD2, OASL, IFIT3, OAS2, ISG15, and ISG20
proteins were the most induced ones (fold-change >2.5). Except 1ISGs
with direct antiviral effect, expression of RIG-I and MDAS was induced as
well. Antiviral role of all mentioned ISGs is well described for many
flaviviruses (chapter 2.2.2.4). However, for TBEV only RIG-I, MDA5, and
RSAD2 were proved to have an important role in sensing TBEV and
interfering with its replication [80, 197-199]. Although various ISGs were
up-regulated, high TBEV titres were observed in DAOY cells, which
suggests the presence of counteracting measures by TBEV against the
host immune responses, at least in the infected cells.

On the other hand, the IFN-B pre-treatment of DAQY cells initiates a
potent antiviral response which efficiently interferes with TBEV infection.
It is not surprising that the panel of genes activated upon IFN-B treatment
differs strongly from the panel of genes, whose expression is activated in
response to TBEV infection naturally. Only 12.3 % and 29.2 % of the DE
genes identified in mock- and TBEV-infected cells that had been
pre-treated with IFN-B were also identified in TBEV-infected cells,
respectively. Furthermore, the DE gene analysis revealed two highly
striking phenomena: (1) two ISGs, IFI6 and IFI27, were shown to be, by
far, the most up-regulated genes, (2) expression of a unique set of pro-
inflammatory cytokines (CCL3/MIP1a, CSF3, CCL20/MIP3a, IL36RN,
CXCL1/KC, CXCL2/MIP2a, CXCL3/MIP2B3, CXCL5/ENA78, IL-1qa, IL-1,
IL-6, IL-8 and IL-11) was decreased strongly. The latter observation of the
anti-inflammatory effect of IFN-B is a well-documented phenomenon
[242], suggesting that IFN-B may also reduce the immunopathogenic
effect of TBEV infection in CNS. In connection to IFI6 and IFI27, both
proteins belong to FAM14 family of ISGs [243] and were documented as
mitochondrial proteins involved in apoptosis regulation [244-246].
Over-expression of IF16 inhibited DENV-induced apoptosis of endothelial
cells [245, 246], whereas IFI27 over-expression in human neurons
resulted in decreased production of WNV, SLEV and MHV [113]. An
elegant study by Richardson et al. revealed that IFI6 prophylactically
protects uninfected cells against DENV, WNV, YFW, and ZIKV by
preventing the formation of virus-induced ER membrane invaginations
[247]. These data therefore suggest that IFI6 and IFI27 are promising
candidate proteins that may be responsible for the inhibition of TBEV
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infection in DAQY cells. However, further studies are needed in order to
confirm this hypothesis.

Our transcriptomic data confirmed that TBEV infection triggers host innate
immune system response via expression of specific ISGs and IFN-A1 in
DAQY cells. Nevertheless, despite the prompt host response, the
infection resulted in high death rate. In further context with recent findings
that have described a DENV-induced host translational shut-off [138,
208], we hypothesized that TBEV blocks the translation of host mRNAs
in order to avoid the production of ISGs with possible restrictive effect on
its replication. Truly, metabolic labelling experiments revealed a strong
inhibition of host de novo protein synthesis in DAQY cells upon TBEV
infection [248]. Cell lines of both neural and non-neural origin underwent
translational shut-off, demonstrating thus the general nature of this
phenomenon, however, the rate of reduction varied substantially in
individual cell lines suggesting cell-dependent variability. In the case of
DAOY cells, the observed translational shut-off involved also viperin,
whose protein levels were surprisingly low, even despite an enormous
enhancement of its mMRNA production. Interestingly, the inhibitory effect
of TBEV on the host translation was so robust that even the CMV
promoter-driven over-expression of either viperin or GFP resulted in
substantially decreased protein levels in the case of both proteins. The
same situation was described in case of over-expressed OASLa variant
(unpublished results). However, it is also possible that the translational
arrest is induced upon the activation of UPR pathway, which was recently
shown to be activated upon TBEV infection in osteosarcoma (U20S) cells
[211]. Unfortunately, we are currently not able to distinguish the exact rate
of host and virus contribution to the observed translational shut-off.

Besides from the TBEV-induced host translational shut-off, we also
described a decrease in mature 18S and 28S rRNA levels. Both, 18S and
288S, are derived from one pre-rRNA transcript, 45S pre-rRNA, which is
transcribed by RNA polymerase | (POLR1). Metabolic labelling
experiments showed that de novo synthesis of 45S pre-rRNA is
significantly reduced upon TBEV infection. Intriguingly, levels of 5S rRNA,
an RNA polymerase Il (POLRS3) transcript, were not affected negatively
by TBEV infection, thus suggesting a targeted interference with RNA
polymerase | only. To our knowledge, the virus-driven reduction in host
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rRNA levels has not been described before for any flavivirus. Further
analyses are in progress in order to describe the phenomena of
transcriptional and translational shut-off in more detail.

The presence of both, transcriptional and translational arrest, raises a
question whether these phenomena are triggered independently or not. It
is highly probable that some kind of a connection exists, however, more
work is required to fully describe the relationship between transcriptional
and translational shut-off. We propose three alternative ways by which
TBEV could interfere with transcription and/or translation in DAQOY cells:
1) TBEV negatively affects the translation of host proteins, including
POLR1, transcription factors, and ribosomal proteins; their lower levels
subsequently result in a decline in synthesis of all rRNA species (UPR
pathway could be involved as well); 2) TBEV directly interferes with the
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 cellular
factors as a result of infection. We presented an indirect evidence in
favour of the second hypothesis — treatment with cycloheximide (CHX; an
inhibitor of translation elongation) resulted in decreased levels of both,
POLR1 and POLRS3, rRNA transcripts. This finding shows that general
inhibition of translation does not discriminate and results in decrease of
all rRNA species, whereas TBEV infection results only in decrease of
POLR1-transcribed rRNAs.

The documented ability of TBEV to overcome the response of host innate
immune system led us to a hypothesis that specific viral factor has to be
responsible for such an interference. Truly, flaviviruses exploit many
evasion strategies to avoid the host immune system (described in Chapter
2.3). Several possible candidates are being tested in our laboratory in
co-operation with our colleagues from Prague, Brno, Glasgow, Hamburg,
and Hamilton. So far, two studies were published and the results are
discussed below.

During ZIKV outbreak in South America (2015-2016), we patrticipated in
the study describing the full genomic sequence of ZIKV Brazilian isolate
PE243 and its interferon antagonistic properties [249]. The viral factor
responsible for the inhibition of IFN-B expression was found to be ZIKV
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sfRNA. In more detail, activity of IFN- promoter was significantly reduced
in the presence of ZIKV sfRNA when stimulated by poly I:C. The mode of
ZIKV sfRNA action was determined as an interference with RIG-I and
MDAS5 signalling. In comparison to ZIKV, DENV sfRNA was proved to
impair expression of IFN-B only via inhibition of RIG-I signalling pathway.
This study further expanded the list of works identifying sfRNA as a potent
modulator of host innate immune system in mammalian cells [73, 219,
220].

An enormous attention was recently given to sfRNA and its role during
infection, with DENV and WNV sfRNA being studied the most extensively.
On the other side, not much is known about TBEV sfRNA and its function
in CNS. We confirmed the presence of sfRNA in TBEV-infected DAOY
HTB-186 cells (unpublished results), however, its immunomodulatory
effects still need to be further verified. Nevertheless, it is of high probability
that the TBEV-derived sfRNA will contribute to the evasion of host
immune system, since the importance of TBEV 3' UTR in the virulence
has been already described [70]. Further experiments are in progress in
order to get deeper insight into TBEV sfRNA function in neural cells.

Parallel studies in our laboratory focused also on the role of a newly
identified UORF (upstream open reading frame) in several TBEV strains,
which may possibly encode a minor polypeptide of 13 — 31 amino acids
(depending on the strain). As described in Chapter 2.1.3, flaviviruses
encode 10 major proteins. However, several studies have already
documented the presence of minor proteins in flavivirus-infected cells. In
the case of JEV and WNV, a prolonged version of NS1 protein, called
NS1', was shown to be generated by -1 ribosomal frameshift event thanks
to a pseudoknot structure in the NS2A gene [250-253]. Moreover, an
additional N-NS4B/WARF4 minor protein was identified in WNV-infected
cells [254, 255]. Based on the bioinformatic and experimental analyses,
the presence of alternative ORFs is usually specific only for a narrow
group of closely related strains, where even only a single nucleotide
mutation was shown to critically impair the production of these minor
proteins [250, 252, 253]. Surprisingly, these alternative proteins were
shown to play an important role in neuroinvasiveness of the respective
virus [250, 252]. Based on these data, we hypothesized that putative
TuORF-coded peptide could play a role in the observed interference with
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host response to TBEV infection. Therefore, we analysed the presence of
TuORF-coded peptide in cells infected with TBEV Hypr strain (TUORF not
present) and Neudoerfl strain (TUORF present). The putative peptide
TuORF was not expressed on detectable levels in the Neudoerfl-infected
human (DAOY HTB-186, UKF-NB4, U373) or tick (IRE/CTVM19) cell
lines tested, thus its role during TBEV infection remains elusive [256].
However, it is possible that TUORF could have only regulatory function,
since many mammalian uORFs act on the level of negative translation
regulation without being expressed [257].

Another important factor, which plays a very significant role in virus-host
interactions, is glycosylation. Both, glycosylated proteins and the
glycan-binding proteins, of host or viral origin are crucial in many
processes including viral entry, secretion, and tropism [258]. However,
only a limited amount of information about glycobiology of flaviviruses is
currently available. In the case of TBEV, the presence of N-linked glycans
have been so far confirmed only in the structural proteins E and prM/M
[259, 260] with described function in virus secretion and infectivity [261,
262]. Overall knowledge about the glycobiology interface of
tick-host-pathogen relationships was summarized by our lab in Vechtova
et al. [263].
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6 Conclusions and future prospectives

In conclusion, this thesis provides novel insights into the response of
neural cells to TBEV infection and the antiviral effects of type | and Il
IFNs. Moreover, new findings about TBEV-host interactions at the
transcriptional/translational level were described together with the
characterization of TUORF and ZIKV sfRNA expression profile and
possible antagonistic effects in host cells. Published data can contribute
to understanding the mechanisms which determine at least to some
extent the pathological processes of neurotropic flaviviruses in CNS.

Currently, our main goal is to identify the mechanism and viral/host
effectors responsible for the observed transcriptional and translational
shut-off. So far, we ruled out the contribution of TUORF. The promising
candidates are sfRNA and C protein. Various immunomodulatory effects
were already described in case of sfRNA, thus we plan to analyse whether
the presence of sfRNA derived from selected flaviviruses will result in
transcriptional/translational shut-off. If our experiments will show a
connection  between the presence of sfRNA and host
transcription/translation regulation, binding partners of sfRNA will be
determined in order to describe the mechanistic nature of the
sfRNA-induced changes in the host cells.

Except for the forming of viral capsid, no additional roles of the C protein
are known. Several studies have described its unusual nuclear
localization, however, its role in the nucleus remains elusive. Our
preliminary results show that C protein localizes in the nucleolus, an
organelle composed mainly of rDNA clusters where rRNA is produced
and processed, and where ribosome biogenesis takes place. This finding
points  towards a  connection between  the  observed
transcriptional/translational shut-off and possible involvement of C protein
in this phenomenon. In order to uncover the role of C protein in nucleolus,
we plan to identify the binding partners of C protein (both RNA and
proteins). In addition to this, we plan to characterize the role of C protein
during flaviviral life cycle in host cells using TBEV mutants lacking specific
regions of C gene analogical over-expression experiments as in the case
of sfRNA.
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The in vitro system we used in our studies relies on the human cancer
cell lines derived from different brain parts. Even though this model was
thoroughly characterized and thus represents a reliable system for the
experiments, the cancer nature of cells may bias the observations in
comparison to the in vivo state. Therefore, we started to utilize primary
human neurons and astrocytes instead. These cells were proved to
behave differently upon TBEV infection. Therefore, we plan to employ two
TBEYV strains of different virulence and both, neurons and astrocytes, in
order to describe the principles of different outcome of infection in
dependence on the cell type and severity of the virus strain. The analysis
will be based on the transcriptomic changes in the pools of poly-(A) RNAs
and small RNAs, thus giving a complex information about the overall
response in terms of gene expression and its regulation.
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8 List of abbreviations

A549 human alveolar adenocarcinoma cell line

ADE antibody-dependent enhancement

ADP adenosine diphosphate

AlIM2 absent in melanoma 2

ALR augmenter of liver regeneration

APC antigen-presenting cell

ARIH1 Ariadne RBR E3 ubiquitin protein ligase 1

ATF6 activating transcription factor 6

ATP adenosine triphosphate

BBB blood-brain barrier

CCL chemokine C-C motif ligand

CD cluster of differentiation

CLR C-type lectin receptors

CMV cytomegalovirus

CNS central nervous system

CSF3 colony-stimulating factor 3

CTLs cytotoxic T lymphocytes

CXCL chemokine C-X-C motif ligand

DAI DNA-dependent activator of IFN-regulatory factors

DAQY human desmoplastic cerebellar medulloblastoma cell
line

DC dendritic cell

DC-SIGN Dendritic Cell-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin

DE genes differentially expressed genes

DENV dengue virus

DNA deoxyribonucleic acid

dsRNA double-stranded ribonucleic acid

EF1a elongation factor 1 alpha
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elF2a
ENA78
ER
ERAD
GAF
GAS
GCN2
HBMEC
HCMV
HCV
HEK293T

HERC5

HRI

HTH
hVAP-33
IAV

IFI

IFIT

IFITM
IFN
IFNAR1
IFNAR2
IFNGR1
IFNGR2
IFNLR1
IKKe
IL10RB
IL-11
IL-12a

eukaryotic initiation factor 2 alpha

Epithelial neutrophil- activating protein 78
endoplasmic reticulum

endoplasmic reticulum associated degradation
gamma interferon-activated factor

gamma interferon activation site

general control nonderepressible 2

primary human microvascular endothelial cells
human cytomegalovirus

hepatitis C virus

human embryonal kidney cell line containing the
SV40 T-antigen

HECT And RLD Domain Containing E3 Ubiquitin
Protein Ligase 5

heme-regulated inhibitor
helix-turn-helix

human VAMP-Associated Protein A
influenza A virus

Interferon Alpha Inducible Protein

Interferon-induced protein with tetratricopeptide
repeats

Interferon-induced transmembrane protein
interferon

Interferon-alpha/beta receptor alpha chain
Interferon-alpha/beta receptor beta chain
Interferon gamma receptor 1

Interferon gamma receptor 2

Interferon Lambda Receptor 1

IkB kinase epsilon

Interleukin 10 Receptor Beta

interleukin 11

interleukin 12 alpha
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IL-15
IL-1a
IL-18
IL-23a
IL28Ra
IL36RN
IL-6
IP-10
IP-9
IRE/CTVM19
IRE1
IRF
ISG
ISGF3
JAK1
JEV
kDa
KFD
KFDV
LGP2
LGTV
LIV
MAPK
MAVS
MDA5
MHC
MHV
MIP
mRNA
Mx
MyD88

interleukin 15

interleukin 1 alpha

interleukin 1 beta

interleukin 23 alpha

Interleukin 28 Receptor Alpha
interleukin 36 receptor antagonist
interleukin 6

Interferon gamma-induced protein 10
Interferon gamma-induced protein 9
Ixodes ricinus-derived embryonic cell line
inositol-requiring protein 1

Interferon regulatory factor
interferon-stimulated gene
Interferon-stimulated gene factor 3
Janus kinase 1

japanese encephalitis virus

kilodaltons

kyasanur forest disease

kyasanur forest disease virus
laboratory of genetics and physiology 2
langat virus

louping ill virus

mitogen-activated protein kinase
Mitochondrial antiviral-signaling protein
melanoma differentiation-associated protein 5
main histocompatibility complex

mouse hepatitis virus

macrophage inflammatory protein
messenger RNA

Myxovirus resistance protein

Myeloid differentiation primary response 88
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NF-kB

NHL
NK
NLR
NLRP3
NOD2

nt

OAS
OASL
OHFV
ORF
PAMP
PERK
PHD domain
PKR
POLRT1
POLRS
poly 1:C
POWV
PRR
RANTES

rDNA

RIG-I

RING domain
RIPK1

RLR

RNA

rRNA

RSAD2

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

NHL repeat (ncl-1, HT2A and lin-41)

natural Killer

NOD-like receptor

NOD-, LRR- and pyrin domain-containing protein 3

nucleotide-binding oligomerization domain-containing
protein 2

nucleotide

2'-5'-oligoadenylate synthethase
2'-5'-oligoadenylate synthethase like
Omsk haemorrhagic fever virus
open reading frame
pathogen-associated molecular patterns
PKR-like ER kinase

Plant Homeodomain

protein kinase R

RNA polymerase |

RNA polymerase Il
Polyinosinic:polycytidylic acid
powassan virus

Pattern recognition receptor

Regulated on Activation, Normal T Cell Expressed
and Secreted

ribosomal deoxyribonucleic acid

Retinoic acid-inducible gene |

Really Interesting New Gene domain

Receptor Interacting Serine/Threonine Kinase 1
RIG-I-like receptors

ribonucleic acid

ribosomal ribonucleic acid

radical SAM domain-containing 2
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SAM S-adenosyl methionine

Sec3p SECretory 3p

sfRNA subgenomic ribonucleic acid

SLEV Saint Louis encephalitis viruy

SOCS Suppressor of cytokine signaling

SPRY domain  SPla and the RYanodine Receptor domain

ssRNA single-stranded ribonucelic acid

STAT Signal transducer and activator of transcription

STING Stimulator of interferon genes

TANK TRAF family member-associated NF-kappa-B
activator

TBE tick-borne encephalitis

TBEV tick-borne encephalitis virus

TBEV-EU western european TBEV subtype

TBEV-FE far-eastern TBEV subtype

TBEV-Sib siberian TBEV subtype

TBKi1 TANK Binding Kinase 1

TLR toll-like receptor

TNF-a tumor necrosis factor alpha

TPR Translocated Promoter Region

TRAF TNF receptor-associated factor

TRIF TIR-domain-containing adaptor-inducing interferon-8

TRIM tripartite motif

tRNA transfer ribonucleic acid

TSG101 Tumor susceptibility gene 101

TuORF TBEV upstream open reading frame

TYK Non-receptor tyrosine-protein kinase

u20Ss human osteosarcoma cell lim

U373 human glioma astrocytoma cell line

UBE1L Ubiquitin-Activating Enzyme E1-Like

UBCHS8 E2 Ubiquitin-Conjugating Enzyme L6
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UKF-NB4
uORF
UPR
USP18
UTR
VPs
VSV
WARF4
WHO
WNV
XRN1
YFV
ZIKV

human neuroblastoma cells
upstream open reading frame
unfolded protein response
Ubiquitin Specific Peptidase 18
untranslated regions

vesicle packets

vesicular stomatitis virus

West Nile alternative open reading frame N-NS4B
World Health Organization
west nile virus

5'-3' exoribonuclease 1

yellow fever virus

Zika virus
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