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1 Preface 

Arthropod-borne flaviviruses represent an immense global health problem. 
Significant progress was achieved in the understanding of flavivirus structure 
and replication strategies, and now the complex picture of interactions 
between the virus and it´s host cell is being composed. In this thesis, I would 
like to add some pieces to the imaginary mosaic of tick-borne encephalitis 
pathogenesis.  The more modern molecular technologies are developing the 
more we are able to find out about this flavivirus infection, which despite its 
medical importance, lacks effective therapy. Therefore, we have drawn our 
attention to detailed description of the pathogenesis and 
immunopathogenesis of tick-borne encephalitis, impact of host’s genotype 
on the clinical course determination, immune response of patients with acute 
tick-borne encephalitis, the mechanism of tick-borne encephalitis virus 
migration into central nervous system and virus interaction with cells of 
neurovascular unit as well as potential medical interventions. The goal of our 
work is to enhance the knowledge of this disease development that will 
facilitate an effective medical treatment. 
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2 Introduction 

2.1 Key background 

Tick-borne encephalitis (TBE) is caused by tick-borne encephalitis virus 
(TBEV). In Europe and Northern parts of Asia, TBE represents one of the most 
serious infection of the central nervous system of humans. Approximately 10–
15 thousand of clinical cases of TBE are annually reported, even though this 
number may be underestimated. Clinical presentations range from meningitis 
to encephalitis and infection may result in death or long-term neurological 
sequelae. The risk of infection or disease development can be averted by tick-
bite prevention or active vaccination, however, specific medical treatment is 
not still available. 

2.2 History 

TBE is a vector-borne disease, that was described in 1937-39 by expeditions 
organized by Russian ministry of Health to the Far East with purpose to find 
out the origin of  severe infections of central nervous system (CNS) called 
„Taiga encephalitis“. The expedition successfully identified a tick Ixodes 
persulcatus as the main vector of the virus (Zilber, 1939; Chumakov and 
Zeitlenok, 1940). The disease was known as „Russian spring–summer 
encephalitis”, nowadays tick-borne encephalitis. A milder form of the disease 
was also observed in Western Europe, where the tick Ixodes ricinus was found 
to be the vector responsible for virus transmission (Rampas and Gallia, 1949). 
In 1943, the TBEV of the western type was isolated for the first time from 
human patients and from I. ricinus ticks by Zilber and collaborators in Belarus 
(Pogodina et al., 2004a). In Central Europe, the first virus isolation from 
human patients was achived in 1948 in Czechoslovakia from a patient 
hospitalized in Beroun (Gallia et al., 1949) and from another patient 
hospitalized in Vyškov (Krejci, 1949; 1950). Subsequently, the disease was 
shown to occur in many European countries and later in northern China and 
Japan. Based on historical description, TBE has been referred to as Russian 
spring–summer encephalitis, Far Eastern encephalitis, Taiga encephalitis, 
Central European encephalitis, Kumlinge disease, Biphasic milk fever, 
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Czechoslovak encephalitis, Biundulating meningoencephalitis and “Early 
summer meningo-encephalitis (in German, Frühsommer-
Meningoenzephalitis). Pioneer research work including field studies was 
conducted mainly in Russia (former USSR), Czechoslovakia and Austria to 
elucidate the virus cycle in nature (reviewed in Kunz and Heinz, 2003). 

During a milk-borne outbreak in Slovakia in 1951, extensive scientific 
investigations under the supervision of Raška, Bárdoš were 
performed, and the etiology and mode of TBE transmission, by goat milk was 
successfully revealed (Blaskovic, 1954). Transmission of TBE by consumption 
of milk or milk products (yogurt, cheese) prepared from milk of infected dairy 
animals was experimentally confirmed by Grešíková (Gresikova, 1958a; 
1958b). 
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2.3 Tick-borne encephalitis 

TBEV occurs in three subtypes, the European subtype (previously Central 
European encephalitis virus; with Neudörfl strain as prototype), the Far 
Eastern subtype (previously Russian spring–summer encephalitis; prototype 
strain Sofjin) and the Siberian virus (previously west Siberian virus; prototype 
strains Zausaev and Vasilchenko). The representatives of each subtype differ 
in biological properties: strains from the European subtype usually cause mild 
form of disease, on the other hand strains from Far Eastern subtype are 
associated with severe encephalitis. TBEV is an arbovirus, virus transmitted 
by blood-feeding arthropods. In Europe its main vector is tick Ixodes ricinus.  

The severity of TBE is age-dependent. TBE neurological sequelae appear in 
one third of patients, often connected with cognitive dysfunctions. The 
disease is endemic in unevenly distributed focal areas defined by ecological 
and climatic conditions that determine the suitable environment for 
arthropod vectors and vertebrate reservoir species.  Climate change and the 
increasing popularity of leisure activities, which may lead to increased human 
contact with ticks, are contributing to the rising numbers of people infected 
with TBEV observed during the last decades. Currently, between 10,000 and 
15,000 TBE cases per year are reported in Europe and Asia (Bogovic and Strle, 
2015). In the Czech Republic, generally 400-800 TBE cases are diagnosed per 
year (maximum of 1029 cases in 2006). In the years 2006-2014 there were 13 
cases of TBE with fatal outcome (EpiDat - Database State Health Institute in 
Prague). Although TBE represents a considerable public health problem for 
more than half of a century, our knowledge particularly of its pathogenesis is 
still incomplete. Especially pathogenesis of the disease remains poorly 
explored. 
Recent research is highlighting the impact of immunopathological reactions 
during encephalitides caused by flaviviruses, including TBE. Furthermore, it 
appears that the development of TBE is affected by many factors, including 
patient specific factors (genotype, immunity etc.). 
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2.3.1 Classification 

TBEV is one of the medically important members of the genus Flavivirus, 
family Flaviviridae (Thiel et al., 2005). Members of the genus Flavivirus are 
divided into three groups: the Tick-borne flaviviruses group, the Mosquito-
borne flaviviruses group and the No-known vector flaviviruses (Gritsun et al., 
2003). Numerous flaviviruses represent important human pathogens, such as 
dengue virus, Japanese encephalitis virus, West Nile virus, or yellow fever 
virus.  

The Tick-borne flaviviruses group is further divided into two subgroups 
according to host preference (seabirds and mammals). TBEV belongs to a 
subset of mammalian flaviviruses (Gaunt et al., 2001).  

TBE serocomplex includes Langat virus, Louping-ill virus, Negishi virus, 
Kyasanur Forest disease virus, Omsk hemorrhagic fever virus, Powassan virus, 
and others. 

2.3.2 Virus particle 

TBEV genome consists of a single-stranded RNA of positive polarity. The virion 
is about 50 nm in diameter. Viral genome of about 11 kb in length contains 
one open reading frame (ORF) that encodes a polyprotein composed of 3414 
amino acids. 

This polyprotein is co-translationally and post-translationally cleaved by 
cellular and viral proteases into three structural proteins (C, M, and E) and 
seven nonstructural proteins (NS1, NS2a, NS2B, NS3, NS4A, NS4B and NS5) 
(Lindquist et al., 2008). The ORF is placed between the 5` (about 130 
nucleotides) and 3` (350-750 nucleotides) untranslated regions (Fig. 1). RNA 
in these areas forms secondary structures that have an important role in 
genome replication, translation and packaging of viral nucleic acid into the 
virus capsid (Gritsun et al., 1997). 
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Figure 1: Scheme of the flaviviral genome with the description of the function 
of the proteins (adapted from Abraham et al., 2001) 

Viral nucleocapsid is of icosahedral symmetry and is formed by the viral 
genome, which is connected with a basic capsid protein C. The nucleocapsid 
represents an electrodense core. This core is coated with a lipid bilayer, in 
which two glycoproteins are integrated - protein E (envelope) and protein M 
(membrane). The M protein is formed by cleavage of immature precursor 
prM during release of the virion from the host cell. The E protein is the major 
surface antigen of the viral particle, which interacts with cell receptors and 
mediates fusion of the virus with the cell membrane. In mammalian cells, this 
protein also induces formation of virus-neutralizing antibodies, which play an 
important role in the antiviral immune response (Heinz et al., 1986). The 
whole process of TBEV replication in the host cell is shown in Figure 2. 
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Figure 2: Replication machinery of TBEV in a mammalian cell (adapted from 
Samuel, 2002) 

2.3.3 Ecology and Epidemiology 

TBEV is transmitted by ticks of the genus Ixodes. Therefore, in natural 
environment, TBE incidence is closely connected with ecology and biology of 
the tick, with areas of ticks presence and their period of activity (Nuttal et al., 
1994). TBEV vectors are particularly species I. persulcatus as a major vector of 
the Siberian and Far Eastern subtype (Blaskovic et al., 1967) and I. ricinus the 
main vector of representatives of the European subtype (Rampas et al., 
1949). As mentioned above, the occurrence of ticks is dependent on a variety 
of biotic and abiotic conditions (temperature, humidity, vegetation, small 
rodents presence, etc.). These conditions determine the occurrence of ticks 
in the environment and define natural foci of TBEV across the Northern 
hemisphere, from Europe to Japan (Korenberg et al., 1999). 

Once infected, the tick remains infected for the rest of its life time. 
Maintaining of TBEV in environment is facilitated by transstadial (between 
different developmental stages of a tick) and transovarial transmission (from 
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infected female to it's offspring) (Fig. 3). The transmission of TBEV among ticks 
is known to be viremic or nonviremic. Nonviremic transmission occurs during 
co-feeding, when infected and uninfected ticks feed close to each other on 
small rodents (Labuda et al., 1996). These rodents have a major influence on 
preservation the TBEV in environment (Achazi et al., 2011). Man is only dead-
end host, and has no role in the circulation of TBEV in nature. 

The ecology of TBEV is still accompanied with many unresolved issues. It is 
not entirely clear how big role the nonviremic transmission plays in the TBEV 
circulation, how important is the transovarial transmission and how multiple 
virus passage in these transstadial, transovarial and nonviremic transmissions 
influence biological properties of the virus. In addition, the importance of the 
long-term and high-level viremia in small rodents for viremic transmission 
remains unknown. Molecular phylogeography brings a new insight into the 
virus spreading in space and time (Weidmann et al., 2011; 2013), local 
microevolution in a natural viral outbreaks and possibility of the interaction 
with different viral variants in the same vector or reservoir remains still 
unclear. 

Figure 3: Scheme of TBEV circulation in nature (adapted from Palus and 
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2.3.4 Routes of infection 

The infection of humans with TBEV may not result only from attachment of 
infected tick. TBE cases after consuming contaminated unpasteurized milk 
from infected goats, sheep or cows or dairy products also occurs (Gresikova 
et al., 1958a, 1958b) (Fig. 3, 4). For example, TBE outbreak ava in 
Slovakia was reported in 1951. The outbreak was caused by contaminated 
milk and over 600 people were infected. Recently, smaller local epidemics of 
alimentary TBE were reported. Retrospective analysis revealed that in years 
1997-2008 about 0.9 % of TBE cases in the Czech Republic were of alimentary 
origin (Kriz et al., 2009). In Slovakia the foodborne origin of TBE is believed to 
be up to 9 %.  

2.3.5 Disease development and Clinical features 

Based on serological surveys, it is estimated that up to 70-95 % of TBEV 
human infections are asymptomatic. In two thirds of the cases, the progress 
of the disease is biphasic. The host is infected with the virus during tick 
feeding. The virus replicates then in the subcutaneous tissues (Labuda et al., 
1996).  Dendritic and Langerhans cells play the major role. These cells spread 
the virus further to draining lymph nodes, where is the virus multiplied 
further. After a relatively short incubation period (7-14 days), the first viremic 
phase of infection takes place (Kaiser, 1999). The virus infects various tissues 
and organs in the body. The symptoms manifest lasts around 1-8 days after 
virus entry. Symptoms during the first phase are similar to influenza (fever, 
fatigue, nausea, malaise, headache and pain of the whole body). There is 
approximately 7 days symptom-free interval between the first and second 
phase. During this interval the virus replicates in the peripheral organs, 
particularly the reticuloendothelial system (Malkova et al., 1959). Subsequent 
secondary viremia occurs. During the secondary viremia the virus crosses the 
blood brain barrier (BBB) and enters the central nervous system (CNS). 
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TBEV is a neurotropic flavivirus (McMinn, 1997), however the mechanisms by 
which TBEV overcomes BBB and gains access to the CNS is not completely 
understood. Several hypothetical routes of the CNS invasion exist: by 
neuronal transport from peripheral nerves; by infection of olfactory neurons; 
by infection and replication in endothelial cells and virus budding on the 
parenchymal side; “Trojan horse” mechanism (immune cells infected by TBEV 
migrate into the CNS); and across the disrupted BBB (Fig. 4) (Ruzek et al., 
2010; Dorrbecker et al., 2010). However, the last option seems to be unlikely, 
since previously published study described that BBB breakdown is rather a 
result of infection in the CNS and is not necessary for viral entry into the CNS 
(Ruzek et al., 2011). 

This second phase of the disease occurs in about 20-30 % of cases and it is 
characterized by symptoms of meningitis to severe encephalitis (Mickiene et 
al., 2002). Pathology in the CNS is to a great extent the result of the 
inflammatory immune response caused by TBEV infection and associated 
immunopathological response in the brain tissue.  

In general, there are three clinical forms of TBE: fever, meningeal form and 
meningoencephalitis (Gritsun et al., 2003, Haglund and Gunther, 2003; Ruzek 
et al., 2010) but also other forms exist: encephalomyelitic, 
polyradiculoneuritic and chronic form.  

Febrile illness occurs in about one third of patients with TBE. Febrile form 
usually leads to complete recovery of the patient, lack neurological symptoms 
and any CNS damage. Fever may reach 39 ° C and lasts from several hours to 
5 days (Gritsun et al., 2003). 

The second and most common form of the infection is meningitis. This form 
is in the initial symptoms similar to the febrile form, but with more severe 
symptoms. Patients usually suffer from severe headaches and nausea. 
Vomiting and increased light sensitivity is frequent. This form usually lasts 7-
14 days and recovery is slow (Gritsun et al., 2003). 
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Encephalomyelitis is a form that occurs with the lowest frequency, however, 
it is associated with severe damage of CNS tissue. Patients tend to be weak, 
sleepy, with frequent hallucinations or even fall into a coma. Symptoms 
include muscle spasm, slow heartbeat, stomach bleeding or paralysis. Some 
patients subsequently develop epilepsy. Thirty percent of cases of 
encephalomyelitis is followed by death. Other patients, most frequently the 
elderly population, may progress to permanent paralysis. Recovery is gradual, 
accompanied by signs of nervous exhaustion, dizziness and frequent changes 
of mood (Gritsun et al., 2003).  

Moreover, TBE variation may occur not only in the frequency of development 
of certain disease form, but also in the severity of each form according to the 
TBEV subtype. Viral strains of the Siberian and Far Eastern TBEV subtypes can 
be the cause of chronic diseases (Pogodina et al., 2004b). It remains to future 
studies to find out whether viral or host factors contribute to the 
pathogenesis of chronic TBEV infections. 

In Europe, the mortality following TBE reaches about 1 %. The severity of TBE, 
the frequency of complications and the number of fatal cases increases with 
the age of the patient (Lidquist et al., 2008; Mickiene et al., 2002). 
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Figure 4: Interaction of TBEV with the mammalian immune system. 
Abbreviations: TBEV, tick-borne encephalitis virus; LC, Langerhans cell; DC, 

–brain barrier; CNS, central nervous system (Dörrbecker et 
al., 2010). 
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2.3.6 Immuno/Pathology 

2.3.6.1 Neuronal damage 

TBE progress in a host is influenced by many factors at both the virus and the 
host side. In general, morbidity and mortality of flavivirus encephalitisis is 
directly bind up with neuronal damage. The main mechanisms leading to 
neuron damage are in case of TBE three: the neuronal damage caused directly 
by the virus, immunopathological effects of the host immune system, and 
finally the mutual combination of both factors (Chambers and Diamond, 
2003; King et al., 2007; Ruzek et al., 2009; Hayasaka et al., 2009). 

2.3.6.2 Central nervous system 

The CNS is an immunologically privileged organ, which has, however, a wide 
range of immune mechanisms that can be activated in the case of infection. 
The defence response against viral infection involves innate and adaptive 
immune mechanism. Under certain circumstances, however, the defensive 
response becomes pathological to the host. Recently, there have been more 
and more studies that show the importance of immunopathological reactions 
in the development of flavivirus encephalitis (Klein et al., 2005; Wang et al., 
2003; Winter et al., 2004; Olsen et al.,2007; Atrasheuskaya et al., 2003; Lepej 
et al., 2007; Sui et al., 2006; Palus et al., 2013).  

The infection in the CNS leads to activation of various antiviral responses, 
which include: production of interferon and the expression of other 
interferon-stimulating genes, complement activation, or NK cell, macrophage 
and leukocyte infiltration into the CNS (Gupta et al., 2011; Palus et al., 2013; 
Ruzek et al., 2009). Therefore, the roles of cytokines, chemokines, and growth 
factors during TBE are the key issues that have not been completely 
addressed to date. Previous reports characterized an acute immune response 
to TBEV by profiling certain cytokines and chemokines (e.g., tumor necrosis 
factor alpha (TNF-a), interleukin (IL)-1b, IL- 6, CXCL10, CXCL11, CXCL12, 
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CXCL13) in the sera or cerebrospinal fluid of TBE patients (Kondrusik et al., 
2001; Atrasheuskaya et al., 2003; Zajkowska et al., 2011).  

2.3.6.2a Key players in the protection/defence of the CNS 

Microglia and astrocytes are in general considered to serve as the 
predominant source of cytokines and chemokines in the CNS, and therefore 
may act as important processors of neuroinflammation and 
neurodegeneration (Ramesh et al., 2013; Palus et al., 2014). Microglia 
represent tissue-specific macrophages in the CNS that have functions similar 
to monocytes (King et al., 2007). Astrocytes, on the other hand, are 
recognized as trophic support cells in the CNS. Astrocytes are the most 
abundant glial cell population in the human brain (Nedergaard et al., 2003) 
and have various important roles including integration of neuronal functions, 
neuronal support and regulation of the BBB. Thus, astrocytes present a 
structural and functional connection between endothelial cells of the BBB and 
neurons. Together with pericytes, these four cell types represent the 
‘neurovascular unit’ (Fig. 5) (Stanimirovic and Friedman, 2012; Abbot et al., 
2010), which regulates blood flow, integrity of the BBB and neuronal activity 
in response to physiological and pathophysiological changes (Hussmann et 
al., 2013).  



Figure 5: The cell associations at the BBB (Abbot et al., 2010). Basal lamina 
(BL1, 2) is perivascular extracellular matrix that forms the local basement 
membrane. 

In flavivirus encephalitis, microglia and astrocytes produce a variety of 
chemokines, which may have, under certain circumstances, 
immunopathological effects. Such chemokines include, for example, MCP-1 
(CCL2) and RANTES (CCL5). These proinflammatory chemokines have no 
direct immunopathological effects, but can mediate tissue damage by 
recruiting circulating immune cells or stimulate macrophages and microglia 
(King et al., 2007).  

In addition, another important mediator capable of causing neuronal 
apoptosis matrix metalloproteinase 9 (MMP-9) is also produced by astrocytes 
(del Zoppo, 2010). Moreover, MMP-9 is capable of degrading collagen IV, a 
major component of the basement membrane of the cerebral endothelium 
(Fig. 5) and the expression of matrix metalloproteinases, especially MMP-9, 
correlates with BBB disruption during many neuroinflammatory diseases 
(Leppert et al., 2000).  

Infected astrocytes have a key role in the inflammatory response during 
neural infections caused by flaviviruses, namely Japanese encephalitis (Yang 
et al.,2012), West Nile encephalitis (Hussmann et al., 2013) and TBE (Palus et 
al., 2014). 



TBEV infected astrocyte also produce significantly higher levels of the 
chemokine IP-10 (CXCL10) (Palus et al., 2014). Increased production of the 
chemokine CXCL10 and CXCL11 is connected with the activation and 
migration of T-lymphocytes. Elevated levels of chemokines have been 
observed in the cerebrospinal fluid of patients with TBE (Lepej et al., 2007). 
Cytotoxic T lymphocytes should be primarily targeted to infected neurons. 
However, these cells are not always observed only at infected neurons. 
Moreover, there is no apparent topographical correlation between 
inflammatory infiltrates and virus antigen distribution (Ruzek et al., 2009). A 
link of cytotoxic T lymphocytes (CD8+) with immunopathology during TBE was 
confirmed by histopathological studies of brain tissue of deceased patients 
(Gelphi et al., 2006), but also in experiments carried out on laboratory mouse 
model (Ruzek et al., 2009).  

IP-10 acts not only as T lymphocyte activator, but also as a neurotoxin by 
itself; it causes apoptosis of neurons (Sui et al., 2006). As shown by 
experiments on laboratory mice, overexpression of IP-10 (and also MCP-1) in 
brain tissue directly correlates with severity of TBE (Palus et al., 2013). 

2.3.6.2b Blood brain barrier breakdown 

The immunopathological effect during TBE can be well presented also on BBB 
disruption. The integrity of the BBB is necessary for correct transport of 
nutrients into the CNS, protection against pathogens, toxins and other 
substances that may be harmful to the cells of the CNS (Hawkins and Davis, 
2005). Integrity disruption allows proinflammatory immune cells, which are 
necessary for removing virus from neural tissue, to enter the CNS (Wang et 
al., 2003). The conditions leading to BBB disruption and recruitment of 
inflammatory cells into the CNS chemokines 
produced in the affected tissue (Ruzek et al., 2011; Winter et al., 2004). 
Example of mediators influencing the permeability of BBB are TNF- -6 
(de Vries et al., 1996; Abbot, 2000). Experimental work has revealed that the 
disruption of BBB during TBE is not a consequence of lymphocyte migration 



into the brain tissue, but the disruption occurs due to uncontrolled 
overpr chemokines in the CNS (Ruzek et al. 
2011). 

2.3.6.3 Humoral immunity 

It should also be noted that even humoral immune activity, based on virus-
neutralizing antibodies, can be detrimental to the host. Antibodies in classes 
IgM and IgG participate mainly in virus neutralization (Chambers and 
Diamond, 2003; Konishi et al., 1999). Key role of antibodies in eliminating the 
infection was documented by a series of experimental studies (Diamond et 
al., 2003; Palus et al., 2013). On the other hand, the use of specific anti-TBEV 
immunoglobulins as post-exposure prophylaxis was discontinued in Europe 
due to the concerns of antibody-dependent enhancement (ADE) of the virus 
infectivity (Kluger et al., 1995; Waldvogel et al., 1996) as it has been described 
for secondary dengue virus infection. Nevertheless, specific anti-TBEV 
immunoglobulins are still used in Russia, with protection on average in 79 % 
of TBE cases after post-exposure administration of single dose of anti-TBEV 
immunoglobulin (Pen'evskaia and Rudakov, 2010). 

The role of the host immune system in the pathogenesis of TBE is still unclear. 
The question is: Why is the immune system able to effectively eliminate the 
infection in some cases, while in others it is harmful to the host rather than 
to the pathogen itself? Ideal therapy, to the light of the above, should also 
have immunomodulatory properties leading to suppression of adverse 
immunopathological reactions. 

2.3.7 Factors affecting disease development 

As it is known, there are many aspects and factors that can affect a host 
susceptibility to viral infection and seriousness of the disease. These factors 
include age, sex, nutritional status, immune status and genetic dispositions. 



Factors specific to the virus (virulence, route of transmission, viral load and 
etc.) play an important role to the same extent as host factors. TBEV is not 
uniform, its strains range from non-neuroinvasive to highly virulent.  

Increased severity and permanent consequences which often significantly 
affect the patient's life after TBE, correlate with increasing age (> 60 years) 
(Gritsun et al., 2003). On the other hand, children younger than 4 years of age 
are rarely affected by severe CNS infection when infected with European 
TBEV subtype but progression to more severe CNS disease can occur after 
infection with the Far Eastern subtype (Dumpis et al., 1999).  

Similarly, also sex seems to have a role as host factor influencing flaviviral 
infection. In mice after inoculation with St. Louis encephalitis virus was 
observed identical susceptibility in female and male at age of two months, 
however at the age of three and four months female mice showed significant 
reduction in the susceptibility to infection compared to males (Andersen et 
al., 1974).  

Important factor determining the susceptibility to flavivirus infection is 
related to 2'-5' oligoadenylate synthetases genes (OAS), whose products 
participate in activation of RNase L (Samuel et al., 2002). For instance, 
homozygous dominant mice for gene Flvr (Oas1b) are susceptible to infection 
with flaviviruses, but infection will not develop in a clinically manifested 
disease and mice resemble to be resistant against flaviviruses. Additional 
experiments have shown that Flvr is responsible for resistance to flaviviruses 
at the intracellular level and without a fully functional immune system the 
presence of the resistant allele is completely negligible (Brinton and 
Perelygin, 2003). 

There are some studies with TBE based on host genotype (Kindberg et al., 
2008; Barkhash et al., 2012). It was demonstrated that a functional gene for 
Toll-like receptor 3 represents a risk factor for TBE development (Kindberg et 
al., 2011). Deletions within the CCR5 receptor, which plays an important role 
in leukocyte transmigration across the BBB is more common in patients with 
TBE than in patients with aseptic meningitis of different etiology (Kindberg et 



al., 2008). As already mentioned above, the severity of TBE is also related to 
the variability within the gene cluster of 2'-5'-oligoadenylate synthetase 
(Barkhash et al., 2010). Clinical course of TBE is also linked to a single 
nucleotide polymorphism localized in the promoter sequence of the gene 
CD209 (Barkhash et al., 2012). From all this evidence, it is apparent that 
polymorphisms within the series of genes may be associated with the course 
and severity of infection in patients with TBE. 

2.3.8 Treatment 

Unavailability of TBE specific treatment and risks associated with the 
administration of specific hyperimmune globulin as postexposure passive 
prophylaxis increase the importance of preventing the disease. However, 
treatment of severe TBE forms by administration of high doses of non-specific 
immunoglobulin (IVIG) was proposed. The effectivity of IVIG was proven in 
the case of many other encephalitis (Ruzek et al., 2013). Nevertheless, the 
experience with this form of therapy for TBE is still missing. Currently the 
treatment is therefore symptomatic with bed rest, usually within the 
intensive care unit until fever and neurological symptoms persist. Fluid 
support, maintenance of electrolyte balance, sufficient caloric intake, and use 
of analgesics, vitamins and antipyretics are the main pillars of the clinical 
treatment of patients suffering from TBE. Glucocorticoids (i.v. 5-
day) have beneficial effect during the TBE acute phase (Dunyewicz et al., 
1981). 

Alternative approaches in TBE treatment were suggested. Promising results 
in the treatment of TBE trials were approached using antioxidants, for 
instance panavir (Litvin et al., 2009), cytoflavin (Skripchenko and Egorova, 
2011), or emoxypine (mexidol) (Abramenko, 2011, Udintseva et al., 2012).  

Achazi et al. (2012) suggest that RNA interference could be a valuable tool for 
controlling TBE virus infection. In their study, it was demonstrated that small 
interfering RNAs targeted at the TBEV genome reduce the quantity of 
infectious TBEV particles, TBEV genome copies, and TBE virus protein in vitro 



by up to 85 %. RNAi has been demonstrated to be a useful technique for 
inhibiting the replication of many different viruses (Achazi et al., 2012).  

Another comparative in vitro study (Krylova and Leonova, 2001) suggested a 
thymalin (complex of 14 immunomodulators with effect on expression of T 
lymphocyte receptors) and leukinferon (complex preparation containing 
alpha-interferon and cytokines) in combination with human leukocytic 
interferon as possible drugs for immunomodulatory therapy of TBE. 

Suppressing effect of tick-borne encephalitis (TBE) virus on expression of 
lymphocyte subpopulation receptors has been demonstrated in vitro. 

2.3.9 Prevention 

Protection against tick infestation, as use of appropriate clothes and early 
removal of attached ticks, and active immunization are the most effective 
preventive measures against TBEV infection (Kunz, 2003; Heinz et al., 2007). 
Despite availability of active immunization, some endemic countries, 
including the Czech Republic, have very low vaccination coverage (Heinz et 
al., 2007). In Europe, there are two available vaccines based on European 
strains of TBE: FSME-IMMUM from Pfizer (previously Baxter), Austria (strain 
Neudörfl), and Encepur from GSK (previously Novartis Vaccines and 
Diagnostics), Germany (strain K23). The highly conserved structure of the 
protein E of TBE then ensures the effectiveness of vaccines against all three 
virus subtypes (Ruzek et al., 2013). The efficacy of the two vaccines is 
estimated to be higher than 90%. There is also an age-dependent immune 
response after vaccination; children show an increased response compare to 
adults (Girgsdies et al., 1996), while the vaccinated people aged over 60 have 
usually only weak antibody response (Hainz et al., 2005). Regular booster for 
people younger than 50 years should be applied after five years (except the 
first booster after three years), whereas three-year revaccination interval for 
people aged over 50 years is recommended. Currently, considerable efforts 

2



are made in order to develop a live attenuated vaccines, leading to sufficient 
immunity after single dose vaccination (Rumyantsev et al., 2013). 

2.3.10 Summary 

TBE is the disease that undoubtedly deserves our attention. Although many 
scientific papers have been published about TBE, we still know very little. 
Every new finding concerning TBE opens new questions. Current research is 
focused mainly on the pathogenesis of TBE and the role of immune response 
in it. However, the extent and implications of immunopathological reactions 
during TBE need to be clarified too. Mode of the virus transition across the 
BBB; the interaction of TBEV with the cells within the CNS or the patient 
genetic background task in relation to the severity of the infection belong to 
the main research priorities. In addition, considerable expertise efforts are 
devoted to the development of an effective therapy or live attenuated 
vaccines. 
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2.5 Specific aims 

1) Study of the sensitivity to TBEV-infection in mice differing in their
genetic background

2) Study the interaction of TBEV with human primary cells forming the
neurovascular unit cells

3) Prepare functional in vitro BBB model

4) Analyse cytokine/chemokine, growth factor levels and other
inflammatory markers in patients sera with TBE

5) Study potential therapeutical approaches in TBE
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Epidemics of tick-borne encephalitis involving thousands of humans occur annually in the forested regions of
Europe and Asia. Despite the importance of this disease, the underlying basis for the development of
encephalitis remains undefined. Here, we prove the key role of CD8+ T-cells in the immunopathology of tick-
borne encephalitis, as demonstrated by prolonged survival of SCID or CD8−/− mice, following infection, when
compared with immunocompetent mice or mice with adoptively transferred CD8+ T-cells. The results imply
that tick-borne encephalitis is an immunopathological disease and that the inflammatory reaction
significantly contributes to the fatal outcome of the infection.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Tick-borne encephalitis (TBE), a disease caused by Tick-borne
encephalitis virus (TBEV), is an increasing public health problem in
northern and central Eurasia, where thousands of human encepha-
litis cases and numerous deaths are reported annually (Gritsun et al.,
2003a). TBEV is a single-stranded, positive-sense, enveloped RNA
virus, a member of the Tick-borne flavivirus (TBFV) group, that
together with the Mosquito-borne flavivirus (MBFV) group and the
No-known vector (NKV) group comprise the genus Flavivirus within
the family Flaviviridae (Thiel et al., 2005). In humans TBEV may
produce a variety of clinical symptoms, including fever and acute or
chronic progressive encephalitis (Gritsun et al., 2003a,b), with or
without a fatal outcome. As with other viral infections, the virulence
of the circulating strain and the immunological status of the infected
individual may contribute to the severity of the disease (Růžek et al.,
2008). Recent studies on the molecular basis of pathogenesis, mostly
performed with the MBFV group, established that apoptosis and
immune-mediated tissue damage may determine the outcome of
flavivirus infections (reviewed in Chambers and Diamond, 2003;
King et al., 2007). However, the mechanism by which viruses in the

TBFV group induce encephalitis is not completely understood. In this
study we provide direct evidence for the immunopathology of TBE
using different mouse strains to model TBEV infections. We address
this issue by analyzing the role of specific T-cell subpopulations, i.e.
CD4+ and CD8+ T-cells, in the recovery and/or immunopathology of
TBE in mice.

Results

To assess the contribution of immunopathology in the develop-
ment of encephalitis, we directly examined the role of two subpop-
ulations of T-cells, i.e. CD4+ and CD8+, following infection of different
strains of mice with TBEV.

Groups of mice with severe combined immunodeficiency (SCID),
and control immunocompetent (Balb/c) mice, were inoculated sub-
cutaneously with 100 pfu of the prototype neurovirulent TBEV strain
Hypr. Morbidity, mortality, and mean survival times (MST) were then
recorded. The clinical signs emerged virtually at the same time in both
groups, i.e. approximately on the 8th or 9th day post-infection (p.i.).
The mice showed clinical signs of hunching, ruffling of fur and hind-
limb paralysis. Mean survival time of the immunocompetent Balb/c
mice was 10.4±3.3 days; however, SCID mice survived significantly
longer (MST of 13.9±0.8 days, pb0.05; Fig. 1A).

Analogously, CD8−/− knockout mice derived from a C57Bl/6 genetic
background, exhibited prolonged mean survival times following TBEV
infection (MST of 12.73±2.10 days) when compared with immuno-
competent C57Bl/6 mice (7.45±1.37, pb0.001; Fig. 1B).

⁎ Corresponding author. Institute of Parasitology, Biology Centre AS CR, Branišovská
31, CZ-370 05 České Budějovice, Czech Republic. Fax: +420 38 531 0388.

E-mail address: ruzekd@paru.cas.cz (D. Růžek).
1 Present address: Faculty of Medicine, Masaryk University, Černopolní 9, CZ-66263

Brno, Czech Republic.

Virology 384 (2009) 1–6

0042-6822/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2008.11.023

Contents lists available at ScienceDirect

Virology

j ourna l homepage: www.e lsev ie r.com/ locate /yv i ro

35



To examine the precise role of CD8+ T-cells in the pathogenesis of
TBE, CD8+ T-cells from control immunologically naïve as well as
immune Balb/c mice, were isolated and adoptively transferred to SCID
mice as described in Materials and methods. Adoptive transfer of
immune as well as naïve CD8+ T-cells led to significantly shorter
MST following TBEV infection in comparison with SCID mice (MST of
15.0±3.8 days). Mice that received CD8+ T-cells from immunised mice
survived slightly shorter (MST of 7.0±2.4 days) than mice receiving
CD8+ T-cells from naïve mice (MST of 9.3±0.5 days), but the difference
was not statistically significant although reproducible.

We compared the infection of SCID and Balb/c mice caused by two
TBEV strains (263 and 263-TR) differing in virulence (Fig. 1D).
Following subcutaneous inoculation, strain 263 is completely non-
neuroinvasive in Balb/c mice, whilst 263-TR is highly virulent.
Although 263-TR virus causes 100% mortality in both strains of
mice, the MST was notably longer in SCID mice. On the other hand,
80% of the SCID mice infected with strain 263 developed lethal
encephalitis although their mean survival time was much longer
(19.0±2.9 days) compared with mice infected with the neuroinvasive
strain (13.4±0.5 days, pb0.01; Fig. 1D).

Besides CD8+ T-cells, we also evaluated the role of CD4+ T-cells in
TBEV infection, using the adoptive-transfer approach (Fig. 1E). CD4+ T-
cells negatively selected from spleens of naïve Balb/c mice were
adoptively transferred intraperitoneally to SCID mice (2×106 cells/

mouse) and after one week, the mice were subcutaneously inoculated
with strain Hypr. The adoptive transfer of CD4+ T-cells to SCIDmice led
to a significantly prolonged MST (18.5±4.9 days) and increased sur-
vival after infection in comparison with infected SCID mice (13.5±
0.7 days; Fig. 1C).

We then compared the growth of TBEV in the organs of, Balb/c,
C57Bl/6, CD8−/−, and SCID mice following subcutaneous inoculation
of 100 pfu of the virus. Comparison of the viral load in the blood,
spleen and brains of CD8−/−, C57Bl/6 and Balb/c mice was not
significantly different. However, although SCID mice exhibited
prolonged survival following infection, the viral loads in the blood
(days 3 and 8 p.i.) and spleen (days 6 and 8 p.i.) were much higher
compared with the other strains of mice (Figs. 2A, B) and in brain
compared to Balb/c mice (day 6 p.i.; Fig. 2C). Moreover, in SCID
mice, the high viremia increased with time; in contrast, low viremia
in all other mouse strains was detected on day 3 p.i. and low titers
of virus were also detected in serum on day 8 p.i. in CD8−/− and
C57Bl/6 mice (Fig. 2A). In brains, there were no statistically signi-
ficant differences in the viral load in TBEV infected Balb/c, CD8−/−

and C57Bl/6 mice (Fig. 2C).
To understand the cellular basis for the more rapid progress of the

infection in immunocompetent mice in contrast with SCID or CD8−/−

mice, we examined brain tissues for histopathological changes.
Marked levels of infiltrates were observed in the vicinity of menin-

Fig. 1. Survival of mice infected with TBEV. Each animal was inoculated subcutaneously with a 100 pfu of strains Hypr (A–C and E), 263-TR (high-virulent) or 263 (low-virulent) (D).
The mouse strains used were Balb/c, SCID, C57Bl/6 and C57Bl/6 CD8−/− as indicated.
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geal vessels in both immunocompetent strains of mice (Balb/c and
C57Bl/6) and to a lesser extent also in CD8−/− mice (Fig. 3). In infected
Balb/c mice (Fig. 3E), the infiltrates were diffusely distributed and
accompanied with signs of oedema. Diffuse/focal microgliosis and
neuronal necroses were also seen. Predominantly necrotic lesions
were found in the granular layer of the hippocampus (stratum
granulosum); in this case, partial substitution of the granular layer
with necrotic cells containing pycnotic nuclei was observed (Fig. 3K).

In infected C57Bl/6 mice, some of the perivascular infiltrates
formed perivascular cuffs containing mononuclear infiltrating cells
and histiocytes (Fig. 3F). Diffuse microgliosis, neuronal necrosis
(Fig. 3H) and karyorrhexis of glial cells (Fig. 3I) were observed. The
alterations observed in stratum granulosum of hippocampus (uni-
cellular necroses) were similar to those observed in TBEV-infected

Balb/cmice. Cell infiltrates were also in the ventricular system (around
the plexus chorioideus).

In the case of CD8−/− mice infected with TBEV, histological inves-
tigation revealed moderate infiltrates of lymphocytes (Fig. 3G) and
isolated hemorrhages (Fig. 3L).

The brain tissue of infected SCID mice was only slightly affected;
only occasional isolated hemorrhages or proliferated microglial cells
were seen.

There was no difference in the histology of brains of control un-
infected Balb/c, C57Bl/6, CD8−/− and SCID mice (Figs. 3A–D).

Immunofluorescence investigation of the brain sections revealed
that most of the infiltrating cells were CD8+ T-cells (see Supplemen-
tary data). Very few infiltrating CD4+ T-cells were detected in the brain
sections of infected Balb/c or C57Bl/6 mice and virtually no
lymphocytes were detected in brains of uninfected mice. In TBEV
infected CD8−/− mice, lymphocytic infiltrates comprised CD4+ T-cells.
No immunoreactivity was observed in infected and control SCID mice.

Discussion

In flavivirus encephalitis, three possible mechanisms of brain
tissue destruction have been postulated. Firstly, the virus itself causes
direct neuronal damage; secondly, the neuronal death is caused by
virus-induced inflammatory response; and finally, a combination of
both, i.e. neuronal damage and immunopathology is responsible
(Chambers and Diamond, 2003; King et al., 2007).

Recent data on MBFV indicate that a major cause of encephalitis in
mice following infection is the detrimental effect of the host immune
response. Transgenic mice lacking functional CD8+ T-cells demon-
strated extended survival and decreased mortality when infected
with West Nile virus (WNV), in comparison with control wild-type
mice (Wang et al., 2003). Similarly, for Murray Valley encephalitis
virus (MVEV), the lack of perforin or Fas ligand molecules, that
mediate effector activity of cytotoxic T-cells, protected mice against
the development of encephalitis and fatal infection (Andrews et al.,
1999). Generally, the immunopathology in flavivirus encephalitis
seems to be mediated primarily by CD8+ T-cells. On the other hand,
the role of virus specific CD4+ T-cells in flavivirus encephalitis is not
well understood, although some experimental data indicate a
requirement of such cells in protection against acute infection
(Chambers and Diamond, 2003). An absence of CD4+ T-cells in mice
with genetic or acquired deficiency resulted in persistent WNV
infection in the CNS, ultimately leading to uniform mortality. More-
over, adoptive transfer of WNV-primed CD4+ T-cells significantly
improved the survival of CD4−/− mice after WNV infection (Sitati and
Diamond, 2006).

No corresponding data in relation to apoptosis or immune-
mediated pathology have been reported for TBEV. Therefore, the
underlying basis of the development and progress of TBE is still largely
undefined.

Here, we addressed the contribution of the host immune system
to the development of TBE by a combination of experimental
approaches. Prolonged survival of SCID or CD8−/− mice in contrast
with immunocompetent Balb/c and C57Bl/6 mice following infection
with a neurovirulent TBEV strain indicated the detrimental effect of
the host immune response in the development of the disease. Sub-
sequently, we investigated the role of two subpopulations of T-cells,
i.e. CD8+ and CD4+ T-cells, in the immunopathology of TBE using the
adoptive transfer approach. The experiments demonstrated that the
immunopathology is primarily mediated by CD8+ T-cells, whereas
CD4+ T-cells confine the development of TBE. The helper CD4+ T-cells
play a protective role although the mechanism for this is not yet clear;
it is probably based on CD4+-mediated secretion of IFN-γ and other
proinflammatory cytokines and/or stimulation of macrophage-like
cells. CD4+ T-cells are believed to control viral infections through the
activation of B- and CD8+ T-cell responses, production of inflammatory

Fig. 2. TBEV burden in serum (A), spleen (B), and brains (C) of SCID, CD8−/−, C57Bl/6, and
Balb/c mice subcutaneously inoculated with 100 pfu of TBEV strain Hypr. Tissue and
serum specimens were titrated individually by plaque assay on PS cells. For each time
point the titers are the average of three mice. The dashed line indicates the limit of
sensitivity of the assay. Asterisks indicate the differences that were statistically
significant (pb0.05); SCID versus all othermouse strains (A and B), or SCID versus Balb/c
(C).
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and antiviral cytokines, direct cytotoxic effects on infected cells and
promoting memory response (Sitati and Diamond, 2006).

Our results showing an immunopathological effect of CD8+ T-cells
and the role of CD4+ T-cells in confining the infection, correlate with
some of the observations on WNV (Wang et al., 2003; Sitati and
Diamond, 2006) and confirm the previous suggestions by Gelpi et al.
(2006b). These suggestions were based on the observation that
prominent inflammatory infiltrates and cytotoxic T-cells were present
in close contact with morphologically intact neurons in human post-
mortem brain tissues, thus indicating a key role for cytotoxic T-cells in
the development of TBE. Similarly, in another study, transferred

splenocytes shortened the incubation period of the disease implying a
pathogenic role for the immune system in TBE (Semenov et al., 1975).

We also performed a histopathological investigation of the brains
of all mouse strains used in this study. Investigation of moribund
Balb/c and C57Bl/6 mouse brains revealed encephalitis associated
with inflammatory cell infiltration, in accordance with previously
published observations in mice (Osetowska and Wróblewska-Mularc-
zyk, 1966), hamsters (Simon et al., 1966), monkeys (Simon et al., 1967),
and humans (Gelpi et al., 2006a,b). Necrotic neurons were also
observed. Immunofluorescence staining of CD4+ and CD8+ T-cells in
the brain sections revealed lower levels of CD4+ and predominance of

Fig. 3. Histology of TBEV-infected brains in parasagittal sections, hematoxylin–eosin staining. Brain sections of uninfected Balb/c (A), C57Bl/6 (B), CD8−/− (C) and SCID (D) mice.
Expanding leukocyte infiltrations in TBEV-infected Balb/c (E), C57Bl/6 (F) and CD8−/− (G) mice. Neuronal necrosis (H) and karyorrhexis of glial cells (arrows) (I) observed in brains of
C57Bl/6mice. Partial substitution of granular layerwith necrotic cells containing pycnotic nuclei in C57Bl/6 (J) and Balb/c (K)mice. Hemorrhagia and perivascular cuff in CD8−/−mice (L).

4 Rapid Communication

38



CD8+ T-cells in the infected immunocompetent mice. The same result
has been reported previously inWNV infections (Liu et al., 1989;Wang
et al., 2003), but in brains of TBE infected patients, both CD4+ and CD8+

T-cells were present (Gelpi et al., 2006b).
Moreover, the comparative data of viral growth in the strains of

mice used here, support the concept of a role for immunopathology in
the development of TBE. Following infection of mice with 100 pfu of
TBEV, viral loads in the blood and spleens were significantly higher in
SCID mice compared with the other mice. Although SCID mice
exhibited prolonged survival after TBEV infection and only minor
histopathological changes in the brains were observed, high viral
brain loads were detected in these mice, and they were significantly
higher compared with Balb/c mice (day 6 p.i.; Fig. 2C). Therefore, it
seems that the viral load did not determine the survival time or the
pathology. Interestingly, no substantial differences were seen in the
viral load in the blood, spleen and brains of CD8−/− and C57Bl/6 mice,
suggesting that the CD8+ T-cells have only a little role in TBEV
clearance. This contrasts with the data on WNV (Shrestha and
Diamond, 2004), where the absence of CD8+ T-cells led to higher
virus load in the CNS, and increased mortality.

Although we have demonstrated an immunopathological basis for
encephalitis caused by TBEV infection, the role of direct damage of
neurons or apoptosis remains unknown and these factors also need to
be investigated. Apoptosis, as a damaging mechanism of virus-
induced neuronal death in experimental mice has been demonstrated
for other flaviviruses, e.g. mosquito-borne Yellow fever virus (YFV),
Japanese encephalitis virus (JEV) and WNV (Yasui, 2002; Shrestha et
al., 2003). However some exceptions have also been reported, for
example in the case of MVEV, it was shown that less than 0.1% of
mouse neurons develop apoptosis (Andrews et al., 1999). Moreover,
ultrastructural investigation of mouse brain neurons indicated that
neuronal dysfunction rather than morphological destruction occurs
during JEV infection (Hase et al., 1990).

TBEV induces both apoptosis and necrosis in human neuroblas-
toma and glioblastoma cell lines (Růžek et al., manuscript in pre-
paration) and also in mouse and monkey brain neurons (Isaeva et al.,
1998; Kamalov et al., 1998), but prominent signs of neuronal apoptosis
were not seen in postmortem brain tissues from human TBE patients,
as demonstrated by anti-caspase 3 immunohistochemistry and TUNEL
assay (Gelpi et al., 2006b). In addition, TBEVwas also isolated from the
brains of healthy animals in wild and Syrian hamsters in the
laboratory indicating that propagation of TBEV in brain tissue is not
necessarily accompanied by apoptosis (reviewed in Gritsun et al.,
2003b).

Evidence that direct damage of CNS also occurs in TBEV infected
mice was supported by our experiments in which two different TBEV
strains differing in neuroinvasiveness were studied. A strain 263 is
completely non-neuroinvasive for mice, whereas strain 263-TR is
highly neuroinvasive. However, both of these viruses are equally
neurovirulent following intracranial inoculation. These differences
were attributed to a point mutation in an active centre of the virus
serine protease. This mutation delays virus propagation at the site of
inoculation, thereby gaining time for adaptive immune responses to
develop and limit virus spread into the CNS (Růžek et al., 2008). We
compared 263 and 263-TR in SCID and Balb/c mice (Fig. 1D). Although
the 263-TR virus causes 100% mortality in both strains of mice, the
MST was notably higher in SCID mice supporting the hypothesis of a
pathogenic effect due to an immune response (Fig. 1D). However,
comparison of 263-mediated infection in Balb/c and SCID mice
supports the other hypothesis implying direct damage of the CNS
due to virus replication. These observations imply that in the absence
of an immune response even the attenuated, less invasive virus, 263
eventually reaches and damages the CNS; this corresponds to the
neurovirulent properties of the 263 strain observed following
intracranial virus inoculation. Together, these two comparisons
indicate that in normal mice, with fully developed immune systems,

both factors, i.e. direct virus damage to the CNS and an immune res-
ponse contribute to the clinical outcome.

Currently, there is no specific therapy for TBE other than sup-
portive measures. However, the administration of tetracycline hydro-
chloride, a compound with an anti-inflammatory effect, during
experimental TBEV infection in mice led to significantly decreased
mortality rates (Atrasheuskaya et al., 2003). Moreover, tetracycline
hydrochloride acted as an immunomodulator, which was able to
reduce manifestations of inflammation response during TBE infection
in humans; this action led to quicker recovery from clinical symptoms
and, consequently, to a faster recovery (Atrasheuskaya et al., 2003).
Our data, showing the immunopathological features of TBE, provide
additional support for immunomodulatory therapy in this disease.

In conclusion, our experiments demonstrate that CD4+ T-cells may
have some function in the limiting of TBE,whereas CD8+ T-cells play a role
in the immunopathologyofTBEcausedbyneurovirulent strains.However,
in the absence of an immune response the virus on its own is also capable
of causing encephalitis. Our study expands the current knowledge of the
antiviral immune response during TBEV infection and the understanding
of the pathogenesis of TBE and could provide the basis for a rational
therapeutic strategy against this dangerous human pathogen.

Materials and methods

Mice

Balb/c and C57Bl/6 mice were originally obtained from Charles River
Laboratoires (Sulzfeld, Germany). CD8α-knockout mice of the C57Bl/6
background (CD8−/−; strainB6.129S2-Cd8atm1Mac)wereobtained fromThe
JacksonLaboratory (BarHarbor,ME,USA). SCIDmice (C.B17/Icr-scid) of the
Balb/c background, originally obtained from Charles River Laboratoires
(Sulzfeld, Germany), were housed in plastic cages with sterilized woop-
chip bedding situated in flexible film isolators (BEM Znojmo, Czech
Republic) with high-efficiency particulate air filters. Sterilized pellet diet
andwaterwere supplied ad libitum. Balb/c, C57Bl/6 and CD8−/−micewere
housed in plastic cages with wood-chip bedding situated in a specific-
pathogen free roomwith a constant temperature of 22 °C and a relative
humidity of 65%. Groups of 10 adult mice (6–8-week-old) were used in
each experiment.

Viruses

All experiments were performed with representatives of the West-
EuropeanTBEV subtype. The strain Hypr, a prototype Czech TBEV strain,
was originally isolated from the blood of a 10-year-old child diagnosed
with tick-borne encephalitis in 1953 in the Czech Republic. A non-
neuroinvasive strain 263 was isolated from Ixodes ricinus collected by
flagging in the Czech Republic in 1987 (Růžek et al., 2008). A highly
virulent derivative of the strain 263, designated 263-TR, was obtained
after the passage of the original strain in PS cells at 40 °C (Růžek et al.,
2008). Low-passage virus strains were used in this study.

Adoptive transfer of CD4+ or CD8+ T-cells

To produce immune CD8+ T-cells, the Balb/c mice, were inoculated
intraperitoneally with two doses of 103 pfu of the non-neuroinvasive
strain 263 (Růžek et al., 2008) at two-week intervals. Oneweek after the
second dose, spleens from either immune or immunologically naïve
Balb/c mice were removed and single-cell suspensions were derived
after mechanical disruption of the spleen tissue through a 40-μm-pore-
size filter. Splenocytes were washed three times in RPMI-1640 medium
and pure and well-defined populations of CD4+ or CD8+ T-cells were
isolated from whole splenocytes by immunomagnetic separation. For
isolation of CD4+ T-cells, the Dynal Mouse CD4 Negative Isolation Kit
(Invitrogen Dynal AS, Oslo, Norway) was used. CD8+ T-cells were
isolated from the suspension using the Dynal Mouse CD8 Negative
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Isolation Kit (Invitrogen Dynal AS, Oslo, Norway). The purity of
lymphocytes was analyzed by flow cytometry. Samples (0.5×106 cells)
were incubated with specific monoclonal antibodies against surface
antigens CD4 (FITC anti-mouse CD4, clone H 129.19, PharMingen, San
Diego, CA, USA) and CD8 (PE anti-mouse CD8α, clone 53–6.7,
PharMingen, San Diego, CA, USA). Labeled cell samples were analyzed
on an Epics XL Flow Cytometer (Coulter) equipped with a 15-mW
argon-ion laser with excitation capabilities at 488 nm. Ten thousand
events were measured. The labeled cell population was analyzed using
System II software (Coulter). Cell populations with purity N90% were
adoptively transferred to SCID mice via intraperitoneal route
(2×106 cells/mouse). Seven days after the adoptive transfer, mice
were infected with 100 pfu of TBEV subcutaneously.

Virus growth in mouse tissues

Groups of adult SCID, CD8−/−, C57Bl/6, and Balb/c mice (females, 6–
8-week old) were inoculated subcutaneously with 100 pfu of Hypr
strain. At the given time point post-inoculations, 3 mice of each group
were anesthetized and humanely killed. Specimens of the blood,
spleen, and brain were collected. Organs were individually weighed
and homogenized, and prepared as 20% suspensions (w.v−1) in L-15
medium containing 3% newborn calf serum. The suspensions were
clarified by centrifugation at 10,000 g and the supernatantmediawere
titrated by plaque assay on PS cells.

Histopathological investigation

Brains from control and TBEV-infected Balb/c, C57Bl/6, CD8−/− and
SCID mice were examined for pathological changes. The mice were
infected with 100 pfu of the strain Hypr in 200 μl of L15 medium and
control mice were subcutaneously injected with 200 μl of L15
medium. Brains were collected at the 8th day p.i. (Balb/c, C57Bl/6)
or the 11th day p.i. (CD8−/−, SCID), respectively, and were fixed in 10%
neutral buffered formalin and embedded in paraffin. 5-μmparasagittal
sections were stained with hematoxylin–eosin.

Immunofluorescence staining

Brain tissues were routinely formalin fixed and paraffin embedded.
5-μm parasagittal sections were then treated to remove paraffin and
antigen retrieval was performed by boiling sections in 10 mM citrate
buffer (pH 6.0) for 20 min. After blocking, the sections were incubated
with either CD4-specific or CD8-specific monoclonal antibodies (kindly
provided by Dr. Imtiaz Khan, Dartmouth Medical School, Hanover, NH)
for 1 h at room temperature and then with F(ab)2 goat anti-rat FITC-
labeled IgG antibody (Serotec; diluted 1:100) for 1 h at room
temperature. The sections were visualized using an Olympus BX60
microscope and photographed using an Olympus DP71 digital camera.
Examples of typical infiltrates are submitted as Supplementary data.

Statistical analysis

The significant differences in survival time between groups of
infected mice were analyzed by ‘Survival Analysis’ and the sta-
tistical difference in virus burden in mouse organs was determined
by ANOVA followed by Fischer LSD Post Hoc test. Data without
normal distribution were transformed by use of the X′=log(X)
formula. All analyses were performed using Statistica® 7.1 software
(StatSoft CR, Praha, Czech Republic). p-valuesb0.05 were considered
significant.
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encephalitis virus infection show selective
neutralizing antibody response and inflammatory
reaction in the central nervous system
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Abstract

Background: The clinical course of tick-borne encephalitis (TBE), a disease caused by TBE virus, ranges from
asymptomatic or mild influenza-like infection to severe debilitating encephalitis or encephalomyelitis. Despite the
medical importance of this disease, some crucial steps in the development of encephalitis remain poorly
understood. In particular, the basis of the disease severity is largely unknown.

Methods: TBE virus growth, neutralizing antibody response, key cytokine and chemokine mRNA production and
changes in mRNA levels of cell surface markers of immunocompetent cells in brain were measured in mice with
different susceptibilities to TBE virus infection.

Results: An animal model of TBE based on BALB/c-c-STS/A (CcS/Dem) recombinant congenic mouse strains
showing different severities of the infection in relation to the host genetic background was developed. After
subcutaneous inoculation of TBE virus, BALB/c mice showed medium susceptibility to the infection, STS mice were
resistant, and CcS-11 mice were highly susceptible. The resistant STS mice showed lower and delayed viremia,
lower virus production in the brain and low cytokine/chemokine mRNA production, but had a strong neutralizing
antibody response. The most sensitive strain (CcS-11) failed in production of neutralizing antibodies, but exhibited
strong cytokine/chemokine mRNA production in the brain. After intracerebral inoculation, all mouse strains were
sensitive to the infection and had similar virus production in the brain, but STS mice survived significantly longer
than CcS-11 mice. These two strains also differed in the expression of key cytokines/chemokines, particularly
interferon gamma-induced protein 10 (IP-10/CXCL10) and monocyte chemotactic protein-1 (MCP-1/CCL2) in the
brain.

Conclusions: Our data indicate that the genetic control is an important factor influencing the clinical course of TBE.
High neutralizing antibody response might be crucial for preventing host fatality, but high expression of various
cytokines/chemokines during TBE can mediate immunopathology and be associated with more severe course of
the infection and increased fatality.
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Background
Flaviviruses, a group of small, enveloped, positive-sense,
single-stranded RNA viruses, include several medically
very important pathogens. Especially Japanese encephal-
itis virus, yellow fever virus, West Nile virus, dengue
virus, Murray Valley encephalitis virus and tick-borne
encephalitis virus (TBEV) are responsible for large out-
breaks of fatal encephalitis or hemorrhagic fevers at di-
verse geographical regions around the world. Tick-borne
encephalitis (TBE), a disease caused by TBEV, represents
one of the most important and serious neuroinfections
in Europe and northeastern Asia. More than 13,000 clin-
ical cases of TBE, including numerous deaths, are
reported annually. Despite the medical importance of
this disease, some crucial steps in the development of
encephalitis remain poorly understood. In humans,
TBEV may produce a variety of clinical symptoms, from
an asymptomatic disease (70-90% of cases) to a fever
and acute or chronic progressive encephalitis. This is
influenced by a variety of factors, e.g., the inoculation
dose and virulence of the virus [1], the age, sex and im-
mune status of the host [2], and also susceptibility based
on the host’s genetic background. Studies of animal
models and epidemiological studies in humans have
shown that many apparently non-hereditary diseases, in-
cluding infectious diseases, develop predominantly in
genetically predisposed individuals and that this predis-
position is caused by multiple genes [3]. In humans, a
functional Toll-like receptor 3 gene may be a risk factor
for TBEV infection [4]. A deletion within the chemokine
receptor CCR5 (CCR5Δ32), which plays an important
role in leukocyte transmigration across the blood–brain
barrier, is significantly more frequent in patients with
TBE than in TBE-naïve patients with aseptic meningitis
[5]. Moreover, the severity and outcome of TBE is asso-
ciated with variability in the 2'-5'-oligoadenylate synthe-
tase gene cluster (family members are interferon-
induced antiviral proteins that play an important role in
the endogenous antiviral pathway) [6] and with the
rs2287886 single nucleotide polymorphism located in
the promoter region of the human CD209 gene [7]. This
gene encodes dendritic cell-specific ICAM3-grabbing
nonintegrin (DC-SIGN), a C-type lectin pathogen-
recognition receptor expressed on the surface of den-
dritic cells and some types of macrophages [7]. Taken
together, polymorphism in various genes may largely in-
fluence the sensitivity of the host to the infection and
determine the severity of this disease.
While in humans involvement of genetic factors in the

control of the susceptibility to TBEV infection is quite
difficult to investigate, mice provide a useful small ani-
mal model for such a kind of study [8]. Mice are suitable
animal models of infection with TBEV because they can
reproduce symptoms and physiopathological markers as

observed in severe cases in humans. A high susceptibility
of most laboratory mouse strains to flavivirus infection
has been genetically mapped to a stop codon mutation
in the coding region of the 2´-5´-oligoadenylate synthe-
tase gene Oas 1b [9].
In our study, we developed an animal model of TBE

showing several manifestations of the disease in relation
to the genetic background, which is not based on the
previously published mutation in the Oas 1b gene. We
analyzed the sensitivity to TBEV in CcS/Dem (CcS) re-
combinant congenic (RC) strains of mice [10] derived
from the background strain BALB/cHeA (BALB/c) and
the donor strain STS. Each CcS strain contains a unique
random set of about 12.5% genes from the donor strain
STS and 87.5% genes from the background strain
BALB/c [10]. This system has been very useful in re-
search of bacterial [11] and parasitic [12-18] diseases,
as well as in cancer [19-23].
In this study, we identified mouse strains that exhibit

high, intermediate and low sensitivity to TBEV infection.
Virus growth, key cytokine and chemokine mRNA pro-
duction in the brain and neutralizing antibody response
were measured. Our data suggest that the genetic con-
trol represents one of the important factors that influ-
ence the clinical course of TBE and that also other genes
than the previously described Oas 1b are involved in the
determination of host susceptibility to the infection. While
high neutralizing antibody response might be crucial for
preventing host fatality, high local expression of various
proinflammatory cytokines/chemokines in the brain dur-
ing TBE can be associated with a more severe course of
the infection and higher fatality. Our data may be instru-
mental in the development of future therapeutic strategies
aimed at treating or preventing TBE neuropathogenesis.

Material and methods
Mice
Specific pathogen-free mice of parental strains BALB/c,
STS and ten randomly selected RC strains (see below)
were used in the experiments. RC strains were in more
than 90 generation of inbreeding and therefore highly
homozygous. Genetic composition of the strain CcS-11
is schematically shown in Figure 1A. Sterilized pellet diet
and water were supplied ad libitum. In all experiments,
female mice aged 12–15 weeks at the time of infection
were used. The mice were housed in plastic cages with
wood-chip bedding, situated in a specific pathogen-free
room with a constant temperature of 22°C and a relative
humidity of 65%. The research complied with all rele-
vant European Union guidelines for work with animals
and was in accordance with the Czech national law and
guidelines on the use of experimental animals and pro-
tection of animals against cruelty (Animal Welfare Act
no. 246/1992 Coll.). The protocol was approved by the
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Committee on the Ethics of Animal Experiments of the
Institute of Parasitology and of the Departmental Expert
Committee for the Approval of Projects of Experiments
on Animals of the Academy of Sciences of the Czech
Republic (permit no. 165/2010).

Virus infection
All experiments were performed with European proto-
typic TBEV strain Neudoerfl (a generous gift from Prof.
F.X. Heinz, Medical University of Vienna). The virus
was originally isolated from the tick Ixodes ricinus in
Austria in 1971 and has been extensively characterized
including its complete genome sequence and the deter-
mination of the three-dimensional structure of its enve-
lope protein [24]. This strain was passaged four times in
brains of suckling mice.
Mice were infected either subcutaneously (s.c.) into

the scruff of the neck with 103 pfu or intracerebrally (i.c.)
with 10 pfu of the virus. Mice were scored for mortality
for a period of 28 days post-infection (p.i.), and survival
curves were established.

Plaque assay
The virus titers were determined by plaque assay on por-
cine kidney stable cell (PS) monolayers under a
carboxymethyl-cellulose overlay, as described previously
[25]. Infectivity was expressed as plaque-forming units
(pfu) per ml (or g of brain tissue).

Virus growth in mice
At the given time point p.i., three mice of each group
were anesthetized and killed by cervical dislocation.
Specimens of blood serum and brains were collected.
Brains were individually weighed and prepared as 20%
suspensions in phosphate-buffered saline (PBS) using
TissueLyser II (Qiagen). The homogenate was clarified
by centrifugation at 14,000× g for 10 min at 4°C, and
supernatant fluids were titrated by plaque assay on PS
cells. The detection thresholds were 1.4 log10 pfu/ml for
serum and 2.1 log10 pfu/g for brain suspensions.

Real-time quantitative RT-PCR
Real-time quantitative PCR was performed by the
TaqMan Gene Expression Assays (Applied Biosystems)
as previously described [26]. RNA was isolated from the
brain tissue pellets using RNeasy Mini Kit (Qiagen),
according to the recommendations of the manufacturer.
cDNA was synthesized using a High Capacity RNA-to-
cDNA Kit (Applied Biosystems), according to the
manufacturer's protocol. The synthesized cDNAs were
used as templates for real-time PCR. In quantitative RT-
PCR the following primer probe sets from Applied
Biosystems were used: TNFα (Mm00443258_m1), IFNγ
(Mm 01168134_m1), CCL2/MCP1 (Mm 00441242_m1),
CCL3/MIP1α (Mm00441258_m1), CCL4/MIP1β (Mm00-
443111_m1), CCL5/RANTES (Mm01302428_m1), CD4
(Mm00442754_m1), CD8b1 (Mm00438116_m1), CD11β

Figure 1 Chromosomal composition of the mouse strains used in this study based on precise chromosomal mapping. The RC strain
CcS-11 contains a random set of ~12.5% genes from strain STS donor strain and 87.5% genes from strain BALB/c (background strain). Sex
chromosomes are not shown in this figure (A). Survival of mice after s.c. inoculation of TBEV. Mice (n = 10 per group) were inoculated with 103

pfu of TBEV and observed for lethality (B). Survival of mice (BALB/c, n = 8; CcS-11, n = 9; STS, n = 7) after i.c. inoculation of 10 pfu of TBEV (C).
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(Mm00434455_m1), CD19 (Mm00515420_m1), IL1a
(Mm00439620_m1), IL1β (Mm01336189_m1), IL6
(Mm00446190_m1), IL2 (Mm00434256_m1), IL4 (Mm00-
445259_m1), IL5 (Mm00439646_m1), IL10 (Mm00439-
614_m1) and IP10/CXCL10 (Mm00445235_m1). Mouse
beta actin was used as a housekeeping gene. Amplification
conditions were: 2 min at 50°C; 10 min at 95°C; 40 cycles
of denaturation at 95°C for 15 s and annealing/extension
at 60°C for 1 min.
Quantification of gene expression was performed using

the comparative CT method and reported as the fold
difference relative to the housekeeping gene. To calcu-
late the fold change, the CT of the housekeeping gene
was subtracted from the CT of the target gene to yield
the ΔCT. Change in expression of the normalized target
gene was expressed as 2-ΔΔCT where ΔΔCT = ΔCT sam-
ples - ΔCT controls as previously described [27].

Plaque reduction neutralization test
The titers of neutralizing antibodies against TBEV in
mouse sera were determined by the plaque reduction
neutralization test (PRNT) as described by Bárdoš [28]
with slight modifications. Sera (including positive and
negative controls) were diluted 1:4 in L-15 medium
(Leibowitz; Sigma) supplemented with 1% antibiotics
(penicillin, streptomycin, amphotericin B; Sigma) and 3%
inactivated newborn calf serum. After inactivation of the
virus and complement in the sera by heating at 56°C for
30 min, two-fold serial dilutions of the samples in L-15
medium were incubated with 103 pfu of TBEV (the virus
test dose was adjusted so that it caused almost confluent
plaques, 90-95% cytolysis) for 90 min at 37°C; 5 × 104

PS cells were added to each well. After 6 days of incuba-
tion, the cell supernatant was removed and cells were fixed
and stained as described previously [25]. The last dilution
of serum that caused an 80-100% reduction in cytolysis of
the virus test dose was regarded as the serum titer.

Statistical analysis
The differences in survival time of infected mice were ana-
lyzed by survival analysis (log-rank Mantel-Cox test). All
other data were analyzed by one-way ANOVA (Newman-
Keuls multiple comparison test). Data without normal dis-
tribution were transformed by use of the X’ = ln(X) for-
mula. All analyses were performed using GraphPad Prism
5.00 (GraphPad Software, Inc., USA); p-values < 0.05 were
considered significant.

Results
CcS/Dem RC mouse strains show diverse susceptibilities
to infection with TBEV
To study the susceptibility of mice to TBEV, we infected
females of the strains BALB/c, STS and RC strains CcS-
3, CcS-7, CcS-9, CcS-11, CcS-15 and CcS-16 s.c. with

104 pfu of TBEV, and survival was recorded. Mice with
different genotypes exhibited different susceptibilities to
TBEV (Additional file 1: Figure S1). The most striking dif-
ferences in survival rates and mean survival times were
seen in parental strains BALB/c and STS, and RC strain
CcS-11 (Figure 1B). CcS-11 mice were shown to be most
susceptible, while STS mice are the least susceptible.
BALB/c mice exhibited intermediate susceptibility. Mean
survival time (MST) of the CcS-11 mice was 13.1 ± 3 days,
BALB/c 22.8 ± 7.5 days and STS 29.7 ± 4.1 days (p < 0.05).
Differences were also found in case of survival rates.
While all CcS-11 mice died following the infection, 40% of
infected BALB/c and 90% of STS mice survived until the
end of the experiment (Figure 1B). STS mice remained
free of any clinical signs of the disease during the whole
experiment (including that one mice that died); BALB/c
mice exhibited signs of rough fur, hunching or back limb
paralysis. Some CcS-11 mice had similar signs as BALB/c
mice, but some died without previous appearance of any
kind of signs.
In order to test the susceptibility to the TBEV infec-

tion if host factors before viral entry of the CNS are
avoided, we infected females of the strains BALB/c, STS
and RC strains CcS-3, CcS-4, CcS-5, CcS-7, CcS-9, CcS-
11, CcS-12, CcS-15, CcS-18 and CcS-20 i.c. with 10 pfu
of TBEV. In this case, all mouse strains were susceptible
to the infection. Most strains died almost at the same
time p.i., i.e., between days 10 and 11 p.i. (Additional file 1:
Figure S2). However, differences were seen in the MST
in case of CcS-11 (MST of 8.0 ± 0.7 days), BALB/c
(MST of 9.5 ± 0.5 days) and STS strains (MST of 12.4 ±
2.7 days) (p < 0.05; Figure 1C). Therefore, also factors
acting directly in the CNS of the infected mice may
influence the survival time. For all subsequent experi-
ments, mice of strains CcS-11, BALB/c and STS were
selected as representatives of high-, medium- and low-
susceptible hosts.

Virus load in serum and brain of TBEV-infected mice
Serum samples of BALB/c, CcS-11 and STS mice were
harvested for titration at various time points after s.c. in-
oculation of TBEV. The virus titers in individual samples
were determined by plaque assay on PS cells. While the
peak of viremia was observed in BALB/c and CcS-11
mice reaching 2–2.5 log10 pfu/ml at days 3 and 4 p.i., no
virus was detected at the same time points in STS mice
(p < 0.05). STS mice had only traces of the virus in
serum (<2 log10 pfu/ml) at later time intervals, i.e. at day
5, 6 and 8 p.i. (Figure 2A).
Virus load in the brain after s.c. inoculation was

assayed at day 13 p.i., i.e. at the time point when most of
the CcS-11 and BALB/c mice exhibited neurological
signs of the infection (Figure 2B). No difference was
found in the virus titer in brain of the infected BALB/c
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and CcS-11 mice (titer reaching 6–7 log10 pfu/g), but a
much lower titer was observed in brains of infected STS
mice (approximately 3 log10 pfu/g; p < 0.005).
After i.c. inoculation, a dynamics of virus growth in

the brain was investigated. Increasing virus titers were
seen before mice showed signs of the infection. The
virus growth was almost identical in all three mouse
strains, reaching its maximum at day 7 (8 log10 pfu/g)
(Figure 2C). The only difference was observed at day 2,

when BALB/c mice had slightly higher virus titers in the
brain than CcS-11 mice (p < 0.05).

Immune cell accumulation in the CNS of TBEV infected
mice
Accumulation of immunocompetent cells in the brain of
the infected BALB/c, STS and BALB/c mice was quanti-
fied as the changes in mRNA levels of cell surface
markers of B-cells (CD19), T-helper cells (CD4), cyto-
toxic T-cells (CD8β) and macrophage/monocyte/gran-
ulocyte/NK cells (CD11b).
In case of s.c. inoculation of TBEV (Figure 3A), the

immune cell antigen mRNA accumulation was assayed
at day 13 p.i. During our preliminary experiments, mice
were also sampled and assayed at days 8 and 10 p.i. (data
not shown). However, at these time points only some
mice had virus in their CNS, making the results too vari-
able. The day 13 p.i. was the first interval when all mice
had virus in their brains. CD4, CD8β and CD11b mRNA
levels in the brains of infected mice at day 13 p.i. became
significantly higher than those of normal uninfected
mice at day 13. p.i. However, CD19 mRNA levels did not
significantly increase in BALB/c and CcS-11 mice, but
became elevated in STS mice (p < 0.05).
After i.c. inoculation of TBEV (Figure 3B), the dynam-

ics of immune cell accumulation in the CNS was investi-
gated at days 2, 4, 6 and 7 p.i. No significant increase in
the CD19 mRNA levels was seen in any of the investi-
gated mouse strain at 4, 6 and 7 days p.i. Levels of
CD11b mRNA increased in brains of STS mice as early
as at day 2 and 4 p.i., whereas no increase was observed
in BALB/c and CcS-11 mice until day 4 p.i. From day 6,
a slight but significant increase of CD11b levels was ob-
served in all mice tested; however, there was no differ-
ence between the individual mouse strains. CD4 and
CD8β mRNA levels increased remarkably (10-20-fold in-
crease of CD4 mRNA and 100-200-fold increase of CD8β
mRNA compared to negative controls) in all investigated
mouse strains from day 6 p.i. Higher levels of CD4 as well
as CD8β mRNA levels were detected in brains of infected
STS than BALB/c mice at day 6 p.i. (p < 0.05).

Expression of key inflammatory cytokines/chemokines in
brains of TBEV infected mice
The levels of mRNA specific for a broad range of cyto-
kines (TNF-α, IFNγ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6
and IL-10) and chemokines (CCL2 (chemokine ligand 2)/
MCP-1 (monocyte chemotactic protein-1), CCL3/MIP-1α
(macrophage inflammatory protein-1α), CCL4/MIP-1β
(macrophage inflammatory protein-1β), CCL5/RANTES
(regulated upon activation, normal T-cell expressed and
secreted) and interferon-γ-inducible protein-10 (IP-10)/
CXCL/10) were quantified in brains of TBEV infected
BALB/c, CcS-11 and STS mice by real-time RT-PCR, and

Figure 2 Viral loads in sera of BALB/c, CcS-11 and STS mice
after s.c. inoculation of 103 pfu of TBEV. Virus titer was
determined by plaque assay on PS cells (A). Virus titer in brains of
BALB/c, CcS-11 and STS mice after s.c. inoculation was assayed on
day 13, i.e., at the time of clinically manifest neuroinfection (B). Virus
titer in brains of BALB/c, CcS-11 and STS mice after i.c. inoculation of
10 pfu of TBEV (C). The detection thresholds were 1.4 log10 pfu/ml
for serum and 2.1 log10 pfu/g for brain suspensions.
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Figure 3 Immune/inflammatory cell accumulation in brains of BALB/c, CcS-11 and STS mice after s.c. (13 day p.i.) (A) or i.c. (B)
inoculation of TBEV. Immune cell accumulation in the CNS was quantified as the changes in mRNA levels of cell surface markers of B-cells
(CD19), T-helper cells (CD4), cytotoxic T-cells (CD8β) and macrophage/monocyte/granulocyte/NK cells (CD11b), and normalized to expression of
housekeeping gene, mouse beta actin. Data are expressed as the mean + standard deviation of the fold increase in the level of the mRNA in
comparison to uninfected control mice. *p < 0.05; **p < 0.005 (n = 3 mice per group and experiment).
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standardized to the levels of the housekeeping gene, beta
actin, mRNA (Figures 4 and 5).
After the s.c. inoculation of TBEV (Figure 4), the levels

of cytokine/chemokine mRNA were measured on day 13
p.i. During our preliminary experiments, mice were also
sampled and assayed at days 8 and 10 p.i. (data not
shown). However, at these time points only some mice
had virus in their CNS, making the results too variable.
The day 13 p.i. was the first interval when all mice had
virus in their brains. Significantly increased mRNA levels
of TNF-α, IFNγ, IL-1α, IL-1β, IL-2, IL-6, IL-10, MCP-1,
RANTES and IP-10 were seen in the TBEV-infected mice
of all strains when compared to negative uninfected con-
trols at day 13 p.i. In case of CCL3/MIP-1α (Figure 4D)
and CCL4/MIP-1β (Figure 4E) mRNA, only sensitive

strains BALB/c and CcS-11 exhibited upregulated expres-
sion after the TBEV infection, whilst the expression in
infected STS mice was not changed. The levels of IL-5
mRNA were increased only in brains of infected CcS-11
mice (Figure 4J), but the infection did not affect the ex-
pression of this cytokine in brains of BALB/c and STS
mice. The levels of IFN-γ were the highest in brains of
infected CcS-11 mice; BALB/c mice exhibited higher
levels than STS (p < 0.0005; Figure 4A). The levels of
upregulation of IL-6 mRNA expression were similar in
BALB/c and CcS-11 mice, but both these strains exhibited
significantly enhanced expression in comparison to STS
mice (p < 0.005; Figure 4K).
Major differences in the cytokine mRNA expression

among the infected BALB/c, CcS-11 and STS mice were

Figure 4 Cytokines and chemokines produced in brains of BALB/c, CcS-11 and STS mice inoculated s.c. with 103 pfu of TBEV. The brains
were collected and cytokine production assayed on day 13 p.i. The levels of cytokine/chemokine mRNA [IFNγ (A); TNFα (B); MCP-1 (C); MIP-1α (D);
MIP-1β (E); RANTES (F); IL-1α (G); IL-1β (H); IL-2 (I); IL-5 (J); IL-6 (K); IL-10 (L) and IP-10 (M)] were quantified by real-time RT-PCR and standardized
to the mRNA levels of the housekeeping gene, beta actin. Data are expressed as the mean + standard deviation of the fold increase in the level
of the mRNA in comparison to uninfected control mice. *p < 0.05; **p < 0.005, ***p < 0.0005. (n = 3 mice per group and experiment).
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Figure 5 (See legend on next page.)
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seen in case of MCP-1 (Figure 4C) and IP-10 (Figure 4M)
mRNA. CcS-11 mice had the highest levels of MCP-1
and IP-10 mRNA in brains, while BALB/c had lower
levels of MCP-1 and IP-10 mRNA when compared to
CcS-11 mice, but higher when compared to STS mice
(Figure 4C, M).
The dynamics of the changes in cytokine/chemokine

mRNA expression was investigated at days 2, 4, 6 and 7
after i.c. inoculation of TBEV (Figure 5). No changes in
the levels of IL-5 mRNA (Figure 5I) were observed in
any of the studied mouse strains at any time point.
TNF-α (Figure 5B), CCL2/MCP-1 (Figure 5C) and
CCL4/MIP-1β (Figure 5D) mRNA levels increased sig-
nificantly from day 2 p.i. A significant increase in the
level of mRNA for IFN-γ, IL-1β, IL-2, IL-6 and CCL5/
RANTES (Figure 5 A, G, H, J, E) was seen from day 4 p.
i. Expression of IL-1α mRNA was enhanced from the
day 6 p.i. (Figure 5F). A large variation in the values of
MIP-1α, IL-10 (data not shown) and IL-2 (Figure 5H)
mRNA was observed between the individual mice within
the strain each day after the i.c. inoculation of TBEV.
IFN-γ mRNA levels were much higher in CcS-11 mice
at day 7 p.i. when compared to STS mice (p < 0.05).
Similarly, the lowest levels of IL-6 (p < 0.0005) and
CCL5/RANTES (BALB/c vs. STS, p < 0.05; CcS-11 vs.
STS, p < 0.005) mRNA were detected in STS mice ver-
sus BALB/c and CcS-11 mice at day 7 p.i. In contrast,
STS mice had very enhanced levels of IL-1β mRNA at
day 7 p.i. in comparison to BALB/c and CcS-11 mice
(p < 0.05). The greatest differences among the infected
BALB/c, CcS-11 and STS mice were seen in case of
MCP-1 and IP-10 mRNA. CcS-11 mice had the highest
levels of MCP-1 mRNA in brains at days 4, 6 (p < 0.05)
and 7 p.i. (BALB/c vs. STS, p < 0.005; CcS-11 vs. BALB/c,
p < 0.05; CcS-11 vs. STS, p < 0.0005). The levels of
IP-10 mRNA were the highest in CcS-11 mice at all in-
vestigated time points p.i., the highest differences being
observed at day 6 p.i. (BALB/c vs. CcS-11 and STS vs.
CcS-11, p < 0.005) and at day 7 p.i. (BALB/c vs. CcS-11,
p < 0.005, and STS vs. CcS-11, p < 0.0005). BALB/c had
lower levels of IP-10 mRNA than CcS-11 mice (p < 0.05),
but higher than STS mice (p < 0.05). A correlation
between the IP-10 mRNA levels with the sensitivity of
mice to the TBEV infection was observed (Figures 1C,
5K). No changes in the expression of IL-4 mRNA were
seen in any mouse strain after either s.c. or i.c. TBEV
inoculation (data not shown).

TBEV-specific antibodies elicited in infected mice
In order to compare the host’s humoral immune re-
sponse in the infected BALB/c, CcS-11 and STS mice
after s.c. inoculation of TBEV, TBEV-specific antibodies
were tested at days 5, 8, 10 and 13 p.i.. The titer of neu-
tralizing antibodies was determined by PRNT (plaque
reduction neutralization test) assay. Before day 10, a very
low titer of neutralizing antibodies and no difference be-
tween the strains were observed (data not shown). At
day 10 p.i., very low titers of neutralizing antibodies were
found in serum of BALB/c and CcS-11 mice (less than
1:20), but STS mice exhibited neutralizing titers of 1:100
(p < 0.005). At day 13 p.i., no increase in the titer of neu-
tralizing antibodies was seen in CcS-11 mice. BALB/c
mice exhibited neutralizing titers of 1:100, but STS mice
had titers reaching 1:640 (p < 0.0005) (Figure 6). No neu-
tralizing activity was detected in sera from control unin-
fected mice.

Discussion
Host genotype as an important determinant of
susceptibility to TBEV infection
Mice provide a useful tool for study of human TBE,
since they recapitulate the pathological and pathophysio-
logical processes seen in severe human TBE cases. How-
ever, biological and virological markers indicating the
severity of TBE in mice as well as in humans remain

Figure 6 TBEV-specific antibody responses in BALB/c, CcS-11
and STS mouse sera (n = 3 mice per group) after s.c.
inoculation of TBEV. The plaque reduction neutralization test in PS
cells was used to quantitate anti-TBEV neutralizing antibodies. Data
are expressed as the geometric mean titer (GMT) + standard
deviation. *p < 0.05; **p < 0.005, ***p < 0.0005.

(See figure on previous page.)
Figure 5 Cytokines and chemokines produced in brains of BALB/c, CcS-11 and STS mice inoculated i.c. with 10 pfu of TBEV. The levels
of cytokine/chemokine mRNA [IFNγ (A); TNFα (B); MCP-1 (C); MIP-1β (D); RANTES (E); IL-1α (F); IL-1β (G); IL-2 (H); IL-5 (I); IL-6 (J); and IP-10 (K)]
were quantified by real-time RT-PCR and standardized to the mRNA levels of the housekeeping gene, beta actin. Data are expressed as the
mean + standard deviation of the fold increase in the level of the mRNA in comparison to uninfected control mice. *p < 0.05; **p < 0.005,
***p < 0.0005 (n = 3 mice per group and experiment).
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unclear. The severity of TBE can be influenced by a var-
iety of factors, e.g., the inoculation dose and virulence of
the virus [1], the age, sex and immune status of the host
[2], and susceptibility based on the host’s genetic back-
ground. Generally, age of the host is the most common
host risk factor identified for severe forms of flavivirus
encephalitis [29]. However, genetic host risk factors play
an important role in the development of severe flaviviral
neurological diseases as well. Several genetic host factors
associated with the severe forms of flavivirus encephalitis
have been identified. These include polymorphisms in
HLA-A and HLA-B, polymorphism located in the pro-
moter region of the human CD209 gene [7] and func-
tional Toll-like receptor 3 gene [4], deletion in CCR5 [5]
and variability in 2´-5´-oligoadenylate synthetase gene
cluster [6]. In our study, we developed a new mouse
model of hosts differing in the susceptibility to TBEV in-
fection based on CcS/Dem RC mouse strains. We ob-
served clearly different patterns in the susceptibility of the
CcS/Dem RC strains to s.c. infection with TBEV. Out of
the eight strains tested, one (STS) exhibited low suscepti-
bility, five intermediate susceptibility (CcS-3, CcS-7, CcS-9,
CcS-16 and BALB/c) and two strains (CcS-11 and CcS-
15) high susceptibility (Additional file 1: Figure S1). Dif-
ferences in MST between the strains CcS-11, BALB/c and
STS were also observed after i.c. inoculation of TBEV, i.e.,
CcS-11 mice had the shortest MST, BALB/c medium
MST and STS the longest MST and higher survival
(Figure 1C). These differences indicate the presence of
TBEV susceptibility genes. Different susceptibility to virus
infection in recombinant inbred strains between BALB/c
and STS mice was also observed in case of infection with
murine coronavirus [30]. After i.c. inoculation of 100 pfu
of murine coronavirus, all BALB/c mice were highly sus-
ceptible and died; in contrast, STS mice were shown to be
partially resistant, with a mortality rate of 30%, longer sur-
vival times and lower rates of virus production [30]. In our
study, RC strain CcS-11, which contains approximately
12.5% genes of the donor strain STS and 87.5% genes of
the background strain BALB/c, was more sensitive to
TBEV infection than both parental strains BALB/c and
STS. The observations of progeny having a phenotype be-
yond the range of the phenotype of its parents are not rare
in traits controlled by multiple genes [18]. Such an obser-
vation may be due to multiple gene-gene interactions of
quantitative trait loci, which in new combinations of these
genes in RC or chromosomal substitution can lead to the
appearance of new phenotypes that exceed their range in
parental strains [18]. Another possibility is when some
progeny receives predominantly susceptible alleles from
both parents. These susceptible alleles are distinct from
genes H2, Cd209, Tlr3, Ccr5 and Oas1b, which are in-
volved in genetic control of susceptibility to flavivirus en-
cephalitis (see above), because these genes are in CcS-11

localized on segments derived from the background
BALB/c strain [Figure 1A and Mouse Genome Informatics
(http://www.informatics.jax.org/)]. We also cannot exclude
the possibility of a spontaneous mutation appearing dur-
ing inbreeding and causing the unique phenotype [18].
Similarly to our study, CcS-11 mice were more susceptible
to infection with Leishmania tropica [18] and to
Trypanosoma brucei brucei [31] than both parental mouse
strains. However, CcS-11 is more resistant to L. major
than BALB/c [32].

TBEV replication rate in infected mice is not the main
factor influencing survival
We attempted to identify biological markers that could
be related to differences in survival rates of the highly
susceptible (CcS-11), medium susceptible (BALB/c) and
lowly susceptible (STS) mice infected with TBEV. STS
mice had very low and delayed viremia when compared
with BALB/c and CcS-11 mice after s.c. inoculation. All
mice showed brain infection, but lower titers were
detected in brains of STS mice, while BALB/c and CcS-
11 mice showed higher titers for 3–4 log10 pfu. This in-
dicated lower replication rates of the virus in STS mice,
but no difference in replication rates in BALB/c and
CcS-11 mice. To avoid virus-host interactions before
virus neuroinvasion, mice were inoculated i.c., and the
dynamics of virus growth in the brain was investigated.
Although BALB/c, CcS-11 and STS mice showed differ-
ent MST after i.c. inoculation, almost the same virus ti-
ters were observed in all investigated mouse strains at all
intervals p.i. (Figure 2). Virus replication rate is not,
therefore, the main factor influencing MST of the host.
Similarly, no differences in tissue tropism, viral load or
kinetics were observed during acute West Nile virus
infection in mouse strains C57BL/6 and C3H/HeN with
higher and lower survival rates, respectively [33].

Higher mRNA levels of cell surface marker of B-cells were
seen in brains of the mice less susceptible to TBEV infection
Mice differing in susceptibility to TBEV infection
exhibited some differences in immune cells accumula-
tion in brains during the development of encephalitis as
demonstrated by quantification of mRNA of cell-specific
markers by real-time RT-PCR. In our previous work
using BALB/c, SCID on the BALB/c background,
C57BL/6 and C57BL/6Cd8−/− mice we reported that CD8
+ T-cells have a dual role and mediate recovery, but also
immunopathology during TBE [2]. In this study, no dif-
ferences in the level of CD8 mRNA were seen between
the BALB/c, CcS-11 and STS mice after s.c. inoculation.
After i.c. inoculation, only STS mice exhibited slightly
higher levels of CD8 mRNA (but also CD4 mRNA)
than BALB/c mice at day 6 p.i., but no other differences
were observed (Figure 3B). The most interesting results
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provided quantification of mRNA for CD19, a cell sur-
face marker of B-cells. No increase of CD19 mRNA was
observed after i.c. inoculation in all mouse strains. After
s.c. inoculation, strains BALB/c and CcS-11 did not in-
crease the levels of CD19 mRNA in their brains, whereas
STS mice exhibited a significant increase (Figure 3A).
This might indicate stronger B cell infiltration in brains
of the less susceptible mice. B cells were also observed
in brains in some studies focused on flavivirus encephal-
itis [34], predominantly found in the perivascular space.
The proportion of B and T cells in the brain may vary
depending on the infecting flavivirus [35,36]. It is known
that TBEV, unlike to Japanese encephalitis and West Nile
virus infections, induces CXCL13, a B-cell chemoattract-
ant, in the CNS [37]. Although the antibody reaction is
clearly important systemically [38], the importance of
B cells infiltrating brain parenchyma in confining of the
infection is not clear.

More severe form of TBE associated with higher expression
of proinflammatory cytokines/chemokines in the brain
Accumulation of cytokines and chemokines in the CNS
may accentuate progression of encephalitis instead of
restricting viral replication [37,39-41]. Deregulated or
excess release of proinflammatory mediators by the
brain may induce tissue damage with different pathology
and disease outcome [42]. In this study, we examined
the cytokine/chemokine response in brains of the mice
differing in susceptibility to TBEV infection (Figures 4
and 5). We showed that a wide range of cytokine and
chemokine mRNAs for TNF-α, IFNγ, IL-1α, IL-1β, IL-2,
IL-6, IL-10, CCL2/MCP-1, CCL5/RANTES, IP-10, MIP-
1α, MIP-1β and others was produced in response to
TBEV infection. There was no clear correlation between
the peak of cytokine/chemokine production and the in-
crease of TBEV in the brain. After i.c. inoculation, all
mice had comparable virus titers in the CNS (Figure 2C),
but the levels of cytokine/chemokine expression differed
markedly (Figure 5). STS mice had the highest levels of
IL-1β mRNA after i.c. TBEV inoculation when com-
pared to other strains of mice. In contrast, it is known
that higher levels of IL-1β are associated with more se-
vere cases of chikungunya [43]. Most of other cytokine/
chemokine mRNAs tested were on the lowest level in
STS mice in comparison to CcS-11 and/or BALB/c
mice. The highest levels of proinflammatory cytokines/
chemokines (IFNγ, CCL3/MIP-1α, CCL2/MCP-1, IP-10)
(after s.c. and i.c. inoculation) and IL-5 (after s.c. inocu-
lation) were detected in CcS-11 mice, indicating that
these cytokines/chemokines can be associated with a
more severe form of TBE in our experimental model.
On the other hand, the lowest levels of IL-6 and CCL5/
RANTES, and also CCL3/MIP-1α and CCL4/MIP-1β
mRNAs, were demonstrated in STS mice. These data

support the theory that excessive production of pro-
inflammatory mediators could contribute to develop-
ment of more severe or acute form of TBE. Similarly to
our study, higher levels of CCL5/RANTES, CCL3/MIP-
1α, CCL4/MIP-1β and IP-10 mRNA were found to be
associated with a lethal form of West Nile virus infection
in comparison with the non-lethal form [41]. CCL2/
MCP-1 and IP-10 mRNA levels correlated well with the
susceptibility of the mouse strains to TBEV infection,
i.e., CcS-11 mice had the highest levels, BALB/c medium
and STS the lowest. These data were confirmed in two
independent experiments. Both these chemokines can
have an important role in immunopathology during
TBE. It has been demonstrated that neutralization of
CCL2/MCP-1 leads to increased survival rates in West
Nile virus-infected mice [44]. Expression of IP-10 mRNA
exhibited the biggest differences between the studied
mouse strains. The chemokine IP-10, which is IFN-γ in-
ducible and has the ability to attract activated T cells in
the CNS, has also been shown to be a potent neurotoxin
[45]. In human TBE patients, IP-10 can be detected in
serum as well as in cerebrospinal fluid [46,47]. Using
genetically deficient mice and antibody neutralization
approaches, it was demonstrated that IP-10 is critical for
the recruitment of T-cells into the CNS and survival
from West Nile virus infection in mice [48]. However,
excessively high levels of IP-10 in the CNS can be very
harmful to the host. IP-10 levels in the CNS of HIV-1
-infected individuals correlate positively with disease
progression. There is also evidence that IP-10 partici-
pates in the neuropathogenesis of SHIV-infected ma-
caques [49,50] by contributing to the degeneration of
neurons possibly through the activation of a calcium-
dependent apoptotic pathway [45,51]. Our data strongly
suggest that higher levels of IP-10 in the CNS might be
associated with more severe forms of TBE. Further stud-
ies using mice specifically knocked out for one of the
genes identified will determine their contribution to host
susceptibility to TBE. Whether the profile of the chemo-
kine production in human cases of TBE will predict the
disease outcome requires further study.

Key role of neutralizing antibodies in preventing
neuroinvasion and host fatality during TBE
The importance of neutralizing antibodies in the preven-
tion of flaviviral diseases is well accepted. As a rule, the
antibodies with relatively high affinity and avidity to the
surface proteins of TBEV virions can be detected in
neutralization test. Only such antibodies interfere with the
interaction of the virus with receptors, preventing it to
enter the cell. TBEV infection is associated with break-
down of the host blood–brain barrier [26]; therefore, the
antibodies can penetrate into the CNS. In our study, STS
mice had a strong neutralizing antibody response, CcS-11
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mice failed to produce neutralizing antibodies, and BALB/
c mice developed neutralizing antibodies but later and at
low titers (Figure 6). Therefore, our data on TBE support
the importance of neutralizing antibodies in preventing
neuroinvasion and host fatality. Similar data were obtained
in experiments with the mouse strains C3H/HeN and
DBA/2 with higher and lower susceptibility to the
Japanese encephalitis virus, respectively [40]. In hu-
man TBE patients, those who fail to produce TBEV
neutralizing antibodies usually have a very severe
course of the infection [52]. The same is seen in pa-
tients who receive vaccination against TBEV and de-
velop antibody response, but their antibodies do not
have neutralizing capacity [52].

Conclusions
In summary, our experimental model showed that earlier
and greater amounts of neutralizing antibodies could
limit neuroinvasion of TBEV and disease progression in
less susceptible mice. Moreover, we described that resist-
ant mice exhibit stronger B-cell infiltration (as measured
by quantification of changes in mRNA levels of cell sur-
face markers) but lower cytokine/chemokine production
in the CNS when compared to the more susceptible
mouse strains. The most susceptible mice have the
highest overall cytokine/chemokine production in the
CNS, particularly of CCL2/MCP-1 and IP-10, which can
elevate the primarily proinflammatory environment in
the brain, which could result in brain tissue damage and
death of the host through immunopathology. This sug-
gests an important role of cytokines and chemokines in
the immunopathogenesis of TBE. The host immune re-
sponse based on the genetic background of the host may
therefore play a central role in determining the outcome
of TBEV infection.

Additional file

Additional file 1: Figure S1. Differential survival of BALB/c, STS and
selected RC strains after subcutaneous inoculation of TBEV. Mice were
inoculated with 104 pfu of TBEV and observed for lethality. Figure S2:
Differential survival of BALB/c, STS and selected RC strains after
intracerebral inoculation of TBEV. Mice were inoculated with 10 pfu of
TBEV and observed for lethality.
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Tick-borne encephalitis virus (TBEV) causes serious, potentially fatal neurological infections that 

pressure freezing and freeze-substitution techniques to achieve optimal preservation of infected cell 

Tick-borne encephalitis virus (TBEV), a member of the Flaviviridae family, genus Flavivirus, causes 
tick-borne encephalitis (TBE) in humans, a neuroinfection prevalent in large areas of Europe and 
North-eastern Asia. Humans develop a febrile illness, and a subset of cases progress to neurological man-
ifestations ranging from mild meningitis to severe encephalomyelitis1,2. Despite the medical importance 
of TBE, some crucial steps in the development of encephalitis remain poorly understood. TBEV is mainly 
transmitted to the host when infected ticks feed. Virus replication is first detected in draining lymph 
nodes; this is followed by development of viremia; during the secondary viremic phase, the virus crosses 
the blood-brain barrier (BBB) and enters the brain3. Major hallmarks of TBEV neuropathogenesis are 
neuroinflammation, followed by neuronal death4,5, and disruption of the BBB3,6. Neuronal injury may be 
directly caused by viral infection, but destruction has also been attributed to infiltrating immunocompe-
tent cells (mainly CD8+ T-cells), inflammatory cytokines, and activated microglial cells2,7,8. Tissue culture 
models of TBEV infections in primary neurons can distinguish between injuries caused by the virus and 
those caused by the immune response9,10. Various cellular models, including neuronal cell lines, primary 
cultures of embryonic or neonatal mouse and rat neuronal cells, and neurons derived from embryonic 
stem cells, have been used to explore infections with various neurotropic viruses (e.g., polio, herpes sim-
plex type 1, varicella-zoster, West Nile, Japanese encephalitis, and rabies)10–13. We previously examined 

1Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic, Branišovská 31, CZ-
2Faculty of Science, University of South Bohemia, Branišovská 31, CZ-

3Department of Virology, Veterinary Research Institute, Hudcova 70, CZ-
*

R

A

P

OPEN

63



www.nature.com/scientificreports/

2SCIENTIFIC REPORTS | 5:10745 | DOI: 10.1038/srep10745

TBEV infections in human neural (neuroblastoma, glioblastoma, and medulloblastoma) cell lines14. On 
the ultrastructural level, the infection caused massive morphological changes in cells, including the pro-
liferation and rearrangement of rough endoplasmic reticulum (RER) and signs of apoptosis or necrosis14.

Recently, replication features of neurotropic flaviviruses, West Nile virus, Japanese encephalitis virus, 
and TBEV were compared in primary mouse neuronal cultures. Viral antigen accumulation in neuronal 
dendrites was induced to a greater extent in a TBEV infection than in infections with the other flavivi-
ruses15. TBEV replication induced characteristic ultrastructural membrane alterations in neurites, known 
as laminal membrane structures (LMSs)15. However, conventional chemical fixation for sample visuali-
zation presents obstacles in obtaining sufficient morphological detail16. Therefore, in the present study, 
we exploited the advantages of high-pressure freezing and freeze-substitution techniques to improve the 
preservation of virally modified structures in TBEV-infected neurons.

Here, we visualized TBEV infections in primary human neurons in three-dimensional (3D) space at 
ultrastructural resolution with electron tomography. To the best of our knowledge, this study was the 
first to visualize the architecture of cellular components involved in TBEV replication and transport 
in neurons and the major ultrastructural changes that occur in response to TBEV infections. These 
novel data revealed the neuronal injury caused by TBEV infections, independent of the immune system 
response. Our results may facilitate the development of novel strategies for treating this serious human 
neuroinfection.

Results
 We employed a 

plaque assay to determine TBEV infection and replication kinetics in human neurons (HNs; Fig.  1A). 
The HNs were infected with TBEV, and at 0, 3, 5, 7, and 12 days post infection (p.i.), cell supernatants 
were collected. Productive TBEV replication was detected in the form of released virions on day 3 p.i. 
The virus titer in the culture supernatant remained the same until the end of the experiment (Fig. 1A).

Immunofluorescence staining was used to assess viral antigen distribution in HNs. Viral antigen 
was not detected in mock-infected HNs. Immunofluorescence staining revealed that TBEV antigen was 
mostly distributed diffusely throughout the entire neuron bodies at early time points after infection 
(Fig. 1B). However, at later time points, we observed brightly stained aggregates of viral antigen in some 
cells (Fig. 1B). A co-localization study with protein disulphide isomerase family a, member 3 (PDIA3) 
antigen (also known as Erp57, Er-60, and GRP58) suggested that the viral antigen was localized pri-
marily in the hypertrophied, rearranged RER. Occasionally, we observed viral antigen accumulation in 
the dendrites of TBEV-infected HNs (Figs. 1B,2A,B, yellow arrows). Viral antigen also accumulated in 
association with RER alterations, such as large whorl formations (Fig.  2B, white arrows), or in places 
that exhibited a local loss of network structure (Fig  2C). In the latter locations, RER alterations were 
accompanied by the presence of numerous longitudinal fibers (white arrows) that were positively immu-
nolabeled with anti-viral protein E (Figs. 1B,2C).

Mock-infected 
and TBEV-infected HNs were examined with transmission electron microscopy at two time points (3 and 
12 days p.i.) to delineate TBEV-induced morphological structures that were associated with early and late 
phases of the infection. Compared to mock-infected HNs, TBEV-infected cells exhibited a broad range 
(a complex set) of virus-induced subcellular structural changes at both time points.

At 3 days p.i., HN RER cisternae contained several resident virions (approximately 45 nm in diameter), 
virus-induced vesicles, and tubule-like structures (Fig.  3). Virus-induced vesicles were often arranged 
in two tightly apposed cisterns of the RER. Some of these vesicles contained electron-dense material, 
which represented newly-formed nucleocapsids (Fig. 3C,D). In other parts of the RER compartment, the 
cisterns accommodated tubule-like structures that ran either in parallel lines or in different directions 
(Fig. 3C,D, movie S1). The tubule-like structures measured 22 ±  1.3 nm (N =  51) in diameter.

The tubule-like structures were frequently observed at both investigated time points in TBEV-infected 
HNs. In several cases, tubule-like structures with different diameters (e.g., 22 ±  1.3 nm and 43.8 ±  4.3 nm, 
N =  7) were observed separately in the RER cisternae of single cells (Fig.  4A–D, movie S2); typically, 
virus-induced vesicles and virions were observed in neighboring RER spaces (Fig. 4B–D; Fig. 3C,D).

A prominent morphological change in TBEV-infected HNs was proliferation of the RER membranes 
that harbored sites of TBEV replication (Fig. 5A,B, movie S3). The proliferative parts of the RER were 
devoid of ribosomes (Fig. 5A, inset; movie S3, white arrows). At the later time point (12 days p.i.), pro-
liferated RER had rearranged into large whorls (Fig.  5C,D, movie S4). The 3D reconstruction showed 
complex, lamellar whorls that enclosed a central space containing the cytoplasm of the same struc-
ture, and an electron-density as outside, limited by four membranes (Fig.  5D, light blue, movie S5). 
Numerous flattened ER cisternae were located on the periphery (Fig.  5D, blue). Electron tomography 
confirmed a continuation/connection of this peripheral part with the RER space, which accommodated 
TBEV-induced structures (vesicles or tubule-like structures) (Fig. 5D). These observations suggested that 
the membranous whorls were formed from the peripheral parts of the ER due to extensive ER stress. 
The large whorls did not contain virions or virus-induced structures. The central part of the whorl had 
features of an autophagosome, but it did not show signs of degraded content. Finally, we observed a tiny 
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Figure 1. TBEV can infect human neurons. (A) TBEV titers in culture supernatants from HNs collected 
at 0, 3, 5, 7, and 12 days post-infection (p.i.) were determined in plaque assays with porcine kidney stable 
cells. Viral titers are expressed as pfu/ml. Data represent means ±  SEM. (B) HNs grown and fixed on slides 
at days 3 and 12 p.i. were stained with anti-flavivirus envelope antibody (green) and counterstained with 
DAPI (blue). TBEV-infected HNs immunostained with flavivirus-specific antibody demonstrated virus 
replication in the cytoplasm at an early time point (3 days p.i.); antigen accumulated into aggregates at 
later a time point (12 days p.i.). Mock-infected HNs stained with primary and secondary antibodies were 
used as a negative control, and did not exhibit any TBEV antigen staining (not shown). The arrows indicate 
accumulation of viral antigen in dendrites of the infected HNs.
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connection between two primary virus-induced structures, as shown in detail in a slice of the tomogram 
(Fig. 5E) and in the 3D model (Fig. 5F; movie S5).

In several cases, particularly in HN exten-
sions, which represented dendrites, we observed that the TBEV replication space was enclosed by flat-
tened ER cisternae. This suggested the formation of autophagosomes that sequestered cell structures 
damaged by TBEV. Electron tomography was performed to view the complex architecture of these struc-
tures. In most cases, the sequestration was incomplete, as shown in Fig. 6A–E (movie S6 and movie S7), 
even when the projection images suggested that the structure might be interpreted as an autophagic 
vacuole (Fig. 6B). The TBEV particles and virus-induced vesicles resided in the RER (Fig. 6A,C,D, black 
arrows), but the enclosing ER cisterns lacked ribosomes (Fig. 6D, white arrows). Lipid droplets were also 
found associated with these structures (Fig. 6D,E). No morphologically similar structures were found in 
the extensions of mock-infected HNs (Fig. 6F). However, in the perikaryon (Fig. 6G), several autophago-
somes or autophagolysosomes (with signs of degraded material) were observed. In some TBEV-infected 

Figure 2. Confocal images of human neurons infected with TBEV. Neurons were fixed at (A,B) 3 days p.i. 
and (C) 12 days p.i. and double immunolabeled with antibodies against TBEV protein E (green) (top panels), 
PDIA3 (red) (middle panels), and (merge panels) counterstained with DAPI. (A) Replication complexes 
were observed in the perikaryon (white arrow) and dendrites (yellow arrow). (B) Infected cells with intact 
endoplasmic reticulum networks were observed next to infected cells with large whorls (white arrows). (C) 
Localization of viral protein E in the numerous longitudinal fibers (white arrows) associated with the ER.
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HN extensions, we observed autophagosomes with all the typical morphological features (Fig.  7 and 
movie S8). These autophagosomes were limited by numerous membranes that did not have ribosomes, 
but they resembled rearranged, small, membranous ER whorls. In the 3D reconstruction, we have iden-
tified numerous membranes that sequestered intact mitochondria, lipid droplets, and vacuoles within the 
inner space with TBEV particles (Fig. 7B).

To study whether autophagy plays a role in 
TBEV replication, we treated human neuroblastoma cells with rapamycin, an autophagy inducer. The 
cells were subsequently infected with TBEV at m.o.i. 0.1 pfu per cell. Culture supernatants were har-
vested after 24, 48, and 72 hours, and viral titers were determined by plaque assay. The viral yields were 
increased in cells treated with a range of concentrations rapamycin on day 2 and 3 p.i. (Fig.  7C). The 
induction levels were quite high reaching 1.5 log10 pfu/ml higher titers in cells treated either with 0.05 or 
0.1 μ M of rapamycin in comparison with the untreated control on day 3 p.i. (Fig. 7C).

Figure 3. HNs infected with TBEV for 3 days. (A) A neuron with two cytoplasmic extensions on opposite 
sides of the cell body. D- Dendrite. (B) Detail of the boxed region in (A) shows the RER, which contains 
viral particles (44.75 nm, n =  4, white arrows), virus-induced vesicles (green arrow), and tubule-like 
structures (yellow arrow). (C,D) The presence of tubule-like structures (22 ±  1.3 nm, N =  51) inside the RER. 
(C) A slice of the tomogram was rendered as (D) a 3D reconstruction of a single axis of the tomogram.
A series of images were collected in a ±65° tilt range with 0.65° increments. Pixel resolution: 1.1 nm. This
single-axis tomogram is shown in movie S1. Bars: (A) 2 mm, (B-D) 200 nm. The transmission electron
microscope images were acquired with (A,B) a JEOL 1010 80 kV and (C,D) a JEOL F2100 200 kV.
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To investigate the effect of spautin-1, a 
compound known to be an effective autophagy inhibitor, on viral replication in the neuronal cells, we 
tested its effects on TBEV growth in human neuroblastoma cells. The cells pretreated with a range of 
concentrations of spautin-1 for 30 min, were infected with TBEV at m.o.i. 0.1 pfu per cell, after which the 
incubation was continued in the presence of the drug. Culture supernatants were harvested after 24, 48, 
and 72 hours, and viral titers were determined by plaque assay. Treatment with a range of concentrations 
of spautin-1 showed a profound, dose-dependent inhibition of the yield of infectious virus, with statis-
tically significant drops in TBEV titer of more than two orders of magnitude at the highest spautin-1 
concentration (10 μ M) on day 3 p.i. (Fig. 7D).

One projection image of a 40-nm thick ultrathin section 
showed that, in the extensions of TBEV-infected HNs, two virions (48.2 nm and 48.9 nm diameters, 
with nucleocapsids of 30.3 and 30.9 nm diameters, respectively) were located separately inside vacuoles 
that were directly connected to cellular microtubules (Fig.  8A). The presence of that connection was 
confirmed by examining a double-axis electron tomography (±60° tilt range with 0.6° increments, pixel 
resolution: 0.55 nm), and then creating a 3D reconstruction (Fig.  8B, movie S9). Both connections are 
shown in detail on slices of the tomogram (Fig. 8C,D, arrows). Extensions of mock-infected HNs con-
tained vesicles with electron-dense cores with diameters that ranged from 70 to 90 nm; those vesicles 
were observed in direct contact with the cytoplasm (Fig. 9A,B). Electron-dense granules (similar to the 
vacuoles that contained virions in Fig. 8A) were found in close proximity to bunches of microtubules and 
mitochondria, as seen in the transverse section (Fig. 9A). Other vesicles, 43.8 nm in diameter, but differ-
ent in structure from virions (for comparison see Fig 8A), were observed in the control cells (Fig. 9C).

We used nocodazole to assess the effect of microtubule destabilizing agent on virus growth in human 
neuronal cells. Nocodazole is known to induce depolymerization of actin filaments and microtubules. 
Human neuroblastoma cells pretreated with a range of non-cytototoxic concentrations of nocodazole 

Figure 4. Tubule-like structures of different diameters were localized inside a single neuron infected 
with TBEV. Transmission electron microscope images were acquired at (A) 3 days p.i. or (B) 12 days 
p.i. (A) Inside the ER, tubules of 43.8 ±  4.3 nm (N =  7) in diameter (white arrows) were observed; other
cisternae contained tubules of 22 ±  1.3 nm in diameter (black arrow). (B) The TBEV infection induced ER
rearrangements (black arrowheads). (C) A slice of the tomogram and (D) a 3D reconstruction of a single
axis tomogram. Tilt series images were collected in the ±65° tilt range with 1° increments. Pixel resolution:
0.8 nm. This single-axis tomogram is shown in movie S2. Bars: 200 nm. (A–D) The transmission electron
microscope images were acquired with a JEOL F2100 200 kV.
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for 30 min were infected with TBEV at m.o.i. 0.1 pfu per cell, after which the incubation was continued 
in the presence of the drug. Culture supernatants were harvested after 24, 48, and 72 hours, and viral 
titers were determined by plaque assay. Treatment with a range of concentrations of nocodazole showed 
a profound inhibition of the yield of infectious virus, with statistically significant drops in TBEV titer of 
more than two orders of magnitude at the all concentrations of nocodazole on days 2 and 3 p.i. (Fig. 8E).

Figure 5. Proliferation of the endoplasmic reticulum observed in HNs infected with TBEV. Transmission 
electron microscope images were acquired at (A,B) 3 days p.i. and (C–E) 12 days p.i. (A) TBEV particles 
and TBEV-induced vesicles are located inside the proliferated and reorganized cisterns of the rough 
endoplasmic reticulum; the boxed region is enlarged in the inset. (B) The image in (A) was rendered as 
a colored 3D model. (C) Large whorls are clearly observed in abnormal endoplasmic reticulum. (D) The 
boxed region in (C) is rendered in a 3D model to clarify the different components. (D) Lamellar whorls 
are surrounded by cisternae (light purple) arising (arrow) from the rough endoplasmic reticulum (blue), 
which accommodates tubule-like structures (green). The central part of the whorls comprises concentric 
circles of flattened ER cisternae (light blue). We observed several lipid droplets (yellow) in proximity of the 
whorls. (E) Detailed image of the boxed region in (D) shows the connection between a TBEV particle and 
a tubule-like structure (arrow) inside the rough endoplasmic reticulum. (F) The image in (E) was rendered 
as a colored 3D model. (A) A single axis tomogram; ±65° tilt range with 0.65° increments, pixel resolution: 
2.2 nm; (C) a single axis tomogram, 2 ×  2 montage, ±65° tilt range with 1° increments, pixel resolution: 
0.8 nm. Bars: (A–D) 500 nm, (E,F) 50 nm. (A–F) The transmission electron microscope images were 
acquired with JEOL F2100 200 kV.
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Discussion
We demonstrated that neuronal TBEV infections produced cell-free, infectious virus by using the super-
natant from TBEV-infected HNs to infect PS cells and measuring the viral titers with a plaque assay. 
TBEV replication was detected in the form of released virions on day 3 p.i., and the culture supernatant 
maintained a virus titer of approximately 107 pfu/ml until the end of the experiment (Fig.  1A). This 
finding suggested that the TBEV-infected HNs had apparently transitioned from an acute to a persis-
tent infection. In a previous study, we compared TBEV growth in human neuroblastoma, glioblastoma, 

Figure 6. Formation of autophagic vacuoles in HNs infected with TBEV. Transmission electron 
microscope images were acquired at (A–C) 3 days p.i., (D,E) 12 days p.i., and in (F,G) mock-infected cells. 
(A,B) The RER (ribosomes are indicated with black arrows), which contain TBEV particles and virus-
induced structures, were nearly completely sequestered by peripheral cisterns (see electron tomography in 
supplement) in neuronal extensions. (C) Detail of (B) shows the coiled RER with TBEV-induced structures. 
(D) The cisterns of the RER (ribosomes indicated with black arrow) with replicating TBEV particles and
virus-induced vesicles are surrounded by one flattened ER cistern that nearly encloses this space, and a lipid
droplet. Enclosing cisternae of the ER were devoid of ribosomes (white arrow). (E) 3D model of (D). (F) 
Similar vacuoles/autophagosomes were not observed in control neuronal extensions. (G) Several vacuoles
that sequestered cell parts (debris, fragments of degraded membranes) were found in the cell body of control
neurons. Bars: (A,B,F,G) 500 nm, (C–E) 200 nm. (A,C,D) Slices of a single axis tomogram; ±65° tilt range
with 1° increments, pixel resolution: (A) 1.1 nm, (C) 0.7 nm; (D) 0.8 nm. Transmission electron microscope
images were acquired with (A,C–E) JEOL f2100 200 kV and (B,F,G) JEOL 1010 80 kV.
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medulloblastoma, and PS cells. That study showed that virus replication in neural cell lines was more 
than 100 times more efficient than in the PS cells14. In the present study, we showed that primary HNs 
were also highly sensitive to TBEV infection, and they also produced high virus titers.

A previous study in primary mouse neurons showed that TBEV antigen accumulated in the dendrites 
of infected neurons15. Viral proteins were synthesized principally in the neuronal cell bodies in the early 
stages of infection, but they were distributed to dendrites later15. In the present study, TBEV-infected 
HNs also showed antigen accumulation in dendrites (Fig. 1B, arrows), but this was not a frequent event. 
At early time points after infection, virus antigen was present in practically the whole body of the neuron 
(Figs.  1B,2); at later time points, antigen accumulation appeared mainly in highly reorganized, prolif-
erated RER (demonstrated in the co-localization experiments with the PDIA3 antigen) (Fig.  2), and 
only occasionally in dendrites. Viral protein accumulation in dendrites may affect neural function15 and 
TBEV infections can arrest neurite outgrowth17. It was hypothesized that viral protein accumulation in 
dendrites might affect the distribution and function of host proteins, which in turn, might cause neural 
dysfunction and cellular degeneration15.

Our results suggested that vesicles containing TBEV particles were transported in infected neu-
rons, based on observations that TBEV-containing vesicles were associated with microtubules in HNs 
(Fig. 8A–D). In human neuroblastoma cells, non-cytotoxic concentrations of nocodazole, a compound 
which disrupts microtubules by binding to β -tubulin and preventing formation of one of the two inter-
chain disulfide linkages and thus inhibiting microtubules dynamics, resulted in significant reduction 

Figure 7. An autophagosome in a neural extension observed 3 days after TBEV infection. The cytoplasm 
contains mitochondria and TBEV particles in vacuoles, encircled by several double membranous structures, 
apparently of RER origin (but devoid of ribosomes). (A) A slice of a single axis tomogram; ±65° tilt range 
with 0.6° increments, pixel resolution: 0.8 nm. (B) A 3D model of (A). Bars: 200 nm. (A,B) Transmission 
electron microscope images were acquired with JEOL F2100 200 kV. (C,D) Autophagy enhanced TBEV 
production in human neuroblastoma cells. The cells were pretreated with the solvent control (DMSO), 
rapamycin (0.025, 0.05, or 0.1 μ M) (C), or spautin-1 (1, 5, or 10 μ M) (D) then infected with TBEV at m.o.i. 
of 0.1 pfu per cell for 24, 48, or 72 hours. The culture supernatants were collected for plaque assay on PS 
cells. The virus titers (pfu/ml) are shown as the means ±  SEM. The horizontal dashed line indicates the 
minimum detectable threshold. *p <  0.05; **p <  0.01; ***p <  0.001.

71



www.nature.com/scientificreports/

1 0SCIENTIFIC REPORTS | 5:10745 | DOI: 10.1038/srep10745

in virus infectivity (Fig.  8E). Viral spread in neurons is generally mediated by fast axonal transport, a 
microtubule-associated, anterograde and retrograde transport system. In West Nile virus (WNV) infec-
tions, transneuronal viral spread required axonal release of viral particles. WNV underwent bidirectional 
spread in neurons, and axonal transport promoted viral entry into the CNS18.

Here, we also described the morphology and 3D organization of TBEV-induced, tubule-like struc-
tures located in the RER of infected HNs (Figs.  3B,4A–D). Similar structures were previously demon-
strated in the RER of other vertebrate or arthropod cells infected with TBEV19, Langat virus20, and 
mosquito-borne flaviviruses16,21,22. In a previous study, we observed virus-induced vesicles and viral par-
ticles directly attached to tubule-like structures in the RER of TBEV-infected human primary astrocytes19. 
The tubule-like structures were only occasionally seen in acutely infected cells, but the number of tubules 
increased dramatically in persistently infected cells20. Unlike previous studies, we frequently observed the 
presence of tubule-like structures in TBEV-infected neurons. To the best of our knowledge, this study 

Figure 8. Two vacuoles that accommodated TBEV particles in a neuronal extension at 12 days after 
infection. (A–D) Arrows indicate connections between vacuoles and microtubules. (A) The projection 
image and (B) the 3D model. (C,D) Images show slices of a double-axis tomogram acquired with a ±  60° 
tilt range in 0.6° increments; pixel resolution: 0.55 nm Bars: (A,B) 200 nm; (C,D) 50 nm. Transmission 
electron microscope images were acquired with (A) JEOL 1010 80 kV and (C,D) JEOL F2100 200 kV. (E) 
Nocodazole treatment inhibits TBEV replication in human neuroblastoma cells. The cells were pretreated 
with the solvent control (DMSO), or nocodazole (5, 10, or 20 μ M) then infected with TBEV at m.o.i. of 
0.1 pfu per cell for 24, 48, or 72 hours. The culture supernatants were collected for plaque assay on PS cells. 
The virus titers (pfu/ml) are shown as the means ±  SEM. The horizontal dashed line indicates the minimum 
detectable threshold. **p <  0.01; ***p <  0.001.
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was the first to demonstrate the simultaneous presence of two sizes of tubule-like structures in the RER 
of single infected cells (Fig. 4A–D). Inside the RER, we observed tubules that were 43.8 ±  4.3 nm (N =  7) 
in diameter, and in other cisternae, we observed tubules that were 22 ±  1.3 nm in diameter (Fig. 4A–D). 
Previous studies reported tubule-like structures that ranged from 50 to 100 nm in diameter and from 
100 nm to 3.5 μ m in length20–23. In TBEV-infected human astrocytes, we previously observed tubule-like 
structures of 17.9 nm (± 0.2 nm) in diameter19. The function of tubule-like structures is not clear. These 
structures may represent features of replication, aberrant structures, or features of a cellular process that 
aims to restrict the infection20. With immunofluorescence and confocal microscopy, we observed fibril-
lary structures composed of viral E protein in cisterns of the ER; these structures suggested that E protein 
was present in the tubule-like structures (Figs.  1B,2). The functional contribution of these tubule-like 
structures to TBEV replication should be addressed in future studies.

Our detailed 3D ultrastructural analysis clearly demonstrated that the TBEV infection triggered a 
remarkable alteration in the ER membrane structures of HNs (Fig. 5B,D). Previous studies have shown 
alterations in ER membranes by flaviviruses, which included formations of vesicle pockets and convo-
luted structures that represented a platform for viral RNA replication and virion assembly15,24,25. These 
replication compartments also shielded double-stranded RNA from host cell-intrinsic surveillance 
mechanisms24–26.

In TBEV-infected mice, Hirano et al.15 described characteristic ultrastructural changes in neurite 
membranes, called LMSs. They hypothesized that LMSs were formed by membrane reconstitutions trig-
gered by the viral replication, and that the LMS might serve as a platform for dendritic viral replication 
and virion assembly15. In the present study, we observed TBEV replication sites in dendrites, but also in 
perinuclear regions of TBEV-infected HNs. However, our 3D tomography data strongly suggested that, in 
several cases, the TBEV replication sites were enclosed inside newly formed autophagosomes. Moreover, 
we observed virions inside autophagosomes that were surrounded by numerous membranes (Figs. 5,6,7) 
with many typical morphological features. Autophagosome-limiting membranes did not have ribosomes, 
and they always had two or more limiting membranes27. Additionally, we observed interactions with 
lipid droplets (LDs)28 in both newly forming autophagosomes and fully-formed autophagosomes of 
TBEV-infected HNs. A recent report noted the existence of a physical connection between the endo-
plasmic reticulum and newly forming autophagosomes29,30. We confirmed this observation (Fig.  5C,D 
and Fig. 6).

Upon autophagy induction, the initial event is the formation of a membranous cistern called the pha-
gophore, or isolation membrane. Autophagy begins with the isolation of double-membrane structures in 
the cytoplasm. Later, these membrane structures elongate and mature. The elongated double-membranes 
form autophagosomes (large vesicles with diameters of 500–1500 nm in mammalian cells), which become 
mature with acidification; then, they fuse with lysosomes to become autolysosomes. The sequestered 
content is then degraded by lysosomal hydrolases31.

Figure 9. Mock infected HNs examined at 3 days p.i. (A,B) HN extensions contained a few probable 
secretion granules with electron-dense cores, with diameters of (A) about 70 nm and (B) 90 nm, that were in 
direct contact with the cytoplasm. (C) Different vesicles of 43.8 nm (n =  5) in diameter were located outside 
the cells (black arrow). Bar 1 μ m. (A–C) Transmission electron microscope images were acquired with JEOL 
1010 80 kV.
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There are many proposals for the role of autophagy during virus infection in neurons. In post-mitotic, 
long-lived cell types, such as neurons, basal and stress-induced autophagy may be particularly impor-
tant for maintaining cellular health. In addition, it represents an important neuronal antiviral defense 
mechanism for the sequestration and elimination of viral proteins, viral particles, and viral replication 
complexes32. Thus, autophagy represents an adaptive, pro-survival process, rather than a maladaptive, 
pro-death response, during CNS viral infection32. Autophagy has been shown to restrict the replication 
of several viruses in neurons, including Rift Valley fever virus33, Sindbis virus34, and herpes simplex virus 
type 135. However, the growth of WNV has been shown to be independent of WNV-induced autophagy 
in neuronal cultures36. Although autophagy is a cellular homeostatic mechanism involved in the antiviral 
response, it can be also subverted to support viral growth. Virus-induced autophagy promoted the rep-
lication of dengue virus37,38, enterovirus 7131, poliovirus, and coxsackievirus B439. Japanese encephalitis 
virus growth is dependent on autophagy activation during the early stages of infection40. Our study was 
the first to demonstrate that autophagy occurred during TBEV replication in HNs, and is also the first 
report that autophagy enhances TBEV replication. We treated TBEV-infected neuroblastoma cells with 
rapamycin (inducer of autophagy, as inhibition of mTOR mimics cellular starvation by blocking signals 
required for cell growth and proliferation), and spautin-1 (highly specific and potent autophagy inhibitor 
in mammalian cells, which promotes the degradation of Vps34 PI3 kinase complexes by inhibiting two 
ubiquitin specific peptidases, USP10 and USP13 that target the Beclin1 subunit of Vps34 complexes) and 
investigated the effect of the treatment of TBEV growth. The induction of autophagy in human neuro-
blastoma cells by rapamycin increased TBEV replication (Fig. 7C), whereas the inhibition of autophagy 
by spautin-1 reduced significantly viral titers (Fig.  7D), indicating that autophagy positively regulates 
TBEV replication.

As mentioned above, we observed direct interactions between autophagosomes and LDs in 
TBEV-infected HNs (Fig.  6D,E, Fig.  7). A previous report showed that autophagosomes could target 
cellular lipid stores (LDs) to generate energy for the cell41. For example, dengue viral-infection-induced 
autophagy stimulated the delivery of lipids to lysosomal compartments, which resulted in the release of 
free fatty acids. These fatty acids underwent β -oxidation in the mitochondria to generate ATP, which 
produced a metabolically favorable environment for viral replication28. Thus, aside from the many roles 
of autophagy in regulating cellular homeostasis, its regulation of lipid metabolism can represent a major 
contributor to robust viral replication41. The role of autophagy as a provider of free fatty acids as an 
energy source for RNA replication during viral infection will be a subject of our further studies.

In conclusion, we directly investigated the morphological changes induced by TBEV infections in 
HNs with advanced high-pressure freezing, freeze-substitution, and electron tomography techniques, 
with the purpose of achieving optimal preservation of ultrastructure for electron tomography visualiza-
tion of cellular architecture. These methods enabled clear visualization of connections between microtu-
bules and vacuoles that harbored TBEV virions in neuronal extensions, connections between tubule-like 
structures and virions, 3D organizations of proliferating endoplasmic reticulum membranes, membra-
nous whorls, and the formation of autophagic vacuoles. These data provided insight into the process of 
TBEV-induced injury in HNs, and our findings will promote future studies that aim to understand the 
molecular mechanism of TBEV infection in the human CNS.

Methods
 The virus used in this study was the TBEV strain, Neudoerfl, kindly provided by 

Professor F. X. Heinz from the Medical University in Vienna. The strain was originally isolated from the 
tick Ixodes ricinus in Austria in 1971. The virus represents a prototype strain of the European subtype 
of TBEV and was characterized extensively, including its genome sequence and the 3D structure of its 
envelope protein E42. The virus underwent four passages in the brains of suckling mice before use in 
this study.

Human neurons (HNs) were isolated from the human brain and characterized by immunofluores-
cence with antibodies specific to neurofilament, microtubule associated protein 2 (MAP2), and β -tubulin 
III (purchased at passage zero from ScienCell Research Laboratories, Carlsbad, CA). HNs were propa-
gated in Neuronal Medium (ScienCell) with 1% neuronal growth supplement and 1% penicillin/strepto-
mycin (ScienCell) at 37 °C and 5% CO2. In all experiments, cells were used at passage zero.

Human neuroblastoma cells UKF-NB-414 were cultured at 37 °C and 5% CO2 in Iscove’s modified 
Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine serum (Sigma) and 1% mixture of 
penicillin and streptomycin (Sigma).

Porcine kidney stable (PS) cells43 were cultured in L-15 medium supplemented with 3% newborn calf 
serum and 1% penicillin/streptomycin (Sigma-Aldrich) at 37 °C.

HNs were seeded onto gelatin (0.2%) coated wells of 96-well plates at 20,000–
25,000 cells/cm2. After establishing the culture, cells were inoculated with the virus diluted in culture 
medium to 5 multiplicity of infection units (MOI). Virus-mediated cytopathic effect (CPE) was investi-
gated with light microscopy. At 0, 3, 5, 7, and 12 days p.i., supernatant medium from appropriate wells 
was collected and frozen at − 70 °C. Viral titers were determined by plaque assay.
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PS cells were used to determine virus titers according to a protocol described previ-
ously, with minor modifications44. Tenfold dilutions of the virus samples were placed in 24-well tissue 
culture plates, and suspended PS cells were added (5× 104 cells per well). After incubating for 4 h, the 
suspension was overlaid with carboxymethylcellulose (1.5% in L-15 medium). After incubating for 5 
days at 37 °C, the plates were washed with PBS, and the cells were stained with naphthalene black (Sigma 
Aldrich). Virus titer was expressed in units of pfu/ml.

TBEV-infected and control HNs were grown on slides. Then, cells 
were fixed in 4% formaldehyde for 1 h at room temperature, rinsed three times in 0.1 M phosphate buffer 
(PB) with 0.02 M glycine, permeabilized with 0.1% Triton X-100 with 1% normal goat serum in 0.1 M PB 
for 30 min, and blocked with 5% normal goat serum. Cells were labeled with flavivirus-specific mouse 
mAb (1:250; Millipore) for 1.5 h at 37 °C. Flavivirus-specific mAb and rabbit anti-PDIA3 antibody (1:250, 
Sigma-Aldrich) were used for double labeling. After washing with ten–fold diluted blocking solution, the 
cells were labeled with goat anti-mouse secondary antibody conjugated with FITC (1:500, Sigma-Aldrich) 
or goat anti-rabbit secondary antibody conjugated with Atto 550 NHS (1:500, Sigma-Aldrich) for 1.5 h at 
37 °C. The cells were counterstained with DAPI (1 μ g/ml, Sigma-Aldrich) for 10 min at 37 °C, mounted in 
2.5% 1,4-diazabicyclo(2.2.2)octane (Sigma-Aldrich), and examined with an Olympus BX-51 fluorescence 
microscope equipped with an Olympus DP-70 CCD camera. Confocal microscopy was performed with 
an Olympus FV-1000; serial Z-series images were acquired in blue, red, and green channels.

TBEV-infected and control HNs 
were grown on sapphire discs. At either 3 or 12 days p.i., cells were high-pressure frozen in the presence 
of 20% BSA diluted in Neuronal Medium with a Leica EM PACT2 high-pressure freezer. Freeze substi-
tution was carried out in 2% osmium tetroxide diluted in 100% acetone, as described previously19, with 
a Leica EM AFS2 at − 90 °C for 16 h. The samples were than warmed at a rate of 5 °C/h, incubated at 
− 20 °C for 14 h, and finally warmed again at the same rate to a final temperature of 4 °C. The samples 
were rinsed three times in anhydrous acetone at room temperature and infiltrated stepwise in acetone 
mixed with SPI-pon resin (SPI) (acetone:SPI ratios of 2:1, 1:1, 1:2, for 1 h at each step). The samples in 
pure resin were polymerized at 60 °C for 48 h.

Sections were prepared with a Leica Ultracut UCT microtome and collected on 300 mesh cooper 
grids. Staining was performed with alcoholic uranic acetate for 30 min, and then, lead citrate for 20 min. 
Images were obtained with a JEOL 2100F or JEOL 1010 transmission electron microscope. For electron 
tomography, protein A-conjugated 10 nm gold nanoparticles (Aurion) were added to both sides of each 
section as fiducial markers.

Tilt series images were collected in the range of ± 60° to 65°, with 0.6° to 1° increments. Images were 
acquired with a 200 kV JEOL 2100F transmission electron microscope equipped with a high-tilt stage 
and a Gatan camera (Orius SC 1000) and controlled with SerialEM automated acquisition software45. 
Images were aligned based on the fiducial markers. Electron tomograms were reconstructed with the 
IMOD software package. Manual masking of the area of interest was employed to generate 3D surface 
models46.

Stocks of rapamycin 
(Sigma-Aldrich) as an autophagy stimulator, spautin-1 (Sigma-Aldrich), an autophagy inhibitor, and 
nocodazole (Sigma-Aldrich) as a microtubule disruptor, were prepared in DMSO. Monolayers of human 
neuroblastoma cells in 96-well plates were pretreated with different concentrations of either drug (or 
DMSO as a negative control) for 30 min at 37 °C and infected with TBEV at a multiplicity of infection of 
0.1 pfu per cell. Infection was always performed in triplicate. Supernatants were harvested at 24, 48, and 
72 hours p.i. and titers were determined by plaque assay as described above.

Statistical analyses were performed using version 5.04 of the GraphPad Prism5 
(GraphPad Software, Inc., USA). Data were transformed by use of the X’ =  log(X) formula and analyzed 
using one-way ANOVA (Dunnett’s Multiple Comparison Test). p-values < 0.05 were considered signif-
icant.
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Tick-borne encephalitis (TBE), a disease caused by tick-borne encephalitis virus (TBEV),

represents the most important flaviviral neural infection in Europe and north-eastern Asia. In the

central nervous system (CNS), neurons are the primary target for TBEV infection; however,

infection of non-neuronal CNS cells, such as astrocytes, is not well understood. In this study, we

investigated the interaction between TBEV and primary human astrocytes. We report for the first

time, to the best of our knowledge, that primary human astrocytes are sensitive to TBEV infection,

although the infection did not affect their viability. The infection induced a marked increase in the

expression of glial fibrillary acidic protein, a marker of astrocyte activation. In addition, expression

of matrix metalloproteinase 9 and several key pro-inflammatory cytokines/chemokines (e.g. tumour

necrosis factor a, interferon a, interleukin (IL)-1b, IL-6, IL-8, interferon c-induced protein 10,

macrophage inflammatory protein, but not monocyte chemotactic protein 1) was upregulated.

Moreover, we present a detailed description of morphological changes in TBEV-infected cells, as

investigated using three-dimensional electron tomography. Several novel ultrastructural changes

were observed, including the formation of unique tubule-like structures of 17.9 ±0.15 nm

diameter with associated viral particles and/or virus-induced vesicles and located in the rough

endoplasmic reticulum of the TBEV-infected cells. This is the first demonstration that TBEV

infection activates primary human astrocytes. The infected astrocytes might be a potential source

of pro-inflammatory cytokines in the TBEV-infected brain, and might contribute to the TBEV-

induced neurotoxicity and blood–brain barrier breakdown that occurs during TBE. The

neuropathological significance of our observations is also discussed.

INTRODUCTION

Tick-borne encephalitis (TBE) is a serious viral infection of
the central nervous system (CNS) caused by tick-borne
encephalitis virus (TBEV). TBEV is a single-stranded
positive-sense RNA virus belonging to the genus
Flavivirus, family Flaviviridae (Mansfield et al., 2009).
More than 13 000 clinical cases of TBE, including
numerous deaths, are reported annually in Europe and
north-eastern Asia (Mansfield et al., 2009). Despite the
medical importance of this disease, some crucial steps in
the development of encephalitis remain poorly understood.
In humans, TBEV may produce a variety of clinical
symptoms. The clinical spectrum of acute TBE ranges from

symptoms of undifferentiated febrile illness or mild
meningitis to severe meningoencephalitis with or without
myelitis (Haglund & Günther, 2003; Růžek et al., 2010).
Chronic TBE occurs less frequently and has been reported
only in some regions of Russia, mainly in Siberia and the
Far East, where this form comprises 1–3% of all TBE cases
(Gritsun et al., 2003).

Major hallmarks of TBEV neuropathogenesis are neuro-
inflammation followed by neuronal death and disruption of
the blood–brain barrier (BBB) (Růžek et al., 2009a, 2011;
Palus et al., 2013, 2014). The response of TBEV infection in
the brain is characterized by massive inflammatory events,
including the production of cytokines (e.g. IFN-c, TNF-a,
and IL-1b, IL-6 and IL-10) and chemokines [e.g. monocyte
chemoattractant protein (MCP)-1/CCL2, IFN-c-induced
protein 10 (IP-10)/CXCL10, macrophage inflammatory

3These authors contributed equally to this study.

A supplementary movie is available with the online version of this paper.

Journal of General Virology (2014), 95, 2411–2426 DOI 10.1099/vir.0.068411-0

068411 G 2014 The Authors Printed in Great Britain 2411



Time (days p.i.)

0

N
o.

 c
op

ie
s 

TB
E

V

TB
E

V
-p

os
iti

ve
 H

B
C

A
s 

(%
)

72
Time (days p.i.)

0 15 10

10.36

7

13.8

Time (days p.i.)
3

11.45

20

10

0

30

15

17.53

2.0×108

1.5×108

1.0×108

5.0×107

2.5×108(c) (d)

5
9876543210 1413121110 15

8

V
ira

l t
itr

e 
[lo

g 
(p

fu
 m

l–
1 )

]

(b)

7

6

9

M
oc

k
10

 d
ay

s 
p.

i.
3 

da
ys

 p
.i.

DAPITBEV

100 mm

100 mm

100 mm

100 mm

100 mm

100 mm 100 mm

100 mm

100 mm

(a) Merge
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antigen staining. (b) TBEV titres in culture supernatant from HBCAs collected at 0, 1, 2, 3, 7, 9 and 15 days p.i. were
determined by plaque assay using porcine kidney stable cells. Viral titres are expressed as p.f.u. ml”1. Data represent
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protein (MIP)-1a and RANTES] (Palus et al., 2013).
Microglia and astrocytes are classically believed to serve as
the predominant source of these cytokines and chemokines
in the CNS, and therefore may act as important processors
of neuroinflammation and neurodegeneration (Ramesh
et al., 2013). The pro-inflammatory chemokines attract
immunocompetent cells to the CNS (Réaux-Le Goazigo
et al., 2013), including CD8+ T-cells, which may mediate
immunopathology during TBE (Růžek et al., 2009a).
Moreover, the pro-inflammatory molecules can further
activate downstream apoptotic signalling pathways in
neurons, resulting in neuronal death (Kumar et al., 2010)
or inducing breakdown of the BBB (Růžek et al., 2011;
Erickson et al., 2012; Palus et al., 2014). We used a rodent
model to demonstrate that TBEV infection is associated
with the dramatic BBB breakdown that occurs during the
later stages of infection. The BBB breakdown most likely
represents a bystander effect of virus-induced cytokine/
chemokine overproduction in the brain (Růžek et al., 2011).
However, the specific cell types that express these cytokines
and chemokines have not been characterized.

Although neurons are primary targets after TBEV enters the
CNS (Hirano et al., 2014), other brain cells may also be
infected (Potokar et al., 2014). Infection of non-neuronal
CNS cells including astrocytes has, albeit infrequently, been
reported in cases of flavivirus encephalitis (Desai et al., 1995;
Nogueira et al., 2002; German et al., 2006; Balsitis et al.,
2009; de Araújo et al., 2009; Sips et al., 2012). It was shown
recently that TBEV infects cultured primary rat astrocytes
without affecting their viability. Therefore, it was suggested
that astrocytes might represent an important reservoir of
TBEV in brain during the infection (Potokar et al., 2014).
Astrocytes are the most abundant glial cell population in the
human brain (Nedergaard et al., 2003) and have various
leading roles in the brain, including integrating neuronal
functions, neuronal support and regulation of the BBB.
Thus, astrocytes serve as a structural and functional bridge
between endothelial cells of the BBB and neurons; together,
they form the ‘neurovascular unit’ (Stanimirovic &
Friedman, 2012), which regulates blood flow, the integrity
of the BBB and neuronal activity in response to physiological
and pathophysiological changes (Hussmann et al., 2013).

Astrocytes are key players in the inflammatory response
during neural infections caused by flaviviruses, namely
Japanese encephalitis (Bhowmick et al., 2007; Yang et al.,
2012) and West Nile encephalitis (Diniz et al., 2006; Verma
et al., 2011; Hussmann et al., 2013); however, their role in the
development of TBE remains largely unstudied. Here, we
aimed to investigate the sensitivity of primary human
astrocytes to TBEV infection, virus growth, virus-induced
astrocyte activation, and cytokine and chemokine production.

We demonstrate here for the first time, to the best of our
knowledge, that TBEV is capable of productive, persistent
infection in primary human astrocytes, and that this infection
is associated with astrocyte activation and the production of
various pro-inflammatory cytokines and chemokines.

On the ultrastructural level, the infection causes massive
morphological changes that include the proliferation and
rearrangement of the rough endoplasmic reticulum (RER)
and lead to the formation of new compartments with an
optimal microenvironment that provides functional sites
for protein synthesis, processing and RNA replication,
whilst providing protection against the host immune
system (Welsch et al., 2009; Gillespie et al., 2010;
Offerdahl et al., 2012; Miorin et al., 2013). These newly
transformed compartments are represented by vesicles or
vesicle packets that contain a pore opening to the cytosol
(Offerdahl et al., 2012; Miorin et al., 2013) and convoluted
membranes with a putative polyprotein processing func-
tion (Welsch et al., 2009). A number of other functions
have been ascribed to the proliferation of this membrane
network, including the concentration of virus replication
machinery, the provision of a solid-state platform for viral
protein synthesis and replication, and the sequestration of
viral dsRNA (the replicative form) from innate immune
sensors (Overby et al., 2010; Offerdahl et al., 2012).

We also used electron tomography to provide important
insights into the three-dimensional (3D) morphology of the
infected cells, and, to the best of our knowledge, this is the first
description of the 3D architecture of the tubule-like structures
found in the RER of TBEV-infected human astrocytes. Taken
together, our findings suggest that astrocytes can significantly
contribute to the development of inflammation in the CNS
during TBE. This information may facilitate novel strategies
for treating this important neural infection.

RESULTS

TBEV can infect and replicate in human astrocytes

We employed a plaque assay and immunofluorescence
staining for viral antigen to determine TBEV infection and
replication kinetics in primary human brain cortex astrocytes
(HBCAs) (Fig. 1). Viral antigen was not detected in mock-
infected HBCAs (Fig. 1a) or in cells stained with secondary
antibody alone. Based on a total of 23 000 cells counted in at
least seven independent fields, approximately 11% of HBCAs
were infected with TBEV at day 3, 14% at day 7, 10% at day
10 and 18% at day 15 post-infection (p.i.) (Fig. 1d).

TBEV replication was quantified using a plaque assay in
TBEV-infected cell supernatants collected daily from days 0

intracellular TBEV RNA copies by quantitative RT-PCR. Values represent means±SEM. (d) The percentage of HBCAs that were
positive for TBEV antigen in culture at 3, 7, 10 and 15 days p.i. was determined. Data were obtained based on a total of 23000
cells counted in at least seven independent fields.
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to 3 and then at 7, 9, 10 and 15 days p.i. Productive TBEV
replication in the form of release of virions was first detected
at day 2 after infection, and day 2 also represented the limit
of virus production (Fig. 1b). Intracellular TBEV replication
assessed by quantitative real-time reverse transcription
(RT)-PCR also confirmed virus replication for the first
15 days p.i., and the number of TBEV RNA copies increased
in a time-dependent manner (Fig. 1c). We also used phase-
contrast microscopy to examine TBEV-infected astrocytes
for cytopathogenic effect (CPE) and cell death; neither was
observed at any time point (data not shown).

Immunofluorescence staining revealed that the TBEV
antigen was distributed mostly diffusely throughout the
entire body of the astrocyte at early time points after
infection (Fig. 1a). However, at later time points (as early
as day 3 after infection), we observed brightly staining
aggregates of viral antigen. A co-localization study with
protein disulfide isomerase family A, member 3 (PDIA3)
antigen (also known as Erp57, Er-60 and GRP58) suggested
that the antigen was localized primarily in extremely
hypertrophied and rearranged endoplasmic reticulum of
the cells as early as day 3 p.i. (Fig. 2).

TBEV induces the expression of multiple pro-
inflammatory cytokines/chemokines in human
astrocytes

Pro-inflammatory cytokines, such as IL-1b and TNF-a,
play an important role in mediating neuronal death and

neuroinflammation in various diseases. Therefore, we
investigated the effect of TBEV infection on the mRNA
expression of key pro-inflammatory cytokines, such as IL-
1b, IL-6, IL-8, IFN-a and TNF-a. We also measured the
expression of MCP-1/CCL2, MIP-1b/CCL4 and IP-10/
CXCL10 mRNAs in infected and control astrocytes (Figs 3
and 4). On day 1 p.i., we observed no significant increase in
the mRNA expression of any cytokine/chemokine.

The expression of CCL2/MCP-1 mRNA did not change
significantly at any time point (Fig. 3f). Robust upregula-
tion of TNF-a mRNA was detected at 3 and 4 days p.i.;
however, the expression was decreased at 15 days p.i. (Fig.
3a). IFN-a mRNA expression was slightly upregulated only
at day 4 p.i. (Fig. 3b). Although the expression of IL-1b,
IL-6 and IL-8 mRNAs increased from day 3 to 4, no
upregulation was observed at day 15 p.i. (Fig. 3c–e,
respectively). We observed strong increases of CCL4/MIP-
1b and CXCL10/IP-10 mRNA expression from 3 to 4 days
p.i.; however, at day 15, the expression level for these
molecules was similar in infected cells and control cells
(Fig. 4a, c).

We used ELISA to investigate the release of secreted MIP-
1b/CCL4 and IP-10/CXCL10 cytokines/chemokines in the
culture medium of TBEV-infected and control cells. The
amount of soluble MIP-1b/CCL4 did not increase until day
4 p.i. At day 5 p.i., the amount of soluble MIP-1b/CCL4
was significantly increased (Fig. 4d). Basal levels of IP-10/
CXCL10 in culture media were very low. Starting on day 2

PDIA3 DAPITBEV Merge
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Fig. 2. TBEV antigen is co-localized with PDIA3 antigen in infected HBCAs at later times p.i. HBCAs grown and fixed at day 3
p.i. were stained with anti-flavivirus envelope antibody (green) and anti-PDIA3 antibody (red), and counterstained with DAPI
(blue). Co-localization of TBEV and PDIA3 antigens was observed at all investigated time points p.i. Three representative
examples are shown. Mock-infected HBCAs stained with primary anti-flavivirus and secondary antibodies (or cells stained with
secondary antibodies only) were used as negative controls and did not exhibit any TBEV or PDIA3 antigen staining (not shown).

M. Palus and others

2414 Journal of General Virology 95



p.i., the amount of soluble IP-10/CXCL10 increased
substantially (P,0.001; Fig. 4b).

TBEV infection induces the production of matrix
metalloproteinase 9 by astrocytes

The expression of matrix metalloproteinases (MMPs),
especially MMP-9, correlates with BBB disruption during
many neuroinflammatory diseases. Therefore, we investi-
gated the effect of TBEV infection on the production
of MMP-9 by astrocytes. The release of soluble MMP-9
into the culture medium of mock- and TBEV-infected

astrocytes was detected using ELISA. Starting at day 2
after infection, the amounts of soluble MMP-9 increased
continuously until the end of the experiment, with a
dramatic increase at day 7 (Fig. 5).

TBEV infection is associated with the activation of
infected astrocytes, as demonstrated by
increased glial fibrillary acidic protein (GFAP)
expression

To provide additional evidence that TBEV infection per se
causes astrocyte activation, we measured the production of
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GFAP, a marker of astrocyte activation, in mock-infected
and TBEV-infected astrocytes, as well as in cells treated
with lipopolysaccharide (LPS) at various times p.i. Flow
cytometry indicated that the intensity of GFAP production
increased significantly in TBEV-infected HBCAs at 3, 7 and
15 days p.i. compared with mock-infected and LPS-treated

cells, clearly demonstrating astrocyte activation (Fig. 6a, b).
The intensity of GFAP production in the TBEV- and
mock-infected cells was also visualized with fluorescence
microscopy using a specific anti-GFAP antibody (Fig. 6c).

TBEV causes dramatic ultrastructural
morphological changes in infected astrocytes

We used transmission electron microscopy and electron
tomography to investigate ultrastructural changes in mock-
and TBEV-infected HBCAs at 3 and 9 days p.i. At 3 days
p.i., we observed rearranged cisterns of the RER with typical
virus-induced vesicles and viral particles, as described
elsewhere (Fig. 7a) (Růžek et al., 2009b). Next, we observed
that many enveloped TBEVs were crowded into the Golgi
complex (Figs 7b and 8b). In contrast, at 9 days p.i., we
observed a lower number of viral particles in the cisterns of
the RER (Fig. 7c) and in vacuoles close to the Golgi complex
(Fig. 7d). At 9 days p.i., we observed intra-mitochondrial
electron-dense granules that formed annular structures in
the mitochondrial matrix (Fig. 7c). Moreover, these cells
contained both swollen mitochondria with mitochondrial
cristae located in the periphery, and mitochondria
that apparently lacked any alteration in morphology
(Fig. 7e). Furthermore, some infected cells displayed other
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morphological features of cells undergoing necrotic cell
death, such as chromatin aggregates in the nuclear periphery,
irregularly shaped cells and surface blebs, and enlarged

cisternal space in the endoplasmic reticulum (Fig. 7c–e). In
contrast, neither virus replication nor ultrastructural altera-
tions were evident in several other cells from the same
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culture and the same time interval (Fig. 7f), which is in
accordance with immunofluorescence staining for viral
antigen. The ultrastructure of these cells was similar to that
of themock-infected HBCAs (Fig. 8a). Morphological changes
induced by TBEV infection involved almost all cell compart-
ments (RER, Golgi complex, mitochondria and phagosomes)
as visible on the 3D model of the infected cells (Fig. 8b).

TBEV induces the formation of tubule-like
structures in the endoplasmic reticulum of some
infected astrocytes

We observed tubule-like structures, which were located
inside the RER cisternal space of only a very few of the

infected astrocytes (Fig. 9 and Movie S1, available in the
online Supplementary Material). The tubule-like structures
were laid out in many parallel groupings of bundle-like
fascicles. The electron density of these tubule-like struc-
tures was consistent throughout their shape (Fig. 10a–c),
and they were 17.9 nm (±0.2 nm; n5101) in diameter. In
contrast, when viewed using the electron microscope,
cellular microtubules outside the ER appeared to be less
electron-dense on the inside and were bordered on the
outside by two dense lines; the diameter of these
microtubules was 20.3 nm (microtubules in Fig. 10d–f).
All enveloped viral particles were observed in the lumen of
the RER, and most were directly connected to the tubule-
like structures (Fig. 11a–d). The diameter of the enveloped
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Fig. 7. Morphological changes in TBEV-infected HBCAs at 3 (a, b) and 9 (c–f) days p.i. (a) TBEV particles located inside the
remodelled RER and the Golgi complex (G). In particular, note the mitochondrion with the electron-dense granules (black
arrow). (b) Viral particles (white arrows) accumulated in the periphery of the Golgi stack (G). N, nucleus. (c–e) Ultrastructural
alterations were observed in infected cells at 9 days p.i.: enlarged cisternae of the RER, rearranged RER membranes, swollen
mitochondria (aMi) with annularly arranged granules (black arrows) and mitochondria without structural changes (Mi), as well as
viral particles inside vacuoles (arrowheads). (f) Transmission electron microscopy did not reveal any ultrastructural abnormalities
in several HBCAs at 9 days p.i. Bars: 500 nm (a, b), 100 nm (c); 1 mm (d); 2 mm (e); 5 mm (f).
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viral particles was 42.5 nm (±0.7 nm; n512), and the
diameter of the nucleocapsid was 26.1 nm (±0.7 nm;
n512). Several TBEV-induced vesicles that were nearly
spherical and ranged from 60 to 90 nm in diameter were
observed in close proximity to viral enveloped particles.
Some TBEV-induced vesicles were connected in a manner
identical to that described regarding the tubule-like
structures (Fig. 11e–h). We also noted the presence of a
subviral particle enclosed in a vesicle in close proximity to
the tubule-like structures. The presence of subviral particles
(Fig. 11i, j) indicated defective virus assembly.

DISCUSSION

Although TBEV is a significant cause of encephalitis in
humans, relatively little attention has been given to TBEV
infection of cells in the human CNS. Neurons are primary

targets for TBEV (Hirano et al., 2014) in the CNS, and
other brain cells may also be infected (Potokar et al., 2014).
Although TBEV antigen was not detected in astrocytes in a
study investigating brains from fatal human TBE cases
(Gelpi et al., 2005), data from other studies indicate that
non-neuronal CNS cells including astrocytes are also, albeit
infrequently, infected in cases of flavivirus encephalitis
(Desai et al., 1995; Nogueira et al., 2002; German et al.,
2006; Balsitis et al., 2009; de Araújo et al., 2009; Sips et al.,
2012). Infection of non-neuronal cells might play some role
in the entry of the virus into the CNS, development of
neuroinflammation and viral persistence in the CNS
during chronic infection. A recent report demonstrated
that primary rat astrocytes are sensitive to TBEV infection,
although the infection did not affect cell viability (Potokar
et al., 2014). Therefore, it was suggested that astrocytes
might represent an important reservoir of dormant TBEV
during chronic brain infection (Potokar et al., 2014), for
example in cases of chronic TBEV infections reported in
humans in Siberia and the Far East (Gritsun et al., 2003).
Moreover, an increasing number of studies have demon-
strated the important role of astrocytes during encephalitis
caused by other flaviviruses, such as West Nile virus and
Japanese encephalitis virus (Chen et al., 2000, 2004; Diniz
et al., 2006; Kumar et al., 2010; Verma et al., 2011; Yang
et al., 2012; Hussmann et al., 2013; Hussmann &
Fredericksen, 2014). However, cultured astrocytes were
not sensitive to infection with dengue virus (Imbert et al.,
1994). In this study, we showed that primary human
astrocytes could be infected with TBEV and produce
relatively high virus titres (Fig. 1). The viability of the
infected cells was not altered during the monitored time
interval after infection (15 days), which is in accordance
with the findings of a study on primary rat astrocytes
(Potokar et al., 2014). In agreement with other authors
(Potokar et al., 2014), we can conclude that primary
human astrocytes are much more resilient to TBEV
infection than other cell types, such as human neuroblas-
toma, glioblastoma and medulloblastoma cells (Růžek et al.,
2009b). However, the number of infected cells in the
culture did not exceed 20% during the entire investigated
period, suggesting that only a fraction of the cells is
sensitive to infection, whilst the rest remain resistant. It
remains unknown exactly what renders some cells sensitive
to the infection and others resistant.

TBEV infection in the brain is associated with the
induction of several cytokines and chemokines. Accu-
mulation of cytokines and chemokines in the CNS may
accentuate the progression of encephalitis instead of
restricting virus replication (Ramesh et al., 2013).
Although viral infection is not generally as robust in
human glial cells as in neurons, they secrete much higher
levels of immune mediators, such as cytokines and
chemokines (Verma et al., 2011). Therefore, during the
inflammatory response, astrocytes and other glial cells may
influence the balance between host protection and
neurotoxicity. We reported previously in a mouse study

(b)

(a)

Fig. 8. 3D models of mock-infected (a) and TBEV-infected
HBCAs (b) at 3 days p.i. TBEV infection causes extensive
morphological changes, including membrane reorganization of
the RER; differences are evident in the Golgi complex, mitochon-
dria and phagosomes. 3D reconstructions of single axis tomo-
grams are shown. Tilt series images were collected with either
±606 tilt range in 0.656 increments (a) or ±656 tilt range in 16
increments (b). The final 3D reconstructed thicknesses are 52 nm
(a) and 56 nm (b). Pixel resolution: 1.66 nm (a), 2.16 nm (b).
Orange, the Golgi complex; red, TBEV particles; light blue, TBEV-
induced structures; dark blue, RER; yellow, mitochondria; green,
vacuole; pink, phagosome/endosome; violet, cell membrane;
brown, nuclear membrane. Bars, 500 nm.
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that high expression of various cytokines/chemokines
during TBE is able to mediate immunopathology, and
might be associated with a more severe course of infection
and increased fatality (Palus et al., 2013). In the present
study, we observed that TBEV infection of astrocytes is
associated with the dramatically increased production of
various pro-inflammatory cytokines and chemokines. In
particular, quantitative real-time RT-PCR and ELISA
indicated that the expression/production of IL-1b, IL-6,
IL-8, IFN-a, TNF-a, IP-10/CXCL10 and MIP-1b/CCL4 was
significantly elevated in TBEV-infected astrocytes (Figs 3
and 4), which is consistent with other studies describing
cytokine/chemokine production by flavivirus-infected
astrocytes (Verma et al., 2011; Yang et al., 2012;
Hussmann & Fredericksen, 2014). The greatest increase

in cytokine/chemokine production was observed between

days 2 and 3 p.i. (Figs 3 and 4). This finding was consistent

with the time of peak virus production in HBCAs (Fig. 1b).

Cytokines such as TNF-a and IL-1b have been reported as

potent inducers of neuronal injury (Brabers & Nottet,

2006; Ghoshal et al., 2007; McColl et al., 2008; Kumar et al.,

2010; Verma et al., 2011). IL-1b, IL-6 and IL-8 are

endogenous pyrogens that exert multiple downstream

inflammatory signalling pathways (Verma et al., 2011).

These cytokines are elevated during various CNS infec-

tions, including TBE (Palus et al., 2013). Increased

concentrations of pro-inflammatory cytokines, including

TNF-a and IL-6, were detected in sera from TBE patients,

and their elevated levels corresponded with the acute phase
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d g

Microtubule
TBEV-induced tubule-like structures
TBEV-induced vesicle
Envelope of viral particle
Nucleocapsid
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Endoplasmic reticulum
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Fig. 9. Tubule-like structures observed in
TBEV-infected HBCAs at 3 days p.i. This is a
3D reconstruction of a dual axis tomogram (a)
and a slice of the tomogram (b). Tilt series
images were collected in the range ±656 in
0.656 increments. The final reconstructed
section thickness was approximately 60 nm,
which was divided into 75 slices. Pixel
resolution: 0.81 nm. Bars, 200 nm. This tomo-
gram is shown in Movie S1.
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of the disease (Atrasheuskaya et al., 2003). The chemokine
IP-10 has the ability to attract activated T-cells in the CNS
(Klein et al., 2005). Excessively high levels of IP-10 in the
CNS can be very harmful to the host (Sasseville et al., 1996;
Westmoreland et al., 1998; Sui et al., 2006), possibly by
activating a calcium-dependent apoptotic pathway (Sui
et al., 2004). In human TBE patients, higher levels of IP-10
can be detected in serum, as well as in cerebrospinal fluid
(Lepej et al., 2007; Zajkowska et al., 2011). The attraction
of CD8+ T-cells to the CNS by IP-10 can have important
consequences for viral clearance, as well as for immuno-
pathological reactions observed during TBE (Růžek et al.,
2009a). Similar to our study, astrocytes have been
described as a predominant source of IP-10 in Japanese
encephalitis (Bhowmick et al., 2007). The expression of
MCP-1/CCL2, a compound that is able to disrupt the
integrity of the BBB and modulate the progression
of neuroinflammation (Yao & Tsirka, 2014), is highly
upregulated in TBEV-infected brain tissue (Palus et al.,
2013). However, its expression was not increased in
astrocytes after TBEV infection in the present study,
suggesting that astrocytes are not responsible for the
production of this cytokine in the CNS during TBE.
Together, TBEV-infected astrocytes produce a variety of
cytokines that can mediate a diverse range of neurodegen-
erative functions, including disruption of the BBB,
chemoattraction of peripheral immune cells into the CNS
and neuronal damage.

We reported previously that TBE is associated with the
disruption of BBB integrity, which is most likely caused by
cytokine/chemokine overproduction in the brain (Růžek
et al., 2011). In human TBE patients, higher levels of

MMP-9 (a compound with multiple functions, including
disruption of the BBB) have been observed in serum (Palus
et al., 2014) and cerebrospinal fluid (Kang et al., 2013).
However, it was not clear which cells were involved in
MMP-9 production and BBB disruption. In the present
study, we observed that TBEV-infected astrocytes produced
large quantities of MMP-9 (Fig. 5), and therefore might
represent the main cell population responsible for the
increase of BBB permeability during TBE. The entry of
TBEV into the CNS precedes the breakdown of the BBB
(Růžek et al., 2011). The invasion of TBEV into the CNS
brings the virus into close proximity with the second
component of the BBB, astrocytes (Hussmann et al., 2013).
TBEV-activated astrocytes then produce MMP-9, which
might cause the BBB breakdown. Moreover, MMP-9 is
capable of causing neuronal apoptosis (del Zoppo, 2010).

Additional evidence of astrocyte activation by TBEV was
demonstrated by the increased production of GFAP (Fig.
6). GFAP is involved in many important CNS processes,
including cell communication and BBB function. Increased
GFAP expression/production as a marker of astrocyte
activation has been documented in many studies (Brodie
et al., 1997; Zhou et al., 2004; Pozner et al., 2008; Watanabe
et al., 2008; Kumar et al., 2010; Fan et al., 2011; Ojeda et al.,
2014), represents one of the earliest responses to CNS
injury and is a distinguishing feature of reactive astrogliosis
(Montgomery, 1994). The activation of glial cells including
astrocytes represents one of the major histopathological
features of TBE (Környey, 1978; Gelpi et al., 2006). The
astrocyte activation leads to a downstream cascade of
inflammatory cytokine production that results in the death
of neurons (Kumar et al., 2010; Pekny et al., 2014). In our
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(c)

(e)TS
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Fig. 10. Comparison of the ultrastructure of
tubule-like structures (a–c) and a microtubule
(d, e) in TBEV-infected HBCAs. (a–c) Detail of
tubule-like structures from Fig. 9(a), area a.
The model is shown in (a), a slice of a dual axis
tomogram in (b) and the side view in (c). (d–f)
Detail of microtubule from Fig. 9(a), area b. The
model is shown in (d), a slice of a dual axis
tomogram in (e) and the side view in (f). The
white arrow in (e) indicates a connection
between the microtubule and the membrane
of the RER. Tilt series images were collected in
the range ±656 in 0.656 increments. The final
reconstructed section thickness was approxi-
mately 60 nm, which was divided into 75
slices. Pixel resolution: 0.81 nm. Bars, 50 nm.
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study, GFAP production was higher in TBEV-infected
astrocytes than in mock-infected or LPS-stimulated astro-
cytes. Treatment with LPS had no effect on GFAP
production at 3 and 7 days after treatment, which is in
accordance with a previous study that demonstrated that
LPS downregulates the expression of GFAP mRNA
(Letournel-Boulland et al., 1994). However, on day 15
post-treatment, LPS treatment increased GFAP production
in astrocytes compared with controls, although at a lower
level than in TBEV-infected cells (Fig. 6a, b).

We demonstrated previously that TBEV infection of
human neural cells (neuroblastoma, medulloblastoma
and glioblastoma cells) is associated with a number of
morphological changes. The infection of medulloblastoma
and glioblastoma cells led to proliferation of the RER and
extensive rearrangement of cytoskeletal structures (Růžek
et al., 2009b). With the exception of typical remodelling of
the RER (Figs 7 and 8), here we have described the
morphology and 3D organization of TBEV-induced

structures, called tubule-like structures, located in the
RER of infected HBCAs (Figs 9–11). Tubular structures
(also called elongated vesicles or rod-like particles) of sizes
ranging from 50 to 100 nm in diameter and 100 nm to
3.5 mm in length have been reported previously inside the
RER of other cells infected with either tick-borne
flaviviruses (Lorenz et al., 2003; Offerdahl et al., 2012) or
mosquito-borne flaviviruses (Welsch et al., 2009). Tubules
with closed ends and without pores or connections to other
tubules or other structures have been observed in the RER
of ISE-6 tick cells persistently infected with Langat virus
(Offerdahl et al., 2012). Tubular structures measuring
50 nm in diameter have been found in mammalian COS-1
cells expressing proteins prM and E of TBEV (Lorenz et al.,
2003). We supposed that enveloped virus particles were
also connected to tubule-like structures in TBEV-infected
neuroblastoma cells (Růžek et al., 2009b; Fig. 5). However,
the tubular structures that we observed in TBEV-infected
astrocytes differed from those reported previously with

(c)

(d)

(g)(e)

(f) (h) (j)(i)

(b)

(a)

Fig. 11. 3D architecture of tubule-like structures observed in TBEV-infected HBCAs. The connection (arrow) between tubule-
like structures and enveloped virions in the model (a, c, e, g) and in a slice of a dual axis tomogram (b, d, f, h). Enlargement of Fig.
9(a), areas c (a, b), d (c, d), e (e, f) and f (g, h) is shown. Supposed subviral particle enclosed in the vesicle outside the RER,
detail from Fig. 9(a), area g, is shown in the tomogram top view (i) and side view (j). Tilt series images were collected in the
range ±656 in 0.656 increments. The final reconstructed section thickness was approximately 60 nm, which was divided into
75 slices. Pixel resolution, 0.81 nm. Bars, 50 nm.
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respect to diameter and the appearance of the inner part of
the structure. The presence of these tubule-like structures
solely in the RER and their small diameter dispute their
microtubular origin. Although the function and origin of
the tubule-like structures remain unexplained, these
structures appear to be a feature of persistent infection
(Lorenz et al., 2003; Offerdahl et al., 2012). We propose
that viral activity leads to the production of tubule-like
structures, either directly as a result of defective virus
assembly, or due to disruption of the host’s cellular
metabolism.

In TBEV-infected HBCAs at 9 days p.i., we observed the
presence of swollen mitochondria next to mitochondria
without any ultrastructural alterations. This finding might
indicate irreversible injury of some astrocytic mitochondria
that is connected with the permeability of mitochondrial
membranes and the uptake of water from the cytosol. The
remaining mitochondria inside astrocytes may help
maintain the energy balance, supporting cell survival and
thus contributing (as the glial cells) to neuronal protection.
The absence of TBEV particles and lack of ultrastructural
alteration in other HBCAs in the culture is in accordance
with immunofluorescence staining and the observation of
Potokar et al. (2014) regarding the resistance of astrocytes
to TBEV-mediated cell death. In contrast to previous
observations of TBEV infections of neural cells, we did
not observe any signs of apoptosis (Růžek et al., 2009b) or
the formation of structures described recently as laminal
membrane structures in neurons (Hirano et al., 2014).

In summary, these results demonstrate for the first time, to
the best of our knowledge, that cultured human primary
astrocytes are sensitive to TBEV infection and are a
potential source of pro-inflammatory cytokines in TBEV-
infected brain cells, which might contribute to TBEV-
induced neurotoxicity and/or BBB breakdown during TBE.

METHODS

Virus and cells. The TBEV strain Neudoerfl, a prototype strain of

the European subtype, kindly provided by Professor F. X. Heinz from

the Medical University of Vienna, was used in all experiments. The

virus was originally isolated from the tick Ixodes ricinus in Austria in

1971. The virus has been characterized extensively, including its

genome sequence (GenBank accession no. U17495) and the 3D

structure of its envelope protein, E (Rey et al., 1995). The virus was

passaged four times by infecting suckling mice intracranially before its

use in the present study.

HBCAs were purchased from ScienCell at passage 1 and propagated

in CSC Complete Medium with 10% serum (ACBR) at 37 uC and

5% CO2. In all experiments, low-passage-number cells were used.

Porcine kidney stable (PS) cells (Kožuch & Mayer, 1975) were grown

at 37 uC in L-15 medium supplemented with 3% newborn calf serum

and a 1% antibiotic mixture of penicillin and streptomycin (Sigma).

Viral growth in HBCAs.Monolayer HBCA cultures grown in 96-well

plates were inoculated with virus diluted in the culture medium to an

m.o.i. of 5. Virus-mediated CPE was investigated using light micros-

copy. At 0, 1, 2, 3, 5, 7, 9 and 15 days p.i., supernatant medium from

appropriate wells was collected and frozen at 270 uC. Titres were
determined by plaque assay.

Plaque assay. Virus titres were assayed on PS cell monolayers, as
described previously (De Madrid & Porterfield, 1969). Briefly, 10-fold
dilutions of the virus sample were placed in 24-well tissue culture
plates and PS cells were added in suspension (0.66105–1.56105 cells
per well). After incubation for 4 h, the suspension was overlaid with
carboxymethylcellulose (1.5% in L-15 medium). After incubation for
5 days at 37 uC, the plates were washed with PBS, and the cell
monolayers were stained with naphthalene black. Infectivity was
expressed as p.f.u. ml21.

Immunofluorescence staining. Infected and non-infected cells on
slides were subjected to cold acetone :methanol (1 : 1) fixation for
10 min, rinsed in PBS and blocked with 10% FBS. Cells were labelled
with flavivirus-specific mAb (1 : 250; Sigma-Aldrich) or with anti-
GFAP antibody conjugated with Alexa Fluor 488 (1 : 200, eBioscience)
for 1 h at 37 uC. Flavivirus-specific, mouse mAb and anti-PDIA3
rabbit antibody (1 : 250; Sigma-Aldrich) were used for double labelling.
After washing with Tween 20 (0.05%, v/v) in PBS, the cells were
labelled with anti-mouse, goat secondary antibody conjugated with
FITC (1 : 500; Sigma-Aldrich) or anti-rabbit, goat secondary antibody
conjugated with Atto 550 NHS (1 : 500, Sigma-Aldrich) for 1 h at
37 uC. The cells were counterstained with DAPI (1 mg ml21; Sigma) for
30 min at 37 uC, mounted in 2.5% 1,4-diazabicyclo(2.2.2)octane
(Sigma) and examined with an Olympus BX-51 fluorescence micros-
cope equipped with an Olympus DP-70 CCD camera.

Flow cytometry. HBCAs were cultured in a 96-well plate at a
concentration of 56104 cells ml21 and infected with the TBEV strain
Neudoerfl (m.o.i. of 5) 1 day after seeding. Mock-infected or LPS-
treated (at a final concentration of 100 ng ml21) cells were used as
controls. Cells were harvested at 3, 7 and 15 days p.i. Astrocytes were
fixed with a Foxp3/Transcription Factor Staining Buffer Set
(eBioscience). Briefly, the cultured cells were washed twice with
Dulbecco’s PBS (Sigma-Aldrich), trypsinized, inactivated with FCS
and centrifuged at 160 g for 5 min at 4 uC. Harvested cells were fixed
and permeabilized for 45 min according to the manufacturer’s
protocol. An anti-flavivirus group antigen antibody (1 : 500; Merck-
Millipore) and a secondary FITC-conjugated anti-mouse polyvalent
antibody (1 : 500; Sigma-Aldrich) were used to stain the TBEV-
positive cells. An anti-GFAP antibody (1 : 100, Santa Cruz) con-
jugated to Alexa Fluor 488, was used to stain GFAP-positive cells. The
cells were washed with 16 permeabilization buffer after each staining
and centrifuged at 300 g for 5 min at room temperature. Finally, the
cells were resuspended in 1% FCS and used for flow cytometry
analysis on a BD FACS Canto II with BDFACS Diva software.
Obtained data were analysed using Flowing Software 2, version 2.5.1
(Perttu Terho, University of Turku, Finland).

Quantitative real-time RT-PCR. Total RNA was extracted from
TBEV-infected HBCAs and control cells and cDNA was synthesized
by reverse transcription using an Ambion Cells-to-CT kit (Applied
Biosystems) according to the manufacturer’s instructions. The
synthesized cDNAs were used as templates for quantitative real-time
PCR. The PCR was performed using pre-developed TaqMan Assay
Reagents [Assay IDs: IL-6 (Hs00985639_m1), IL-1b (Hs01555410_
m1), IL-8 (Hs00174103_m1), IFN-a (Hs00819693_sH), TNF-a
(Hs00174128_m1), MIP-1b/CCL4 (Hs99999148_m1), MCP-1/CCL2
(Hs00234140_m1) and IP-10 (Hs01124251_g1)] and TaqMan Gene
Expression Master Mix (Applied Biosystems) on a Rotor Gene-3000
(Corbett Research). Human b-actin (Hs99999903_m1) and glycer-
aldehyde 3-phosphate dehydrogenase (Hs03929097_g1) were used as
housekeeping genes. The amplification conditions were as follows:
2 min at 50 uC (to allow UNG to destroy any contaminating
templates); 10 min at 95 uC (to denature UNG and activate the
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enzymes); 40 cycles of denaturation at 95 uC for 15 s and annealing/

extension at 60 uC for 1 min.

To calculate the fold change in gene expression, the cycle threshold

(Ct) of the housekeeping genes was subtracted from the Ct of the

target gene to yield DCt. Change in expression of the normalized

target gene was expressed as 2–DDCt, where DDCt 5DCtsample2
DCtcontrol, as described previously (Livak & Schmittgen, 2001).

Viral RNA was quantified in cells grown in 96-well plates at 0, 2, 7

and 15 days p.i. with TBEV strain Neudoerfl (m.o.i. of 5). The cells

were lysed using an Ambion Cells-to-CT kit and subsequently

subjected to RNA purification with a QIAamp Viral RNA Mini kit

(Qiagen) according to the manufacturer’s instructions. Viral RNA

was quantified using a TBEV Real-time RT-PCR kit (Liferiver) on a

Rotor Gene-3000 (Corbett Research) following the manufacturer’s

instructions.

ELISA.We used human ELISA kits (Invitrogen) to measure the effect

of TBEV exposure on cytokine/chemokine and MMP-9 expression in

HBCAs. Mock-infected and TBEV-infected HBCAs were plated in 96-

well plates at a density of 26104 cells per well and infected 24 h later.

The cells were infected with TBEV (m.o.i. of 5) and mock infected

with the same dilution of brain suspension without virus. At 0, 1, 2, 3,

4, 5, 9 and 15 days p.i., supernatant medium from appropriate wells

was collected and frozen at 270 uC. Cell supernatants were then

assayed for CXCL10/IP10 (Human ELISA kit, KAC2361; Invitrogen),

MIP-1b (Human ELISA kit, KAC2291; Invitrogen) and MMP-9

(Human ELISA kit, KHC3061; Invitrogen) according to the

manufacturer’s instructions.

Transmission electron microscopy and electron tomography.
TBEV-infected and control HBCAs that had been grown on sapphire

discs were high-pressure frozen at either 3 or 9 days p.i. in the

presence of 20% BSA diluted in growing medium using a Leica EM

PACT2 high-pressure freezer. Freeze substitution (Leica EM AFS2)

was carried out in 2% osmium tetroxide diluted in 100% acetone at

290 uC for 16 h, and then warmed up at a rate of 5 uC h21 to remain

at 220 uC for 14 h, and finally warmed up again at the same rate to a

final temperature of 4 uC. Samples were rinsed three times in

anhydrous acetone at room temperature and infiltrated stepwise in

acetone mixed with SPI-pon resin (SPI) (acetone : SPI ratios of 2 : 1,

1 : 1 and 1 : 2, for 1 h at each step). The samples, now in pure resin,

were polymerized at 60 uC for 48 h.

Sections were prepared using a Leica Ultracut UCT microtome

(Leica Microsystems) and collected on 300 mesh copper grids.

Staining was performed using alcoholic uranic acetate for 30 min

and in lead citrate for 20 min. Images were obtained using a

JEOL 2100F or JEOL 1010 transmission electron microscope. For

electron tomography, protein A-conjugated 10 nm gold nanoparticles

(Aurion) were added to both sides of each section as fiducial

markers.

Tilt series images were collected in the range of ±65u with 0.65u
increments using a 200 kV JEOL 2100F transmission electron micro-

scope equipped with a high-tilt stage and Gatan camera (Orius SC

1000) and controlled by SerialEM automated acquisition software

(Mastronarde, 2005). Images were aligned using the fiducial markers.

Electron tomograms were reconstructed using the IMOD software

package. Manual masking of the area of interest was employed to

generate a 3D surface model (Kremer et al., 1996).

Statistical analysis. Data were analysed using version 5.04 of the

GraphPad Prism5 software program (GraphPad Software). ELISA

measurements of increased chemokine and cytokine production were

analysed using one-way ANOVA (Tukey’s multiple comparison test).

All other data were analysed using one-way ANOVA (Newman–Keuls

multiple comparison test). Differences of P,0.05 were considered

statistically significant.
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Astrocyte response to Junı́n virus infection. Neurosci Lett 445, 31–35.

Ramesh, G., MacLean, A. G. & Philipp, M. T. (2013). Cytokines and
chemokines at the crossroads of neuroinflammation, neurodegener-
ation, and neuropathic pain. Mediators Inflamm 2013, 480739.
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Skallová, A., Jelı́nek, J., Kopecký, J. & Grubhoffer, L. (2009a). CD8+

T-cells mediate immunopathology in tick-borne encephalitis. Virology
384, 1–6.
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Summary Objectives: Matrix metalloproteinase-9 (MMP-9) and tissue inhibitor of
metalloproteinase-1 (TIMP-1) play important roles in the function of the bloodebrain barrier
(BBB). To investigate the function of the BBB during tick-borne encephalitis (TBE), the levels
of MMP-9 and its common tissue inhibitor, TIMP-1, were measured in serum from patients with
acute phase of TBE.
Methods: Serum MMP-9 and TIMP-1 levels were measured in 147 patients with TBE and 153 con-
trols by ELISA.
Results: Serum MMP-9 levels and MMP-9/TIMP-1 ratios of TBE patients were significantly higher
than controls (p < 0.0001 and p < 0.005, respectively). There were no significant differences in
serum TIMP-1 levels between TBE patients and controls. Serum MMP-9 and TIMP-1 levels and
MMP-9/TIMP-1 ratios were not associated with age of the patients. However, TBE-positive
males with TBE had higher levels of MMP-9 than TBE-positive females (p < 0.05).
Conclusions: Our results suggest that the increased serum level of MMP-9 and MMP-9/TIMP-1
ratio is associated with the pathogenesis of TBE. Serum MMP-9 can serve as an indicator of
breakdown of the BBB and inflammatory brain damage during TBE.
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Introduction

Tick-borne encephalitis (TBE) is considered an important
health problem in Europe and Russia because of protracted
course and in some cases severe illness resulting in long-
lasting cognitive dysfunction and even persisting pareses of
spinal nerves. Although mortality in Europe is relatively low
(<1%), rates as high as 20% have been observed in Asia.1

TBE is endemic in regions of 27 European countries, and
new risk areas are discovered every year. In the 30 years
between 1974 and 2003, a continuous increase in TBE
morbidity reaching up to 400%, was observed in Europe.2

From 2004 to 2006, another considerable increase was
seen in some TBE countries, notably the Czech Republic,
Germany, Poland, Slovenia, and Switzerland.3 The etiologic
agent, tick-borne encephalitis virus (TBEV), a member of
the family Flaviviridae, genus Flavivirus, is an arbovirus
that is transmitted to humans by infected ixodid tick
vectors.

The pathophysiology of the development of encephalitis
is unclear.4 In particular, very little is known about the role
of the bloodebrain barrier (BBB) in the neuropathogenesis
of TBE.5 In this study, the function of the BBB during TBE
was investigated by measurements the levels of matrix
metalloproteinase-9 (MMP-9) and its common tissue inhibi-
tor (TIMP-1) in serum from patients with acute phase of
TBE. Various experimental studies demonstrated that
MMP-9 might be a potential mediator for the disruption of
BBB.6e8 Matrix metalloproteinases (MMPs) represent a fam-
ily of enzymes that are responsible for the degradation of
extracellular matrix proteins. MMPs play important roles
in normal and pathological processes, including inflamma-
tion.9 MMP-9 is capable of degrading collagen IV, a major
component of the basement membrane of the cerebral
endothelium, and promotes the migration of cells through
tissue or across the BBB.9,10 The activity of MMPs is
controlled by specific tissue inhibitors of metalloprotei-
nases (TIMPs). TIMP-1 has a high affinity for MMP-9.9,11

The levels of MMP-9, TIMP-1 and the ratio between these
two proteins were extensively studied in various diseases
of the central nervous system, including subacute scle-
rosing panecephalitis,9,10 fungal or tuberculous meningoen-
cephalitis,12 HIV-associated neurological diseases,13 herpes
simplex virus encephalitis,14 and influenza-associated
encephalopathy.15

Here, we demonstrate that the development of TBE is
associated with increase of MMP-9 levels and MMP-9/TIMP-1
ratio in serum. Our results suggest that the increased serum
level of MMP-9 and MMP-9/TIMP-1 ratio is associated with
the pathogenesis of TBE, and serum MMP-9 can serve as an
indicator of inflammatory damage to the brain during TBE.

Patients and methods

Serum samples were obtained from 147 patients (78 males
and 69 females, aged from 5 to 91 years; median, 46 years)
with serologically confirmed acute TBE (detection of spe-
cific anti-TBEV IgM and IgG antibodies by ELISA). The
samples were collected in years 2011 and 2012. Patients
(or their parents) signed an informed consent before sam-
ple collection. Then the samples were investigated

anonymously. The study was approved by Institutional
Ethical Committee (PARU ASCR No. 01/11).

The control subjects for the serum levels of MMP-9 were
239 and TIMP-1 were 153 healthy individuals of a corre-
sponding age group (115 males and 124 females; aged from
4 to 83 years; median, 40 years).

The serum concentrations of MMP-9 and TIMP-1 were
determined by sandwich-type ELISA kits (Human TIMP-1 and
Human MMP-9, Invitrogen Corporation CA, USA). Assays
were performed following the instructions of the manufac-
turer. The detection limits were 0.0235 ng/ml for MMP-9,
and 1.56 ng/ml for TIMP-1.

The statistical differences in MIP-9 and TIMP-1 concen-
tration in sera between groups were analyzed using the
ManneWhitney test. Differences with p < 0.05 were consid-
ered significant. Correlations were analyzed using Pearson’s
coefficient correlation. Analyses and calculations were per-
formed using GraphPad Prism 5.04 (GraphPad Software,
Inc., USA).

Results

The geometric means of serum MMP-9 and TIMP-1 levels, and
MMP-9/TIMP-1 ratios of thecontrolswere 251.8 ng/ml (range,
58.8e342.5 ng/ml), 742.8 ng/ml (range, 153.4e3635.7 ng/
ml), and 0.5400 (range, 0.0004e2.1804), respectively. The
geometric means of serum MMP-9 and TIMP-1 levels, and
MMP-9/TIMP-1 ratios of the TBE patients were 403.1 ng/ml
(range, 93.9e599.3 ng/ml), 749.3 ng/ml (range,
188.1e3384.1 ng/ml), and 0.6801 (range, 0.0302e2.0236),
respectively (Fig. 1). Serum MMP-9 levels and MMP-9/TIMP-1
ratios of TBE patients were significantly higher than the con-
trols (p< 0.0001 and p< 0.005, respectively). There were no
significant differences in serum TIMP-1 levels between TBE
patients and controls (p Z 0.7964).

When patients and control subjects divided into two
groups according to their age (<50 and �50 years), there
were no statistical differences between the groups (Fig. 2).
The geometric means of serum MMP-9, TIMP-1 levels, and
MMP-9/TIMP-1 ratios of the TBE patients <50 years-old
were 350.8 ng/ml (range, 65.62e599.26 ng/ml),
758.90 ng/ml (range, 202.00e3384.13 ng/ml), and 0.6766
(range, 0.0302e1.8104), respectively. The geometric
means of serum MMP-9, TIMP-1 levels, and MMP-9/TIMP-1
ratios of the TBE patients �50 years-old were
359.40 ng/ml (range, 74.88e588.28 ng/ml), 736.00 ng/ml
(range, 188.11e1902.71 ng/ml), and 0.6848 (range,
0.0532e2.0237), respectively. There was no correlation of
serum MMP-9 and TIMP-1 levels and MMP-9/TIMP-1 ratios
with age of the TBE patients as well as controls (Fig. 3).

The geometric means of serum MMP-9, TIMP-1 levels, and
MMP-9/TIMP-1 ratios of the male TBE patients were
372.80 ng/ml (range, 74.88e599.26 ng/ml), 763.9 ng/ml
(range, 188.1e3384.1 ng/ml), and 0.709 (range,
0.532e2.024), respectively. The geometric means of serum
MMP-9, TIMP-1 levels, andMMP-9/TIMP-1 ratios of the female
TBE patients were 333.8 ng/ml (range, 65.6e567.3 ng/ml),
732.70 ng/ml (range, 199.67e2751.42 ng/ml), and 0.65
(range, 0.03e1.81), respectively. In case of controls, no
difference in serum MMP-9 and TIMP-1 levels, and MMP-9/
TIMP-1 ratios was seen between males and females. Males
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with TBE had significantly higher levels of MMP-9 than
femaleswith TBE (p< 0.05). Therewere no significant differ-
ences in serum TIMP-1 levels and MMP-9/TIMP-1 ratios be-
tween male and female patients with TBE (p Z 0.5181)
(Fig. 4).

Discussion

The BBB is a critical component of the CNS in that it limits
the flow of material between the general circulation, either
lymphatic or circulatory, and the CNS.16 In human patients
with severe forms of TBE, BBB breakdown has been sug-
gested based on the increased level of neurospecific pro-
teins, such as a-1 brain globulin (a1BG) or neuron-specific
enolase (NSE), in serum.17 The kinetic serum profiles of
a1BG and NSE in severe TBE followed the general time
courses of specific clinical manifestations.17 Similarly,
increased sICAM-1 concentrations in CSF of TBE patients
suggested BBB disturbances occurring during early phase
of the disease.18 In TBEV infected mice, breakdown of the
BBB was demonstrated at later times post-infection. This
breakdown was, however, not necessary for virus entry in
the CNS, was independent on migration of CD8þ T-cells
into brain parenchyma, and more likely represented a

bystander effect of virus-induced cytokine/chemokine
overproduction in the brain.5 Here we present further evi-
dence that the BBB injury occurs during TBE by measure-
ment of serum MMP-9 and TIMP-1 levels, and MMP-9/TIMP-
1 ratio. It is well documented that elevated levels of
MMP-9 in the serum/plasma and brain are associated with
BBB disruption, leading to an exacerbation of neurodegen-
erative diseases.19 MMP-2, MMP-3 and MMP-9 increase the
permeability of the BBB and inhibitors of MMPs can reduce
damage to the BBB.20 Whenever the BBB is affected, MMP-9
is a key factor in the injury process. MMP-9 is produced in
the cells constituting the BBB, including brain microvas-
cular endothelial cells21 and astrocytes22 under patholog-
ical conditions. The changed levels of MMP-9, its inhibitor
TIMP-1, and the ratio between these two proteins were
shown to play important role in pathological processes asso-
ciated with BBB breakdown in various diseases of the cen-
tral nervous system, including subacute sclerosing
panecephalitis,9,10 fungal or tuberculous meningoencepha-
litis,12 HIV-associated neurological diseases,13 herpes sim-
plex virus encephalitis,14 and influenza-associated
encephalopathy.15

The present study is the first to demonstrate that serum
MMP-9 levels and MMP-9/TIMP-1 ratios are markedly higher

Figure 1 Serum concentrations of MMP-9 (A) and TIMP-1 (B) and MMP-9/TIMP-1 (C) ratio in TBE patients and in controls. The hor-
izontal lines indicate mean values.

Figure 2 Serum concentrations of MMP-9 (A) and TIMP-1 (B) and MMP-9/TIMP-1 (C) ratio in TBE patients and in controls aged <50
and �50 years. The horizontal lines indicate mean values.
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in TBE patients compared to controls (Fig. 1). There is no
specific therapy for TBE, but it was demonstrated that cor-
ticoids (5e10 mg/kg/day intravenously) have favourable ef-
fect during the acute stage of this disease.23 Since
corticosteroid is known to improve capillary functions by
reducing activity of MMP-9 and increasing levels of TIMPs,24

it can be speculated that the effect of corticoids in TBE
may be explained at least in part by the down-regulation
of MMP-9 activity, similarly as it was suggested for fungal
and tuberculous meningoencephalitis.12 In West Nile virus
infection, it was demonstrated that MMP-9 facilitates virus
entry into the brain by enhancing BBB permeability.25 How-
ever, the role of MMP-9 in TBEV entry into the CNS and sub-
sequent neuropathogenesis remains unknown and requires
further study.

The incidence and severity of TBE are highest in people
aged �50 years. Generally, patients above the age of 50
years experience significantly more sequelae and a higher
case fatality rate.26 It was also demonstrated that serum
levels of interleukin 6 (IL-6) correlate positively with age
of TBE patients.27,28 IL-6 and also IL-8 act as stimulators
of MMPs, which comes along with our results. However, in
our study we did not find any differences in serum levels
of MMP-9, TIMP-1 and MMP-9/TIMP-1 ratios in patients
below and above the age of 50 years (Fig. 2) and there
was also no correlation of the serum levels of MMP-9,
TIMP-1 and MMP-9/TIMP-1 ratios with increasing age
(Fig. 3). This indicates that the MMP-9 activity during TBE
is not dependent on the age of the patient. The fact that

there is no correlation between the MMP-9 levels and age,
while IL-6 titers correlate with age,27 suggests a more
complicated mechanism.

Higher serum levels of MMP-9 were detected in male
than female TBE patients. Sex-specific incidence of TBE is
higher in men than in women in the Czech Republic (men to
women ratio 1.5:1),29 but there are no data if there are dif-
ferences in sequelae and case fatality rates between males
and females.

In conclusion, we have shown that serum MMP-9 levels
and MMP-9/TIMP-1 ratios were higher in TBE patients than
in controls. The increased levels of MMP-9 and MMP-9/TIMP-
1 ratios in serum were not dependent on age of the
patients, but TBE-positive males had higher levels of serum
MMP-9 than TBE-positive females. Our data in the present
study indicate that MMP-9 may play an important role in the
BBB breakdown and development of brain damage during
TBE.
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Tick-borne encephalitis (TBE) is a leading human
neuroinfection in Europe and northeastern Asia.
However, the pathophysiology of TBE is not
understood completely. This study sought to
determine the specific serum mediators that are
associated with acute TBE. The levels of 30
cytokines, chemokines, and growth factors were
measured in serum samples from 87 patients with
clinically and serologically confirmed acute
TBE and from 32 control subjects using the
Cytokine Human Magnetic 30-Plex Panel for the
Luminex platform. Serum levels of the mono-
amine neurotransmitters serotonin, dopamine,
and noradrenaline were measured via enzyme-
linked immunosorbent assay. TBE virus infection
elicited increased levels of the pro-inflammatory
cytokines interleukin (IL)-6, IL-8, and IL-12. TBE
patients had higher IL-12:IL-4 and IL-12:IL-10 ratios
than control patients, reflecting the global pro-
inflammatory cytokine balance. Serum levels of
the monoamine neurotransmitters serotonin,
dopamine, and noradrenaline were significantly
lower in TBE patients than in the control group.
Most interestingly, increased levels of hepatocyte
growth factor and vascular endothelial growth
factor were observed in TBE patients; these pro-
teins may be novel and mechanistically important
inflammatory biomarkers of TBE. J. Med. Virol.
87:885–892, 2015. # 2015Wiley Periodicals, Inc.

KEY WORDS: tick-borne encephalitis virus;
neuroinflammation; luminex;
neuroinfection

INTRODUCTION

Tick-borne encephalitis (TBE) is one of the most
important human viral infections of the central
nervous system (CNS) in Eurasia. The etiological
agent, TBE virus (TBEV), is a member of the family
Flaviviridae, genus Flavivirus, together with other
important human viruses like West Nile virus, Yel-
low fever virus, Japanese encephalitis virus, Dengue
virus, and Omsk hemorrhagic fever virus. Although
TBE can be prevented effectively by vaccination,
more than 13,000 clinical cases of TBE, including
numerous deaths, are reported annually in more
than 30 countries in Europe and northeastern Asia
[Charrel et al., 2004; Mansfield et al., 2009]. The
TBE prevalence is increasing and the virus is spread-
ing to areas that previously were non-endemic. In the
years 1974–2003, a continuous increase in TBE
morbidity was observed in Europe, and from 2004 to
2006, another considerable increase was seen in the
Czech Republic, Germany, Poland, Slovenia, and
Switzerland [Suss, 2008].
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The typical clinical features of TBE caused by
European TBEV strains are characterized by a
biphasic course. The primary phase includes non-
specific symptoms such as fever, muscle pain, head-
ache, and malaise, and the typical secondary phase
involves neurological symptoms including meningitis,
meningoencephalitis, and meningoencephalomyelitis
[Růžek et al., 2010]. There is no specific therapy for
TBE other than supportive measures.
The pathophysiology of TBE is unclear [Růžek et al.,

2009]. The pathology observed during TBE suggests
that some components of the host immune system
contribute to disease development and immunopathol-
ogy [Gelpi et al., 2006; Růžek et al., 2009]. Therefore,
the roles of cytokines, chemokines, and growth factors
during TBE are among the main key issues that have
not been addressed fully to date. Previous reports
characterized an acute immune response to TBEV by
profiling certain cytokines and chemokines (e.g., tumor
necrosis factor alpha (TNF-a), interleukin (IL)-1b, IL-
6, CXCL10, CXCL11, CXCL12, CXCL13) in the sera or
cerebrospinal fluid of TBE patients [Kondrusik et al.,
2001; Atrasheuskaya et al., 2003; Zajkowska et al.,
2011]. However, limited sample sizes often restricted
the analysis of multiple cytokines of interest via tradi-
tional methodologies.
In this study, acute immune response to TBEV was

characterized by measuring a panel of 30 cytokines,
chemokines, and growth factors, including molecules
that have been never or rarely studied in TBE
patients; the method employed a fluorescent bead-
based technology in a multiplex array system. In
addition, the levels of monoamine neurotransmitters
were measured in TBE patients and in control
subjects via enzyme-linked immunosorbent assay
(ELISA), since it was suggested recently that de-
creased levels of monoamine neurotransmitters such
as serotonin may correlate with TBE severity [Sumli-
vaya et al., 2013]. Here, the serum levels of pro-
inflammatory cytokines IL-6, IL-8, and IL-12 were
increased and the levels of monoamine neurotrans-
mitters were decreased in TBE patients compared
to control subjects. This investigation also provides
the first demonstration that TBE patients harbor
increased serum levels of hepatocyte growth
factor (HGF) and vascular endothelial growth
factor (VEGF), which may represent novel and mech-
anistically important inflammatory biomarkers of
TBE.

MATERIALS AND METHODS

Serum samples were obtained from 87 patients (53
males and 33 females, aged 4–80 years; median, 47
years) with acute TBE that was confirmed via
serology (clinically manifest TBE and ELISA-based
detection of specific anti-TBEV IgM and IgG
antibodies [Test-Line, Brno, Czech Republic]). The
control subjects for measurements of serum cytokine/
chemokine/growth factors/neurotransmitters were 32

healthy individuals comprising a matched-age group
(13 males and 19 females; aged 4–77 years; median,
35.5 years). Samples were collected from patients
and control subjects in 2012 in South Bohemia,
Czech Republic; aliquots of all serum samples were
stored at �80˚C. The work described in this
study was carried out in accordance with the Decla-
ration of Helsinki. Patients and control subjects
(or their parents) provided informed consent before
sample collection. Samples were investigated anony-
mously. The study protocol was approved by the
Institutional Ethical Committee (PARU AVCR No.
01/11).
Concentrations of 30 cytokines, chemokines, and

growth factors were measured in serum samples using
the Human Cytokine Magnetic 30-Plex Panel for the
Luminex platform (Life Technologies, Frederick, MD)
using a MAGPIX instrument (Luminex, Austin, TX).
All procedures were performed according to the manu-
facturer’s instructions. The immunoassay detects IL-
1b, IL-1 receptor antagonist (IL-1RA), IL-2, IL-2
receptor (IL-2R), IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-
12 (p40/p70), IL-13, IL-15, IL-17, TNF-a, interferon
alpha (IFN-a), interferon gamma (INF-g), granulocyte
colony stimulating factor (G-CSF), granulocyte macro-
phage colony stimulating factor (GM-CSF), eotaxin
(CCL11), inducible protein (IP)-10 (CXCL10), macro-
phage chemotactic protein (MCP)-1, monokine induced
by gamma interferon (MIG; CXCL9), macrophage
inflammatory protein (MIP)-1a (CCL3), MIP-1b
(CCL4), regulated upon expression normal T-cell ex-
pressed and secreted (RANTES; CCL5), and the
growth factors epidermal growth factor, basic fibro-
blast growth factor, HGF, and VEGF.
Concentrations of serum monoamine neurotrans-

mitters were measured with the Serotonin ELISA
Fast Track kit (LDN, Nordhorn, Germany), the
Noradrenaline Sensitive ELISA kit (DLD Diagnos-
tika, Hamburg, Germany), and the Dopamine Sensi-
tive ELISA kit (DLD Diagnostika, Hamburg,
Germany). Concentrations of all analyzed mediators
are reported as pg per ml of serum.
Statistical significance in the between-group differ-

ences in the concentration of inflammatory mediators
in sera was analyzed using the Mann–Whitney test
(P). Identification of outliers was performed with
Dixon’s Q test. Correction for multiple hypothesis
testing used Benjamini and Hochberg’s false discov-
ery rate adjustment (q). The Kruskal–Wallis test and
Dun’s multiple comparison test were used to deter-
mine differences among groups in age and sex
comparisons. Differences with P< 0.05 and q< 0.05
were considered significant. Analyses and calcula-
tions were performed using GraphPad Prism 5.04
(GraphPad Software, La Jolla, CA).

RESULTS

Soluble factor concentrations were measured in
87 patients during the acute phase of TBE and in
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32 uninfected and healthy control subjects who
were selected randomly. Relative to controls, TBE
patients had significantly elevated levels of cyto-
kines IL-6 (P< 0.0001; q< 0.01), IL-8 (P< 0.01;
q< 0.01), and IL-12 (P< 0.01; q< 0.05) (Fig. 1;
Supplemental Table 1). Serum samples from TBE
patients contained significantly higher concentra-
tions of growth factors HGF (P< 0.001; q< 0.01)
and VEGF (P< 0.01; q< 0.05) than serum samples
from uninfected control subjects (Fig. 1). The
concentration of VEGF in TBE patients was at the
level of detection, but most control subjects had
VEGF levels under the detection limit. Concentra-
tions of IL-5 (P< 0.05; q< 0.05), GM-CSF (P< 0.05;
q< 0.05), and MCP-1 (P< 0.0001; q< 0.01) were
lower in sera from TBE patients than in sera from
control subjects (Fig. 1). TBE patients had notice-
ably lower serum levels of serotonin (P< 0.05;
q< 0.05), dopamine (P< 0.0001; q< 0.01), and nor-
adrenaline (P< 0.0001; q< 0.01) than uninfected
control subjects (Fig. 2). In addition, the Mann–
Whitney test identified significantly increased con-
centrations of G-CSF and epidermal growth
factor (P< 0.05) in the sera of TBE patients,
but these differences were insignificant after cor-
rection for multiple-hypothesis testing (q> 0.05)
(Supplemental Table 1).
There were no significant differences (P> 0.05)

between patients and control subjects in terms of the
concentrations of cytokines/chemokines TNF-a, IL-1b,
IL-1RA, IL-2, IL-2R IL-4, IL-7, IL-10, IL-13, IL-15,
IL-17, IP-10, IFN-a, IFN-g, MIP-1a, MIP-1b, eotaxin/
CCL11, MIG, RANTES, and fibroblast growth factor
(Supplemental Table 1). The levels of IL-2, IL-7,
IL-17, and TNF-a were at or below the limit of
detection. There was no difference in the IL-2:IL-2R
and IL-1b:IL-1RA ratios between TBE patients and
control subjects (P> 0.05) (data not shown).
Pro/anti-inflammatory immune system balance was

analyzed by comparing the ratios of pro/anti-inflam-
matory cytokines. Patients with TBE infection had
significantly higher (P< 0.05) IL-12:IL-4 and IL-12:
IL-10 ratios than control subjects (Fig. 3). No signifi-
cant difference was detected in other comparisons
(IFN-g:IL-10, IFN-g:IL-4, IL-2:IL-4, IL-2:IL-10) (data
not shown).
When patients and control subjects were divided

into two groups according to age (<50 years and �50
years), significant differences between groups were
observed only in the levels of GM-CSF (P< 0.05) and
MCP-1 (P< 0.05); TBE patients <50 years had signifi-
cantly (P< 0.05) lower levels of GM-CSF and MCP-1
than patients �50 years (Fig. 4). No differences were
seen between controls younger and older than 50
years of age (Fig. 4).
No significant differences in the levels of any

analyzed cytokine/chemokine/growth factor were de-
tected between male and female TBE patients, or
between male and female control subjects (data not
shown).

DISCUSSION

The role of cytokines, chemokines, growth factors,
and other soluble mediators during TBE is a major
issue that has not been addressed fully to date. In
this study, an acute immune response to TBEV was
subjected to a multiplex analysis of 30 cytokines,
chemokines, and growth factors in sera from TBE
patients and control subjects. In addition, ELISA was
used to measure the levels of three monoamine
neurotransmitters in TBE patients and control sub-
jects. Due to the unavailability of clinical data for the
TBE patients included in this study, the overall
immune response during TBE was characterized
independent of disease severity and the timing of
sample collection.
TBE patients had significantly elevated levels of

proinflammatory cytokines IL-6, IL-8, and IL-12
(Fig. 1). In addition to its proinflammatory role, the
anti-inflammatory properties of IL-6 have been de-
scribed. Moreover, IL-6 plays important roles in
regulatory and inflammatory processes within the
CNS [März et al., 1999; Atrasheuskaya et al., 2003].
In most cases, IL-6 production is associated with a
protective immune response, but unregulated over-
production can be harmful to the host. A previous
study reported high concentrations of serum IL-6 in
TBE patients during the first week of hospitalization,
but these levels decreased in parallel with increased
levels of their soluble receptors [Atrasheuskaya et al.,
2003]. This decrease in cytokine levels was accompa-
nied by an increase in the levels of IL-10, an
immunoregulatory cytokine with anti-inflammatory
properties [Atrasheuskaya et al., 2003]. Interestingly,
pediatric TBE patients displayed the highest levels of
serum IL-6 at admission, but did not manifest
symptoms of meningitis or meningoencephalitis, as
the adults did [Atrasheuskaya et al., 2003]. Another
study demonstrated that only some TBE patients
harbored elevated serum levels of IL-6; these levels
correlated with age, but not with gender or disease
outcome [Toporkova et al., 2008]. No correlation
between serum IL-6 levels and age was detected in
the present study.
IL-8 plays a crucial role in the recruitment of

neutrophils and T cells into the CNS and is associ-
ated with blood-brain barrier dysfunction. IL-8 is also
known to induce the expression of matrix metal-
loproteinase (MMP)-9, which was shown to be in-
creased in serum [Palus et al., 2014] and
cerebrospinal fluid [Kang et al., 2013] in patients
with TBE. Higher concentrations of IL-8 in sera from
TBE patients indicate this molecule’s possible role in
immunopathology in the CNS.
IL-12 makes important contributions to the pri-

mary activation of cell-mediated specific immunity, a
critical part of the immune response to viral infec-
tions. IL-12 activates natural killer cells and T
lymphocytes and mediates enhancement of the cyto-
toxic activity of natural killer cells and CD8þ T cells
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Fig. 1. Serum concentrations of IL-5, IL-6, IL-8, IL-12, GM-CSF, MCP-1, HGF, and VEGF in
TBE patients and control subjects evaluated by the multiplex system described in Materials and
Methods. Horizontal lines indicate median values.
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[Trinchieri, 2003]. Here, IL-12 levels were higher in
TBE patients than in control subjects. Moreover,
significantly higher IL-12:IL-4 and IL-12:IL-10 ratios
were detected in sera from TBE patients, reflecting
the global proinflammatory cytokine balance in in-
fected human hosts.
The levels of IL-5, GM-CSF, and MCP-1 were lower

in sera from TBE patients than in sera from control
subjects. IL-5 is a typical cytokine produced by Th2
cells, playing a central role in differentiation and in
the activation of eosinophils. Further, IL-5 triggers
B-cell differentiation into antibody-producing plasma
cells [Kouro and Takatsu, 2009]. During the acute
phase, suppression of IL-5 production below control
levels indicates the existence of Th1 (cell-mediated)
proinflammatory polarization of the host immune
response during TBE neuroinfection.
GM-CSF and macrophage colony-stimulating factor

are principal microglial growth factors; their expres-
sion (along with that of their cognate receptors) is
upregulated in the injured or diseased CNS [Giulian
and Ingeman, 1988; Raivich et al., 1991; Lee et al.,
1994; Cosenza-Nashat et al., 2007]. Here, GM-CSF
levels were slightly lower in sera from TBE patients
than in that from control subjects, which is puzzling
and requires further study.
MCP-1 plays an essential role in several peripheral

and CNS inflammatory disorders characterized by
mononuclear cell infiltrates. However, MCP-1 may

also perform several vital functions in addition to its
participation in cell recruitment, and may have either
a protective or detrimental role depending on the
inflammatory stimulus, cell type, or disease state
[Thompson et al., 2008]. Interestingly, significantly
lower levels of MCP-1 in sera from TBE patients
than in sera from control subjects were detected in
the present investigation. A previous study reported
a clear correlation between MCP-1 mRNA production
in TBEV-infected mice and disease severity [Palus
et al., 2013]. The observed lower serum levels of
MCP-1 in TBE patients require further confirmation
in a future study.
There were no significant differences between TBE

patients and control subjects in terms of the serum
concentrations of cytokines/chemokines TNF-a, IL-1b,
IL-1RA, IL-2, IL-2R, IL-4, IL-7, IL-10, IL-13, IL-15,
IL-17, IP-10, IFN-a, IFN-g, MIP-1a, MIP-1b, G-CSF,
eotaxin/CCL11, MIG, RANTES, epidermal growth
factor, or fibroblast growth factor (Supplemental
Table 1); the levels of IL-2, IL-7, IL-17, and TNF-a
were at or below the limit of detection. Decreased
concentrations could be caused by analyte instability
during storage of the serum samples. Consistent with
previous studies, the concentrations of circulating IL-
1RA were higher than the corresponding levels of IL-
1b [Dinarello, 1998; Atrasheuskaya et al., 2003]. The
ratio of IL-1b to IL-1RA is considered to be more
important for the outcome of the infection than the

Fig. 2. Serum concentrations of serotonin, dopamine, and noradrenaline in TBE patients and
control subjects. Horizontal lines indicate median values.

Fig. 3. Ratios of serum levels of IL-12:IL-4 and IL-12:IL-10 in TBE patients and control
subjects. Horizontal lines indicate median values.
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concentration of IL-1b itself; this ratio can serve as a
good prognostic marker [Atrasheuskaya et al., 2003].
However, in the present study, no significant differ-
ence was observed between the IL-1b:IL-1RA ratios
in TBE patients and control subjects. This lack
suggests differences in IL-1b:IL-1RA ratios between
European TBE cases that are usually mild and
Russian TBE, which is frequently severe. Previous
reports of increased serum levels of IP-10 and TNF-a
in TBE patients [Kondrusik et al., 2001; Zajkowska
et al., 2011] were not confirmed in this study,
probably due to high variation in the data caused by
inconsistent timing of sample collection.
Generally, TBE patients older than 50 years have

significantly more sequelae and a higher fatality rate
[Haglund et al., 1996]. In this study, patients <50
years had significantly lower levels of GM-CSF and
MCP-1 than patients �50 years, suggesting stronger
down-regulation of the innate immune response in
the case of these markers in younger patients.
However, there were no differences in the other
analytes between TBE patients <50 years and �50
years of age.
The serum levels of the monoamine neurotransmit-

ters serotonin, dopamine, and noradrenaline during
acute TBE infection were also determined (Fig. 2).
Sumlivaya et al. [2013] demonstrated that during the
acute peak period of TBE, serum serotonin levels
were significantly lower in TBE patients than in
healthy controls. In the paralytic form of TBE, the
levels of serum serotonin were noticeably lower than
in the nonparalytic form [Sumlivaya et al., 2013].
Based on these data, the authors concluded that
serum serotonin levels can serve as a marker of CNS
damage during TBE and that they predict the devel-
opment of severe forms of TBE [Sumlivaya et al.,
2013]. The present study confirmed the lower levels
of serotonin in TBE patients versus levels in control
subjects, but the serum levels of catecholamines
(dopamine and noradrenaline) were decreased in
TBE patients as well. Catecholamines are known to

be decreased in the cerebrospinal fluid of Japanese
encephalitis patients [Misra et al., 2005]. The lower
levels of monoamine neurotransmitters detected in
sera from TBE patients may be association with
neuropsychological complications observed frequently
during or after TBE [Juchnowicz et al., 2002;
Schmolck et al., 2005].
Among the prominent findings of this study was

the novel observation that serum concentrations of
HGF and VEGF were increased in TBE patients in
comparison to control subjects (Fig. 1). HGF, also
known as hepatopoietin A or scatter factor, serves as
a mitogen (stimulating growth and enhancing the cell
motility of various epithelial cells) and as a morph-
ogen [Matsumoto and Nakamura, 1991; Ozden et al.,
2004]. Increased amounts of HGF have been observed
in sera from patients after acute injuries, especially
to the liver, kidneys, and lungs, where HGF serves
as a regeneration factor. HGF is produced by mesen-
chymal cells in response to injuries to a distant organ
[Kono et al., 1992]. Increased levels of HGF were
reported in the cerebrospinal fluid of patients with
various diseases affecting brain tissue [Yamada
et al., 1994; Fenton et al., 1998; Tsuboi et al., 2002;
Ozden et al., 2004]. In TBE, increased serum HGF
levels may reflect a response to virus multiplication
in peripheral tissues and organs during the first
phase of the infection or a response to virus-mediated
brain tissue damage; increased HGF levels may be
responsible for tissue regeneration. The specific role
of HGF production during TBE remains to be
defined.
Here, the serum levels of VEGF were mostly under

the detection limit in control subjects, but were
detectable in TBE patients. VEGF is a signal protein
that stimulates vasculogenesis and angiogenesis.
VEGF overexpression can contribute to the develop-
ment of encephalitis because VEGF increases the
permeability of peripheral and CNS vasculature by
permeating endothelial cells in venules and capillaries
[Roberts and Palade, 1995; Mayhan, 1999; Ay et al.,

Fig. 4. Serum concentrations of MCP-1 and GM-CSF in TBE patients and in control subjects
aged <50 years and �50 years. Horizontal lines indicate mean values.
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2008]. VEGF has been shown to enhance MMP-9
activity [Valable et al., 2005]. A previous study demon-
strated that serum MMP-9 levels and the ratio of
MMP-9 to tissue inhibitor of metalloproteinase-1 were
significantly higher in TBE patients than in control
subjects [Palus et al., 2014]. Another study showed
that elevated CSF MMP-9 levels in TBE patients were
associated with brain inflammatory reactions, disrup-
tion of the blood-brain barrier, and disease severity
[Kang et al., 2013]. Measuring the levels of VEGF in
TBE patients yielded further evidence that injury to
the blood-brain barrier is critical during the develop-
ment of TBE.
In summary, the present study is the first report of

increased serum levels of various cytokines and
growth factors, as well as decreased serum levels of
important monoamine neurotransmitters, in patients
with TBE. The growth factors HGF and VEGF
represent new inflammatory biomarkers of TBE with
potentially important biological functions, findings
worthy of further investigation. Increased knowledge
of inflammatory mediators activated during TBE may
provide a basis for the design and development of
new pharmacological approaches to treat this impor-
tant neuroinfection.
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metalloproteinase-9 and tissue inhibitor of metalloproteinase-1
levels in patients with tick-borne encephalitis. J Infect 68:165–
169.

Raivich G, Gehrmann J, Kreutzberg GW. 1991. Increase of macro-
phage colony-stimulating factor and granulocyte-macrophage
colony-stimulating factor receptors in the regenerating rat facial
nucleus. J Neurosci Res 30:682–686.

Roberts WG, Palade GE. 1995. Increased microvascular permeabil-
ity and endothelial fenestration induced by vascular endothelial
growth factor. J Cell Sci 108:2369–2379.
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Nucleoside Inhibitors of Tick-Borne Encephalitis Virus
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Tick-borne encephalitis virus (TBEV) is a leading cause of human neuroinfections in Europe and Northeast Asia. There are no
antiviral therapies for treating TBEV infection. A series of nucleoside analogues was tested for the ability to inhibit the replica-
tion of TBEV in porcine kidney cells and human neuroblastoma cells. The interactions of three nucleoside analogues with viral
polymerase were simulated using advanced computational methods. The nucleoside analogues 7-deaza-2=-C-methyladenosine
(7-deaza-2=-CMA), 2=-C-methyladenosine (2=-CMA), and 2=-C-methylcytidine (2=-CMC) inhibited TBEV replication. These
compounds showed dose-dependent inhibition of TBEV-induced cytopathic effects, TBEV replication (50% effective concentra-
tions [EC50]of 5.1 � 0.4 �M for 7-deaza-2=-CMA, 7.1 � 1.2 �M for 2=-CMA, and 14.2 � 1.9 �M for 2=-CMC) and viral antigen
production. Notably, 2=-CMC was relatively cytotoxic to porcine kidney cells (50% cytotoxic concentration [CC50] of �50 �M).
The anti-TBEV effect of 2=-CMA in cell culture diminished gradually after day 3 posttreatment. 7-Deaza-2=-CMA showed no de-
tectable cellular toxicity (CC50 > 50 �M), and the antiviral effect in culture was stable for >6 days posttreatment. Computa-
tional molecular analyses revealed that compared to the other two compounds, 7-deaza-2=-CMA formed a large cluster near the
active site of the TBEV polymerase. High antiviral activity and low cytotoxicity suggest that 7-deaza-2=-CMA is a promising can-
didate for further investigation as a potential therapeutic agent in treating TBEV infection.

Tick-borne encephalitis virus (TBEV) belongs to the Flaviviri-
dae family, which includes other human- and animal-patho-

genic viruses of global importance, such as West Nile virus
(WNV), dengue virus (DENV), Japanese encephalitis virus (JEV),
yellow fever virus (YFV), and hepatitis C virus (HCV) (1). TBEV
virions are approximately 50 nm in diameter and are composed of
a spherical nucleocapsid surrounded by a host-derived lipid bi-
layer. The TBEV genome is a single-stranded, plus-sense RNA
about 11 kb in length that encodes a single polyprotein; this poly-
protein is co- and posttranslationally processed into 3 structural
and 7 nonstructural proteins (2).

In Europe and Northeast Asia, tick-borne encephalitis (TBE)
represents one of the most important and serious neuroviral in-
fections. More than 13,000 clinical cases of TBE, including nu-
merous deaths, are reported annually worldwide (3, 4). The con-
siderable increase in TBE incidence in countries where it is
endemic and the emergence of the disease in several Western and
Northern European countries have made TBE an increasing pub-
lic health risk. In Europe, the most affected areas are southern
Germany, Switzerland, Austria, the Czech Republic, Slovakia,
Hungary, Slovenia, the Baltic states, Poland, parts of Scandinavia,
and European Russia (5). The disease is usually biphasic: the first
stage is febrile with flu-like symptoms, while the second phase
manifestsmost often asmeningitis, encephalitis,meningoenceph-
alitis, meningoencephalomyelitis, and radiculitis. There are long-
lasting or permanent neuropsychiatric sequelae in 10 to 20% of
the infected patients (6). Although human vaccines against TBEV
are currently available, the vaccination coverage remains quite low
in several of the countries where TBEV is endemic (7). No specific
antiviral therapy has been developed for TBE, and patient treat-
ment is limited to supportive care (8). There is thus an urgent need
for an effective approach to treatment that is based on specific
inhibitors of TBEV replication.

Chemically modified nucleosides, also called nucleoside ana-
logues or nucleoside inhibitors, represent the largest class of anti-
viral drugs. These compounds generally act via DNA or RNA
chain termination with the potential exception of ribavirin, for
which themechanismmaydependupon the virus and experimen-
tal system (9). Nucleoside analogues have been widely used as
inhibitors of numerous medically important viruses, including
HIV, herpesvirus, and hepatitis B virus (10, 11). Regarding flavi-
viruses, nucleoside analogues have been demonstrated to be effi-
cacious in HCV replicon assays (12–16) and also against DENV
(17–21), WNV (22), and YFV (23). Some of them were described
as broad-spectrum inhibitors of various RNA viruses (24–27). 2=-
Modified nucleoside analogues exhibit a high antiflavivirus activ-
ity and good pharmacokinetic properties (9). For TBEV inhibi-
tion, however, these compounds have not been tested thoroughly,
if they have been tested at all. The high degree of homology be-
tween the polymerases of TBEV and other flaviviruses (28) sug-
gests, however, that an investigation of nucleoside analogues as
inhibitors of TBEV would be worthwhile.
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In the present study, a series of nucleoside analogues were
tested for the ability to inhibit TBEV replication in cell culture.
Particular attention was paid to chemically modified nucleosides
that have reported antiviral activity against other flaviviruses, es-
pecially HCV (14) or hemorrhagic fever-associated flaviviruses
(i.e., Alkhurma hemorrhagic fever virus, Omsk hemorrhagic fever
virus, and Kyasanur Forest disease virus) (29). Compounds with
favorable inhibitory profiles in the virus titer reduction assays
were further assayed for the ability to inhibit virus-induced cyto-
pathic effects and to suppress viral antigen expression in infected
cell cultures. The lead compounds were subsequently evaluated
for dose-response inhibition of TBEV replication and for poten-
tial cytotoxic effects on host cells. Based on these screens, we
identified three compounds with strong anti-TBEV activity. The
favorable characteristics of one of these compounds, 7-deaza-2=-
C-methyladenosine (7-deaza-2=-CMA), indicate that it merits
further investigation as a therapeutic agent for treating TBEV in-
fections.

MATERIALS AND METHODS
Cell cultures, virus strains, and antiviral compounds. Porcine kidney
stable (PS) cells were cultured at 37°C in Leibovitz (L-15) medium sup-
plemented with 3%precolostral calf serum and a 1%mixture of penicillin
and glutamine (Sigma-Aldrich, Prague, Czech Republic) (30). Human
neuroblastoma UKF-NB-4 cells were cultured at 37°C in 5% CO2 in Is-
cove’s modified Dulbecco’s medium (IMDM) supplemented with 10%
fetal bovine serum and a 1%mixture of penicillin and streptomycin (Sig-
ma-Aldrich) (31). All experiments were performed with TBEV strains
Hypr and Neudoerfl, which are representatives of the West European
TBEV subtype. Ribavirin and 2=-C-methyladenosine (2=-CMA)were syn-
thesized at the Institute of Organic Chemistry and Biochemistry (Prague,
Czech Republic). 7-deaza-2=-C-methyladenosine (7-deaza-2=-CMA), 2=-
C-methylcytidine (2=-CMC), and 6-azauridine were purchased fromCar-
bosynth (Compton, United Kingdom).Mericitabine was purchased from
ChemScene (Monmouth Junction, NJ). The test compounds were solu-
bilized in 100% (vol/vol) dimethyl sulfoxide (DMSO) to yield 10 mM
stock solutions.

Viral titer reduction assay. PS or UKF-NB-4 cells were seeded in
96-well plates (approximately 2� 104 cells per well) and incubated for 24
h to form a confluent monolayer. Following incubation, the medium was
aspirated from the wells and replaced with 200 �l of fresh medium con-
taining a 50 �M concentration of the test compound (three wells per
compound). The cells were immediately infected with the Hypr or Neu-
doerfl TBEV strain at a multiplicity of infection (MOI) of 0.1. As a nega-
tive control, DMSOwas added to virus- and mock-infected cells at a final
concentration of 0.5% (vol/vol). After 72 h of incubation, the medium
was collected and immediately frozen at �80°C. Viral titers were deter-
mined by plaque assay.

Plaque assay. Virus titers were assayed using PS cell monolayers as
described previously (32). Briefly, 10-fold dilutions of TBEV were pre-
pared in 24-well tissue culture plates, and PS cells were added in suspen-
sion (0.6 � 105 to 1.5 � 105 cells per well). After a 4-h incubation, the
suspension was overlaid with 1.5% (wt/vol) carboxymethylcellulose in
L-15 medium. Following a 5-day incubation at 37°C, the infected plates
were washed with phosphate-buffered saline (PBS) and the cell monolay-
ers were stained with naphthalene black. The virus titer was expressed as
PFU per milliliter.

CPE inhibition assay and CPE quantification. The PS cells were
seeded in 96-well plates, the test compounds were added, and the cells
were infected with TBEV as described for the viral titer reduction assay.
Culture mediumwas collected 3 to 4 days postinfection (p.i.) to yield a 40
to 50% cytopathic effect (CPE) in virus control wells. The CPE was mon-
itored visually using an Olympus BX-5 microscope equipped with an
Olympus DP-70 charge-coupled-device (CCD) camera. To quantify the

CPE, both cell death and viability were determined using commercially
available colorimetric in vitro assays. Cell death was evaluated using the
CytoTox 96 nonradioactive cytotoxicity assay (Promega, WI) by follow-
ing the manufacturer’s instructions. This assay is based on quantitative
measurement of lactate dehydrogenase, a stable cytosolic enzyme that is
released upon cell lysis. Cell death was estimated as the percentage of
colorimetric absorbance at 490 nmby the compound-treated cells relative
to the absorbance by chemically lysed cells. Cell viability was evaluated by
determining formazan exclusion in confluent cell cultures in a colorimet-
ric assay utilizing Dojindo’s highly water-soluble tetrazolium salt (Cell
CountingKit-8; DojindoMolecular Technologies,MD). Cell viability was
expressed as the percentage of absorbance at 450 nm by compound-
treated cells relative to the absorbance by DMSO-treated cells.

Immunofluorescence staining. PS cells were cultured on slides
treated with the test compound (0 to 50�M) and infected with the TBEV
Hypr strain at an MOI of 0.1. At day 4 postinfection, the cells were sub-
jected to cold acetone-methanol (1:1) fixation for 10min, rinsed in saline,
and blockedwith 10% fetal bovine serum. Cells were labeledwith amouse
monoclonal antibody that recognizes the flavivirus group surface antigen
(1:250; Sigma-Aldrich, Prague, Czech Republic) by incubation for 1 h at
37°C. After a washing with saline-Tween 20 (0.05% [vol/vol]), the cells
were labeledwith an anti-mouse goat secondary antibody conjugatedwith
fluorescein isothiocyanate (FITC) (1:500) by incubation for 1 h at 37°C.
The cells were counterstained with 4=,6-diamidino-2-phenylindole
(DAPI) (1 �g ml�1; Sigma-Aldrich) for 30 min at 37°C and mounted in
2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma-Aldrich). The im-
ages were acquired with an Olympus IX71 epifluorescence microscope
equippedwith aHammamatsuOrcaR2 camera and controlled usingXcel-
lence software. The images were processed using Fiji software (33).

Cytotoxicity assays. PS cell monolayers in 96-well plates were treated
with test compounds at a concentration range of 0 to 50 �M (2-fold
dilutions, three wells per concentration). At 4 days p.i., the potential cy-
totoxicity of test compounds was determined in terms of cell viability and
death using Cell Counting Kit-8 (Dojindo Molecular Technologies) and
the CytoTox 96 nonradioactive cytotoxicity assay (Promega,WI), respec-
tively, as described for CPE quantification. The concentration of com-
pound that reduced cell viability by 50% was considered the 50% cyto-
toxic concentration (CC50).

Dose-response studies with 2=-CMA, 7-deaza-2=-CMA, and 2=-
CMC.PS cellmonolayers thatwere cultured for 24 h in 96-well plateswere
treated with 200 �l of medium containing the test compounds (2=-CMA,
7-deaza-2=-CMA, and 2=-CMC) at concentrations from 0 to 50 �M (2-
fold dilution, three wells per concentration) and infected with the TBEV
Hypr strain at anMOI of 0.1. Themediumwas collected from the wells at
1-day intervals (postinfection days 1 to 6), and the viral titers were deter-
mined by plaque assays. The obtained virus titers were utilized to con-
struct TBEV growth curves and dose-response curves for selected nucle-
oside inhibitors. The dose-response curves on postinfection days 3 and 4
were used to estimate themost widely usedmeasures of drug potency: the
50% effective concentration (EC50; the concentration of compound
required to inhibit the viral titer by 50% compared to the control
value), the selectivity index (SI�CC50/EC50), and the slope value (Hill
coefficient). The EC50s were calculated as follows: a dose-response
inhibition curve was fitted to a four parameter logistic curve using
Prism 5.04 software (GraphPad, Inc., CA) according to the equation
Y � Bottom � �Top � Bottom� ⁄ �1 � 10Hill coefficient�logEC50�X�� . In this
equation,X is the logarithm of the concentration, Y is the logarithm of the
titer, bottom and top correspond to the asymptotes of the sigmoidal
curve, Hill coefficient corresponds to the slope at the inflection point of
the curve, and log EC50 is the calculated midpoint of the curve. The EC50

was calculated as 10logEC50. The standard errors of the EC50s were esti-
mated by the delta method.

Computer-aided protein modeling and preparation, and protein-
ligand exploration and clustering. The crystal structures of viral poly-
merases fromHCV (PDB codes 1nb4 and 1nb6), WNV (PDB code 2hfz),
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and JEV (PDB code 4k6m) were used for computer simulations that
would complement the experimental results from this study. The TBEV
structure was modeled using Modeler (34). The models were evaluated
using the protein model-qualifying servers ModFOLD, QMEAN, and
RESPROX (35–37). Based on a consensus, the best-ranked TBEV model
was then selected for subsequent in silico experiments. Since X-ray crys-
tallography methods do not resolve hydrogen atoms, Schrödinger’s Mae-
stro Protein Preparation Wizard was used for each viral polymerase
structure to assign hydrogen atoms and to optimize the assigned hydro-
gen-bond network (38). The respective ligands for each protein structure
were removed prior to preparation. After protein preparation, an energy
minimization (using the default conditions in Schrödinger’s Maestro
package) (39) was performed for each crystal structure, including the
modeled TBEV polymerase structure, to alter the initial conformation
and to remove any steric clashes prior to simulations. In addition, the
HCV-UTP bound structure (PDB code 1nb6) has two Mn2� ions as co-
factors, with several water molecules surrounding the nucleoside. These
were also added to all structures and remained constrained for all subse-
quent simulations.

We used the Protein Energy Landscape Explorer (PELE) algorithm to
perform protein-ligand simulations of the three nucleoside triphosphate
analogues identified in this study and the aforementioned viral poly-
merases. For the simulations, we used the triphosphate form of the nucle-
oside analogues (2=-CMA-TP, 2=-CMC-TP, and 7-deaza-2=-CMA-TP)
since they are phosphorylated in vivo. A detailed explanation of the PELE
algorithm can be found in references (40 and 41), and itsmany uses can be
seen at https://pele.bsc.es/. Briefly, PELE performs three steps. First, local-
ized ligand perturbations and protein perturbations are performed using
an anisotropic network model (ANM) (42) to move the alpha-carbon
backbone toward a new position after minimization. Second, PELE opti-
mizes amino acid side chains in proximity of the ligand using steric filters
and a rotamer library (43). Finally, PELE uses a truncated Newton mini-
mizer and a surface generalized implicit solvent forminimization, achiev-
ing a local minimum after the initial perturbation (44). These steps are
repeated for a desired number of iterations and are performed in parallel
using several computer-processing units (CPUs). The output is a series of
trajectories that represent conformational changes of the side chains and
ligand exploration. AMonteCarloMetropolis criterion is implemented in
the PELE algorithm that accepts or rejects these trajectories based on their
calculated energies: if they are equal to or less than (accepts) or greater

than (rejects) the initial calculated energy (45). To calculate the energy,
the PELE algorithm uses a standard force field that describes the potential
energy of a molecular system, known as optimized potentials for liquid
simulations (OPLS-2005) (46). The only parameters that were altered
from the unconstrained ligand migration ready-made script provided by
the PELE server were the ANM type, which was set to 4, and the addition
of ANMmode 6 for favorable protein perturbations. The number of iter-
ations was increased to 2,000 for increased sampling.

Cluster analysis was performed for the TBEV PELE simulations using
pyProCT (47), a Python cluster analysis tool specifically adapted for
biomolecules. Regular cluster analysis methods require a deep under-
standing of the data set and the algorithm. In addition, these methods are
sensitive to small changes in its parameters. Instead of forcing users to
perform a blind analysis, pyProCT implements a hypothesis-driven pro-
tocol. First, the user employs domain knowledge to characterize the de-
sired result in terms of measurable clustering attributes (e.g., maximum
and minimum number of clusters, size, noise, cluster separation, etc.)
Second, the software searches the clustering space to obtain the clusters
that best fit the hypothesis. The same script was used for each nucleoside
triphosphate analogue in the PELE protein-ligand exploration simula-
tions of the TBEV-modeled polymerase. The script instructs pyProCT to
calculate the distances of each nucleoside using (i) an iterative superposi-
tion of the protein backbone and (ii) the calculated distances between the
heavy atoms and the geometrical center of the ligand. The K-medoids,
DBSCAN, spectral clustering, hierarchical (single-linkage), and GROMOS
clustering algorithms were used, with up to 50 parameterizations for each
one. The allowed clusterings had to have 3 to 20 clusters with a minimum
of 300 elements. No more than 20% of the elements could be tagged as
noise. The evaluation function that chose the best clustering was a com-
bination of the silhouette index and a naive cohesionmeasure. This choice
of evaluation functions favors results in which the clusters are well sepa-
rated with a special emphasis on their compactness. Finally, the “atom-
ic_distances” postprocessing optionwas used in order to obtain a human-
readable file with the per-element distances between serine 331 (Ser331)
of the TBEVmodeled polymerase and the ligand as well as the per-cluster
statistics.

RESULTS
Inhibition of TBEV growth, TBEV-induced CPE, and viral anti-
gen expression. Six nucleoside analogues with chemical modifi-

FIG 1 The structures of the nucleoside analogues tested in this study. (A) Ribavirin; (B) 6-azauridine; (C) mericitabine; (D) 2=-CMA; (E) 7-deaza-2=-CMA; (F)
2=-CMC.
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cations of the ribose or purine/pyrimidine moiety (Fig. 1) were
tested for the ability to inhibit the growth of the Hypr and Neu-
doerfl TBEV strains in vitro in PS cells and human neuroblastoma
cells. The compounds were tested at a concentration of 50 �M,
and the inhibition of TBEV growth was investigated in the culture
supernatants 3 days p.i. using a plaque assay.

The Hypr and Neudoerfl TBEV strains (MOI of 0.1) reached
mean peak titers of 107 and 106 PFU/ml, respectively, in PS cells at
3 days p.i. In human neuroblastoma cells, both TBEV strains
reached a viral titer of approximately 108 PFU/ml at 3 days p.i.
Three of the nucleoside analogues tested, 7-deaza-2=-CMA, 2=-
CMA, and 2=-CMC, inhibited the growth of both TBEV strains in
PS cells and in human neuroblastoma cells. In PS cells, treatment
with 50 �M each compound reduced virus titers 104- to 107-fold
compared to that in a mock-treated culture (Fig. 2A and B). Even
greater viral titer reduction (106- to 108-fold) was observed in
TBEV-infected human neuroblastoma cells (Fig. 2C and D).

Ribavirin and mericitabine showed weak or no anti-TBEV ef-
fects in PS cells and human neuroblastoma cells. 6-Azauridine
showed no antiviral effect in PS cells; however, this compound
significantly reduced the viral titer (103-fold forHypr and 106-fold
for Neudoerfl) in human neuroblastoma cells (Fig. 2B and D).

To verify the primary screening results, we next investigated
the compounds using the CPE inhibition assay. Inhibition of
TBEV-induced CPE in PS cells in the presence of the test com-

pounds was monitored using light microscopy 3 to 4 days p.i. The
TBEVHypr strain had a strong CPE on the target PS cells on day 3
p.i. in the absence of nucleoside inhibitors (Fig. 3A). A strong CPE
was also observed in PS cell cultures treated with ribavirin (Fig.
3A), mericitabine, and 6-azauridine (see Fig. S1B and C in the
supplemental material), indicating that these compounds had no
protective effects on the survival and growth of PS cells exposed to
TBEV. 6-Azauridine was highly cytotoxic, causing cell death and
morphological changes in PS cells. Both adenosine derivatives,
i.e., 7-deaza-2=-CMA and 2=-CMA, completely inhibited the CPE
at concentrations of 50 �M and had no adverse morphological
effects on growing cells. However, a relatively strong CPE was
observed in 2=-CMC-treated PS cell monolayers (Fig. 3A).

The CPE of 7-deaza-2=-CMA, 2=-CMA, and 2=-CMC on
TBEV-infected PS cells was evaluated quantitatively in terms of
cell viability and death using two independent colorimetric in
vitro assays. Mock-treated TBEV-infected PS cells showed a high
rate of cell death, i.e., 46% dead cells, at day 4 p.i. (Fig. 3B; see Fig.
S2 in the supplemental material). TBEV-infected PS cells treated
with either 7-deaza-2=-CMA or 2=-CMA showed a low rate of cell
death (11 to 15%) and high viability (95 to 105%). The measured
values were close to the cell death and viability values determined
for mock-treated uninfected PS cells (11% and 100%, respec-
tively) that were used as negative controls (Fig. 3B; see also Fig. S2
in the supplemental material). The results strongly indicate that

FIG 2 Reduction of TBEV titers by the indicated nucleoside analogues. PS or UKF-NB-4 cells were infected with TBEV (Hypr or Neudoerfl strain) at a
multiplicity of infection of 0.1 and treated with nucleoside analogues at 50 �M. The TBEV titers were determined by the plaque assay 3 days postinfection.
DMSO-treated cells were used as a negative control. Bars show the mean values from three biological replicate wells, and the error bars indicate the standard
errors of the means (n � 3). ND, not detected (below the detection limit). Horizontal dashed lines indicate the minimum detectable threshold of 1.44 log10 PFU
ml�1.
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7-deaza-2=-CMA and 2=-CMA at concentrations of 50 �M com-
pletely protected PS cells from TBEV, allowing them to survive in
the presence of TBEVwith no apparent cytotoxicity. For 2=-CMC,
development of the CPE wasmarked by increased cell death (26
to 28%) and decreased cell viability (54 to 60%) (Fig. 3B; see
also Fig. S2).

The antiviral effect of 7-deaza-2=-CMA, 2=-CMA and 2=-CMC
was further confirmed by immunofluorescence staining, which
was used to assess the expression of the TBEV surface E antigen in
PS cells as an index of viral infectivity and replication in vitro. The
TBEV surface E antigen was strongly expressed in TBEV-infected
mock-treated cells (Fig. 4), and no virus antigen was detected in
mock-infected PS cells (data not shown). Immunofluorescence
staining revealed that 7-deaza-2=-CMA, 2=-CMA, and 2=-CMC at
concentrations of 50 �M completely inhibited the expression of
the TBEV surface E antigen in virus-infected PS cells (Fig. 4).
These results correlated with the strong suppression of TBEV
growth in the 7-deaza-2=-CMA-, 2=-CMA-, and 2=-CMC-treated
cell cultures (Fig. 2A and C).

Cytotoxicities of TBEV inhibitors. The cytotoxicities of
7-deaza-2=-CMA, 2=-CMA, and 2=-CMC were evaluated in PS
cells using a cell viability assay (Fig. 5) and subsequently con-
firmed by a cell death assay (see Fig. S3 in the supplemental ma-
terial). No cellular toxicity was seen in cultures of PS cells treated
with 7-deaza-2=-CMA at concentrations ranging from 0 to 50�M
(CC50 �50 �M) 4 days posttreatment (Fig. 5C and Table 1; see

also Fig. S3C). A cell viability assay showed similar results with
2=-CMA (CC50 � 50 �M). However, 50 �M 2=-CMAmoderately
increased cell death, by�22%, at 4 days after drug administration
(Fig. 5A and Table 1; see also Fig. S3A) compared to the rate for
mock-treated cells (�15%). For both adenosine derivatives, the
concentration of 50 �M had no detectable effect on cell prolifer-
ation. 2=-CMC showed a dose-dependent cytotoxic effect on PS
cell cultures 4 days posttreatment. Based on a cell viability assay,
the CC50 of 2=-CMC was determined to be �50 �M (Fig. 5B and
Table 1; see also Fig. S3B).

Dose-response antiviral activities of the TBEV inhibitors.
The compounds that showed TBEV inhibitory effects in the initial
experiments, i.e., 7-deaza-2=-CMA, 2=-CMA, and 2=-CMC, were
further evaluated to determine their dose-dependent antiviral ac-
tivities. PS cells were infected with the Hypr strain (MOI of 0.1)
and immediately treated with each compound at a concentration
range of 0 to 50�M.The culture supernatants were then subjected
to the plaque assay. TBEV titers in the culture supernatants were
assayed daily on days 1 to 6 p.i. The dose-response curves on
postinfection days 3 and 4 were used to estimate the EC50, SI, and
slope value.

All three compounds reduced the viral titer in a dose-depen-
dentmanner (Fig. 6; see also Fig. S4 in the supplementalmaterial).
The shape of the dose-response curves for 7-deaza-2=-CMA
changed over time from a flat curve on day 1 p.i. to typical sigmoi-
dal curves with relatively steep slopes on days 2 to 6 p.i. (Fig. 6A).

FIG 3 Inhibition of the TBEV-induced cytopathic effect by the indicated nucleoside analogues. PS cells were infected with TBEV strain Hypr at a multiplicity of
infection of 0.1 and were left untreated (DMSO) or treated with 50 �M ribavirin, 7-deaza-2=-CMA, 2=-CMA, or 2=-CMC. Inhibition of the CPE was monitored
on day 3 or 4 postinfection (A). (B) Quantification of the CPE in TBEV-infected and mock-infected cells treated with 50 �M 2=-CMA, 2=-CMC, or 7-deaza-2=-
CMC. The CPE was expressed as the percentage of cell viability at day 4 postinfection. The horizontal dashed line indicates cell viability and cell death in
DMSO-treated uninfected cells (control). The bars indicate the means, and error bars indicate SEMs (n � 3).
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7-Deaza-2=-CMA reduced the viral titer, showing an EC50 of 5.1	
0.4�Mand a selectivity index (SI) of�9.8 (Table 1). 7-Deaza-2=-
CMAwas ineffective in terms of reducing the viral titer at concen-
trations of 0.1 and 0.5 �M, and the TBEV growth curves were
indistinguishable from the TBEV growth curve for mock-treated
cells (see Fig. S4A). At a concentration of 3.1 �M, the TBEV in-
hibitory effect of 7-deaza-2=-CMA became more evident, result-
ing in �102-fold reduction in the titer relative to that in mock-
treated cells. Marked inhibitory effects on TBEV replication were
observed at concentrations of 7-deaza-2=-CMA at or above 6.2
�M. When the compound was added at concentrations of 12.5,
25, and 50�M, therewas a significant and steady reduction in viral
titer (a 106- to 107-fold reduction). At these concentrations,
7-deaza-2=-CMA reduced themean TBEV titers to below the limit
of detection (1.44 log10 PFU ml�1) between p.i. days 4 and 6.

A cytidine derivative, 2=-CMC, also showed marked dose-de-
pendent inhibition of TBEV titers. The shape and particularly the
slope of the 2=-CMC dose-response curve were similar to those of
7-deaza-2=-CMA (Fig. 6B). However, 2=-CMCwas approximately
3-fold less potent in terms of inhibiting TBEV than was 7-deaza-
2=-CMA (EC50 of 14.2 	 1.9 �M) (Table 1). The relatively low SI
value of�3.5 was due to the considerable cytotoxicity of the com-
pound for PS cells, as described above. At 0.1, 0.5, and 3.1 �M,
2=-CMC inhibited virus replication weakly or not at all. The in-

hibitory effects of 2=-CMC became more evident at concentra-
tions of 6.2 to 12.5�M,with virus titer reduction of about 102 at 6
days p.i. 2=-CMC completely suppressed TBEV replication at con-
centrations of 25 and 50 �M; there was a 104- to 106-fold reduc-
tion in viral titer during the experimental period (see Fig. S4B in
the supplemental material).

2=-CMA showed a significant dose-dependent antiviral effect
only at day 3 p.i. (Fig. 6C). The 2=-CMA dose-response curve was
characterized by an EC50 of 7.1 	 1.2 �M (SI of about 7) and by a
relatively low Hill coefficient (0.7 for 2=-CMA versus 2.7 for
7-deaza-2=-CMA and 2.2 for 2=-CMC [Table 1]). At day 3 p.i.,
2=-CMA strongly reduced TBEV titers at concentrations of 20 and
50�M, resulting in�105-fold viral titer inhibition relative to that
in mock-treated TBEV-infected cells. Although the initial de-
crease in viral titers was very strong, the inhibitory effects of 2=-
CMA diminished gradually after day 3 p.i., regardless of concen-
tration. The decrease in the antiviral effect of 2=-CMA over time
allowed the virus titers in 50�M2=-CMA-treated cells to rebound
to 1.7 � 106 PFU/ml at day 6 p.i. (see Fig. S4C).

Exploration of NS5B with nucleoside analogues using PELE.
Selection and characterization of drug-resistant HCV replicons
revealed that serine 282 (Ser282) determines the efficacy of the
inhibitory nucleoside 2=-CMA (13). Figure S5 in the supplemental
material illustrates the proof of principle for our PELE-based ex-

FIG 4 Inhibition of TBEV viral antigen expression by the indicated nucleoside inhibitors. PS cells were infectedwith TBEV and treatedwith 0.5%DMSOorwith
50�M7-deaza-2=-CMA, 2=-CMA, or 2=-CMC. PS cells were fixed on slides at day 4 postinfection and stained with flavivirus-specific antibody labeled with FITC
(green) and then counterstained with DAPI (blue). Scale bars, 50 �m.
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ploration of nucleoside triphosphate analogues with viral poly-
merases. In the bound crystal structure of HCV (PDB code 1nb6),
the distance between the alpha carbonof Ser282 and the geometric
center of the heavy atoms of UTP is 9.3 Å as measured using the
Maestro package (39). Figure S5 shows that for themost part, UTP
explores�20 to 70 Å away from the Ser282 in both the bound and
unbound (or apoenzyme) crystal structures of the HCV polymer-
ase. In both cases, however, there was UTP exploration 
20 Å
away from the Ser282 (encircled in Fig. S5), and this separate
cluster approaches the native position of the bound HCV-UTP
complex (y axes in Fig. S5; i.e., the geometric center position of all
heavy atoms of UTP in PDB code 1nb6).

To further validate the results of the nucleoside triphosphate
analogue exploration, we simulated the experimental results re-
ported by Migliaccio et al. (13), who investigated the inhibitory

effect of 2=-CMA using HCV and other phylogenetically related
viruses in vitro. Figure S6A in the supplementalmaterial shows the
exploration of 2=-CMA-triphosphate (2=-CMA-TP) in proximity
to the homologous serine residue of the viral polymerases of the
HCV (PDB code 1nb6), WNV (PDB code 2hfz), and JEV (PDB
code 4k6m) crystal structures. This analysis showed that 2=-
CMA-TP spent the majority of the exploration away from the
homologous serine residue. Further investigation of whether 2=-
CMA is an effective inhibitor of JEV is needed since no such ex-
periments have been reported. Figure S6B shows that the three
effective nucleoside triphosphate analogues used in the current
study, i.e., 2=-CMA-TP, 2=-CMC-TP, and 7-deaza-2=-CMA-TP,
also explored in proximity to the Ser331 of the modeled tertiary
structure of TBEV NS5B (the residue homologous to HCV
Ser282).

The results from the clustering analysis are summarized in Ta-
ble S1 in the supplemental material. Visual inspection of all three
nucleoside triphosphate analogue clusters for the TBEV polymer-
ase showed two types of clusters. The first type was generated by a
partition of the space sampled in the exploration of each nucleo-
side. Since this zone was densely populated, it was difficult to find
a good balance between cluster compactness and separation
(which would penalize the silhouette index). The second type of
cluster had better-defined boundaries since these clusters formed
“natural” aggregates that were created as the nucleoside explored
the protein surface in proximity to Ser331 of the TBEV polymer-
ase. From this second group or second type of cluster, we selected
those that were 
18 Å from the alpha carbon of Ser331 (green
areas in Fig. 7A). The logic behind this cutoff criterion is depicted
graphically in Fig. S5 in the supplemental material, i.e., the encir-
cled cluster. During the exploration of the HCV polymerase, UTP
approaches the binding site (y axes in Fig. S5; 2 to 12 Å from its
native position) as it “cuts off” from the majority of the modeling
for exploration (18 to 20 Å from Ser282; x axes in Fig. S5).

All three simulations showed a large cluster (colored the same
shade of green in Fig. 7B) with more than half of its elements in
proximity to Ser 331 (especially for 7-deaza-2=-CMA-TP). For
2=-CMA-TP and 2=-CMC-TP, there were elements of other clus-
ters (colored different shades of green in Fig. 7B) that also seemed
to be in proximity to Ser331 of the TBEV polymerase. Assuming
that phylogenetically related viral polymerases have similar bind-
ing sites, we used the central position ofUTPbound toHCV (PDB
code 1nb6) to geometrically determine the pathway toward the
predicted binding site of TBEV. The scatter plots in Fig. 7C show
that the majority of modeling for the exploration is away from
Ser331 (i.e., the first type of cluster; �20 Å). Each scatter plot,
however, has a linear correlation (r2) of �0.9, approaching the
predicted binding site of the TBEV polymerase, which is clearly
shown by the large single cluster of 7-deaza-2=-CMA-TP (Fig. 7).

FIG 5 Cytotoxicity of the indicated nucleoside inhibitors. Cytotoxicity was
determined by incubating PS cells with the indicated concentrations of 2=-
CMA (A), 2=-CMC (B), or 7-deaza-2=-CMA (C) and is expressed in terms of
cell viability and cell death at day 4 postinfection. The bars indicate the mean
values from three replicate wells, and the error bars indicate the SEMs.

TABLE 1 Characteristics of selected TBEV-inhibiting nucleosides

Compound
EC50,
�Ma

Hill
coefficienta

CC50, �M
a

(viability assay)
SI
(CC50/EC50)

7-deaza-2=-CMA 5.1 	 0.4 2.7 	 0.5 �50 �9.8
2=-CMA 7.1 	 1.2 0.7 	 0.1 �50 �7.0
2=-CMC 14.2 	 1.9 2.2 	 0.5 �50 �3.5
a Determined from three independent experiments.
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DISCUSSION

TBE is a substantial public health problem in someparts of Europe
and Asia. At present, there is no specific treatment for TBE other
than supportive care. Few studies have tested potential TBEV in-
hibitors (48), and there is an urgent need for safe, efficient drugs
for treating patients with TBE. In this study, a series of nucleoside
analogues that were previously reported to inhibitmembers of the
Flaviviridae family were tested for the ability to suppress TBEV
replication. We could not determine the structure-activity rela-
tionship for all of the compounds in this study, although this will
be the subject of a future investigation.

The anti-TBEV activity of the compounds was determined in
PS cells and in human neuroblastoma cells. PS cells are widely
used for TBEV isolation and for multiplication and plaque assays
(30). Human neuroblastoma cells are highly sensitive to TBEV
infection and represent a valuable model for neuropathogenesis
studies of TBEV as well as for studies of several other neurotropic
viruses (31). The initial screening was performed using two TBEV
strains, Neudoerfl and Hypr, which represent two virulence
models. Neudoerfl, the European prototype TBEV strain, ex-
hibits medium virulence, while the Hypr strain is highly viru-
lent (49). Although ribavirin, 6-azauridine, and mericitabine

have been described as potent inhibitors of several flaviviruses
(29, 41, 50), these compounds did not reproducibly inhibit
TBEV in vitro at concentrations of 50 �M. 6-Azauridine has
been reported in the literature to be relatively well tolerated by
several host cell lines as well as being well tolerated in vivo (29).
However, in our experiments, this compound had a strong
cytotoxic effect on both PS cells (see Fig. S1C in the supplemen-
tal material) and human neuroblastoma cells (data not shown),
resulting in significantly reduced viral titers in 6-azauridine-
treated human neuroblasts (Fig. 2B and D).

Three 2=-C-methyl-substituted nucleosides, 2=-CMC, 2=-CMA,
and 7-deaza-2=-CMA, strongly inhibited the in vitro growth of
TBEV in both cell lines and were selected as lead candidate com-
pounds for further testing. 2=-CMC was recently tested for its
ability to inhibit replication of yellow fever virus (23), Alkhurma
hemorrhagic fever virus, Kyasanur Forest disease virus, andOmsk
hemorrhagic fever virus (29). Moreover, the 3=-valyl ester of 2=-
CMC, valopicitabine, showed viral load reductions in patients in-
fected with genotype 1 HCV in clinical trials, although it was sub-
sequently discontinued for the treatment of hepatitis C (55, 56).
Our results indicate that 2=-CMC had strong antiviral activity
against both the Hypr and Neudoerfl TBEV strains; however, this

FIG 6 Dose-dependent effect of the indicated TBEV inhibitors on virus titers. PS cells were infected with TBEV at a multiplicity of infection of 0.1 and treated
with 7-deaza-2=-CMA (A), 2=-CMC (B), or 2=-CMA (C) at the indicated concentrations. TBEV titers weremonitored at days 1 to 6 postinfection. Themean titers
from three biological replicates are shown, and error bars indicate SEMs (n � 3). The horizontal dashed line indicates theminimum detectable threshold of 1.44
log10 PFU ml�1.
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compound was cytotoxic for PS cells (CC50 of about 50 �M). The
substitution of cytosine for adenine in 2=-CMA, a compound that
has recently been used for experimental therapy of HCV and
DENV infections (18, 51), significantly reduced the cytotoxicity
for both cell lines and increased the anti-TBEV inhibitory effect of
the compound. However, viral replication gradually rebounded
after 3 days in the treated cultures (Fig. 6C). The observed decrease
in antiviral activity of 2=-CMA and the rebound in viral titer were
probably related to the rapid deamination of 2=-CMA by cellular
adenosine deaminase to the inactive inosine derivative (52). Such
an intracellular deamination is described as an undesirable effect
in the inhibitory activity of 2=-CMA against HCV replication, re-
sulting in poor bioavailability and rapid clearance of 2=-CMA in
plasma (14). 2=-CMA could be also inactivated by cellular phos-
phorylases, which are enzymes that catalyze phosphorolysis of the
purine glycosidic bond (12). Alternatively, the evolution of 2=-
CMA-resistant TBEV mutants could explain the observed viral
titer rebound (53).

The incorporation of the 7-deaza moiety into the 2=-CMA
molecule eliminated cytotoxicity in both PS cells and human neu-
roblastoma cells. The potency of 7-deaza-2=-CMA to inhibit
TBEV replication was comparable to that of 2=-CMA and was

approximately 3-fold higher than that of 2=-CMC. The inhibitory
effect of 7-deaza-2=-CMA was stable over the 6-day experimental
period, and there was no rebound in viral titer during this period.
The 7-deaza-purine substitution is described as an important
modification of the nucleobase that strongly affects the biological
properties of the nucleoside analogue. The 7-deaza modification
alters the glycosyl torsion angle, which may change the glycosyl
bond length. This could lead to a rearrangement in the general
electronic character of the purine base and, in particular, to dis-
ruption of the alignment of the 3=-hydroxyl function for nucleo-
philic attack on the alpha phosphorus of the next incoming NTP.
The 7-deaza modification may, therefore, result in enhanced po-
tency of the nucleoside analogue in terms of terminating viral
RNA synthesis (9, 14). Due to the antiviral activity and low cyto-
toxicity of 7-deaza-2=-CMA, this nucleoside derivative has been
widely tested to determine whether it inhibits the RNA replication
of other medically important flaviviruses. For example, 7-deaza-
2=-CMA inhibits HCV replication with an EC50 of 0.3�Mwith no
apparent cytotoxicity and shows promising pharmacokinetic
properties in several animal species, including primates (14,
54). Similar antiviral properties have been demonstrated for
the 7-deaza-substituted derivative of 2=-C-acetylene-adeno-

FIG 7 Cluster analyses of nucleoside triphosphate analogue exploration of the TBEV polymerase. (A) The distance for each of the studied nucleoside triphos-
phate analogues (2=-CMA-TP, 2=-CMC-TP, and 7-deaza-2=-CMA-TP) are shown in the histograms. The 0- to 18-Å range, which denotes the proximity toward
Ser331 (x axes), is colored light green. (B) Tertiary representations of the selected clusters for each system. Each nucleoside is represented by its C-7 atom. (C)
Scatter plots depict the approach of each nucleoside toward the predicted binding site of TBEV.
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sine, which was recently reported to suppress DENV replica-
tion in the transient-replicon assay and in a mouse model (18).

To understand the efficacies of 2=-CMA, 2=-CMC, and
7-deaza-2=-CMA for inhibiting TBEV, we simulated the explora-
tion of the TBEV polymerase by the triphosphate form of each
nucleoside analogue (Fig. 7). The computational simulations
showed that these inhibitors sampled toward the binding site of
the TBEV polymerase. There are a couple of other clusters that
aggregate toward the TBEV binding site for 2=-CMA-TP and 2=-
CMC-TP. Based on our experimental results, we infer that the
pathway is represented by the single cluster of 7-deaza-2=-
CMA-TP in Fig. 7, but a more robust analysis must be performed
to confirm this hypothesis. Takhampunya et al. (41) developed a
method for calculating the ligand/drug binding free energy during
its exploration toward the active site of a protein. Their results
showed strong correlations with experimental data. We are cur-
rently using such methods to determine the viral polymerase
binding pathways of 2=-CMA, 2=-CMC, and 7-deaza-2=-CMAand
their binding free energies.

In conclusion, we identified three compounds with activity
against TBEV in vitro. These compounds will be tested further in a
mouse model of TBEV infection. These compounds, even if they
are not clinically effective, may be useful research tools or starting
points for drug development efforts against TBEV. Because of its
high antiviral activity and low cytotoxicity, 7-deaza-2=-CMA is an
attractive candidate for further investigation as a potential thera-
peutic agent not only for TBE treatment but also for treating other
flaviviral neuroinfections.
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a b s t r a c t

Tick-borne encephalitis (TBE) represents one of the most serious arboviral neuro-infections in Europe
and northern Asia. As no specific antiviral therapy is available at present, there is an urgent need for
efficient drugs to treat patients with TBE virus (TBEV) infection. Using two standardised in vitro assay
systems, we evaluated a series of 29 nucleoside derivatives for their ability to inhibit TBEV replication in
cell lines of neuronal as well as extraneural origin. The series of tested compounds included 20-C- or 20-O-
methyl substituted nucleosides, 20-C-fluoro-20-C-methyl substituted nucleosides, 30-O-methyl
substituted nucleosides, 30-deoxynucleosides, derivatives with 40-C-azido substitution, heterobase
modified nucleosides and neplanocins. Our data demonstrate a relatively stringent structure-activity
relationship for modifications at the 20, 30 , and 40 nucleoside positions. Whereas nucleoside derivatives
with the methylation at the C20 position or azido modification at the C40position exerted a strong TBEV
inhibition activity (EC50 from 0.3 to 11.1 mM) and low cytotoxicity in vitro, substitutions of the O20 and O30

positions led to a complete loss of anti-TBEV activity (EC50 > 50 mM). Moreover, some structural modi-
fications of the heterobase moiety resulted in a high increase of cytotoxicity in vitro. High antiviral ac-
tivity and low cytotoxicity of C20 methylated or C40 azido substituted pharmacophores suggest that such
compounds might represent promising candidates for further development of potential therapeutic
agents in treating TBEV infection.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Tick-borne encephalitis virus (TBEV), a causative agent of tick-
borne encephalitis (TBE), is a member of the Flaviviridae family,
which includesmanymedically important viruses, such as hepatitis
C virus (HCV), West Nile virus, Zika virus, dengue virus, Japanese
encephalitis virus, yellow fever virus, and several haemorrhagic
fever-associated flaviviruses (Baier, 2011). TBE represents one of the
most serious arboviral neuro-infections in Europe and northern
Asia with thousands of TBEV-infected people and many reported
deaths annually (Dumpis et al., 1999; Heinz and Mandl, 1993). The

characteristic clinical symptoms of acute TBE range from a mild
meningitis to severe meningoencephalitis/myelitis with the risk of
temporary or permanent neurologic sequelae after TBE infection
(Ruzek et al., 2010). Although safe and efficient vaccines against
TBEV are available, the number of TBE patients in the endemic re-
gions of Europe continuously increases (Heinz et al., 2013; Zavadska
et al., 2013). As no specific antiviral therapy is available at present,
there is an urgent need for efficient drugs to treat patients with
TBEV infection (Puig-Basagoiti et al., 2006).

Inhibitors of viral polymerases are the largest class of approved
antiviral drugs, of which the largest number is represented by
nucleoside analogue inhibitors (De Clercq, 2011). Mode of action of
nucleoside inhibitors is based on the premature termination of viral
RNA synthesis (De Clercq and Neyts, 2009). Following intracellular
phosphorylation, the 50-triphosphate metabolites are competi-
tively incorporated into the viral RNA nascent chains, which
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prevents further extension of the incorporated analogue by addi-
tion of the next nucleoside triphosphate resulting in formation of
incomplete (non-functional) viral RNA chains. In general, the
antiviral activity of nucleoside inhibitors is predominantly deter-
mined by steric interference (hydrogen bonding capability) be-
tween the nucleoside triphosphate and the viral polymerase active
site. Moreover, the effect of the absence, conformational con-
straints, or steric/electronical hindrance of the nucleoside 30-hy-
droxyl function on formation of a phosphodiester linkage with the
incoming nucleoside triphosphate could also play an important
role in the efficient termination of viral RNA synthesis (De Clercq,
2004; De Clercq and Neyts, 2009). Cellular uptake and intracel-
lular metabolism (such as deamination, phosphorolysis or phos-
phorylation) can also considerably influence the antiviral activity of
a nucleoside analogue (Eldrup et al., 2004; Tomassini et al., 2005;
Ma et al., 2007).

Previously, we identified three 20-C-methylated nucleoside an-
alogues (i.e., 20-C-methyladenosine, 20-C-methylcytidine and 7-
deaza-20-C-methyladenosine) as effective inhibitors of TBEV repli-
cation in vitro (Eyer et al., 2015). In connection with these results,
we report here a structure-activity relationship study based on the
antiviral/cytotoxicity profile of 29 nucleoside derivatives, each
differing in chemical substituents on the ribose ring and in the type
and chemical modifications of the heterobase. We focused our
attention on the evaluation of 20, 30, and 40-modified nucleosides,
for which antiviral activity was previously reported for other vi-
ruses, especially HCV (Eldrup et al., 2004; Klumpp et al., 2008; Sofia
et al., 2012), Zika (Eyer et al., 2016), dengue (Lee et al., 2015), yellow
fever (Julander et al., 2010), and haemorrhagic fever-associated
flaviviruses (Flint et al., 2014). The tested compounds were char-
acterized using standardised in vitro assay systems in terms of in-
hibition of TBEV replication, inhibition of virus-induced cytopathic
effect (CPE) formation, suppression of viral antigen expression in
TBEV-infected cell cultures, and evaluation of viability on
compound-treated host cells. Based on these screens, we identified
the 20-C-methyl or 40-C-azido substituents as important for a se-
lective TBEV inhibition and a low cytotoxicity in vitro.

2. Material and methods

2.1. Cell cultures, virus strains and antiviral compounds

Porcine kidney stable (PS) cells, a cell line widely used for TBEV
isolation, multiplication, and for conducting plaque assays (Kozuch
and Mayer, 1975), were cultured at 37 �C in Leibovitz (L-15) me-
dium supplemented with 3% precolostral calf serum and a 1%
mixture of penicillin and glutamine (Sigma-Aldrich, Prague, Czech
Republic). Human neuroblastoma UKF-NB-4 cells, a valuable model
for neuropathogenesis studies of TBEV (Ruzek et al., 2009), were
cultured at 37 �C in 5% CO2 in Iscove's modified Dulbecco's medium
(IMDM) with 10% foetal bovine serum and a 1% mixture of antibi-
otics (Sigma-Aldrich, Prague, Czech Republic). Hypr and Neudoerfl
TBEV strains, typical representatives of the West European TBEV
subtype, were used for evaluation of the antiviral activity of the test
compounds. Nucleoside analogues were purchased as follows: 20-
C-methyl, 20-O-methyl, and 30-O-methyl substituted nucleosides,
30-deoxynucleosides, sofosbuvir, and 6-azauridine from Carbo-
synth (Compton, UK), 40-azidocytidine, balapiravir and RO-9187
from Medchemexpress (Stockholm, Sweden), neplanocin A from
Cayman Chemical Company (Ann Arbor, Michigan), 3-
deazaneplanocin A from Selleckchem (Munich, Germany), mer-
icitabine from ChemScene (Monmouth Junction, NJ), PSI-6206 from
ApexBio (Boston, MA), tubercidin, toyocamycin, sangivamycin,
ribavirin and 20-deoxynucleosides from Sigma-Aldrich (Prague,
Czech Republic). Nucleotide triphosphate standards for HPLC

analysis were purchased from TriLink Biotechnologies (San Diego,
CA). The test compounds were solubilised in 100% DMSO to yield
10 mM stock solutions.

2.2. In vitro antiviral assays

A viral titre inhibition assay was performed to measure the
antiviral efficacy of nucleoside analogues in cell culture. PS or UKF-
NB-4 cells were seeded in 96-well plates (approximately
2 � 104 cells per well) and incubated for 24 h to form a confluent
monolayer. Following incubation, the medium was aspirated from
the wells and replaced with 200 ml of fresh medium containing
50 mM of the test compound (three wells per compound), which
was inoculated with the Hypr or Neudoerfl TBEV strain at a mul-
tiplicity of infection (MOI) of 0.1. As a negative control, DMSO was
added to virus- and mock-infected cells at a final concentration of
0.5% (v/v). Culture mediumwas collected 3 days postinfection (p.i.)
to yield a 40e50% CPE in virus control wells. The CPE was moni-
tored visually using the Olympus BX-5 microscope equipped with
an Olympus DP-70 CCD camera. Viral titres were determined by
plaque assays and expressed as PFU ml�1 (De Madrid and
Porterfield, 1969). For dose-response studies, PS cell monolayers
were cultured with 200 ml of medium containing the test com-
pounds over the concentration range of 0e50 mM and TBEV (Hypr
strain) at an MOI of 0.1. Themediumwas collected from thewells at
2-day intervals (post-infection days 1, 3 and 5), the viral titres were
determined by plaque assays and used to construct TBEV dose-
response curves. The dose-response curves on post-infection days
3 were used to estimate the 50% effective concentration (EC50).

2.3. Immunofluorescence staining

To measure the compound-induced inhibition of viral surface
antigen expression, a cell-based flavivirus immunostaining assay
was performed as previously described (Eyer et al., 2015). Briefly, PS
cells were seeded on slides, infected with the TBEV Hypr strain at
anMOI of 0.1, treated with the test compound (50 mM) and cultured
for 4 days at 37 �C. After a cold acetone-methanol (1:1) fixation and
blocking with 10% foetal bovine serum, the cells were incubated
with amousemonoclonal antibody recognising the flavivirus group
surface antigen (1:250, Sigma-Aldrich, Prague, Czech Republic) and
subsequently labelled with an anti-mouse goat secondary antibody
conjugated with FITC (1:500) by incubation for 1 h at 37 �C. The
cells were counterstained with DAPI (1 mgml�1) to visualise the cell
nuclei. Finally, the cells were mounted in 2.5% DABCO (Sigma-
Aldrich, Czech Republic) and the fluorescence signal was recorded
with an Olympus IX71 epifluorescence microscope.

2.4. Cytotoxicity assays

PS cells were grown in 96-well plates overnight to form a
confluent monolayer and subsequently treated with test com-
pounds over the concentration range of 0e50 mM. At day 3 p.i., the
medium was collected and the potential cytotoxicity of test com-
pounds was determined in terms of cell viability using the Cell
Counting Kit-8 (Dojindo Molecular Technologies, Munich, Ger-
many) according to the manufacturer‘s instructions. The concen-
tration of compound that reduced cell viability by 50% was
considered the 50% cytotoxic concentration (CC50).

2.5. Quantification of 20-C-methylated nucleosides in compound-
treated cells

The UKF-NB4 cells were plated at a density of 2� 105 cells/ml in
6-well plates for 48 h and subsequently exposed to tested
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compounds at concentration of 10 or 50 mM. After 0, 2, 4, and 8-h
intervals, the cells were rinsed with PBS, harvested by scraping
and centrifuged at 2800 rpm for 2 min. The pellet was resuspended
in 500 ml methanol and sonicated for 1 min. The obtained sus-
pension (50 ml) was used for protein quantification (BCA method e

Pierce BCA Protein Assay Kit, Thermo Scientific, San Jose, CA). After
centrifugation, the supernatant was used for quantitative deter-
mination of 20-C-methylated nucleosides using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
(Zouharova et al., 2016). An Agilent 1200 chromatographic system
(Agilent Technologies, Germany), consisted of binary pump, vac-
uum degaser, autosampler, and thermostatted column compart-
men, was used. Separation of modified nucleosides was carried out
using a Zorbax Eclipse Plus C18, 2.1 � 150 mm, 3.5 mm particle size

column (Agilent, USA) under isocratic conditions. Mobile phase
contained methanol according to the analyzed nucleoside and 0.1%
of formic acid in water. The flow rate of the mobile phase was
0.25 ml/min, the column temperature was set at 40 �C. A triple
quadrupole mass spectrometer Agilent 6410 Triple Quad LC/MS
(Agilent Technologies, USA) with an electrospray interface (ESI)
was used for detection of nucleosides in cells. The mass spec-
trometer was operated in the positive mode and selected ion
monitoring (SIM) was used for quantification.

2.6. Crude cellular extract preparation

PS and UKF-NB4 cells (5 � 106) were washed with PBS, resus-
pended in 2 ml of 50 mM Tris-HCl buffer (pH 7.4) containing 1 mM

Fig. 1. The structures of the nucleoside analogues tested in this study. (1) 20-C-methyladenosine, (2) 7-deaza-20-C-methyladenosine, (3) 20-C-methylguanosine, (4) 20-C-methyl-
cytidine, (5) 20-C-methyluridine, (6) PSI-6206, (7) sofosbuvir, (8) mericitabine, (9) 20-O-methyladenosine, (10) 20-O-methylguanosine, (11) 20-O-methylcytidine, (12) 20-O-meth-
yluridine, (13) 30-deoxyadenosine, (14) 30-deoxyguanosine, (15) 30-deoxycytidine, (16) 30-O-methyladenosine, (17) 30-O-methylguanosine, (18) 30-O-methylcytidine, (19) 30-O-
methyluridine, (20) 40-azidocytidine, (21) RO-9187, (22) balapiravir, (23) 7-deazaadenosine (tubercidin), (24) 7-deaza-7-cyanoadenosine (toyocamycin), (25) 7-deaza-7-
carbamoyladenosine (sangivamycin), (26) 6-azauridine, (27) ribavirin, (28) neplanocin A, (29) 3-deazaneplanocin A.
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Fig. 2. Reduction of TBEV titres by the indicated nucleoside analogues. PS or UKF-NB-4 cells were infected with TBEV (Hypr or Neudoerfl strain) at a multiplicity of infection (MOI)
of 0.1 and then treated with 50 mMnucleoside analogues. The TBEV titres were determined by the plaque assay 3 days p.i. Viral titres are expressed as PFUmL�1. Bars show the mean
values from three biological replicate wells, and the error bars indicate the standard errors of the means (n ¼ 3). ND, not detected (below the detection limit). The horizontal dashed
line indicates the minimum detectable threshold of 1.44 log10 PFU mL�1.

Fig. 3. Dose-dependent effects of the indicated TBEV inhibitors on virus titres. PS cells were infected with TBEV at a multiplicity of infection (MOI) of 0.1 and treated with 20-C-
methylguanosine (A), 20-C-methyluridine (B), RO-9187 (C) and (D) 40-azidocytidine at the indicated concentrations. TBEV titres were monitored at days 1, 3, and 5 p.i. The mean
titres from three biological replicates are shown, and error bars indicate standard errors of the mean (n ¼ 3). The horizontal dashed line indicates the minimum detectable threshold
of 1.44 log10 PFU mL�1.
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dithiothreitol, 5 mM MgCl2, and protease inhibitor and phospha-
tase inhibitor cocktail (Sigma Aldrich, Prague, Czech Republic) and
homogenized using sonication. After that, the homogenate was
centrifuged at 30,000g for 30 min. Aliquots (100 ml) were stored at
�80 �C until use.

2.7. Metabolism of compounds in crude extract

The tested compounds (20-C-methylguanosine, 20-O-methyl-
cytidine, 40-azidocytidine and RO-9187) at concentration of 100 mM
were added to 100 ml of crude extract and incubated at 37 �C for 0,
0.5, 2, 4, and 8 h. The samples were deproteinized by methanol
precipitation (400 ml of methanol to 100 ml of sample), centrifuged
at 14,000g for 10 min and subsequently used for HPLC analysis.

2.8. HPLC analysis

The samples (50 ml) were injected onto the Supelcosil LC-18-T
HPLC column (150 mm � 3 mm I. D., 3 mm). Mobile phase A cor-
responded to 50 mM KH2PO4 (pH 3.1) with 10 mM tetrabuty-
lammonium hydrogensulphate, mobile phase B to 50 mM KH2PO4

(pH 3.1) with 10 mM tetrabutylammonium hydrogen sulphate and
30% acetonitrile (v/v) in HPLC-grade water and mobile phase C to
50 mM KH2PO4 (pH 3.1) with 10 mM tetrabutylammonium
hydrogen sulphate. The gradient started with 100% mobile phase A
going isocratically in 5 min, followed by steep change from C to B in
6 min, ongoing nonlinearly to 75% B in 30 min and then going

linearly to 100% mobile phase A in 35 min. The flow rate was
0.75 ml/min. The absorption spectra of the eluate were recorded by
a PDA detector. The concentrations of intact compounds and their
phosphates in crude extract were calculated from the peak areas by
using calibration curves made up from their standards, which are
characterized in terms of retention times (Rt) and absorption
maxima in Supplementary Table 1.

3. Results

3.1. Modifications of the ribose 20-position

We described previously that 20-C-methyladenosine, 20-C-
methylcytidine, and 7-deaza-20-C-methyladenosine are effective
inhibitors of TBEV replication in vitro (Eyer et al., 2015). In order to
further investigate the structure-activity relationships for the
ribose 20-modifications, we tested a large group of 20-C- or 20-O-
substituted nucleosides (Fig. 1, structures 1e12) for their anti-TBEV
activity and cytotoxicity using standardised in vitro assays.

As expected, 20-C-methylguanosine and 20-C-methyluridine
displayed an inhibitory effect on TBEV replication in PS cells (Fig. 2).
Both derivatives reduced the viral titre in a dose-dependent
manner (EC50 of 1.4 mM (20-C-methylguanosine) and 11.1 mM (20-
C-methyluridine)) and the antiviral effect appeared to be stable
throughout the five-day experimental period (Fig. 3A,B, Table 1).
Surprisingly, 20-C-methylguanosine failed to inhibit TBEV when
applied to human neuroblastoma cells (Fig. 2). 20-C-

Table 1
TBEV-inhibition and cytotoxicity characteristics of the studied nucleoside analogues.

Structure numbera Compound EC50 b,c (mM) App.EC50
b,d (mM) CC50

b (mM) SIe

(1) 20-C-methyladenosine 1.4 ± 0.01 7.1 ± 1.2g >50.0g >37.03
(2) 7-deaza-20-C-methyladenosine 1.1 ± 0.03 5.1 ± 0.4g >50.0g >46.7
(3) 20-C-methylguanosine 1.4 ± 0.01 13.5 ± 0.8 >50.0 >35.7
(4) 20-C-methylcytidine 1.8 ± 0.4 14.2 ± 0.4g ~50.0g ~28.4
(5) 20-C-methyluridine 11.1 ± 0.4 25.1 ± 7.2 >50.0 >4.5
(6) PSI-6206 >50.0 >50.0 >50.0 1.0
(7) sofosbuvir >50.0 >50.0 >50.0 1.0
(8) mericitabine >50.0 >50.0g >50.0g 1.0
(9) 20-O-methyladenosine >50.0 >50.0 >50.0 1.0
(10) 20-O-methylguanosine >50.0 >50.0 >50.0i 1.0
(11) 20-O-methylcytidine >50.0 >50.0 >50.0 1.0
(12) 20-O-methyluridine >50.0 >50.0 >50.0 1.0
(13) 30-deoxyadenosine >50.0 >50.0 >50.0 1.0
(14) 30-deoxyguanosine >50.0 >50.0 >50.0 1.0
(15) 30-deoxycytidineh 41.2 ± 0.01 79.4 ± 2.3 80.2 ± 0.01 1.9
(16) 30-O-methyladenosine >50.0 >50.0 >50.0 1.0
(17) 30-O-methylguanosine >50.0 >50.0 >50.0 1.0
(18) 30-O-methylcytidine >50.0 >50.0 >50.0 1.0
(19) 30-O-methyluridine >50.0 >50.0 >50.0 1.0
(20) 40-azidocytidine 2.7 ± 0.1 9.3 ± 0.3 >50.0 >18.6
(21) RO-9187 0.3 ± 0.01 1.5 ± 0.2 >50.0i >192.3
(22) balapiravir >50.0 >50.0 >50.0 1.0
(23) 7-deazaadenosine (tubercidin) NDf NDf 2.1 ± 0.2 e

(24) 7-deaza-7-cyanoadenosine (toyocamycin) NDf NDf 0.1 ± 0.01 e

(25) 7-deaza-7-carbamoyladenosine (sangivamycin) NDf NDf 0.8 ± 0.1 e

(26) 6-azauridine NDf NDf 7.0 ± 0.5 e

(27) ribavirin > 50.0 > 50.0 > 50.0 1.0
(28) neplanocin A > 50.0 > 50.0 > 50.0i 1.0
(29) 3-deazaneplanocin A > 50.0 > 50.0 > 50.0 1.0

a See Fig. 1.
b Determined from three independent experiments.
c Calculated as a 50% reduction of viral titers using the Reed-Muench method.
d Calculated as a point of inflection from dose-response curves using log-transformed viral titers.
e SI ¼ CC50/EC50.
f ND, not determined. As TBEV replication is dependent on cell proliferation, the EC50 values of cytotoxic compounds cannot be assessed.
g Values reported previously by Eyer et al., 2015.
h Dose-response experiment for 30-deoxycytidine including the cytotoxicity assay was performed in the concentration range from 0 to 400 mM.
i Treatment the cell culture with 20-O-methylguanosine, RO-9187, and neplanocin A at concentration of 50 mM led to a reduction in the cell viability to 84.4, 86.9 and 83.6%,

respectively.
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Methylguanosine and 20-C-methyluridine inhibited the expression
of the TBEV surface E antigen in PS cells (Fig. 4B, C) and showed no
cytotoxic effects at the highest tested concentration of 50 mM with
no detectable effect on cell proliferation (Fig. 5A).

Replacement of the 20-C-methyl group by the 20-a-fluoro-20-b-
methyl moiety led to a loss in antiviral activity, as observed in PSI-
6206, sofosbuvir and mericitabine (EC50 > 50 mM). Similarly, 20-O-
methyl substituted nucleosides caused no or negligible activity
against both TBEV strains (Fig. 2). A moderate decline of cell
viability (to 84.4%) was seen in PS cell cultures treated with 50 mM
of 20-O-methylguanosine (Fig. 5A).

3.2. Modifications of the ribose 30-position

Of all 30-deoxynucleosides tested (Fig. 1, structures 13e15), only
30-deoxycytidine showed a moderate inhibitory activity (EC50 of
41.2 mM) (Fig. 2). The anti-TBEV activity of 30-deoxycytidine was
accompanied by a slight cytotoxic effect on PS cell monolayers

(Fig. 5A, Table 1). In contrast, 30-deoxyadenosine and 30-deoxy-
guanosine exhibited no detectable inhibitory effect on TBEV repli-
cation (EC50 > 50 mM) (Fig. 2) and were well tolerated by the
cultured PS cells (Fig. 5A). Methylation of the 30-hydroxyl group to
generate the corresponding 30-O-methyl modified structures (Fig. 1,
structures 16e19) also resulted in a complete loss in antiviral ac-
tivity, regardless of the purine/pyrimidine heterobase identity
(Fig. 2). 30-O-Methyl modified derivatives exerted no cytotoxic ef-
fects and caused no morphological changes in the PS cell cultures
(Fig. 5A).

3.3. Modifications of the ribose 40-position

40-Azidocytidine and its arabino-counterpart 20-a-deoxy-20-b-
hydroxy-40-azidocytidine, termed RO-9187 (Fig. 1, structures 20
and 21), exhibited a dose-dependent anti-TBEV effect in PS cell
cultures (EC50 of 2.7 and 0.3 mM, respectively) (Fig. 3C,D; Table 1).
These compounds, however, failed to inhibit TBEV when applied on

Fig. 4. Inhibition of TBEV viral antigen expression by nucleoside inhibitors. PS cells were infected with TBEV and treated with 0.5% DMSO (A) or with 50 mM 20-C-methylguanosine
(B), 20-C-methyluridine (C), RO-9187 (D), and 40-azidocytidine (E). PS cells were fixed on slides at day 3 postinfection and stained with flavivirus-specific antibody labelled with FITC
(green) and counterstained with DAPI (blue). Scale bars, 50 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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human neuroblastoma cells (Fig. 2). 40-Azidocytidine and RO-
9187 at the concentration of 50 mM showed a significant inhibition
of the viral protein E expression in TBEV-infected compound-
treated PS cells (Fig. 4D,E). On the other hand, balapiravir (Fig. 1,
structure 22), an ester prodrug of 40-azidocytidine, was found to be
completely inactive in inhibiting TBEV in vitro. Whereas 40-azido-
cytidine and balapiravir exerted no cytotoxic effects on the PS cell
cultures, RO-9187 (at 50 mM) showed a slight decrease of the cell
viability (to 86.9%) (Fig. 5A).

3.4. Modification of the purine/pyrimidine heterobase

The combination of the 7-deaza modification of adenosine and
the 20-C-methyl-ribose substitution has created a strong TBEV in-
hibitor, 7-deaza-20-C-methyladenosine (EC50 of 1.1 mM), showing
no cytotoxic effect on either PS or UKF-NB4 cells (Table 1). Based on
these results, we further tested several heterobase-modified nu-
cleosides in which hydrogen bond donors or acceptors were either

omitted or added, mainly at the heterobase 7-position (Fig. 1,
structures 23e27). 7-Deazaadenosine (tubercidin) displayed a
strong cytotoxicity on PS cell monolayers (CC50 of 2.1 mM) (Fig. 5,
Table 1). As TBEV replication is dependent on cell proliferation, the
antiviral effect of tubercidin and other cytotoxic compounds could
not be assessed (Fig. 2). Similarly, 7-deaza-7-cyano- and 7-deaza-7-
carbamoyl substituted derivatives of tubercidin (i.e., toyocamycin
and sangivamycin) exerted demonstrable toxicity when dosed at a
concentration of 50 mM (CC50 values of 0.1 and 0.8 mM, respectively)
(Table 1). Ribavirin and 6-azauridine had no protective effects on
the survival and growth of PS cells exposed to TBEV (Fig. 2).

3.5. Other nucleoside modifications

Neplanocin A and 3-deazaneplanocin A (Fig. 1, structures 28 and
29), inwhich the ribofuranose ring is replaced by the cyclopentenyl
moiety, exhibited no antiviral activity in vitro using both Hypr and
Neudoerfl strains and in both the PS and UKF-NB4 cell lines

Fig. 5. Cytotoxicity of nucleoside inhibitors. Cytotoxicity was determined by treatment PS cells with the 50 mM of indicated nucleoside analogues and was expressed in terms of cell
viability at day 3 postinfection. The bars indicate the mean values from three replicate wells, and the error bars indicate the standard errors of the mean (A). Cytotoxic effects and
morphological changes of PS cells induced by the indicated nucleoside analogues (50 mM) at day 3 after treatment (B).
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(EC50> 50 mM) (Fig. 2). Moreover, neplanocin A exerted a detectable
cytotoxic effect on compound-treated PS cells; Treatment the cell
culture with compound concentration of 50 mM led to a reduction
in the cell viability to 83.6%. Morphological changes observed on
neplanocin-treated cultures (Fig. 5B) have been probably attributed
to an alteration in cellular transmethylation mediated through an
effect on S-adenosylhomocysteine hydrolase (Borchardt et al.,
1984).

3.6. The kinetics of 20-C-methylated nucleoside uptake

The kinetics of 20-C-methylguanosine and 20-C-methyluridine
uptake were studied in UKF-NB4 cells using a rapid and sensitive
LC-MS/MS based approach. The highest intracellular amounts of
individual compounds were detected at the 2nd h after treatment
(Fig. 6). Between posttreatment hours 4 and 8, the intracellular
amount of 20-C-methylated compounds markedly decreased as
compared to the 2nd h of the experiment. This phenomenon was
probably related to the activation of intracellular phosphorylation
pathways and to the intensive conversion of intact nucleoside
molecules to their corresponding triphosphate forms (Eldrup et al.,
2004). A relatively high amount of intracellular 20-C-methyluridine
was detected in cell cultures treated with 50 mM of the compound
at 4e8 h after treatment (Fig. 6D). This result is in agreement with a
lower anti-TBEV activity of 20-C-methyluridine (EC50 of 11.1 mM)
and could be explained by a reduced intracellular phosphorylation
efficiency of the compound.

3.7. Intracellular metabolism of selected nucleosides in PS and UKF-
NB4 cells

In order to explain the biological activity of the tested nucleo-
side analogues in terms of metabolic activation, we performed
analysis of metabolic conversion of selected nucleosides to their
active triphosphate forms using two distinct cell lines. Cellular

extracts from PS or UKF-NB4 cells were incubated with 20-C-
methylguanosine, 20-O-methylcytidne, 40-azidocytidine or RO-9187
(100 mM) for 0, 0.5, 2, 4, and 8 h and subsequently analyzed by
HPLC.

In PS cells, nucleoside conversion to the corresponding tri-
phosphates was observed in 20-C-methylguanosine (at 4 and 8 h
after treatment) and RO-9187 (at hour 8) (Supplementary Table 2).
Triphosphate conversion of 40-azidocytidine was not observed
within 8 h interval. As expected, 20-O-methylcytidine (showing no
anti-TBEV effect) exerted no intracellular conversion to tri-
phosphates in PS cells. No deamination/demethylation of the
compounds was observed during the incubation for 8 h in PS
cellular extract.

In UKF-NB4 cells, no detachable phosphorylation products were
identified in all nucleosides tested (Supplementary Table 2). Our
results indicate, that the depletion of 20-O-methylcytidne, 40-azi-
docytidine and RO-9187 in time could be a result of their extensive
deamination. As absorption maxima of metabolic products of both
azido-derivatives (236.7 nm) were distinct from that of uridine
(262.5 nm), it can be expected that no cleavage of azido-group (and
no conversion to uridine) occurs in UKF-NB4 cellular extracts. The
absorption maximum of 20-O-methylcytidne metabolic product
(262.5 nm) indicates also possible demethylation processes
resulting in the extensive conversion of the compound to uridine
after the incubation (data not shown).

A detailed study of metabolic activation of TBEV inhibitors in
both PS and UKF-NB4 cells goes beyond the scope of this report and
will be a subject of a future article.

4. Discussion

Based on the high degree of homology between the TBEV and
HCV genomes and similarities at the protein levels (Koonin and
Dolja, 1993), we can expect that the mode of TBEV inhibition
mediated by 20, 30 and 40-modified nucleosides is similar to that of

Fig. 6. The kinetics of 20-C-methylated nucleoside uptake. The UKF-NB4 cells were grown for 48 h and subsequently exposed to 20-C-methylguanosine at concentration of 10 mM (A)
or 50 mM (B) or 20-C-methyluridine at concentration of 10 mM (C) or 50 mM (D). After 0, 2, 4, and 8-h intervals the cells were harvested by scraping and used for quantitative
determination of 20-C-methylated nucleosides by LC-MS/MS. The intracellular amounts of the individual compounds are expressed in ng of compound per mg of cellular proteins.
The mean values from three replicate wells are indicated, and the error bars indicate the standard errors of the mean.

L. Eyer et al. / Antiviral Research 133 (2016) 119e129126



HCV, for which the nucleoside activities and interactions with viral
polymerasewere studied in detail using in vitro (Carroll et al., 2003;
Klumpp et al., 2006, 2008;Migliaccio et al., 2003; Olsen et al., 2004)
and in vivo systems (Carroll et al. 2009, 2011). The interactions of
three 20-C-methylated nucleosides with the TBEV-polymerase
active site were simulated using advanced computational
methods (Eyer et al., 2015).

Evaluation of variousmodifications at the nucleoside 20-position
revealed, that the introduction of the 20-C-methyl substituent to the
nucleoside b-face resulted in a strong inhibition of TBEV replication
in vitro. Based on the EC50 values for individual 20-C-methylated
nucleosides tested (ranging from 1.1 to 11.1 mM), it is obvious that
their antiviral activities were slightly affected by the identity of the
heterobase. Similarly, the heterobase type can influence the
metabolic stability of the 20-C-methylated nucleoside. Whereas 20-
C-methyladenosine was metabolized rapidly, which was man-
ifested by a gradual disappearance of the compound's antiviral ef-
fect (Cristalli et al., 2001; Eyer et al., 2015), the other tested 20-C-
methylated derivatives were characterized by an increased meta-
bolic stability in vitro. The cytotoxicity of the 20-C-methylated nu-
cleosides was observed to be none or negligible, except for 20-C-
methylcytidine (CC50 of 50 mM) (Eyer et al., 2015). In contrast,
tubercidin, toyocamycin and sangivamycin, devoid of the 20-C-
methyl group, were observed to be highly cytotoxic for PS cells at
submicromolar concentrations. The cytotoxicity of tubercidin was
ascribed to its incorporation into cellular nucleic acids by cellular
enzymes, whereas 20-C-methyl substituted nucleosides were
described as poor substrates for human DNA polymerases (Olsen
et al., 2004). Taken together, the 20-C-methyl substituent
appeared to be an important structural element for a highly se-
lective TBEV inhibition and a reduced cytotoxicity in vitro. It is likely
that the 20-C-methyl substituent does not adversely affect the
binding of a nucleoside to the viral polymerase active site; this
binding is probably made possible by the presence of some addi-
tional steric space in the vicinity of the 20-carbon, allowing the
polymerase active site to accommodate the 20-C-methyl substitu-
ent. After incorporation, such a substituent is probably responsible
for efficient termination of viral RNA chain elongation (Carroll et al.,
2003).

Interestingly, no or negligible anti-TBEV activity was observed
for 20-a-fluoro-20-b-methyl or 20-O-methyl substituted nucleosides.
We can speculate that the introduction of the fluoromoiety into the
C20 position or the methyl moiety into the O20 position eliminates
the 20-a-hydroxy hydrogen bond donor/acceptor, which results in
the complete abrogation of the nucleoside inhibitory activity. The
ability of flaviviral polymerases to discriminate against nucleoside
triphosphates modified at the 20-position on the ribose a-face is
probably related to the need of the polymerase to avoid the
incorporation of 20-a-deoxynucleoside monophosphates into the
viral nascent RNA chain (Eldrup et al., 2004). In case of the NS5B
polymerase of HCV, such discrimination against 20-a-deoxy-
nucleosides was described to be mediated by several conserved
amino acid residues (most probably by Asp-225) in the polymerase
active site, which are crucial for hydrogen bond formation with the
20-a-hydroxy group (Bressanelli et al. 2002). Ineffectiveness of 20-a-
deoxynucleosides for TBEV inhibitionwas also demonstrated in our
in vitro antiviral assays (data not shown). No anti-TBEV activity of
20-O-methylcytidine could be also ascribed to its inefficient intra-
cellular conversion to corresponding triphosphate and, moreover,
to an extensive deamination/demethylation resulting in a conver-
sion to uridine.

20-a-Deoxy-20-b-hydroxy-40-azidocytidine (RO-9187, an arabino
stereoisomer of 40-azidocytidine) is a compound structurally
related to 20-deoxyribonucleosides, particularly due to the absence
of the 20-a-hydroxy substituent on the ribose ring. Moreover, RO-

9187, similarly to 20-deoxyribonucleosides and other arabino-
nucleosides, was described to occupy preferentially the 20-endo
conformation, which is typical for the B-form DNA (Klumpp et al.,
2008). This makes RO-9187 significantly different from nucleo-
sides possessing the 20-a-hydroxy substituent (e.g., natural ribo-
nucleoside substrates or 20-C-methyl substituted nucleosides),
which are characterized by the 30-endo conformation, typical for
the A-form RNA (Eldrup et al., 2004; Klumpp et al., 2008). In sharp
contrast to 20-deoxyribonucleosides, which showed no activity
against TBEV in PS cell cultures, RO-9187 was demonstrated to be
the strongest TBEV inhibitor of the entire test series (EC50 of
0.3 mM). Based on this finding, we can assume that some additional
hydrogen bonding interactions of the polymerase active site with
both the 20-b-hydroxy substituent and the 40-azido substituent
could compensate for the loss of 20-a-hydroxy interaction, resulting

Fig. 7. Structure-activity relationships for substitutions at the 20 , 3, 0 and 40 nucleoside
positions and for purine/pyrimidine heterobase identity/modifications.
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in the strong and selective anti-TBEV activity of RO-9187 (Klumpp
et al., 2008). Anti-TBEV activity of RO-9187 was strongly cell line-
dependent and was observed only in TBEV-infected PS cell cul-
tures. The same phenomenon was demonstrated also in 40-azido-
cytidine and, surprisingly, in 20-C-methylguanosine, suggesting
possible metabolic differences between PS and human neuroblas-
toma cell lines. In PS cells, phosphorylation processes were detec-
ted and no deamination/demethylation was observed. This is in a
sharp contrast with UKF-NB4 cells, where no conversion to
triphosphate forms was observed, and extensive deamination or
demethylation of the compounds was indicated in this cell line.

30-Deoxyadenosine, 30-deoxyguanosine and all tested 30-O-
methylated nucleosides caused no significant inhibition of TBEV
replication in vitro. Thus, the observed inactivity of 30-modified
nucleosides might be interpreted as the requirement of the TBEV
NS5 polymerase active site for a 30-hydroxyl group to form the
appropriate hydrogen bonding interaction with the nucleoside
triphosphate molecule. However, 30-deoxycytidine exerted a
moderate anti-TBEV effect (EC50 of 75.9 mM) despite the lack of the
30-hydroxyl moiety, which indicated that TBEV NS5 polymerase is
probably able to bind 30-deoxynucleoside triphosphates and that
the observed inactivity of 30-modified nucleosides could instead be
related to inefficient cellular uptake and metabolism to convert the
nucleoside molecule into the corresponding triphosphate form
(Eldrup et al., 2004).

In conclusion, our data demonstrate a relatively stringent
structure-activity relationship for modifications at the 20, 30, and 40

nucleoside positions (Fig. 7). Of all structural modifications tested,
only the methylation of the C20 nucleoside position or the azido
modification of the C40 position resulted in an inhibition of TBEV
replication and a low cytotoxicity in vitro. Other structural modi-
fications, such as introduction of 20-a-fluoro-20-b-methyl moiety
into the C20 position or various substitutions of the O20 and O30

positions, led to a complete loss of anti-TBEV activity. On the other
hand, some structure-activity relationship flexibility was found for
change of the purine/pyrimidine heterobase identity; replacement
of adenine to guanine, cytosine or uracil appeared to have only a
limited effect on the antiviral activity and cytotoxicity of the
nucleoside analogue. However, structural modifications of the
hydrogen-bonding capacity of the heterobase were strongly
accompanied by either an inefficacy against TBEV or a highly
increased cytotoxicity. Finally, we identified, that some nucleosides
exhibit cell-type dependent anti-TBEV effect, which can be
explained by metabolic differences in diverse cell populations. Our
results indicate that C20 methylated and C40 azido substituted
pharmacophores, even if they are not clinically effective, may
represent useful research tools or starting points for antiviral drug
development efforts against TBEV infection.

Acknowledgements

The authors are greatly indebted to Dr. Ivana Huvarov�a for
excellent technical assistance and to Dr. Vladimír Bab�ak for
computational data processing. This study was supported by Czech
Science Foundation project GA14-29256S and 16-200545, Ministry
of Health of the Czech Republic (grant No. 16e34238A), and by
project LO1218 with financial support from the Ministry of Edu-
cation, Youth and Sports of the Czech Republic under the NPU I
program. We acknowledge a grant for the development of research
organization (RVO: 61388963).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.antiviral.2016.07.018.

References

Baier, A., 2011. Flaviviral infections and potential targets for antiviral therapy. In:
Ruzek, D. (Ed.), Flavivirus Encephalitis. InTech, Rijeka, Croatia.

Borchardt, R.T., Keller, B.T., Patelthombre, U., 1984. Neplanocin-a e a potent inhib-
itor of S-Adenosylhomocysteine hydrolase and of vaccinia virus multiplication
in mouse L929 cells. J. Biol. Chem. 259, 4353e4358.

Bressanelli, S., Tomei, L., Rey, F.A., De Francesco, R., 2002. Structural analysis of the
hepatitis C virus RNA polymerase in complex with Ribonucleotides. J. Virol. 76,
3482e3492. http://dx.doi.org/10.1128/JVI.76.7.3482-3492.2002.

Carroll, S.S., Koeplinger, K., Vavrek, M., Zhang, N.R., Handt, L., MacCoss, M.,
Olsen, D.B., Reddy, K.R., Sun, Z.L., van Poelje, P.D., Fujitaki, J.M., Boyer, S.H.,
Linemeyer, D.L., Hecker, S.J., Erion, M.D., 2011. Antiviral efficacy upon admin-
istration of a HepDirect prodrug of 2 '-C-Methylcytidine to hepatitis C virus-
infected chimpanzees. Antimicrob. Agents Chemother. 55, 3854e3860. http://
dx.doi.org/10.1128/AAC.01152-10.

Carroll, S.S., Tomassini, J.E., Bosserman, M., Getty, K., Stahlhut, M.W., Eldrup, A.B.,
Bhat, B., Hall, D., Simcoe, A.L., LaFemina, R., Rutkowski, C.A., Wolanski, B.,
Yang, Z.C., Migliaccio, G., De Francesco, R., Kuo, L.C., MacCoss, M., Olsen, D.B.,
2003. Inhibition of hepatitis C virus RNA replication by 2 '-modified nucleoside
analogs. J. Biol. Chem. 278, 11979e11984. http://dx.doi.org/10.1074/
jbc.M210914200.

Carroll, S.S., Ludmerer, S., Handt, L., Koeplinger, K., Zhang, R.N., Graham, D.,
Davies, M.E., MacCoss, M., Hazuda, D., Olsen, B.D., 2009. Robust antiviral efficacy
upon administration of a nucleoside analog to hepatitis C virus-infected
chimpanzees. Antimicrob. Agents Chemother. 53, 926e934. http://dx.doi.org/
10.1128/AAC.01032-08.

Cristalli, G., Costanzi, S., Lambertucci, C., Lupidi, G., Vittori, S., Volpini, R.,
Camaioni, E., 2001. Adenosine deaminase: functional implications and different
classes of inhibitors. Med. Res. Rev. 21, 105e128. DOI: 10.1002/1098-
1128(200103)21:2<105::AID-MED1002>3.0.CO;2-U.

De Clercq, E., 2004. Antivirals and antiviral strategies. Nat. Rev. Microbiol. 2,
704e720. http://dx.doi.org/10.1038/nrmicro975.

De Clercq, E., 2011. A 40-year journey in search of selective antiviral chemotherapy.
Annu. Rev. Pharmacol. Toxicol. 51, 1e24. http://dx.doi.org/10.1146/annurev-
pharmtox-010510-100228.

De Clercq, E., Neyts, J., 2009. Antiviral agents acting as DNA or RNA chain termi-
nators. In: Handbook of Experimental Pharmacology, 189, pp. 53e84. http://
dx.doi.org/10.1007/978-3-540-79086-0_3.

De Madrid, A.T., Porterfield, J.S., 1969. A simple micro-culture method for study of
group B arboviruses. Bull. World Health Organ. 40, 113e121.

Dumpis, U., Crook, D., Oksi, J., 1999. Tick-borne encephalitis. Clin. Infect. Dis. 28,
882e890. http://dx.doi.org/10.1086/515195.

Eldrup, A.B., Allerson, C.R., Bennett, C.F., Bera, S., Bhat, B., Bhat, N., Bosserman, M.R.,
Brooks, J., Burlein, C., Carroll, S.S., Cook, P.D., Getty, K.L., MacCoss, M.,
McMasters, D.R., Olsen, D.B., Prakash, T.P., Prhavc, M., Song, Q.L., Tomassini, J.E.,
Xia, J., 2004. Structure-activity relationship of purine ribonucleosides for inhi-
bition of hepatitis C virus RNA-dependent RNA polymerase. J. Med. Chem. 47,
2283e2295. http://dx.doi.org/10.1021/jm030424e.

Eyer, L., Valdes, J.J., Gil, V.A., Nencka, R., Hrebabecky, H., Sala, M., Salat, J., Cerny, J.,
Palus, M., De Clercq, E., Ruzek, D., 2015. Nucleoside inhibitors of tick-borne
encephalitis virus. Antimicrob. Agents Chemother. 59, 5483e5493. http://
dx.doi.org/10.1128/AAC.00807-15.

Eyer, L., Nencka, R., Huvarov�a, I., Palus, M., Joao Alves, M., Gould, E.A., De Clercq, E.,
R�u�zek, D., 2016. Nucleoside inhibitors of Zika virus. J. Infect. Dis. http://
dx.doi.org/10.1093/infdis/jiw226 pii:jiw226. [Epub ahead of print].

Flint, M., McMullan, L.K., Dodd, K.A., Bird, B.H., Khristova, M.L., Nichol, S.T.,
Spiropoulou, C.F., 2014. Inhibitors of the tick-borne, hemorrhagic fever-
associated flaviviruses. Antimicrob. Agents Chemother. 58, 3206e3216. http://
dx.doi.org/10.1128/AAC.02393-14.

Heinz, F.X., Mandl, C.W., 1993. The molecular-biology of tick-borne encephalitis-
virus. Apmis 101, 735e745. http://dx.doi.org/10.1111/j.1699-
0463.1993.tb00174.x.

Heinz, F.X., Stiasny, K., Holzmann, H., Grgic-Vitek, M., Kriz, B., Essl, A., Kundi, M.,
2013. Vaccination and tick-borne encephalitis, central Europe. Emerg. Infect.
Dis. 19, 69e76. http://dx.doi.org/10.3201/eid1901.120458.

Julander, J.G., Jha, A.K., Choi, J.A., Jung, K.H., Smee, D.F., Morrey, J.D., Chu, C.K., 2010.
Efficacy of 2 '-C-methylcytidine against yellow fever virus in cell culture and in
a hamster model. Antivir. Res. 86, 261e267. http://dx.doi.org/10.1016/
j.antiviral.2010.03.004.

Klumpp, K., Leveque, V., Le Pogam, S., Ma, H., Jiang, W.R., Kang, H.S., Granycome, C.,
Singer, M., Laxton, C., Hang, J.Q., Sarma, K., Smith, D.B., Heindl, D., Hobbs, C.J.,
Merrett, J.H., Symons, J., Cammack, N., Martin, J.A., Devos, R., Najera, I., 2006.
The novel nucleoside analog R1479 (4 '-azidocytidine) is a potent inhibitor of
NS5B-dependent RNA synthesis and hepatitis C virus replication in cell culture.
J. Biol. Chem. 281, 3793e3799. http://dx.doi.org/10.1074/jbc.M510195200.

Klumpp, K., Kalayanov, G., Ma, H., Le Pogam, S., Leveque, V., Jiang, W.R.,
Inocencio, N., De Witte, A., Rajyaguru, S., Tai, E., Chanda, S., Irwin, M.R., Sund, C.,
Winqist, A., Maltseva, T., Eriksson, S., Usova, E., Smith, M., Alker, A., Najera, I.,
Cammack, N., Martin, J.A., Johansson, N.G., Smith, D.B., 2008. 2 '-deoxy-4 '-azido
nucleoside analogs are highly potent inhibitors of hepatitis C virus replication
despite the lack of 2 '-alpha-hydroxyl groups. J. Biol. Chem. 283, 2167e2175.
http://dx.doi.org/10.1074/jbc.M708929200.

Koonin, E.V., Dolja, V.V., 1993. Evolution and taxonomy of positive-strand rna

L. Eyer et al. / Antiviral Research 133 (2016) 119e129128



viruses e implications of comparative-analysis of amino-acid-sequences. Crit.
Rev. Biochem. Mol. Biol. 28, 375e430. http://dx.doi.org/10.3109/
10409239309078440.

Kozuch, O., Mayer, V., 1975. Pig kidney epithelial (ps) cells e perfect tool for study of
flavi-viruses and some other arboviruses. Acta Virol. 19, 498.

Lee, J.C., Tseng, C.K., Wu, Y.H., Kaushik-Basu, N., Lin, C.K., Chen, W.C., Wu, H.N., 2015.
Characterization of the activity of 2 '-C-methylcytidine against dengue virus
replication. Antivir. Res. 116, 1e9. http://dx.doi.org/10.1016/
j.antiviral.2015.01.002.

Ma, H., Jiang, W.R., Robledo, N., Leveque, V., Ali, S., Lara-Jaime, T., Masjedizadeh, M.,
Smith, D.B., Cammack, N., Klumpp, K., Symons, J., 2007. Characterization of the
metabolic activation of hepatitis C virus nucleoside inhibitor beta-D-2'-Deoxy-
2'-fluoro-2'-C-methylcytidine (PSI-6130) and identification of a novel active 5'-
triphosphate species. J. Biol. Chem. 282, 29812e29820. http://dx.doi.org/
10.1074/jbc.M705274200.

Migliaccio, G., Tomassini, J.E., Carroll, S.S., Tomei, L., Altamura, S., Bhat, B.,
Bartholomew, L., Bosserman, M.R., Ceccacci, A., Colwell, L.F., Cortese, R., De
Francesco, R., Eldrup, A.B., Getty, K.L., Hou, X.S., LaFemina, R.L., Ludmerer, S.W.,
MacCoss, M., McMasters, D.R., Stahlhut, M.W., Olsen, D.B., Hazuda, D.J.,
Flores, O.A., 2003. Characterization of resistance to non-obligate chain-termi-
nating ribonucleoside analogs that inhibit hepatitis C virus replication in vitro.
J. Biol. Chem. 278, 49164e49170. http://dx.doi.org/10.1074/jbc.M305041200.

Olsen, D.B., Eldrup, A.B., Bartholomew, L., Bhat, B., Bosserman, M.R., Ceccacci, A.,
Colwell, L.F., Fay, J.F., Flores, O.A., Getty, K.L., Grobler, J.A., LaFemina, R.L.,
Markel, E.J., Migliaccio, G., Prhavc, M., Stahlhut, M.W., Tomassini, J.E.,
MacCoss, M., Hazuda, D.J., Carroll, S.S., 2004. A 7-deaza-adenosine analog is a
potent and selective inhibitor of hepatitis C virus replication with excellent
pharmacokinetic properties. Antimicrob. Agents Chemother. 48, 3944e3953.
http://dx.doi.org/10.1128/AAC.48.10.3944-3953.2004.

Puig-Basagoiti, F., Tilgner, M., Forshey, B.M., Philpott, S.M., Espina, N.G.,
Wentworth, D.E., Goebel, S.J., Masters, P.S., Falgout, B., Ren, P., Ferguson, D.M.,
Shi, P.Y., 2006. Triaryl pyrazoline compound inhibits flavivirus RNA replication.

Antimicrob. Agents Chemother. 50, 1320e1329. http://dx.doi.org/10.1128/
AAC.50.4.1320-1329.2006.

Ruzek, D., Dobler, G., Donoso Mantke, O., 2010. Tick-borne encephalitis: patho-
genesis and clinical implications. Travel Med. Infect. Dis. 8, 223e232. http://
dx.doi.org/10.1016/j.tmaid.2010.06.004.

Ruzek, D., Vancova, M., Tesarova, M., Ahantarig, A., Kopecky, J., Grubhoffer, L., 2009.
Morphological changes in human neural cells following tick-borne encephalitis
virus infection. J. General Virol. 90, 1649e1658. http://dx.doi.org/10.1099/
vir.0.010058-0.

Sofia, M.J., Chang, W., Furman, P.A., Mosley, R.T., Ross, B.S., 2012. Nucleoside,
nucleotide, and non-nucleoside inhibitors of hepatitis C virus NS5B RNA-
dependent RNA-polymerase. J. Med. Chem. 55, 2481e2531. http://dx.doi.org/
10.1021/jm201384j.

Tomassini, J.E., Getty, K., Stahlhut, M.W., Shim, S., Bhat, B., Eldrup, A.B., Prakash, T.P.,
Carroll, S.S., Flores, O., MacCoss, M., McMasters, D.R., Migliaccio, G., Olsen, D.B.,
2005. Inhibitory effect of 2'-substituted nucleosides on hepatitis C virus repli-
cation correlates with metabolic properties in replicon cells. Antimicrob. Agents
Chemother. 49, 2050e2058. http://dx.doi.org/10.1128/AAC.49.5.2050-
2058.2005.

Zavadska, D., Anca, I., Andre, F., Bakir, M., Chlibek, R., Cizman, M., Ivaskeviciene, I.,
Mangarov, A., Meszner, Z., Pokorn, M., Prymula, R., Richter, D., Salman, N.,
Simurka, P., Tamm, E., Tesovic, G., Urbancikova, I., Usonis, V., 2013. Recom-
mendations for tick-borne encephalitis vaccination from the central european
vaccination awareness group (CEVAG). Hum. Vaccines Immunother. 9,
362e374. http://dx.doi.org/10.4161/hv.22766.

Zouharova, D., Lipenska, I., Fojtikova, M., Kulich, P., Neca, J., Slany, M., Kovarcik, K.,
Turanek-Knotigova, P., Hubatka, F., Celechovska, H., Masek, J., Koudelka, S.,
Prochazka, L., Eyer, L., Plockova, J., Bartheldyova, E., Miller, A.D., Ruzek, D.,
Raska, M., Janeba, Z., Turanek, J., 2016. Antiviral activities of 2,6-diaminopurine-
based acyclic nucleoside phosphonates against herpesviruses: In vitro study
results with pseudorabies virus (PrV, SuHV-1). Veterinary Microbiol. 184,
84e93. http://dx.doi.org/10.1016/j.vetmic.2016.01.010.

L. Eyer et al. / Antiviral Research 133 (2016) 119e129 129





The Journal of Infectious Diseases

B R I E F R E P O R T

Nucleoside Inhibitors of Zika Virus
Lude ̌k Eyer,1 Radim Nencka,2 Ivana Huvarová,1 Martin Palus,1,3,4 Maria Joao Alves,5

Ernest A. Gould,6 Erik De Clercq,7 and Daniel Ru ̊žek1,3,4

1Department of Virology, Veterinary Research Institute, Brno, 2Institute of Organic Chemistry and
Biochemistry, Czech Academy of Sciences, Prague, 3Institute of Parasitology, Biology Center of
the Czech Academy of Sciences, and 4Faculty of Science, University of South Bohemia, České
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There is growing evidence that Zika virus (ZIKV) can cause
devastating infant brain defects and other neurological disorders
in humans. However, no specific antiviral therapy is available at
present. We tested a series of 2′-C- or 2′-O-methyl–substituted
nucleosides, 2′-C-fluoro-2′-C-methyl–substituted nucleosides,
3′-O-methyl–substituted nucleosides, 3′-deoxynucleosides, de-
rivatives with 4′-C-azido substitution, heterobase-modified nu-
cleosides, and neplanocins for their ability to inhibit ZIKV
replication in cell culture. Antiviral activity was identified when
2′-C–methylated nucleosides were tested, suggesting that these
compounds might represent promising lead candidates for fur-
ther development of specific antivirals against ZIKV.

Keywords. Zika virus; flavivirus; nucleoside analogue; anti-
viral; therapy.

On 1 February 2016, the World Health Organization declared a
public health emergency of international concern regarding
neurological disorders associated with the rapid emergence of
Zika virus (ZIKV) in Oceania and the Americas [1]. Previously,
ZIKV was a relatively neglected mosquito-borne arbovirus in
the genus Flavivirus, family Flaviviridae. ZIKV infections
have been known in Africa and Asia since the 1940s. During
the last years, the virus caused several outbreaks of infection
across Oceania [2]. In May 2015, a ZIKV outbreak was first re-
ported in Brazil, and within months most countries in Latin
America and the Caribbean had reported local transmission
of the virus [1, 3]. Until recently, ZIKV was associated with be-
nign infection in humans, with common symptoms that include
fever, rash, joint pain, and conjunctivitis. The illness was usually
mild, with symptoms lasting for several days. However, there is
growing evidence in Oceania and the Americas that ZIKV can
cause devastating brain birth defects, most prominently

microcephaly [4], and neurological disorders in adults, includ-
ing Guillain-Barré syndrome, meningoencephalitis [5], and my-
elitis [6]. At present, neither vaccination nor specific antiviral
therapies are available to prevent or treat ZIKV infections, mak-
ing a search for effective viral inhibitors an international re-
search priority.

Nucleoside analogues are an important class of antiviral
agents now commonly used as therapeutics for human viral in-
fections, including AIDS and hepatitis B virus, cytomegalovirus,
and herpes simplex virus infections [7]. These agents are gener-
ally safe and well tolerated since they target viral but not cellular
polymerases and cause premature termination of viral nucleic
acid synthesis [7]. In the present study, we evaluated 2′-C- and
2′-O-methyl–substituted nucleosides, 2′-C-fluoro-2′-C-methyl–
substituted nucleosides, 3′-O-methyl–substituted nucleosides,
3′-deoxynucleosides, derivatives with a 4′-C-azido substitution,
heterobase-modified nucleosides, and neplanocins for their ability
to inhibit ZIKV replication in cell culture, with the objective of
identifying promising lead candidates for further development
of specific antivirals against ZIKV.

METHODS

Vero cells (ATCC CCL-81, African Green Monkey, adult kid-
ney, epithelial) were used for determining ZIKV multiplication,
for antiviral assays, and for conducting plaque assays. The cells
were cultured at 37°C in 5% CO2 in Dulbecco′s modified Eagle′s
medium supplemented with 10% fetal bovine serum and a 1%
mixture of antibiotics (Sigma-Aldrich, Prague, Czech Republic).

ZIKV strain MR766 (prototype strain, isolated from blood
from experimental forest sentinel rhesus monkey, Uganda,
1947; GenBank accession no. AY632535) from the collection
of the National Institute of Health Dr Ricardo Jorge– CEVDI/
INSA (Águas de Moura, Portugal) and from the European
Virus Archive was used for evaluation of the antiviral activity
of the test compounds. The virus was passaged >100 times in
suckling mice and/or in Vero cells prior to this study.

The following nucleoside analogues were purchased: 2′-C-
methyl–, 2′-O-methyl–, and 3′-O-methyl–substituted nucleo-
sides, 3′-deoxynucleosides, sofosbuvir, and 6-azauridine from
Carbosynth (Compton, United Kingdom); 4′-azidocytidine, ba-
lapiravir, and RO-9187 from Medchemexpress (Stockholm,
Sweden); neplanocin A from Cayman Chemical (Ann Arbor,
Michigan); 3-deazaneplanocin A from Selleckchem (Munich, Ger-
many); mericitabine from ChemScene (Monmouth Junction,
New Jersey); PSI-6206 from ApexBio (Boston, Massachusetts);
and tubercidin, toyocamycin, sangivamycin, ribavirin, and 2′-
deoxynucleosides from Sigma-Aldrich (Prague, Czech Repub-
lic); rigid amphipathic. The test compounds were solubilized
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in 100% dimethyl sulfoxide (DMSO) to yield 10 mM stock
solutions.

A viral infectivity inhibition assay was performed to mea-
sure the antiviral efficacy of nucleoside analogues in cell cul-
ture. Vero cells were seeded in 96-well plates (approximately
2 × 104 cells/well) and incubated without the presence of the
drug for 24 hours, to form a confluent monolayer. Following in-
cubation, the medium was aspirated from the wells and replaced
with 200 μL of fresh medium containing 50 μM of the test com-
pound (3 wells/compound), which was inoculated with ZIKV at
a multiplicity of infection (MOI) of 0.1 plaque-forming units
(PFU) at the same time as the test compound were added. As
a negative control, DMSO was added to virus- and mock-infected
cells at a final concentration of 0.5% (v/v). Culture medium was
monitored for 5 days after infection to yield a 70%–90% cyto-
pathic effect (CPE) in virus control wells, using the Olympus
BX-5 microscope equipped with an Olympus DP-70 CCD cam-
era. To quantify the CPE, culture media were collected at the
end of the experiment (ie, day 5 after infection), and cell
death was determined using the CytoTox 96 Non-Radioactive
Cytotoxicity Assay (Promega; Madison, Wisconsin) according
to the manufacturer′s instructions as described previously [8].
Viral titers were determined by plaque assay and expressed as
PFU/milliliter [9]. For dose-response studies, Vero cell mono-
layers were cultured with 200 μL of medium containing the
test compounds over the concentration range of 0–100 μM
and ZIKV at a MOI of 0.1. Drug addition and virus infection
was done at the same time. The medium was collected from
the wells at 2 and 3 days after infection, and the viral titers
were determined by plaque assay and used to construct ZIKV
dose-response curves. The dose-response curves on day 2
after infection were used to estimate the 50% effective concen-
tration (EC50). To measure the compound-induced inhibition
of viral surface antigen expression, a cell-based flavivirus immu-
nostaining assay was performed as previously described [8]. For
determination of nucleoside analogue cytotoxicity, a colorimet-
ric assay using Dojindo′s highly water-soluble tetrazolium salt
(Cell Counting Kit-8, Dojindo Molecular Technologies; Rock-
ville, Maryland) and the CytoTox 96 Non-Radioactive Cytotox-
icity Assay (Promega; Madison, Wisconsin) were used. The
concentration of compound that reduced cell viability by 50%
was considered as the 50% cytotoxic concentration (CC50).

RESULTS

A series of 29 nucleoside analogues (Supplementary Figure 1)
was tested at a concentration of 50 μM for their ability to inhibit
CPE mediated by ZIKV infection on Vero cells. Inhibition of
ZIKV-induced CPE was monitored by light microscopy from
days 1 to 5 after infection and quantified at the end of the ex-
periment, using the colorimetric cell death in an in vitro assay.
Five of the nucleoside analogues, 7-deaza-2′-C-methyladeno-
sine (7-deaza-2′-CMA), 2′-C-methyladenosine (2′-CMA), 2′-

C-methylcytidine (2′-CMC), 2′-C-methylguanosine (2′-CMG),
and 2′-C-methyluridine (2′-CMU), were found to inhibit ZIKV-
mediated CPE in cell culture at a concentration of 50 μM and
to reduce significantly the cell death ratio in the test wells
when compared with mock-treated ZIKV-infected cells (P < .05,
by a 2-tailed Student t test). All other compounds had no or little
effect on ZIKV-induced CPE and cell death. Tubercidin, toyoca-
mycin, and sangivamycin were found to be cytotoxic, causing cell
death in all cells at micromolar concentrations. On the basis of
these preliminary results, nucleosides with a methyl moiety at
the 2′-C position of the ribose ring (7-deaza-2′-CMA, 2′-CMA,
2′-CMC, 2′-CMG, and 2′-CMU) were selected for further testing.

2′-C–methylated derivatives reduced the viral titer in a dose-
dependent manner (mean EC50 [±SD] of 5.26 ± 0.12 μM for 2′-
CMA, 8.92 ± 3.32 μM for 7-deaza-2′-CMA, 22.25 ± 0.03 μM for
2′-CMG, 10.51 ± 0.02 μM for 2′-CMC, and 45.45 ± 0.64 μM for
2′-CMU; Figure 1A and Table 1). Dose-response curves for the
2′-C–methylated nucleosides were characterized by a typical
sigmoidal shape with relatively steep slopes both on days 2
and 3 after infection (Supplementary Figure 2). Interestingly,
2′-CMU exhibited a relatively weak anti-ZIKV effect, treatment
with 100 μM of the compound reduced virus titers 102-fold as
compared to a mock-treated culture. The anti-ZIKV activity of
2′-C–methylated nucleosides was further confirmed by a cell-
based flavivirus immunostaining assay. 2′-C–methylated nucle-
osides exhibited a dose-dependent inhibition of the expression
of ZIKV surface E antigen in Vero cells at day 2 after infection
(Figure 1C). A strong inhibition of ZIKV antigen expression
was observed in 2′-CMA, 7-deaza-2′-CMA, and 2′-CMC as
compared to 2′-CMG and 2′-CMU, for which relatively high
EC50 values were calculated.

The cytotoxicity of 2′-C–methylated nucleosides was as-
sessed in Vero cells. Except for 2′-CMC, which exerted a
weak cytotoxic effect on Vero cells (treatment of the cell culture
at a compound concentration of 100 μM led to a reduction in
cell viability to 69.3%), all 2′-C–methylated nucleosides tested
showed no cytotoxic effects at the highest tested concentration
of 100 μMwith no detectable effect on cell proliferation (Table 1
and Figure 1B).

DISCUSSION

ZIKV, a previously neglected mosquito-borne virus, is prompt-
ing worldwide concern because of its alarming connection to a
neurological birth disorder. In most cases, ZIKV causes a be-
nign disease, but in some patients the infection can manifest as
myelitis or meningoencephalitis, or it can trigger Guillain-Barré
syndrome, a severe neurological disorder characterized by pro-
gressive muscle weakness that can result in respiratory failure
[1, 3–6]. No effective therapy for ZIKV infection is available
at present; therefore, research on possible antiviral compounds
active against ZIKV has become an international priority. Because
human cells lack RNA-dependent RNA polymerase (RdRp), this
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class of enzymes appears to be one of the most promising targets
for antivirals against flaviviruses that use RdRp for replication.
Nucleoside analogs can target viral RdRp to terminate viral
RNA replication after incorporation into the viral nascent
RNA chain [10–12]. Here, we analyzed a library of nucleoside
analogues for their in vitro activity against ZIKV.

Evaluation of various modifications at the nucleoside 2′-
position revealed that the introduction of the 2′-C-methyl sub-
stituent to the nucleoside β-face resulted in inhibition of ZIKV
replication in vitro. Different EC50 values for individual 2′-C–
methylated nucleosides (ranging from 5.26 to 45.45 μM)

indicate that their antiviral activities were substantially affected
also by the identity of the heterocyclic base moiety. Introduc-
tion of guanine or especially uridine into the nucleoside mole-
cule considerably reduced the anti-ZIKV activity in vitro. The
cytotoxicity of the 2′-C–methylated nucleosides was observed
to be either zero or negligible, except for 2′-CMC. The cytotox-
icity of the studied compounds was assessed also in human neu-
roblastoma cells UKF-NB-4 (data not shown) and in porcine
kidney cells (PS) [8] with results comparable to those for Vero
cells. This is in a sharp contrast with high (submicromolar) cyto-
toxicity of tubercidin, toyocamycin, and sangivamycin, chemically

Figure 1. A, Dose-dependent inhibition of Zika virus (ZIKV) replication by 2′-C–methylated nucleosides in Vero cells. Vero cells were treated with different concentrations of
2′-C–methylated nucleosides and at the same time infected with ZIKV. Culture supernatants were collected at 48 hours after infection and analyzed for ZIKV infectivity by
plaque assay. B, Viability of Vero cells treated by 2′-C–methylated nucleosides at a range of concentrations of 0–100 μM. Vero cells were exposed to the tested compounds for
72 hours. Viability was measured by a colorimetric assay, using Dojindo′s highly water-soluble tetrazolium salt test (triplicate setting) and confirmed by optical microscopy.
C, Inhibition of ZIKV antigen expression by nucleoside inhibitors. ZIKV-infected Vero cells were fixed on slides at 48 hours after infection and stained with flavivirus-specific
antibody labeled with FITC (green) and counterstained with DAPI (blue). Scale bar, 50 μm.
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related structures devoid of the 2′-C-methyl group. Taken toge-
ther, the 2′-C-methyl substituent appeared to be an important
structural element for highly selective ZIKV inhibition and re-
duced cytotoxicity. We can speculate that the 2′-C-methyl substit-
uent does not prevent binding to the ZIKV RdRp active site and
allows the viral RNA chain termination. During the peer review
of this manuscript, another group published further evidence
that 7-deaza-2’-CMA exhibits anti-ZIKV activity [13].

Interestingly, no or negligible anti-ZIKV activity was ob-
served for 2′-α-fluoro-2′-β-methyl– or 2′-O-methyl–substituted
nucleosides, as well as for 3′-O–modified nucleosides. The in-
troduction of the fluoro- moiety into the C2′ position or the
methylmoiety into theO2′ orO3′ position probably eliminates the
2′-α-hydroxy or 3′-α-hydroxy hydrogen bond donor/acceptor,
which could result in complete abrogation of the nucleoside in-
hibitory activity. The observed inactivity could be also explained
by inefficient cellular uptake and metabolism to convert the nu-
cleoside molecule to the corresponding triphosphate form [14].
A detailed study of the compound uptake and metabolic con-
version goes beyond the scope of this brief report and will be
a subject of a future report. Neither nucleosides with 4′-azido
modification nor nucleosides with chemically modified hetero-
base moiety exerted anti-ZIKV activity.

In conclusion, we have demonstrated that 2′-C–methylated nu-
cleosides exerted activity against ZIKV under in vitro conditions.
These compounds provide a basis for structure-based optimiza-
tion and rational design of effective prodrugs, which will be fur-
ther tested in rodent models for therapy of ZIKV infection.
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