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Abstract 

Flaviviruses are globally distributed pathogens that cause millions of human 
infections annually. One of the most detrimental outcomes of flavivirus 
infection is encephalitis, which is caused by neurotropic flaviviruses such as 
West Nile virus (WNV), Japanese encephalitis virus (JEV), and Tick-borne 
encephalitis virus (TBEV). The type I interferons (IFNs) are powerful cytokines, 
and they are known as the first line of defense against viral infection. IFNs are 
expressed at low or undetectable levels at the basal state, but recognition of 
invading pathogens triggers a robust IFN response. After synthesis, IFN is 
secreted and acts in an autocrine or paracrine manner by binding to the 
interferon-α/β receptor (IFNAR) receptor, which is expressed on the surface of 
all nucleated cells. Binding to IFNAR mediates a downstream cascade that 
triggers expression of hundreds of interferon-stimulated genes (ISGs). Some 
ISGs express signaling molecules to amplify the response while others are 
potent antiviral proteins that can efficiently limit viral infection. The impact of 
the type I IFN response in tick-borne flavivirus infection was not previously 
known. We found that the type I IFN response was crucial for protection of mice 
against neurotropic infection with tick-borne flaviviruses such as TBEV and 
Langat virus (LGTV). The response was needed both in the periphery as well as 
in the central nervous system (CNS), as transgenic mice lacking either 
peripherally or CNS-located IFNAR both succumbed to LGTV infection. 
Although we found that the local IFN response within the CNS is essential for 
protection against lethal LGTV infection, the cells responsible for the local IFN 
production were not known. 

Astrocytes are one of the most abundant cell types within the CNS, but their role 
in neurotropic flavivirus infection was not fully characterized. In other viral 
infections, astrocytes are potent IFN producers, thus we were interested in 
characterizing the role of the type I IFN response in astrocytes during 
neurotropic flavivirus infection and its contribution to flavivirus pathogenesis. 
We found that upon flavivirus infection, astrocytes mount a strong type I IFN 
response that protects neighboring astrocytes from TBEV, JEV, WNV, and ZIKV 
infection. Furthermore, IFN signaling was found to protect astrocytes from 
TBEV-induced cytopathic effects. However, the ISGs that mediated these effects 
were not known. 

In vitro studies of viperin, which was discovered in 2001 as an ISG with broad 
antiviral activity, has shown strong antiviral activity against TBEV, but its role 
in vivo and mode of action in flavivirus infection was not known. Using mice 
deficient in viperin, we wanted to determine the role of viperin in flavivirus 
infection. We found that viperin plays a region-specific role in the brain by 
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controlling LGTV replication in the olfactory bulb and cerebrum. Remarkably, 
viperin was able to inhibit TBEV replication in primary cortical neurons isolated 
from the cerebrum but not in granule cell neurons isolated from the cerebellum. 
Furthermore, IFN treatment failed to compensate for loss of viperin in cortical 
neurons, indicating that viperin might be the most important ISG against TBEV 
in cortical neurons. Interestingly, we also found that viperin is needed for the 
IFN-mediated antiviral response against WNV and ZIKV in cortical neurons. 
Thus, viperin showed broad but region-specific antiviral mechanisms against 
different flaviviruses. 

Although viperin has been shown to inhibit many viruses, the molecular 
antiviral mechanism is not clear and appears to differ between viruses. We 
performed a co-immunoprecipitation (CoIP) screen to identify TBEV proteins 
that could interact with viperin, and prM, E, NS2A, NS2B, and NS3 were 
identified. Interaction of viperin with NS3 resulted in degradation of the viral 
protein. We screened NS3 of JEV, yellow fever virus (YFV), ZIKV, and TBEV. 
Interestingly, although all NS3 proteins tested interacted with viperin, only 
those of ZIKV, and TBEV were significantly degraded by viperin. The 
degradation of NS3 correlated well with the antiviral activity of viperin, as only 
TBEV and ZIKV were inhibited.  

In summary, this work revealed the importance of the local type I IFN response 
in the brain during neurotropic infections by flaviviruses. We identified 
astrocytes to be an important IFN producer within the CNS during neurotropic 
flavivirus infection. Astrocytes release type I IFN quickly after viral infection, 
and this interferon protects neighboring neurons and astrocytes from infection. 
Furthermore, viperin, a very potent antiviral ISG, is highly expressed in 
astrocytes and it is essential for controlling viral replication and mediating viral 
clearance in both neurons and astrocytes of the cerebrum. We also found that 
viperin specifically targeted the NS3 proteins of TBEV and ZIKV for 
degradation. 
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Enkel sammanfattning på svenska 

Flavivirus är spridda över hela världen och infekterar miljontals människor 

varje år. De flesta flavivirusinfektioner orsakar ingen sjukdom, men när den väl 

inträffar kan den ha allvarliga konsekvenser. En av de värsta konsekvenserna är 

hjärninflammation (encefalit) som kan ge bestående neurologiska 

komplikationer och till och med vara dödligt. Hjärninflammation kan orsakas 

av exempelvis West Nile virus (WNV), japansk encefalitvirus (JEV) och 

fästingburen encefalitvirus (TBEV). WNV, JEV och Zika virus (ZIKV) sprids av 

myggor medan TBEV sprids av fästingar. När man väl blivit infekterad måste 

man förlita sig på sitt eget immunförsvar för att bekämpa virusinfektionen. För 

vissa flavivirus, så som JEV och TBEV, finns dock effektiva vaccin. 

Tidigare studier har visat att en särskild del av det ospecifika tidiga 

immunförsvaret som kallas för interferon (IFN) är mycket viktigt för att skydda 

mot myggburna flavivirus men dess roll i skyddet mot fästingburna flavivirus 

var inte känd. Därför bestämde vi oss för att undersöka rollen av IFN vid 

fästingburna flavivirusinfektioner. Vi upptäckte att det IFN som kroppen 

producerar skyddar mot infektion av TBEV och att ett intakt IFN system är 

nödvändigt för att överleva infektion av fästingburna flavivirus.  

Eftersom vi upptäckte att IFN-systemet var så viktigt för att skydda kroppen och 

speciellt hjärnan mot infektion, så ville vi undersöka saken vidare. Inom 

hjärnan finns en rad olika celltyper som nerv celler, mikroglia, oligodendrocyter 

och astrocyter. I andra virusinfektioner har astrocyter visat sig vara starkt 

bidragande till IFN-svaret i hjärnan, men deras roll i flavivirus infektion var inte 

fullt känd. Vi fann att astrocyter snabbt producerar IFN när de infekteras av 

flavivirus och att detta IFN-svar skyddar mot infektion och celldöd. I hjärnan så 

infekterar flavivirus oftast neuroner och infektionen kan orsaka neurondöd, 

vilket leder till allvarliga sjukdomssymptom. Vi upptäckte att det IFN som 

produceras av astrocyter även skyddar neuroner. Det betyder att astrocyter är 

mycket viktiga vid försvaret mot flavivirusinfektioner. Detta kommer då att 

förmildra eller till och med förhindra neurologisk sjukdom. 
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IFN förmedlar sin aktivitet genom att sätta igång ett försvarsprogram bestående 

av hundratals försvarsproteiner, vissa av dessa har visat sig kunna hämma virus 

tillväxt. Vi har tidigare funnit att en sådan, viperin, är viktig vid försvaret mot 

TBEV infektion. Viperin finns oftast inte i celler innan infektion men bildas i 

stor mängd efter IFN stimulans och infektion. Vi upptäckte att, under en 

infektion i hjärnan, så är viperin mycket viktigt för att hämma infektioner inom 

luktloben och storhjärnan. Här krävs viperin för att IFN ska förmedla sin 

antivirala effekt i astrocyter och neuroner. Speciellt i nervceller från 

hjärnbarken var viperin nödvändigt, både för skydd mot TBEV, WNV och ZIKV 

infektion. Däremot kunde viperin inte hämma TBEV infektion i nervceller 

isolerade från lillhjärnan. Sammanfattningsvis kunde vi visa att viperin starkt 

hämmar flavivirus i nervceller, men att rollen av viperin skiljer sig i olika delar 

av hjärnan och att aktiviten varierar mellan olika flavivirus. 

Eftersom vi funnit att viperin är så viktigt för att skydda mot flavivirusinfektion 

var vi naturligtvis nyfikna på att veta mer om hur viperin fungerar. Vi fann att 

viperin kan binda till flera olika TBEV proteiner, och en specifik bindning till 

NS3 gjorde så att detta protein förstördes. NS3 är mycket viktigt för att viruset 

ska kunna föröka sig. Vi undersökte även andra virus, JEV, ZIKV och gula 

febern (YFV), och fann att viperin kunde binda till NS3 från alla flavivirus men 

förstörde bara NS3 hos TBEV och ZIKV.  

Genom mitt arbete har jag påvisat vikten av IFN-svaret i hjärnan vid infektion 

med fästingburna flavivirus. Vidare har jag identifierat att IFN svar i astrocyter 

förhindrar flavivirus att sprida sig och infektera andra celler så som nervceller. 

Dessutom har jag påvisat att kroppseget viperin är en viktig faktor för försvaret 

mot flavivirusinfektioner i hjärnan, samt visat hur viperin fungerar.
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I. Introduction  

1. Flavivirus 
Flaviviruses are globally distributed pathogens. There are more than 70 of these 
viruses, and some of them cause severe disease in humans and animals. Dengue 
virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), tick-borne 
encephalitis virus (TBEV), Zika virus (ZIKV), and Japanese encephalitis virus 
(JEV) are the most medically important flaviviruses, which together cause tens 
of millions of human infections annually [1-3]. Some flaviviruses are currently 
emerging viruses: in 1999, WNV spread to North America, resulting in large 
outbreaks of arboviral encephalitis; in 2015, ZIKV emerged in the Americas and 
caused microcephaly in neonates and Guillain-Barré syndrome in adults; 
furthermore, TBEV has spread into new regions, which has resulted in an 
increased number of cases over the last few decades [4-6]. Most flaviviruses are 
arthropod-borne and are transmitted by either mosquitos or ticks, so disease 
outbreaks are seasonal and correlate with mosquito and tick activity [1]. In 
general, flavivirus infections are asymptomatic, but about 0.1–1 % of the 
infections cause severe disease including meningitis, encephalitis, hemorrhagic 
fever and in the case of ZIKV infection, also microcephaly in fetuses [2, 7-9]. 

1.1 The CNS and neurotropic flaviviruses 
The nervous system comprises all the nerve cells in the body and it can be 
divided into two parts, the central nervous system (CNS) and the peripheral 
nervous system. The CNS can also be divided into two parts: the brain and the 
spinal cord. The brain is encased in the skull and protected by the cranium. The 
spinal cord is attached to the brainstem and sits protected within the vertebrae. 
The CNS is involved in several essential functions such as autonomic functions, 
cognition, and learning. The brain is protected from toxic substances and 
pathogens by the blood-brain barrier (BBB). The BBB is made of endothelial 
cells, astrocyte foot processes, and pericytes, and only allows entry of certain 
molecules into the brain (Figure 1) [10]. However, several different viruses can 
breach the BBB and enter the brain―and specifically target cells within the CNS 
[1].  

Neurotropism is the affinity of a virus for the nervous system and its ability to 
infect and replicate within it. Both viral factors and host factors contribute to 
neurotropism. One important viral component that mediates neurotropism is 
the envelope protein, which is involved in receptor binding, entry, and fusion. 
There are several neurotropic viruses in the genus Flavivirus. For example, 
WNV, JEV, and TBEV are associated with encephalitis in humans, and ZIKV 
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infects the brain of neonates and is associated with microcephaly, whereas 
infection of adults can result in Guillain-Barré syndrome and also rare cases of 
encephalitis [4, 11, 12]. These viruses are globally distributed and they are 
present on all major continents (Figure 2). 

 

Figure 1. Structure of the barriers of the brain. (a) The BBB is located in-between the lumen 
of the cerebral blood vessels and the brain parenchyma. The BBB is made up of endothelial cells, 
astrocyte foot processes, and pericytes. (b) The blood-cerebrospinal fluid barrier (BCSFB) is found 
in the choroid plexus and forms a barrier between the blood and the cerebrospinal fluid (CSF). The 
BCSFB is formed by polar choroid plexus epithelial cells connected by tight junctions on the apical 
side. Apart from being a physical barrier the BCSFB is involved in transport of molecules and 
immune cells between the brain and the CSF. The illustration was reprinted with permission of the 
publisher [10]. 

 

Figure 2. Distrubution of medically important neurotropic flaviviruses. 

1.1.1 Tick-borne encephalitis virus 
Tick-borne encephalitis (TBE) was first described in 1931 in Austria. Seven years 
later, the causative agent TBE virus (TBEV) was isolated from a human brain [1, 
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Figure 1: Barriers of the brain. (a)The BBB found between the lumen of the cerebral blood vessels and the brain parenchyma is composed
of capillary endothelial cells, astrocytes, and pericytes and obtains its characteristic physical barrier function via linking the endothelial cells
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following viral infection. In this context we further describe
the associatedmediators and their influence on themigration
patterns.

2. Involvement of the Brain Barriers in
CNS Infection

To cause CNS infections pathogens must first successfully
cross the protective barriers of the brain. The CNS is an
immune-specialized site, which maintains a homogenous
environment by regulation of entrance and exit of substances
through the major brain barriers: the blood-brain barrier
(BBB) and the blood-cerebrospinal fluid barrier (BCSFB)
[11].The BBB and BCSFB formmetabolic (enzymatic activity
on passing molecules), physical (minimizing the paracellular
flux), and transport (controlling molecular flux through spe-
cialized membrane transporters) barriers [12, 13] (Figure 1).

The BBB, which has the largest surface area available for
communication between the brain and the blood, creates a
barrier through a functional unit consisting of endothelial
cells, which are joined and stabilized through tight junc-
tions (TJs), astrocyte end feet, and pericytes. This highly
selective barrier between the peripheral blood and the brain
parenchyma of the CNS consists of specialized cells which in
cooperation create a homeostatic environment for cells of the
CNS [14, 15] (Figure 2).

The BCSFB is found in the choroid plexus (CP) located
in the ventricles of the brain. The epithelium of the CP is
mainly responsible for the barrier function of the BCSFB.
Apart from maintaining the physical barrier of the CP, the
BCSFB, with its array of specific transport channels and a
low pinocytotic activity, is involved in para- and transcellular
transport of molecules and immune cells between the brain
and the cerebrospinal fluid [16]. The endothelial cells within
the choroid plexus parenchyma are fenestrated and hardly
limit flux of molecules across the endothelial cells [17]. This

fenestration is important for the main function of the CP,
which is the synthesis of CSF [18].

The paracellular permeability of the BBB and the BCSFB
is mainly regulated by two junctional complexes: TJs and
adherens junctions (AJs) [19].The TJs are built and reinforced
through a number of junctional proteins such as occludin,
claudins, coxsackie adenovirus receptor (CAR), and also
junctional adhesion molecules (JAMs), whereas the AJs
largely consist of transmembrane cadherins closely linked by
alpha, beta, and gamma catenin to the cytoskeleton [19–22].
The primary (direct) or secondary (via host cell signaling
events) disruption of those junctional molecules by CNS
pathogens can facilitate crossing of virus particles, leukocytes,
and inflammatory mediators into the CNS [15].

3. Pathogen Entry into the CNS

The brain capillaries and the CP are relevant sites of entry for
pathogens such as bacteria, viruses, fungi, and parasites into
the CNS. For entry the pathogens must first cross the respec-
tive barriers, which are the BBB and the BSCFB. The BBB
has been described as an entrance site for bacterial pathogens
such as Neisseria meningitidis (N. meningitidis) [23, 24] and
Streptococcus pneumoniae (S. pneumoniae) [25, 26], for fungi
such as Candida albicans (C. albicans) [27, 28], and also for
viruses like West Nile virus (WNV) [29, 30], human immun-
odeficiency virus (HIV) [31, 32], or herpes simplex virus
(HSV) [15, 33]. In contrast, the BCSFB has not received the
same amount of attention, due to the lack of adequate in vivo
and in vitromodels for this barrier. To date, a range of bacteria
as well as viruses were shown to use the BCSFB as an entry
site into the CNS, which include Streptococcus suis (S. suis)
[34–36],N. meningitidis [37, 38],Haemophilus influenzae (H.
influenzae) [39–41], and Listeria monocytogenes [42–44] as
well as coxsackievirus B3 (CVB3) [45, 46], chikungunya virus
(CHIKV) [47], and Echovirus 30 (EV30) [48].The role of the

TBEV

TBEV + WNV
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13]. In nature, the virus is maintained between ticks and small rodents, which 
serve as amplifying hosts and reservoir. Cattle, sheep, and goats can also be 
infected, and virus may be present in their milk and therefore consumption of 
unpasteurized milk products could be an infectious route in humans [14, 15]. 
The geographical distribution of TBEV correlates with the presence of its 
vectors, the tick species Ixodes rinicus and Ixodes persulcatus, which are to be 
found all the way from Japan in the east to Norway and Denmark in the west 
(Figure 2). There are about 10,000 cases of TBE annually, and the number of 
cases in Europe has increased 4-fold over the last 30 years [16, 17]. According to 
phylogenetic differences, TBEV has been differentiated into three different 
subtypes: European, Siberian, and Far Eastern. The Siberian and Far Eastern 
subtypes have been associated with more severe disease and higher case fatality 
rates than the European [18, 19]. TBEV infection has a biphasic disease course, 
with an influenza-like illness lasting about a week, which is followed by an 
asymptomatic period. Then 20-30% of cases experience a second phase 
involving CNS infection, resulting in meningitis, encephalits, or 
meningoencephalitis [20-22]. The mortality rate after TBEV infection ranges 
from 1% to 20%, with more severe disease being caused by the Siberian and Far 
Eastern subtypes. However, about 40-50% of the survivors of TBEV 
neuroinvasive disease suffer from long-term neurological sequelae [17, 23-25]. 
Although no antiviral treatment is available for TBEV, there is an effective 
vaccine [6, 17, 26]. 

1.1.2 Langat virus 
Langat virus (LGTV) was first isolated from an infected tick in Malaysia in 1956 
[27]. LGTV has not been associated with human disease under natural 
infections, but LGTV was used as a live vaccine against TBEV and caused 
neurological complications and long-term sequelae in approximately 1 in 10000 
recipients, so the vaccine was discontinued [28]. 

LGTV shares 84% sequence identity with TBEV, and since LGTV does not 
normally cause human disease, it can be used in a biosafety level 2 (BSL-2) 
facility. As with to TBEV, LGTV is neuroinvasive in mice, although the 
pathogenesis is milder, so it has been used extensively as a model of TBEV 
infection [29-32]. 

1.1.3 Zika virus 
ZIKV was first isolated from a febrile rhesus macaque monkey in the Zika forest 
of Uganda in 1947 [33]. ZIKV used to be associated with sporadic cases of mild 
disease, but in 2007 a major outbreak of ZIKV infection occurred in the Yap-
Islands in the Pacific Ocean, and since then several outbreaks have occurred in 
French Polynesia, Cook Island, Easter Island, New Caledonia, and most recently 



 

4 

in the Americas [34-37]. ZIKV is mainly transmitted by Aedes mosquitos [38, 
39], but recently high rates of sexual transmission of ZIKV have also been 
reported [40-44]. Most ZIKV infections are asymptomatic or cause mild disease 
such as rash, fever, arthralgia, fatigue, and headache [34, 45, 46] Viremia lasts 
for about one week, but viral genomes have been detected in pregnant women 
and in semen for several months after the initial infection [7, 47].  

Although ZIKV infection was first found to be associated with mild symptoms, 
infection of pregnant women has been associated with severe consequences for 
the fetus―such as microcephaly, growth retardation, and congenital 
malformations [48, 49]. ZIKV infection may also affect adults, which can cause 
neurological conditions such as Guillain-Barré syndrome and even fatal 
encephalitis [11, 49-51]. 

1.1.4 Japanese encephalitis virus 
The first documented epidemic of JEV occurred 1871 in Japan, and the virus 
was first isolated from a fatal human case in 1934 [52]. JEV is transmitted by 
Culex mosquitos, which preferentially feed on birds but can also feed on 
humans. Pigs are important hosts, since they have a prolonged, high viraemia 
from JEV without becoming ill [52]. As with most neurotropic flaviviruses, JEV 
infection is most often asymptomatic, with approximately one encephalitis case 
for every 300 inapparent infections [12]. JEV causes approximately 30,000–
50,000 clinical cases annually and mortality rates in patients range from 20% to 
30%; the usual causes of death are due to aspiration, seizures or increased 
intracranial tension [53]. Half of the survivors of JEV neuroinvasive disease 
experience severe long-term neurological sequelae [12, 52, 54]. As in the case of 
other neurotropic flavivirus infections, there are no treatments available for JEV 
infection but there are several different inactivated vaccines available, and also a 
live attenuated vaccine [55, 56]. 

1.1.5 West Nile virus 
WNV was first isolated in Uganda in 1937, from the blood of a febrile patient. 
WNV is most commonly known as a children’s disease in Africa. According to 
phylogenetic differences, WNV has been categorized into two distinct lineages, 
lineage 1 and lineage 2. Lineage 1 consists of strains from West Africa, Eastern 
Europe, and North America. It is associated neuroinvasive disease and 
encephalitic epidemics [4, 57]. In contrast, lineage 2 causes milder febrile 
disease and is rarely associated with neuroinvasive disease. The geographical 
distribution of lineage 2 was thought to be restricted to sub-Saharan Africa and 
Madagascar, but lineage 2 recently appeared in Europe [58, 59]. WNV is mainly 
transmitted in an enzootic cycle between Culex mosquitos and birds, but 
humans and horses also get infected. Because of having low viraemia, they do 



 

5 

not act as an amplifying host [60]. As with other neurotropic flaviviruses, most 
WNV infections are asymptomatic and about 20% of cases experience a mild 
disease [61, 62]. Neuroinvasive disease occurs in about 1 in 140 infections. 
People over 60 years of age are more likely to develop severe WNV encephalitis 
[61, 63]. The reason for this is that immunity declines with age (a phenomenon 
known as immunosenescence). Factors that contribute to immunosenescence in 
WNV pathogenesis include reduced neutrophil, macrophage, and dendritic cell 
function, reduced natural killer cell activity, and reduced numbers of gamma T-
cell [64, 65]. Case fatality rates range from 4% to 18% with higher mortality 
rates in elderly and immunocompromised patients. Long-term neurological 
problems and muscle weakness have been reported in survivors of WNV 
neuroinvasive disease [63, 66, 67]. No vaccine or antiviral treatment is available 
for WNV infection in humans. 

1.2 Pathogenesis of neurotropic flaviviruses 
During flavivirus infection, the bite of an infected arthropod inoculates the virus 
into the skin of the vertebrate host, which is where the initial replication occurs 
[68]. Then the virus is transported to the lymph nodes by migrating dendritic 
cells and then from the lymphatic system to the bloodstream, thus causing the 
primary viremia. The primary viraemia is associated with flu-like symptoms; it 
can last several days and can cause infection of connective tissue, skeletal and 
smooth muscle, myocardial tissue, lymphoreticular tissue, and endocrine and 
exocrine glands [1, 68, 69].  

Most flavivirus infections are asymptomatic. During the primary immune 
response, viral titers are low and controlled by macrophages, and the humoral 
immune response and virus is usually not detectable in serum at the onset of 
CNS symptoms [70, 71]. Neuroinvasion occurs in 0.1-1 % of neurotropic 
flavivirus infections. The viral determinants thought to contribute to 
neuroinvasion include the level of viremia and the genetic variation within the 
virus [2, 13, 72-75]. Host factors that contribute to pathogenesis include age, 
gender, genetic susceptibility, pre-existing infections, and immunization [1, 17, 
76-78]. How flaviviruses enter the CNS is not known, but possible mechanisms 
include (Figure 3): (1) Infection of cerebral endothelial cells and migration 
across the endothelium with basolateral spread of the virus into the brain 
parenchyma. This route has been suggested for TBEV, as this virus can cross the 
BBB without altering its permeability, according to an in vitro BBB model [79]. 
(2) Trojan horse in which virus is transported intracellularly in migrating, 
infected immune cells through the tight junctions formed by endothelial cells. 
(3) Infection of the choroid plexus (which forms the barrier between the blood 
and cerebrospinal fluid (CSF) Figure 1) epithelial cells and direct choroidal virus 
shedding into the brain. (4) Direct infection of olfactory neurons followed by 
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axonal transport up the olfactory nerve into the brain. (5) Breakdown of the 
BBB caused by increased permeability due to cytokines induced by viral 
infection. However, in TBEV infection virus is present in the brain before loss of 
integrity of the BBB integrity occurs [80]. (6) Axonal retrograde transport along 
peripheral nerve axons into the spinal cord. 

 

Figure 3. Mechanisms of virus neuroinvasion. (a) Left panel: infection of BBB endothelial 
cells followed by direct entry into the CNS parenchyma. (a) Middle panel: inflammation caused by 
the virus infection results in disruption of the BBB tight junctions and enables virus entry into the 
brain. (a) Right panel: Trojan horse mechanism: infected lymphocytes or monocytes travel across 
the BBB or choriod plexus and release virus into the CNS parenchyma. (b) Retrograde transport 
along peripheral neurons into the CNS. The illustration was reprinted with permission of the 
publisher [81]. 
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In the CNS, flavivirus replicates and spreads rapidly. Pathogenesis is caused by 
a combination of several different things, as follows. (1) Virally induced damage 
of neurons and glial cells caused by the virus infection. Infection of neurons 
results in neuronal cell death, which can be detrimental as neurons are largely 
non-renewable. (2) Cytotoxic immune response to infected cells and 
inflammatory response in the brain. Cytotoxic factors released by neurons as 
well as immune cells can induce cell death or injury in neurons. Furthermore, 
resident cells of the CNS produce T-cell chemoattractants, which result in T-cell 
infiltration. T-cell responses in the CNS could contribute to viral clearance but 
they also lead to injury and cell death of uninfected and infected neurons, and 
therefore contribute to pathogenesis. (3) Formation of microglial nodules, 
which are formed by activated microglial cells that surround an injured area 
composed of dying and dead neurons, which results in a nodule-like 
morphology in histological specimens [61, 82-86]. Persistent and long-term 
pathological changes as well as neuronal loss and recurrent neurological disease 
have been observed following neuroinvasive flavivirus infection [72, 83]. In 
TBEV infection, chronic progressive encephalitis has been observed years after 
infection, and most WNV encephalitis patients experience long-term 
neurological deficits [1, 21, 69]. 

1.3 Clinical manifestations of neurotropic flaviviruses 
Most flavivirus infections are associated with mild disease. Clinical symptoms 
range from mild fever to severe neurological disease and hemorrhagic fever [28, 
87-89]. The febrile disease is associated with diverse symptoms including fever, 
chills, headache, back pain, myalgia, anorexia, eye pain, pharyngitis, nausea, 
vomiting, rash, and diarrhea. Fever usually lasts from 3 days to several weeks, 
and most patients recover quickly from fever but they often experience 
prolonged fatigue [4, 61, 63].  

In the case of neuroinvasive disease, neurological symptoms may arise 1-4 days, 
after the febrile disease. The characteristics of the neurological symptoms are 
related to which part of the CNS that gets infected (Table 1) [4, 62, 66, 90]. Case 
fatality rates differ among different neurotropic flavivirus, where a case fatality 
of 9% has been associated with WNV infection in North America and 30% with 
pediatric cases of Japanense encephalitis. During lethal flavivirus infection, the 
primary cause of death is neuronal dysfunction, respiratory failure, and cerebral 
edema [12, 61]. Approximately half of the survivors of flavivirus neuroinvasive 
disease suffer from neurological sequelae, and even patients who appear to 
recover well may suffer from subtle long-term learning disorders and 
neurological deficits [12, 66, 91-93]. 
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Infected part 
of CNS 

Neurological 
syndrome 

Clinical symptomes 

Brain 
parenchyma 

Encephalitis Febrile illness, changes in mental 
status, motor weakness, movement 
disorders 

Meninges Meningitis Febrile illness, meningeal irritation 
Anterior horn 
cells of the spinal 
cord 

Myelitis Limb paralysis, central bilateral 
facial weakness, respiratory failure, 
sensory loss 

Table 1. Clinical syndromes associated with flavivirus infection of the CNS  

1.4 Flavivirus encephalitis: treatment and prevention 
In general, treatment of flavivirus encephalitis is limited to supportive care such 
as pain relief for headaches, rehydration, anti-emetic treatment for nausea and 
vomiting, reduction of intracranial pressure, and control of seizures. Interferon 
(IFN) treatment and antivirals have been found to be ineffective whereas 
corticosteroids may be contraindicated due to the risk of suppressing the 
antiviral immune response [66, 94]. However, in WNV and JEV infection 
intravenous immunoglobulin (IVIG) treatment has been successfully used [95-
97]. IVIG has also been tried out in TBEV infection, but IVIG was administered 
20 days after onset of symptoms and did not prevent post-encephalitic 
syndrome [98]. The time of administration may be crucial for the outcome of 
the treatment, and in mice IVIG treatment was found to protect mice from 
lethal TBEV infection [99]. 

Although no antiviral treatments are available for any flavivirus infection, 
vaccination has been very successful in controlling TBEV, JEV, and YFV [56, 94, 
100]. 

1.5 Flavivirus: genome organization, virion structure, and 
life cycle 

1.5.1 Genome organization, virion structure, and the viral 
proteins 

Flaviviruses are small, 50 nM in diameter, lipid-enveloped viruses with 
icosahedral structure. The viral envelope (E) and membrane/pre-membrane 
(PrM) proteins are embedded in a host cell-derived lipid envelope surrounding 
the nucleocapsid. The nucleocapsid is composed of multiple capsid (C) proteins, 
surrounding the viral RNA [32, 101]. The genome of flaviviruses consists of 
approximately 11 kb of single-stranded positive-sense RNA encoding one open 
reading frame (ORF), which is flanked by a 5´and 3´untranslated region (UTR) 
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with an RNA cap at the 5´end. The ORF is translated to a single polyprotein, 
encompassing three structural proteins (C, E and prM) and seven non-
structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) 
(Figure 4). The structural proteins form the virus particle while the NS proteins 
are involved in polyprotein processing, RNA replication, RNA packaging, and 
evasion of the host immune response [102-105]. 

  

Figure 4. Flavivirus genome structure and protein expression. The flavivirus genome 
consists of one ORF, which is translated into a single polyprotein. The polyprotein is cleaved by 
cellular and viral proteases. The cleavage sites are indicated by arrows. 

The C protein is generally not well conserved among flaviviruses, except for 
regions of hydrophilic and hydrophobic amino acids [106]. The prM protein is a 
precursor protein of M; cleavage of prM to M is part of the virion maturation 
process and occurs just before the virus leaves the infected cell. The E protein is 
responsible for binding to a cellular receptor, for membrane fusion and for 
entry, thus the E protein is important for tropism as well as virulence. The E 
protein also constitutes the major viral antigen that host antibodies are directed 
against. Sequence analysis of flaviviruses has identified both highly conserved 
and very divergent regions of the E protein, but the E protein remains one of the 
slowest evolving sites, probably due to high selection pressure [70, 82]. 
Flavivirus NS1 is highly conserved and can exist as monomer, as a membrane-
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bound dimer, or as a secreted hexamer. NS1 contains glycosylation sites, and the 
glycosylation of NS1 contributes to its secretion and its role in replication and 
virulence [107-109]. NS2A localizes to the site of RNA replication where it 
interacts with NS3 and NS5. NS2A has been indicated to coordinate the shift 
between RNA replication and packaging, but is also involved in assembly [101, 
110]. NS2A of DENV-2, WNV and Kunjin virus, but not LGTV NS2A, has been 
found to antagonize IFN signaling [111, 112]. The main function of NS2B is to act 
as a co-factor for NS3 protease, which participates in the cleavage of the viral 
polyprotein [1]. NS3 is a multifunctional protein involved in polyprotein 
processing, RNA packaging, and RNA replication. The N-terminus of NS3 forms 
the viral protease together with NS2B [113, 114]. Furthermore, NS3 also 
possesses helicase, nucleoside triphosphatase (NTPase), and RNA 
triphosphatase (RTPase) activities, which are essential for viral replication. NS3 
interacts with NS5, and this heterodimer unwinds the dsRNA during replication 
and participates in the formation of replication complexes [115, 116]. NS4A co-
localizes with double-stranded RNA (dsRNA) in infected cells and is also 
detectable around the edges of vesicle packets, indicating its importance in RNA 
replication [110]. Furthermore, NS4A was found to induce the formation of 
vesicular packets and convoluted membranes by dilation and invagination of the 
endoplasmic reticulum (ER) membranes during flavivirus infection [117]. NS4B 
co-localizes with dsRNA, indicating that it has a role in replication complexes. 
NS4B also possesses ability to inhibit type I interferon signaling [110, 118]. NS5 
is the largest and most conserved of the flavivirus proteins. The N-terminus of 
NS5 mediates guanylyltransferase (GTase) and S-adenosyl methionine 
methyltransferase (MTase) activities whereas the C-terminus is the RNA-
dependent RNA polymerase [119, 120]. The MTase and GTase activities are 
needed for the formation of 5´RNA cap structures, and deletion of these 
domains blocks RNA replication [121]. Apart from its role in replication, NS5 of 
DENV, WNV, TBEV, JEV, ZIKV, and YFV acts as a potent IFN antagonist by 
either blocking IFN signaling or downregulating IFNAR1, or both [104, 105, 
122-124]. The UTR regions of flavivirus genomes have been shown to be 
essential for replication and translation; although their sequences differ, they 
form secondary and tertiary structures, which are well conserved [125-127]. The 
secondary structures of the UTRs enhance viral replication by interacting with 
host and viral proteins [126, 128]. 

1.5.2 Flavivirus life cycle: Attachment, entry and uncoating 
The flavivirus life cycle starts with binding of the virus to a cellular receptor, 
followed by internalization by receptor-mediated endocytosis and traffic to the 
endosomes [129, 130]. Low pH within the endosomes triggers conformational 
changes in the E protein, which results in fusion of the viral and endosomal 
membrane and subsequent delivery of the nucleocapsid into the cytoplasm. The 
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E protein is responsible for both receptor binding and the subsequent fusion 
with the endosomal membrane [131-133]. 

1.5.3 Flavivirus life cycle: replication 
Flavivirus replication occurs within the cytoplasm [134-136]. As the genome of 
flaviviruses is single-stranded positive-sense RNA, it mimics mRNA and can be 
directly translated into viral proteins. After the release of viral RNA, the RNA is 
co-translationally trans located at the rough ER into a single polyprotein, which 
spans the ER membrane several times. The viral polyprotein is co- and post-
translationally cleaved by cellular proteases (singlases, furin) and the viral 
protease NS2B/NS3 [102, 137]. During replication, flaviviruses rearrange the 
ER membrane into vesicular structures or membrane packets. The viral 
replication complex is anchored within the membrane packets by interactions 
between viral proteins and it consists of viral RNA, viral protein, and host 
factors (Figure 5) [138-140]. These vesicular structures are 70–100 nM in size. 
By forming such structures, the virus concentrates and isolates the viral 
components needed for RNA replication but it also hides its dsRNA from host 
recognition [138, 139, 141]. RNA replication is initiated in these vesicles. The 
RNA-dependent RNA polymerase NS5 initiates RNA replication by synthesizing 
complementary negative-stranded RNA from the genomic viral RNA. During 
the synthesis, the negative-stranded RNA base pairs with positive-stranded 
RNA to form a double-stranded (ds) replicative form. This dsRNA will then 
serve as a template for the synthesis of nascent positive-stranded viral RNA 
[142, 143]. Flavivirus RNA replication can be detected at three to six hours post 
infection (h.p.i.) in both vertebrate and arthropod cells [144]. After synthesis of 
the progeny positive-stranded RNA, the dsRNA remains stable and can be 
recycled for synthesis of more positive-stranded RNA; positive-stranded 
accumulate about 10-fold excess over negative-stranded RNA during flavivirus 
replication [145, 146]. The nascent viral RNA can then be used either for 
additional RNA replication, translation to polyprotein, or be packaging into 
virus particles. 
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Figure 5. Structure of flavivirus replication vesicles. The vesicle packet (VP) is formed by 
invagination of the ER membranes. The replication complex (RC) is recruited into these VPs, where 
replication occurs, and it is subsequently anchored by interaction between the viral proteins and 
host factors (HF). The illustration was reprinted with permission of the publisher [147]. 

1.5.4 Flavivirus life cycle: assembly and release 
After replication, positive-stranded RNA is incorporated into the C protein to 
form the nucleocapsid, and leaves the membrane vesicles [128, 148]. Then 
nucleocapsids bud into the ER and acquire a lipid envelope that contains prM-E 
heterodimers [148]. The newly synthesized virions accumulate in the ER before 
transport to the Golgi apparatus [149]. During transport through the Golgi, prM 
and E are glycosylated; immature virions are directed to vesicles of the trans-
Golgi network where they are exposed to low pH, leading to the cleavage of prM 
by cellular furin, which results in the formation of mature virions [149, 150]. 
Mature virions are transported via the secretory pathway and released by 
exocytosis and thereby completing the flavivirus life cycle [151-153]. 
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Figure 6. The life cycle of a flavivirus. The flavivirus life cycle starts with the binding of the E 
protein to its receptor, followed by receptor-mediated endocytosis (1). The flavivirus virion is then 
trafficked to the endosome where low pH triggers conformational changes in the E protein, resulting 
in fusion of the viral and endosomal membranes (2) and uncoating (3). The nucleocapsid enters the 
cytoplasm. The viral RNA is translated into a single polyprotein, which is cleaved by viral and host 
proteases to form three structural and seven non-structural proteins. After translation, the viral 
proteins induce invagination of the ER membranes, where replication occurs (4). The virus particle 
assembles at the ER membrane by budding into it (5), and is subsequently transported via the 
secretory pathway to the Golgi where maturation occurs (6). The mature virions are then released by 
exocytosis (7). 

2. The interferon response: introduction 
Interferons (IFNs) are secreted cytokines, and are known as the first line of 
defense against viral infections. IFN was identified in 1957 by Isaacs and 
Lindenmann as a secreted factor that interfered with virus replication [154-156]. 
Three types of IFN exist: type I IFN (α, β, κ, δ, ε, τ and ω), which can be 
expressed by almost all cell types); type II IFN (ϒ), which is mainly expressed by 
NK and T-cells; and type III IFN (λ). The different types of IFN work in a similar 
manner: they are induced upon viral infection, secreted, and act in autocrine 
and paracrine manners, but they bind to distinct receptors. After secretion, type 
I binds to the interferon-α/β receptor (IFNAR), type II binds to the interferon-ϒ 
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receptor 1/2 (IFNGR1/IFNGR2), and type III binds to the IFN λ receptor 
1/interleukin 10 receptor subunit beta (IFNLR1/IL10RB) receptor (table 2). 

Class  Receptor Expressed by Expression 
pattern of receptor 

Type I: α, β, κ, δ, 
ε, τ and ω 

IFNAR1/IFNAR2 Most cell types Ubiquitous 

Type I:, ϒ IFNGR1/IFNGR2 NK and T-cells Ubiquitous, but not 
on Th1 cells 

Type III: λ IFNLR1/IL10RB Most cell types Mainly on epithelial 
cells and dendritic 
cells 

Table 2. IFN types, their receptors and downstream kinases, and transcription factor 

 Type I IFN can be produced and sensed by almost every cell type and the 
principal activities of type I IFN are antiviral, antiproliferative and proapoptotic 
[157-160]. However, unlike IFNAR and IFNGR1/IFNGR2, the receptor of type 
III IFN is only expressed on certain cell types―such as plasmacytoid dendritic 
cells (pDCs), epithelial cells and neurons [161-163].  

All three types of IFN induce the expression of interferon-stimulated genes 
(ISGs), which are important mediators of the antiviral IFN response. ISGs 
inhibit viruses by targeting essential steps in the viral life cycle such as entry, 
replication, translation, and egress [164]. The generation of the IFNAR-/- mice 
revealed the critical role of the type I IFN response against several RNA and 
DNA viruses [165]. Furthermore, the importance of the IFN response against 
neurotropic viruses has been shown, as several cases of fatal herpes encephalitis 
were observed in newborns genetically deficient in the IFN pathway [166, 167]. 
In flavivirus infection, studies in mice have revealed that the type I IFN 
response is critical for survival of infections by WNV, JEV and ZIKV infections 
[40, 168, 169]. 

2.1 Recognition of flavivirus and interferon induction 
The innate immune response detects invading pathogens through pattern 
recognition receptors (PRRs). The particular PRR that is responsible for virus 
recognition dependes on which virus that is involved [170]. Five distinct innate 
PRRs have been identified, Toll-like receptors (TLRs), retinoic acid-inducible 
gene I (RIG-I)-like helicases, cytosolic DNA sensors, and nucleotide-binding 
oligomerization (NOD)-like and C-type lectin receptors [171, 172].  

For RNA viruses, the most important PRRs are TLR3, TLR7, TLR8, RIG-I, and 
the RIG-I-like helicase melanoma differentiation-associated protein-5 (MDA-5), 
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all of which recognizes viral RNA and intermediates of virus replication. TLR3, 
TLR7, and TLR8 are located in the endosomes; TLR3 recognizes dsRNA 
whereas TLR7 and TLR8 recognize ssRNAs, such as the genomes of ssRNA 
viruses. Being located in the endosomes enables uninfected phagocytic cells to 
use TLRs to sense virus infections. RIG-I and MDA-5 are located in the 
cytoplasm of all cells and they can recognize RNA viruses in any infected cell; 
RIG-I recognizes short dsRNAs and 5´triphosphorylated single-stranded RNAs 
whereas MDA-5 recognizes long dsRNA [170, 171, 173, 174].  

In pDCs, the TLR7 is important for mounting of a strong IFN response against 
flaviviruses [175-177]. TLR7 has been shown to have a protective role in 
flavivirus infection. In WNV infection, TLR7 protects against pathogenesis by 
reducing viral burdens in tissues [176]. In LGTV infection, TLR7 has been 
shown to reduce viral burden in the CNS but without affecting the disease [178]. 
The role of TLR3 in flavivirus infection is unclear; in WNV infection, the virus 
seems to benefit from TLR3. Recognition of WNV by TLR3 in the periphery 
induces an inflammatory response, which causes disruption of the BBB. 
Consistent with this finding TLR3-/- mice are resistant to lethal WNV [179]. In 
contrast to this study, another study has indicated that TLR3 has a protective 
role against WNV infection [180]. In humans, a functional TLR3 has been found 
to be a risk factor in TBEV infection [181].  

RIG-I and MDA-5 both sense dsRNA in the cytoplasm of infected cells. Several 
studies have indicated the importance of the RIG-I-like helicases and their 
pathways in several flavivirus infections such as TBEV, LGTV, WNV, and JEV, 
but in ZIKV infection this pathway was found to be dispensable [30, 40, 182-
185]. Interestingly, TBEV employs a passive innate immune evasion by hiding 
its dsRNA intermediates in intracellular membrane vesicles, and thereby 
delaying the recognition and the subsequent activation of IRF3 and induction of 
IFN [139]. Similar findings have been reported in WNV infection, where IRF3 
activation was found to be delayed during infection, so this may be a common 
mechanism for flaviviruses [186-188]. 

Once the PRRs recognize the viral infection, they will recruit distinct adaptor 
molecules. TLR7 recruits myeloid differentiation primary response 88 (Myd88), 
TLR3 recruits TIR-domain-containing adapter-inducing interferon-β (TRIF), 
and the RIG-I-like helicases use mitochondrial antiviral-signaling protein 
(MAVS) also known as interferon-beta promoter stimulator-1/virus-induced 
signaling adapter/CARD adaptor-inducing IFN-beta (IPS-1/VISA/Cardif) [189, 
190]. Once recruited, the adaptor molecules initiate a signaling cascade, 
resulting in the phosphorylation of transcription factors interferon regulatory 
factor (IRF)-3 and/or IRF7. Once phosphorylated, these transcription factors 
translocate into the nucleus and induce the expression of type I IFN (Figure 7). 
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Type I IFN is secreted and it acts in a paracrine and autocrine manner, and by 
binding to the IFNAR receptor. IFN induces an antiviral state by inducing 
hundreds of ISGs (Figure 7) [173, 189-192].  

 

Figure 7. IFN induction. Upon viral infection, RIG-I and MDA-5 recognize viral RNA and 
intermediates of virus replication in the cytosol whereas TLR3, TLR7, and TLR8 recognize viral 
RNA in the endosomes. The recognition leads to the recruitment of adaptor molecules; RIG-I and 
MDA-5 use MAVS, wheras TLR3 use TRIF, and TLR7/8 use MyD88. Once recruited, these adaptor 
molecules induce a signaling cascade, resulting in the activation of transcription factors IRF3, IRF7, 
and NF-κB. Once activated, these transcription factors translocate into the nucleus and induce the 
expression of type I IFN. 

2.2 Interferon signaling 
Interferon signaling is initiated by the binding of IFN to its receptor. Both type I 
and type III IFN initiate the same signaling cascade, in which the binding to the 
receptor activates downstream Janus kinase (JAK)-1 and tyrosine kinase (Tyk)-
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2. This phosphorylates signal transducer of transcription (STAT)-1 and -2, 
which together with IRF-9 forms the signaling complex IFN-stimulated gene 
factor-3 (ISGF3). ISGF3 translocates to the nucleus, where it binds to the 
interferon-sensitive response element (ISRE) and induces the expression of 
ISGs (Figure 8).  

 
Figure 8. Type I IFN signaling. Once secreted, type I IFN acts in paracrine or autocrine manner. 
The binding of IFN to IFNAR results in the phosphorylation of tyrosine kinases Tyk2 and JAK1, 
which in turn phosphorylate STAT1 and STAT2. STAT1 and STAT2 subsequently form a 
heterodimer, which associates with IRF9 to form ISGF3. ISGF3 translocates to the nucleus and 
induces the expression of hundreds of IFN-stimulated genes. Some of these acts as sensors and 
signaling molecules, and others act as direct antiviral effectors. 
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IFNϒ is mainly expressed by T-cells and natural killer cells. Once secreted, 
IFNϒ binds to its receptor and the binding activates the kinases JAK1 and JAK2, 
which phosphorylates STAT1. This in turn forms a homodimer that translocates 
to the nucleus, binds to the gamma IFN activation site (GAS element), and 
induces the expression of ISGs [193, 194]. 

2.3 The interferon-stimulated gene response 
ISGs serve as important mediators of the antiviral IFN response and are able to 
target almost any step of the viral life cycle [192]. ISGs include PRRs, IRFs, 
signal transducing proteins that enhance viral recognition and IFN induction 
and signaling, and also act as direct antiviral effectors [195]. Although several 
hundred of ISGs have been identified, only a few have been well characterized 
[196]. However, currently identified ISGs include protein kinase R (PKR), the 
2´-5´oligoadenylate synthase RNase L system (Oas-RNase L), myxovirus 
resistance (Mx), interferon-stimulated gene 15 (ISG15), IFN-induced protein 
with tetratricopeptide repeats (IFIT) and IFN-induced transmembrane protein 
families (IFITM), tripartite motif (TRIM), tetherin and viperin [164]. 

PKR. PKR is synthesized in an inactive form but it is dimerized and activated in 
response to dsRNA, which is a common intermediate during viral replication. 
Once activated, PKR phosphorylates the eukaryotic translation initiation factor 
2α (eIF2α), which in turn results in inhibition of the cellular translation 
machinery that is needed for the viral life cycle [160]. Phosphorylation of eIF2α 
can also induce autophagy, which can limit viral replication [197]. Furthermore, 
PKR has been shown to contribute to IFN production in infected cells, and thus 
PKR serves as a multifunctional ISG that is capable of using several mechanisms 
to inhibit viruses [198, 199]. 

Oas-RNase L. Similar to PKR, Oas enzymes are activated by dsRNA to catalyse 
the formation of 2’–5’ oligoadenylates. This in turn activates cellular RNase L to 
degrade viral genomes [200]. Just like PKR, the Oas-RNase L also contributes 
to the induction of type I IFN and may also induce apoptosis [201, 202]. Oas1b 
and RNAse L have been shown to be inhibitors of WNV infection [203, 204]. 

Mx. The Mx genes encode large GTPases, which show antiviral activities against 
a broad range of RNA viruses. They act by recognizing nucleocapsid-like 
structures and by restricting their intracellular localization, thereby inhibiting 
viral replication [205].  

ISG15. ISG15 is an ubiquitin-like protein that can be covalently attached to 
proteins in a process called ISGylation. ISG15 targets both host proteins and 
pathogen proteins [206]. One important target of ISG15 is IRF3, where the 
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ISGylation increases its stability and thereby promotes transcription factor 
activity [207].  

IFIT. IFIT proteins can inhibit translation by binding eIF3 and thereby 
contribute to the non-specific antiviral response [208]. They also inhibit viral 
translation and replication by binding to viral genomic RNA containing 5´-ppp 
[209]. The use of knockout mice has shown that IFIT2 have a protective role 
against WNV and VSV [210, 211]. Furthermore, in vitro studies of neurons have 
shown that IRG1 and Ifi27l2a inhibit WNV and JEV [212, 213].  

IFITM. IFTIMs are a family of proteins that are able block entry for a broad 
range of viruses. These proteins are enriched in late endosomes and lysosomes, 
and thus mostly affect the entry of viruses that use these compartments, but the 
exact antiviral mechanism of these proteins remains unclear [195]. 

TRIM. The TRIM proteins are a large family composed of more than 60 
proteins in both humans and mice. They have a wide range of activities 
including E3 ubiquitin ligase activity [214]. TRIM proteins contribute to the 
general antiviral response by regulation of PRRs and IFN signaling, but they 
also target specific viruses such in the case of TRIM5α, which blocks human 
immunodeficiency virus-1 (HIV-1) replication, and TRIM79α, which degrades 
the NS5 protein of TBEV [215, 216]. 

Tetherin. Tetherin has been shown to inhibit many enveloped viruses. The 
antiviral mechanism of tetherin is thought to be by containing virions at the cell 
surface, and thus inhibiting viral budding [217]. Interestingly, many viruses 
such as HIV, Ebola virus, and Kaposi-sarcoma-associated herpes virus, which 
are targeted by tetherin, have developed evasion strategies to counteract the 
antiviral effects of tetherin, highlighting the importance of tetherin as an 
antiviral factor [195, 218]. 

2.3.1 Viperin 
Viperin, virus inhibitory protein endoplasmic reticulum associated IFN-
inducible, is an ISG with broad antiviral activity [219]. Viperin was identified in 
2001 as an inducible protein capable of restricting human cytomegalovirus 
(HCMV) [220]. As its name suggests, viperin localizes to the ER, but also to 
lipid droplets and mitochondria [220-222]. As with other ISGs, viperin 
expression is low in most cell types at the basal state but expression is strongly 
induced after infection, both through IFN stimulation and directly by infection 
(independently of IFN) [223-225]. 
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In vitro studies have shown that viperin can inhibit HCMV, respiratory syncytial 
virus (RSV), DENV, hepatitis C virus (HCV), chikungunya virus (CHIKV), 
influenza A virus, HIV, bunyamwera virus, WNV, Sindbis virus, TBEV, ZIKV, 
and VSV [220, 226-236]. Knockout mouse models have demonstrated in vivo 
importance of viperin in controlling WNV and CHIKV, whereas ectopic 
expression of viperin in the chinchilla airway was found to inhibit RSV in vivo 
[226, 232, 237]. 

Although viperin has been shown to inhibit many viruses, in most cases the 
mode of action remains unknown. However, in the case of HIV and influenza A, 
viperin has been shown to block viral release from the plasma membrane by 
disrupting lipid draft formation [228, 230]. In HCV infection viperin disrupts 
the formation of replication complex by impairing the association of NS5a with 
the host protein vesicle-associated protein-A [238]. In TBEV infection, viperin 
inhibits the RNA replication and synthesis of positive-strand RNA but the exact 
antiviral mechanism is not known [234].  

Flaviviruses appear to be particularly sensitive to viperin, as viperin has been 
shown to inhibit WNV, TBEV, ZIKV, and DENV but not JEV [227, 232, 234, 
239]. Although JEV induces viperin, viperin expression does not affect JEV 
replication because JEV induces proteasome degradation of viperin. In WNV 
infection, viperin-/- mice were found to be more susceptible to infection, with 
increased lethality and higher viral burdens in the CNS [232]. In TBEV 
infection, ectopic viperin expression was found to inhibit TBEV replication and 
the formation of progeny virus [234]. Recently, by using ectopic expression and 
also knockout cells, viperin was found to inhibit ZIKV infection in vitro [236]. 
In DENV infection, viperin was shown to co-localize with C, NS3, and viral 
RNA; viperin also inhibited DENV RNA replication and the release of infectious 
virus [227]. 

Viperin clearly acts as a strong antiviral protein, capable to inhibit diverse RNA 
and DNA viruses, but interestingly, viperin also modulates immune signaling. 
In vitro studies using primary cells from knockout mice revealed that viperin 
contributes to the Th2 response, the T-cell response and differentiation [240]. 
Viperin knockout cells were found to be deficient in the induction of a well-
known regulator of Th1/Th2 differentiation, called GATA-3 [240]. Viperin has 
also been implicated as an important modulator of the induction of IFN 
downstream of the TLR7 and TLR9 pathway in pDCs, and viperin knockout 
pDCs failed to induce IFN upon stimulation with TLR7 and TLR9 ligands. In 
addition, viperin was found to recruit IRAK1 and TRAF6 to lipid droplets to 
facilitate IRF7 activation and downstream IFN expression [241]. In contrast, 
another study found that viperin interacts with MAVS and that this interaction 
downregulates the induction of IFNβ [242]. 
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2.3.2 Viperin: structure and function 
Viperin is a highly conserved protein of 361 amino acids, and it has three 
domains: an N-terminal domain (residues 1–42), a radical S-adenosyl 
methionine (SAM) domain, and a C-terminal domain (residues 218–361). The 
N-terminal domain, which is variable among species, contains an amphipathic 
helix and a leucine zipper. The N-terminal domain mediates viperins 
localization to the ER and lipid droplets. The localization to the ER is important 
for viperins inhibition of TBEV, HCV and CHIKV [229, 234, 237, 243]. 

The radical SAM domain is highly conserved and contains four iron-binding 
motifs characteristic of the members of the radical SAM enzymes. Viperin can 
indeed bind iron and reduce SAM to 5´deoxyadenosine, which is common for 
radical SAM enzymes. The radical SAM domain is essential for viperin’s 
antiviral activity against TBEV, HIV, and bunyamwera virus [228, 231, 234, 
244]. 

Like the central radical SAM domain, the C-terminal domain of viperin is highly 
conserved and it is of particular importance for viperin’s antiviral activity 
against members of the family Flaviviridae, such as HCV, DENV, and TBEV 
[227, 229, 234].  

3. The innate immune response in the central nervous system 
The CNS is a tissue involved in many essential functions. In order to protect this 
vital tissue, the host must carefully coordinate the immune response to clear 
pathogens without inducing excess damage within the tissue, which has a very 
limited ability to renew itself [1, 245]. The CNS is considered to be an immune 
privileged tissue, but recent findings have demonstrated the importance of 
innate antiviral responses within the CNS [246-251]. Interferons are cytokines 
that are of particular importance for protection against viral infections. Almost 
all cell types can produce type I IFN, but in the periphery a specialized senors 
cell, pDCs, is capable of producing 1,000-fold more type I IFN than other cell 
types and is known to be the main source of type I IFN [252, 253]. However, in 
the steady state pDCs are absent from the CNS and peripheral IFN has limited 
ability to cross the BBB, suggesting that the local IFN production in the CNS 
should be important [245, 254, 255]. Furthermore, it has been shown that 
resident cells rather than infiltrating cells are responsible for the production of 
type I IFN in the CNS after infection with La Crosse and Theiler’s virus [256, 
257]. In mice, the IFN is very important in the brain and the olfactory bulb has 
been shown to be the primary site of IFN production after LGTV and vesicular 
stomatitis virus (VSV) infection [30, 248]. The IFN response within the 
olfactory bulb has also been shown to induce antiviral responses in distant parts 
of the brain; these induced expression of antiviral effectors that resulted in 
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protection of the distant brain parts from viral infection [30, 248, 249, 258]. 
Astrocytes have been shown to be of particular importance for the production of 
IFN during neurotropic VSV infection, and they were found to be the main 
producer of IFN within the olfactory bulb [248]. 

There are mainly two different types of cells within the CNS, neurons and glial 
cells. Glial cells include microglia, astrocytes, oligodendrocytes, ependymal 
cells, and radial glia.  

The function of the neurons is to processes and transmit information. Neurons 
consists of four different regions: the cell body, the dendrite, the axon, and axon 
terminal. The axons transmit signals from the cell body to the axon terminal, 
whereas the dendrites receive signals from axon terminals of other neurons 
[259]. Neurons are the main target for flavivirus infection in the CNS, and their 
type I IFN production has been shown to depend on the infecting virus, but they 
respond well to IFN stimulation [212, 257, 260-263].  

Microglia serve as the resident immune cells in the CNS, and they are capable of 
expressing all known TLRs. Together with astrocytes, they are believed to be the 
main producer of type I IFN in the CNS [256, 264]. One important function of 
IFN in microglia is to induce phagocytosis, which is involved in the clearance of 
infected cells and dead cells [265]. 

Astrocytes are the most abundant glial cells in the CNS, and they are involved in 
various supportive functions, making them essential for brain homeostasis and 
neuronal function. At the same time, astrocytes play an active role in cerebral 
innate immunity [266, 267]. They have been demonstrated to be important 
IFN-producing cells in various virus infections [248, 256, 268, 269]. 
Interestingly, in WNV infection, the ability to replicate in astrocytes has been 
associated with highly pathogenic strains, indicating the importance of 
astrocytes in flavivirus infection [270]. 

Oligodendrocytes are involved in formation of the myelin sheath that provides 
insulation of axons, which in turn enhances the transmission of information 
along the axons. In contrast to microglia and astrocytes, oligodendrocytes are 
poor producers of IFN [271]. Ependymal cells line the spinal cord and ventricles 
of the brain, and function in generating CSF [272]. Radial glia act as scaffolding 
for new neuronal cells during development of the embryonic nervous system 
[273]. 
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II. Aims 

The overall aim of this thesis was to investigate the role of the type I IFN 
response and viperin in protection against neurotropic flavivirus infection, the 
main emphasis being on TBEV.  

The specific questions were: 

1. Is the type I IFN response important for protection against LGTV and TBEV 
infection in vivo? 
2. Which cells and ISGs in the CNS are important to protect against flavivirus 
infection? 
3. What is the antiviral mechanism of viperin against neurotropic flaviviruses? 
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III. Results and discusion 

1 Is the type I IFN response important for protection against 
LGTV and TBEV infection in vivo? (Paper I) 
The innate immunity provides the first line of defence against infection. For 
virus infections, the type I IFN response is of particular importance. Earlier in 
vitro studies had shown that pretreatment of cells with IFN inhibited TBEV 
replication, but at the same time in infected cells, TBEV delayed IFN induction 
by hiding its dsRNA in intracellular membrane vesicles, so the role of the type I 
IFN response in vivo was not clear [139, 141]―especially its role in controlling 
neuroinvasiveness and neurovirulence. 

Two important capabilities of a neurotropic virus are (1) the ability to reach the 
CNS (neuroinvasiveness) and (2) the ability to cause disease within the CNS 
(neurovirulence). To model neuroinvasivness, we used the intraperitoneal (i.p.) 
inoculation route, where the virus is administrated in the peritoneal cavity (in 
the periphery), thus the virus must be neuroinvasive to cause CNS disease. 
Neurovirulence was modeled by using the intracranial (i.c.) inoculation route, 
where the virus is injected directly into the brain. To determine the role of the 
type I IFN response in TBEV infection, we used different animal models: (1) 
IFNβ+/Δβ-luc where a luciferase reporter gene is placed under the IFNβ promoter, 
which allows tracking of the source of IFNβ in vivo [274]. (2) The IFNAR-/- mice 
that lack the receptor for the type I IFNs and thus cannot respond to type I IFN. 
(3) IFNβ-/- mice, which cannot produce IFNβ but can still produce the other 
type I IFNs. (4) The IFNARfl/fl CreERT+/- mice, which lack IFNAR in the 
peripheral tissue and can therefore only respond to type I IFN within the CNS. 
(5) The IFNARfl/fl NesCre+/- mice, which lack IFNAR in neuroectodermal cells in 
the CNS and only respond to type I IFN in the periphery, but not in the CNS.  

To characterize the type I IFN response in wild-type (WT) mice after i.p. 
inoculation, we used two different methods: (I) ELISA, to determine the IFNα in 
the mouse sera and (II) whole-body imaging of IFNβ+/Δβ-luc reporter mice [274]. 
We found that LGTV elicited a low IFNα response after LGTV infection; 
however, in the absence of its receptor, IFNAR the mice succumbed very 
quickly. This showed that, even though we only saw a weak induction of type I 
IFN, it was sufficient to control infection. Interestingly, mice lacking the IFNβ 
gene were resistant to LGTV infection, indicating that the IFNαs could protect 
mice from LGTV infection. The importance of the type I IFN system and IFNAR 
has previously been seen with other neurotropic flaviviruses such as WNV, JEV, 
and―just recently―ZIKV [40, 168, 169, 275]. However, in WNV infection the 
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IFNαs could not compensate for loss of IFNβ; this could be because a highly 
virulent strain of WNV was used and LGTV is a low-virulence model virus. 

As we found that the IFN response is very important for protection against 
LGTV infection, we used whole-body imaging of infected IFNβ+/Δβ-luc reporter 
mice to follow the IFNβ response over time. We found that IFNβ was highest at 
day 1 post infection and then declined, and had returned to baseline levels on 8 
days post infection (d.p.i.). The IFNβ induction was localized to the thorax, the 
peritoneum, and inguinal lymph nodes 24 hours post infection (h.p.i.), and in 
the salivary gland at 48 h.p.i. At 72 h.p.i. the signal was strongest in the cervical 
lymph nodes and spleen, and later (96 h.p.i.) the IFNβ signal accumulated in 
the brain. This method is very sensitive and the IFNβ signal is most likely 
correlated with the viral distribution and tropism, and thus the signal mimics 
the journey of the virus through the body. When we looked at viral burdens in 
different organs with qPCR of WT mice, no viral RNA was detected. This was 
probably due to low levels of virus and to the detection limit of our assay. On the 
other hand, in the absence of IFNAR the virus spread uncontrollably throughout 
the body, indicating a broad tropism. Viral tropism is determined by several 
factors including distribution of cellular receptors and the expression of 
intracellular restriction factors [276, 277]. The broad range of LGTV tissue 
tropism in IFNAR-/- mice is most likely due to lack of intracellular restriction 
factors and not to differences in cellular receptors. From these results, we were 
able to conclude that the type I IFN system controls and determines the tropism 
of LGTV.  

Since LGTV and TBEV are neurotropic viruses and we detected an IFNβ 
response in the brain, we wanted to determine whether the local IFN response 
within the CNS could protect against LGTV neurovirulence. We found that the 
type I IFN response mediates a dose-dependent protection against LGTV. 
Similar observations have been made in WNV infection, were IFNAR prolongs 
survival after i.c. infection [275]. To investigate the cell types in which the IFN 
response is important for protection against LGTV two different transgenic 
mouse models were used: IFNARfl/fl CreERT+/- and IFNARfl/fl NesCre+/-. 

We found that the IFNARfl/fl CreERT+/- mice where very susceptible to LGTV 
infection and all of them died within 7 d.p.i. with high viral burdens in all 
peripheral organs, but no LGTV RNA was detected in the brain at time of 
euthanasia. The IFNARfl/fl NesCre+/- were also susceptible to LGTV infection, 
suggesting that even with an intact type I IFN response in the peripheral tissue, 
LGTV disseminates into the CNS―and without a local type I IFN response, the 
mice succumb to LGTV infection. More recently, using a more sensitive qPCR 
assay and a higher inoculation dose, we have shown that the type I IFN system 
does not prevent LGTV from reaching the olfactory bulb of the brain. However, 
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the IFN responses within the olfactory bulb appear to contain the virus and 
LGTV fails to spread into other parts of the brain in WT mice [30]. This is in line 
with previous studies using VSV and cytomegalovirus where infection of the 
olfactory bulb resulted in activation of ISGs in remote regions of the brain, 
which protected them from infection; astrocytes within the olfactory bulb were 
found to be responsible for a local type I IFN response restricting virus spread 
[248, 258]. Thus, in the case of IFNARfl/fl NesCre+/-, LGTV most likely first 
reaches the olfactory bulb and in the absence of IFNAR in the brain, LGTV 
establishes an infection and most likely spreads into other parts of the brain.  

LGTV is a biosafety level (BSL)-2 model for the more pathogenic tick-borne 
flavivirus TBEV. It could be possible that TBEV may counteract the IFN 
response in vivo, as it has been shown to block signaling downstream of IFNAR 
and also delay the induction of IFN [104, 105, 139, 141]. However, we found that 
IFNAR was very important in TBEV pathogenesis in mice, as IFNAR-/- mice 
developed disease symptoms and succumbed 5 days earlier than WT mice. 
Taken together, we found three critical roles of the type I IFN response in tick-
borne flavivirus infection: (1) determination of tropism of the virus, (2) control 
of viral replication in the periphery, thus limiting dissemination of virus into the 
CNS, (3) activation of protective antiviral responses within the CNS. 

2 Which cells and ISGs in the CNS are important to protect 
against flavivirus infection? (Paper II and III) 

2.1 The role of the type I interferon response in astrocytes during 
neurotropic flavivirus infection (Paper II) 
In paper I, we showed the importance of the local type I IFN response in 
protecting the CNS from uncontrollable infection. However, the question of 
which resident CNS cells that mount the protective type I IFN response had not 
yet been answered. Previous studies had shown that astrocytes are important 
type I IFN producers in neurotropic La Crosse and VSV infection [248, 256, 
269], and astrocyte activation has been detected in post mortem human brains 
after flavivirus infection with TBEV, WNV, and JEV [278-281]. Their activated 
state would suggest that they may have a role in infection. However, the impact 
of the type I IFN response in astrocytes on flavivirus pathogenesis was not 
known. We therefore established an in vitro cell culture system for primary 
astrocytes. Astrocytes were isolated from WT mice and IFNAR-/- mice, and 
infection rates were analyzed. We found that IFNAR signaling restricts TBEV 
replication, infection, and formation of progeny virus in astrocytes but not in 
mouse embryonic fibroblasts (MEF). This result means that the effect of the 
type I IFN response is different in different cell types. Previous studies have 
shown that only a small proportion of WT astrocytes are susceptible to TBEV 
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and WNV infection [270, 282, 283]. In our system, we found that the IFN 
response restricts the spread of the virus to neighboring cells, and that this 
mechanism is conserved between mosquito-borne flaviviruses (WNV, JEV, and 
ZIKV) and tick-borne flaviviruses.  

The different impact of IFNAR in astrocytes and MEFs could be either related to 
the ability to respond or the ability to produce type I IFN. We found that both 
astrocytes and MEFs responded very well to IFN, but, remarkably, they showed 
completely different IFN induction kinetics. The response was delayed in MEFs, 
as previously seen in A549 cells where TBEV delayed upregulation of IFNβ by 
hiding its dsRNA intermediates within replication vesicles [139]. Thus, virions 
are produced and released from cells before the IFNs. The delayed response 
could explain why IFNAR failed to restrict flavivirus infection in MEFs, as it has 
been demonstrated that flaviviruses such as TBEV, WNV, and JEV are able to 
block the IFN signaling in infected cells. Thus, the secretion of IFNs needs to be 
faster than the release of virus in order to protect the cells from infection [104, 
123, 284]. Astrocytes, on the other hand, respond to TBEV infection much faster 
than MEFs and produce a strong type I IFN response (IFNβ and IFNα2) early 
after TBEV infection. In this paper we found that a fast response, as seen in 
astrocytes, protects against flavivirus infection whereas a delayed response, as 
seen in MEFs, fails to do so. 

The cellular repertoire of PRRs differs between cell types, which could in turn 
affect the induction pattern and effect of type I IFNs, so the different induction 
kinetics in MEFs and astrocytes could be related to the expression patterns of 
PRRs [252, 267, 285]. Interestingly, astrocytes were found to express MDA-5, 
TLR3, and TLR7―all of which have been implicated as important sensors of 
flavivirus―to significantly higher levels than MEFs (Figure 9). The high 
expression of these PRRs may contribute to the rapid type I IFN response in 
astrocytes; however, other signaling components may also be involved. 
Furthermore, we found that virus-inactivated supernatants from astrocytes 
inhibited TBEV infection and replication in astrocytes, so we could confirm that 
the rapidly produced type I IFN protects neighboring astrocytes from TBEV 
infection. 
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Figure 9. Expression patterns of pattern recognition receptors involved in flavivirus 
recognition. mRNA expression of RIG-I, MDA-5, TLR3, and TLR7 at the basal state was 
determined by qPCR, expression; levels were normalized to the endogenous GAPDH expression. 

Our results showed that astrocytes can resist flavivirus infection by mediating a 
rapid type I IFN response. To further characterize the response of the resistant 
neighboring cells, we performed RNA sequencing under four different 
conditions: 

• WT control, astrocytes untreated–which served as a control 

• IFNAR-/- astrocytes untreated. These cells are highly susceptible 
to flavivirus infection; any deficiency relative to WT cells could reveal important 
pathways and genes involved in flavivirus pathogenesis. 

• WT astrocytes treated with virus-inactivated supernatant from 
infected astrocytes. These conditions resemble the situation in the neighboring 
cells, which are resistant to flavivirus infection. 

• WT astrocytes treated with IFN. These cells are highly resistant 
to flavivirus infection, and by comparing this condition with the supernatant 
treatment, we could see which IFN-independent effects the supernatant 
mediated. 

We found 1,676 transcripts that were significantly differently expressed in 
IFNAR-/-, 1,515 in supernatant-treated astrocytes, and 783 after IFN treatment 
compared to WT control. IFN signaling and antiviral pathways were induced 
after supernatant treatment and IFN treatment they were downregulated in 
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IFNAR. This was to be expected, and confirmed that IFN was the main effector 
in astrocyte supernatant after TBEV infection. We extended the bioinformatic 
analysis by predicting upstream regulators in the supernatant-treated astrocytes 
responsible for the induced transcripts. IRF7, IRF3, IFNAR, IFNϒ, IFNβ, CD40, 
and STAT1 was found to be the most likely upstream regulators and responsible 
for the induced transcripts after supernatant treatment. IRF3 and IRF7 are 
involved in the induction of IFN, which binds to IFNAR―resulting in the 
activation of STAT1, thus the prediction of upstream regulators further 
confirmed the importance of type I IFN in the astrocyte supernatant. However, 
no IFNϒ expression was detected in astrocytes, which is not surprising since 
IFNϒ is mainly expressed by T-cells and NK cells [193, 194]. The prediction of 
IFNϒ, as an upstream regulator, could be explained by virus-induced IRF1 as 
well as overlap of inducible genes between type I and type II IFN [224, 286, 
287].  

From the bioinformatic analysis, we were able to conclude that the most 
significant pathways induced in the neighboring cells during flavivirus infection 
were related to type I IFN signaling and innate immunity. Interestingly, we 
found that astrocyte express ISGs at the basal state; among these, we found two 
known restrictors of TBEV: viperin and TRIM79α [216, 234]. Basal expression 
of ISGs has been shown to be important in bronchial epithelial cells to resist 
influenza infection [288]. Furthermore, viperin and TRIM79α were rapidly 
induced in astrocytes after TBEV infection, thus the basal expression and rapid 
induction of viperin and TRIM79α may contribute to the protection of 
astrocytes from flavivirus infection. 

Based upon our result thus far, we knew that astrocytes might resist flavivirus 
infection either through the basal expression levels of ISGs or the through the 
fast IFN response via IFN signaling, or through both effects working in synergy. 
However, we found that the IFN signaling was required to prevent flavivirus 
infection of astrocytes. Others have shown that astrocyte viability is not affected 
by TBEV infection. We found that IFNAR knockout or its blockade by 
monoclonal antibodies resulted in TBEV-induced cytopathic effects in 
astrocytes. Previous studies have also shown that IFNβ protects astrocytes from 
serum starvation induced apoptosis [289, 290]. 

Neurons are the main target cells of flavivirus infection in the CNS, and both 
ISGs and the IFN response are able to limit flavivirus infection in neurons [211, 
212]. Thus, we speculated that upon neurotropic flavivirus infection, astrocytes 
sense the incoming viral pathogen and respond with a fast and robust type I IFN 
response, which in turn could protect neurons from flavivirus infection. We 
found that astrocytes secreted IFNs as early as 3 h post infection, and that this 
had a strong inhibitory effect on the infection rate of neurons. Since astrogliosis 
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is observed in vivo during flavivirus infection, it is very likely that astrocytes 
contribute to protection of resident brain cells in vivo during flavivirus 
infection. 

Taken together, the results from paper II demonstrated that astrocytes are in an 
antiviral state that allows them to respond quickly to viral infection by 
upregulating the expression of type I IFNs. These IFNs protect astrocytes from 
virus-induced cytopathic effects and neighboring astrocytes and neurons from 
flavivirus infection. 

2.2 The importance of the ISG viperin in the CNS during 
neurotropic flavivirus infection (Paper III) 
Viperin is an ISG that has been shown to inhibit several different viruses in 
vitro, but few studies have shown any antiviral effects of viperin in vivo. This 
might partly be related to redundancy among ISGs, where many ISGs together 
coordinate an antiviral response―or that different ISGs play important role in 
specific organs or tissues [219]. We have previously shown that overexpression 
of viperin prior to TBEV infection results in a 10,000-fold reduction in TBEV 
titers in vitro [234]. Thus we wanted to determine the role of endogenous 
viperin in vivo. 

In our in vivo mouse model, viperin-deficient mice were not more susceptible to 
LGTV infection. However, viperin could still play a role in restricting LGTV 
locally. We discovered that viperin inhibits early LGTV replication in the spleen, 
furthermore, viperin restricted LGTV replication within the olfactory bulb, 
which is the site of initial replication of tick-borne flaviviruses in the brain, and 
it also prevented the subsequent dissemination into the cerebrum. Viperin has 
previously been found to promote type I IFN production in pDCs [241], and 
IFNα production was indeed reduced in the sera but not in the olfactory bulb of 
viperin-/- mice. Using the i.c. inoculation route, we showed that viperin is 
important for restricting LGTV neurovirulence and that it prolongs survival 
after LGTV infection. Viperin was of particular importance in the olfactory bulb 
and cerebrum, but not in the brainstem or cerebellum. Similar observations 
were made after i.c. infection with WNV, where higher viral burdens were found 
in the cortex and in white matter of viperin-/- mice, but not in the brainstem or 
cerebellum [232]. Thus, viperin appeared to have a region-specific role in 
restricting flavivirus replication within the CNS. Different immune regulation in 
distinct regions of the brain has been shown previously [212, 291]. Antiviral 
activities of IFIT2 have been seen in neurotropic WNV and VSV infection, in 
several brain regions such as the olfactory bulb, cortex, cerebellum, and 
brainstem [210, 211]. On the other hand, Ifi271a has been shown to specifically 
inhibit WNV in the brainstem and cerebellum [292]. Thus, it might very well be 
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that viperin is of particular importance in the olfactory bulb and cerebrum, 
whereas other antiviral ISGs may be more important in other regions of the 
brain. 

One could speculate that Ifi271a and IFIT2, which were able to restrict WNV in 
the brainstem and cerebellum, could also possibly inhibit LGTV and TBEV in 
these regions. Another possibility is that TRIM79α, which has been shown to be 
a LGTV and TBEV restriction factor, may be of more importance in the 
cerebellum and brainstem [216]. Novel ISGs and other factors could also 
contribute to the tropism of tick-borne flaviviruses in the brain. Further studies 
are needed to understand the heterogeneity of the ISG response in different 
regions of the CNS. 

To further characterize the role of viperin in different cell types within the CNS 
from distinct brain regions, we isolated primary astrocytes and cortical neurons 
to determine viperin expression in these cells. Viperin was highly induced after 
infection, and could restrict infection in astrocytes and cortical neurons, 
but―remarkably―viperin failed to inhibit TBEV replication in granule cell 
neurons isolated from the cerebellum. Thus, we could confirm our in vivo 
findings that viperin has a region-specific role in protection against tick-borne 
flaviviruses. In contrast, viperin expression was delayed in MEFs and only 
showed modest inhibitory effects at the late stage of infection. In WNV 
infection, viperin failed to restrict viral replication in cortical neurons but 
ectopic expression significantly inhibited WNV [212, 232]. Similarly, we found 
that endogenous viperin failed to restrict WNV in cortical neurons but that 
viperin contributed to the antiviral IFN responses against WNV in these cells. 
The different viperin sensitivities of TBEV and WNV may be explained by the 
different antiviral mechanisms used by viperin, or by the possibility that WNV 
may counteract the induction of endogenous viperin.  

As ISGs work in concert to promote an antiviral state, we wanted to investigate 
whether redundancy in the IFN response would compensate for viperin 
deficiency in astrocytes and neurons. By pretreating neurons and astrocytes 
with IFN prior to infection with TBEV we found that other ISGs could partly 
compensate for loss of viperin in astrocytes but not in cortical neurons.  

Thus, viperin appears to be of particular importance to inhibit TBEV in cortical 
neurons, as the other IFN responses could not compensate for loss of viperin. 
The lack of antiviral responses in viperin-/- cells after IFN treatment was not due 
to defects in the IFN response, as these cells induced ISGs to the same extent as 
WT cells. Similarly, we found that endogenous viperin inhibited ZIKV infection 
in cortical neurons and that loss of viperin could not be compensated for by IFN 
treatment in these cells. Although JEV was highly sensitive to type I IFN, 
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viperin was not able to restrict JEV in cortical neurons nor to contribute to the 
IFN responses against JEV. This was to be expected as JEV have been shown to 
counteract the antiviral effects of viperin [239]. Thus, we could identify distinct 
roles of viperin in neurotropic flavivirus infection. In TBEV and ZIKV infection, 
viperin is the primary IFN-mediate response in cortical neurons, in WNV 
infection endogenous viperin fails to inhibit the virus but viperin is important in 
the IFN-mediated responses against WNV. JEV, although very sensitive to IFN, 
is not affected by viperin. 

Viperin have been shown to be capable of inhibiting several viruses in vitro, but 
only a few in vivo. For example, influenza was inhibited by viperin in vitro, but 
viperin failed to protect mice from infection in vivo [293]. This could be due to 
viperin’s tissue-specific roles, and viperin may be of particular importance in the 
brain but not respiratory tract―so it may only contribute to the protection of 
neurotropic viruses.  

Taken together, we found that viperin is an important ISG in neurotropic 
flavivirus infection. Viperin showed region-specific, cell type-specific and virus-
specific restriction patterns in flavivirus infection.  

3. What is the antiviral mechanism of viperin against 
neurotropic flaviviruses? (Paper IV) 
Viperin has been shown to be an ISG with broad antiviral activity, but in most 
cases the antiviral mechanism is unknown [294, 295]. In HIV and influenza 
infection, viperin inhibits viral release from the plasma membrane by disrupting 
lipid raft the formation [228, 230]. On the other hand, in HCV infection viperin 
prevents the formation of replication complex by impairing the interaction of 
HCV NS5A and the cellular protein vesicle-associated protein-A [229]. We had 
previously found that viperin inhibits TBEV positive-stranded RNA synthesis 
[234], suggesting that a viral protein might be targeted.  

Previous studies using DENV had shown that viperin inhibits DENV replication 
and co-localize with DENV C and NS3 [227], supporting the hypothesis that 
viperin targets viral proteins. To clarify the possible antiviral mechanism of 
viperin against TBEV, we screened all TBEV proteins for possible interaction 
with viperin. Interestingly, five viral proteins interacted and co-localized with 
viperin: PrM, E, NS2A, NS2B and NS3. We found that NS3 was degraded in the 
presence of viperin.  

Flavivirus NS3 is a multifunctional protein that interacts with most other viral 
proteins. It is involved in several steps of the virus life cycle including 
polyprotein processing, unwinding of dsRNA, assembly, and even immune 
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evasion [101, 296-298]. Interaction of viperin with NS3 could thus possibly 
affect the interaction of NS3 with the other viral proteins. Indeed, NS3 
enhanced the interactions between viperin and PrM, NS2A, and NS2B and it 
also induced degradation of them in the presence of viperin.  

Viperin has been shown to restrict many flaviviruses including WNV, DENV, 
ZIKV, and TBEV―but not JEV [227, 232, 234, 236, 239]. In order to determine 
whether viperin’s interaction with NS3 could be conserved among flaviviruses, 
we screened the NS3 proteins of TBEV, YFV, ZIKV, and JEV for interaction with 
viperin. We found that viperin interacted and co-localized with the NS3 proteins 
of all the flaviviruses tested, but it were only able to degrade the NS3 proteins of 
ZIKV, TBEV, and (although not significant) JEV. The degradation of the NS3 
proteins of TBEV and ZIKV was mediated in a proteosome-dependent manner. 
Remarkably, only TBEV and ZIKV (but not JEV or YFV) were inhibited by 
viperin, indicating that degradation of NS3 is required for viperin to mediate its 
antiviral activity against flaviviruses. The fact that JEV was not inhibited by 
viperin, although NS3 was degraded could be explained by degradation of 
viperin by JEV [239]. If degradation of NS3 is viperin’s antiviral mechanism 
against flaviviruses, then adding NS3 should rescue virus replication. 
Intriguingly, transfection with NS3-expressing plasmid completely abolished 
viperin’s antiviral activity against TBEV and ZIKV, indicating that degradation 
of NS3 is viperin’s main antiviral mechanism against these two neurotropic 
viruses. This effects are most likely mediated by a decoy mechanism, as NS3 in 
trans fails to complement flavivirus replication cycle [299]. 

Taken together, we found that the NS3 protein of TBEV and ZIKV, which is 
essential for flavivirus replication; is degraded by viperin. Subsequently this 
degradation prevents TBEV and ZIKV from completing their life cycles, thus 
virus replication and infection is inhibited.  
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Concluding remarks 

IFNs are powerful cytokines that are able to inhibit several viruses. In this work, 
we could show for the first time that the type I IFN response protects mice from 
lethal neurotropic infection with LGTV. We could also demonstrate that the IFN 
response is essential both in peripheral tissue and within the CNS, where the 
local type I IFN response can protect from LGTV neurovirulence. 
Characterization of the innate immune response in the CNS is very important, 
considering the immune privilege of this tissue.   

In this work, we also found that the IFN response prevented progeny flavivirus 
from infecting neighboring cells in primary astrocyte cultures. Fast kinetics was 
needed, as cells that exhibited a delayed response failed to prevent the spread of 
flavivirus infection. By inducing a fast IFN response, the astrocytes also become 
protected from virus-induced cytopathic effects. At the same time, this could 
protect neurons from TBEV infection, so astrocytes can act as viral sensors 
within the CNS and quickly produce type I IFN, and thereby inhibit 
neuropathogenesis. 

Viperin is an ISG that has a broad range of antiviral activity that is capable of 
inhibiting many different flaviviruses. Despite its broad antiviral activity, very 
few studies have shown that endogenous viperin has antiviral activity. In the 
course of this work, we showed that viperin inhibits LGTV replication in the 
spleen, the olfactory bulb, and the cerebrum. We show that the CNS has distinct 
immune regulation with differential immune responses in different regions of 
the brain.  

We also found that viperin restricts TBEV in cortical neurons and astrocytes, 
but not in granule cell neurons from the cerebellum. Viperin was also found to 
be needed for the IFN-mediated antiviral response in neurons and astrocytes; 
remarkably, other ISGs could not compensate for loss of viperin in cortical 
neurons. The importance of viperin in cortical neurons also applies to two other 
flaviviruses: ZIKV and WNV. Viperin’s importance in the CNS could mean that 
genetic deficiencies in the viperin gene may be a risk factor for flavivirus 
infection. 

Although viperin is known to be a broadly acting antiviral protein, its 
mechanism of action against most viruses is unknown. In this work, we were 
able to reveal for the first time viperin’s antiviral mechanism against 
neurotropic flaviviruses. Expression of viperin induces degradation of the NS3 
protein, which is essential for virus replication. Furthermore, addition of NS3 in 
infected cells completely abolished the antiviral mechanism of viperin. We 
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found that viperin is capable of inhibiting TBEV and ZIKV but not YFV or JEV. 
Intriguingly, we found that viperin is able to interact with the NS3 proteins of all 
flaviviruses, but that it specifically targets NS3 of TBEV and ZIKV for 
degradation.  

In summary, this work shed light on the role of the type I IFN response in the 
CNS during tick-borne flavivirus infection. It also revealed that viperin has a 
region-specific role during neurotropic infection with tick-borne flaviviruses, 
and it highlighted a novel antiviral mechanism mediated by viperin against 
neurotropic flaviviruses. We also identified a specific antiviral mechanism 
mediated by viperin against a subset of flaviviruses, based on degradation of 
NS3. 
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Figure 10. Graphical summary of thesis. (1) Upon LGTV infection, the type I interferon 
response protects mice against lethal encephalitis. (2) Within the brain, the local type IFN response 
and the ISG viperin, protects mice from viral spread and lethal LGTV encephalitis. (3) Upon 
flavivirus infection, astrocytes senses the incoming virus and respond with a fast type I IFN 
response. This response induces the expression of viperin and other ISGs in bystander astrocytes 
and neurons, which in turn prevents flavivirus infection. (4) Flavivirus infection of neurons results 
in high viral titers and subsequent spread and re-infection of cells in the brain. Illustration of ”Type 
I IFN”, ”IFNAR” and mouse was used from servier medical art, www.servier.com.  

Viperin

Viperin
+ ISGs

Flavivirus Astrocyte Neuron Type I IFN

1.

2.

3.

4.

IFNAR Brain

Local type I IFN
and viperin

Type I IFN



 

37 

Acknowledgement 

After nearly five years of studies it is time to defend my Ph.D. thesis. This 
journey would not have been possible without the help of others. First of all I 
would like to thank my supervisor Anna, for always supporting me and 
believing in me, and pushing me in the right direction. I also would like to thank 
my co-supervisor Nelson for his support. 

Much of the work in my thesis would not have been possible without the help of 
Jonathan. I am very grateful for all the time and efforts you have spent, 
patiently training and teaching me. Elin for being very helpful and supportive. I 
would also like to thank Andrea, for the collaboration, all her great advice and 
her hospitality. I really enjoyed the week I spent in Braunschweig. Furthermore, 
I want to thank my co-workers in Braunschweig, Martina, Loreen, Sharmila 
and Sarah you take good care of me in Braunschweig and made the research 
visit a great experience. 

I would like to thank Göran, Niklas and Magnus for leading the discussions 
at the virology seminars and giving me good inputs in my projects. I also would 
like to thank Fredrik for being a great and fair leader at virology and Ya-Fang 
for being helpful and supportive. 

I have been lucky to have had many co-workers in the research group. I would 
like to thank Elvira for teaching me all the basic techniques in the lab. Karin, 
with your experience and knowledge you know almost everything, your help and 
guidance have always been very helpful to me. I also would like to thank my 
fellow Ph.D. students Kirstin, Arun and Chaitanya for always being there for 
me and helping me throughout these years. Christos and Yi-Ping for all the 
fun times together. Emma N, Jenny, Katarina, Naoko, Thomas and Ebba 
for being good colleagues and contributing to a great atmosphere in the group. 

Goni for helping me to make figures using adobe illustrator and being a great 
friend. Naresh, Anandi, Koushik, Vincent and Naveed, for being good 
colleagues and amazing friends. The administrators, Katrine, Lena, Maja and 
Veronica for their help and support. 

Emma H for being a good friend, I really enjoyed teaching in immunology 
together with you. Stefan and Lars for great conversations about anything and 
everything. Everyone at the department of clinical microbiology for 
contributing to a pleasant working environment. 

My family and friends for their support and Marie for her love and support. 



 

38 

References 

1. Knipe DM, Howley PM: Fields virology. 6th edn. Philadelphia, 
PA: Wolters Kluwer/Lippincott Williams & Wilkins Health; 2013. 

2. McMinn PC: The molecular basis of virulence of the 
encephalitogenic flaviviruses. J Gen Virol 1997, 78 ( Pt 11):2711-2722. 

3. Shi P-Y: Molecular virology and control of flaviviruses. Norfolk, 
UK: Caister Academic Press; 2012. 

4. Solomon T: Flavivirus encephalitis. N Engl J Med 2004, 
351:370-378. 

5. Lazear HM, Diamond MS: Zika Virus: New Clinical 
Syndromes and Its Emergence in the Western Hemisphere. J Virol 
2016, 90:4864-4875. 

6. Suss J: Tick-borne encephalitis 2010: epidemiology, risk 
areas, and virus strains in Europe and Asia-an overview. Ticks Tick 
Borne Dis 2011, 2:2-15. 

7. Driggers RW, Ho CY, Korhonen EM, Kuivanen S, Jaaskelainen 
AJ, Smura T, Rosenberg A, Hill DA, DeBiasi RL, Vezina G, et al: Zika Virus 
Infection with Prolonged Maternal Viremia and Fetal Brain 
Abnormalities. N Engl J Med 2016, 374:2142-2151. 

8. Mlakar J, Korva M, Tul N, Popovic M, Poljsak-Prijatelj M, Mraz 
J, Kolenc M, Resman Rus K, Vesnaver Vipotnik T, Fabjan Vodusek V, et al: 
Zika Virus Associated with Microcephaly. N Engl J Med 2016, 374:951-
958. 

9. Gould EA, Solomon T: Pathogenic flaviviruses. Lancet 2008, 
371:500-509. 

10. Dahm T, Rudolph H, Schwerk C, Schroten H, Tenenbaum T: 
Neuroinvasion and Inflammation in Viral Central Nervous System 
Infections. Mediators Inflamm 2016, 2016:8562805. 

11. Soares CN, Brasil P, Carrera RM, Sequeira P, de Filippis AB, 
Borges VA, Theophilo F, Ellul MA, Solomon T: Fatal encephalitis 
associated with Zika virus infection in an adult. J Clin Virol 2016, 
83:63-65. 



 

39 

12. Solomon T, Dung NM, Kneen R, Gainsborough M, Vaughn DW, 
Khanh VT: Japanese encephalitis. J Neurol Neurosurg Psychiatry 2000, 
68:405-415. 

13. Reiss CS: Neurotropic viral infections. Cambridge, UK ; New 
York: Cambridge University Press; 2008. 

14. Mansfield KL, Johnson N, Phipps LP, Stephenson JR, Fooks AR, 
Solomon T: Tick-borne encephalitis virus - a review of an emerging 
zoonosis. J Gen Virol 2009, 90:1781-1794. 

15. Holzmann H, Aberle SW, Stiasny K, Werner P, Mischak A, Zainer 
B, Netzer M, Koppi S, Bechter E, Heinz FX: Tick-borne encephalitis from 
eating goat cheese in a mountain region of Austria. Emerg Infect Dis 
2009, 15:1671-1673. 

16. Suss J: Tick-borne encephalitis in Europe and beyond--
the epidemiological situation as of 2007. Euro Surveill 2008, 13. 

17. Ruzek D, Dobler G, Donoso Mantke O: Tick-borne 
encephalitis: pathogenesis and clinical implications. Travel Med Infect 
Dis 2010, 8:223-232. 

18. Gritsun TS, Frolova TV, Zhankov AI, Armesto M, Turner SL, 
Frolova MP, Pogodina VV, Lashkevich VA, Gould EA: Characterization of a 
siberian virus isolated from a patient with progressive chronic tick-
borne encephalitis. J Virol 2003, 77:25-36. 

19. Dorrbecker B, Dobler G, Spiegel M, Hufert FT: Tick-borne 
encephalitis virus and the immune response of the mammalian host. 
Travel Med Infect Dis 2010, 8:213-222. 

20. Henningsson AJ, Lindqvist R, Norberg P, Lindblom P, Roth A, 
Forsberg P, Bergstrom T, Overby AK, Lindgren PE: Human Tick-Borne 
Encephalitis and Characterization of Virus from Biting Tick. Emerg 
Infect Dis 2016, 22:1485-1487. 

21. Mickiene A, Laiskonis A, Gunther G, Vene S, Lundkvist A, 
Lindquist L: Tickborne encephalitis in an area of high endemicity in 
lithuania: disease severity and long-term prognosis. Clin Infect Dis 
2002, 35:650-658. 

22. Kaiser R: The clinical and epidemiological profile of tick-
borne encephalitis in southern Germany 1994-98: a prospective 
study of 656 patients. Brain 1999, 122 ( Pt 11):2067-2078. 



 

40 

23. Zambito Marsala S, Pistacchi M, Gioulis M, Mel R, Marchini C, 
Francavilla E: Neurological complications of tick borne encephalitis: 
the experience of 89 patients studied and literature review. Neurol Sci 
2014, 35:15-21. 

24. Haglund M, Gunther G: Tick-borne encephalitis--
pathogenesis, clinical course and long-term follow-up. Vaccine 2003, 
21 Suppl 1:S11-18. 

25. Mandl CW: Steps of the tick-borne encephalitis virus 
replication cycle that affect neuropathogenesis. Virus Res 2005, 
111:161-174. 

26. Lani R, Moghaddam E, Haghani A, Chang LY, AbuBakar S, Zandi 
K: Tick-borne viruses: a review from the perspective of therapeutic 
approaches. Ticks Tick Borne Dis 2014, 5:457-465. 

27. Smith CE: A virus resembling Russian spring-summer 
encephalitis virus from an ixodid tick in Malaya. Nature 1956, 178:581-
582. 

28. Gritsun TS, Lashkevich VA, Gould EA: Tick-borne 
encephalitis. Antiviral Res 2003, 57:129-146. 

29. Weber E, Finsterbusch K, Lindquist R, Nair S, Lienenklaus S, 
Gekara NO, Janik D, Weiss S, Kalinke U, Overby AK, Kroger A: Type I 
interferon protects mice from fatal neurotropic infection with 
Langat virus by systemic and local antiviral responses. J Virol 2014, 
88:12202-12212. 

30. Kurhade C, Zegenhagen L, Weber E, Nair S, Michaelsen-Preusse 
K, Spanier J, Gekara NO, Kroger A, Overby AK: Type I Interferon response 
in olfactory bulb, the site of tick-borne flavivirus accumulation, is 
primarily regulated by IPS-1. J Neuroinflammation 2016, 13:22. 

31. Maffioli C, Grandgirard D, Engler O, Leib SL: A tick-borne 
encephalitis model in infant rats infected with langat virus. J 
Neuropathol Exp Neurol 2014, 73:1107-1115. 

32. Chambers TJ, Hahn CS, Galler R, Rice CM: Flavivirus genome 
organization, expression, and replication. Annu Rev Microbiol 1990, 
44:649-688. 

33. Dick GW, Kitchen SF, Haddow AJ: Zika virus. I. Isolations 
and serological specificity. Trans R Soc Trop Med Hyg 1952, 46:509-520. 



 

41 

34. Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, 
Lanciotti RS, Pretrick M, Marfel M, Holzbauer S, Dubray C, et al: Zika virus 
outbreak on Yap Island, Federated States of Micronesia. N Engl J Med 
2009, 360:2536-2543. 

35. Roth A, Mercier A, Lepers C, Hoy D, Duituturaga S, Benyon E, 
Guillaumot L, Souares Y: Concurrent outbreaks of dengue, chikungunya 
and Zika virus infections - an unprecedented epidemic wave of 
mosquito-borne viruses in the Pacific 2012-2014. Euro Surveill 2014, 
19. 

36. Tognarelli J, Ulloa S, Villagra E, Lagos J, Aguayo C, Fasce R, 
Parra B, Mora J, Becerra N, Lagos N, et al: A report on the outbreak of 
Zika virus on Easter Island, South Pacific, 2014. Arch Virol 2016, 
161:665-668. 

37. Fauci AS, Morens DM: Zika Virus in the Americas--Yet 
Another Arbovirus Threat. N Engl J Med 2016, 374:601-604. 

38. Diallo D, Sall AA, Diagne CT, Faye O, Faye O, Ba Y, Hanley KA, 
Buenemann M, Weaver SC, Diallo M: Zika virus emergence in mosquitoes 
in southeastern Senegal, 2011. PLoS One 2014, 9:e109442. 

39. Boorman JP, Porterfield JS: A simple technique for 
infection of mosquitoes with viruses; transmission of Zika virus. 
Trans R Soc Trop Med Hyg 1956, 50:238-242. 

40. Lazear HM, Govero J, Smith AM, Platt DJ, Fernandez E, Miner 
JJ, Diamond MS: A Mouse Model of Zika Virus Pathogenesis. Cell Host 
Microbe 2016, 19:720-730. 

41. Rowland A, Washington CI, Sheffield JS, Pardo-Villamizar CA, 
Segars JH: Zika virus infection in semen: a call to action and research. 
J Assist Reprod Genet 2016, 33:435-437. 

42. Petersen EE, Staples JE, Meaney-Delman D, Fischer M, Ellington 
SR, Callaghan WM, Jamieson DJ: Interim Guidelines for Pregnant 
Women During a Zika Virus Outbreak--United States, 2016. MMWR 
Morb Mortal Wkly Rep 2016, 65:30-33. 

43. Brooks JT, Friedman A, Kachur RE, LaFlam M, Peters PJ, 
Jamieson DJ: Update: Interim Guidance for Prevention of Sexual 
Transmission of Zika Virus - United States, July 2016. MMWR Morb 
Mortal Wkly Rep 2016, 65:745-747. 



 

42 

44. D'Ortenzio E, Matheron S, Yazdanpanah Y, de Lamballerie X, 
Hubert B, Piorkowski G, Maquart M, Descamps D, Damond F, Leparc-Goffart I: 
Evidence of Sexual Transmission of Zika Virus. N Engl J Med 2016, 
374:2195-2198. 

45. Ioos S, Mallet HP, Leparc Goffart I, Gauthier V, Cardoso T, 
Herida M: Current Zika virus epidemiology and recent epidemics. Med 
Mal Infect 2014, 44:302-307. 

46. Simpson DI: Zika Virus Infection in Man. Trans R Soc Trop 
Med Hyg 1964, 58:335-338. 

47. Calvet G, Aguiar RS, Melo AS, Sampaio SA, de Filippis I, Fabri A, 
Araujo ES, de Sequeira PC, de Mendonca MC, de Oliveira L, et al: Detection 
and sequencing of Zika virus from amniotic fluid of fetuses with 
microcephaly in Brazil: a case study. Lancet Infect Dis 2016, 16:653-660. 

48. Honein MA, Dawson AL, Petersen EE, Jones AM, Lee EH, Yazdy 
MM, Ahmad N, Macdonald J, Evert N, Bingham A, et al: Birth Defects 
Among Fetuses and Infants of US Women With Evidence of Possible 
Zika Virus Infection During Pregnancy. JAMA 2017, 317:59-68. 

49. Brasil P, Pereira JP, Jr., Moreira ME, Ribeiro Nogueira RM, 
Damasceno L, Wakimoto M, Rabello RS, Valderramos SG, Halai UA, Salles TS, 
et al: Zika Virus Infection in Pregnant Women in Rio de Janeiro. N 
Engl J Med 2016, 375:2321-2334. 

50. Dos Santos T, Rodriguez A, Almiron M, Sanhueza A, Ramon P, de 
Oliveira WK, Coelho GE, Badaro R, Cortez J, Ospina M, et al: Zika Virus and 
the Guillain-Barre Syndrome - Case Series from Seven Countries. N 
Engl J Med 2016, 375:1598-1601. 

51. Parra B, Lizarazo J, Jimenez-Arango JA, Zea-Vera AF, Gonzalez-
Manrique G, Vargas J, Angarita JA, Zuniga G, Lopez-Gonzalez R, Beltran CL, et 
al: Guillain-Barre Syndrome Associated with Zika Virus Infection in 
Colombia. N Engl J Med 2016, 375:1513-1523. 

52. Halstead SB, Jacobson J: Japanese encephalitis. Adv Virus 
Res 2003, 61:103-138. 

53. Erlanger TE, Weiss S, Keiser J, Utzinger J, Wiedenmayer K: 
Past, present, and future of Japanese encephalitis. Emerg Infect Dis 
2009, 15:1-7. 



 

43 

54. Solomon T, Winter PM: Neurovirulence and host factors in 
flavivirus encephalitis--evidence from clinical epidemiology. Arch 
Virol Suppl 2004:161-170. 

55. Marfin AA, Eidex RS, Kozarsky PE, Cetron MS: Yellow fever 
and Japanese encephalitis vaccines: indications and complications. 
Infect Dis Clin North Am 2005, 19:151-168, ix. 

56. Marfin AA, Gubler DJ: Japanese encephalitis: the need for 
a more effective vaccine. Lancet 2005, 366:1335-1337. 

57. Lanciotti RS, Roehrig JT, Deubel V, Smith J, Parker M, Steele K, 
Crise B, Volpe KE, Crabtree MB, Scherret JH, et al: Origin of the West Nile 
virus responsible for an outbreak of encephalitis in the northeastern 
United States. Science 1999, 286:2333-2337. 

58. Papa A, Danis K, Baka A, Bakas A, Dougas G, Lytras T, 
Theocharopoulos G, Chrysagis D, Vassiliadou E, Kamaria F, et al: Ongoing 
outbreak of West Nile virus infections in humans in Greece, July-
August 2010. Euro Surveill 2010, 15. 

59. Bakonyi T, Ivanics E, Erdelyi K, Ursu K, Ferenczi E, Weissenbock 
H, Nowotny N: Lineage 1 and 2 strains of encephalitic West Nile virus, 
central Europe. Emerg Infect Dis 2006, 12:618-623. 

60. Hayes EB, Komar N, Nasci RS, Montgomery SP, O'Leary DR, 
Campbell GL: Epidemiology and transmission dynamics of West Nile 
virus disease. Emerg Infect Dis 2005, 11:1167-1173. 

61. Campbell GL, Marfin AA, Lanciotti RS, Gubler DJ: West Nile 
virus. Lancet Infect Dis 2002, 2:519-529. 

62. Petersen LR, Marfin AA: West Nile virus: a primer for the 
clinician. Ann Intern Med 2002, 137:173-179. 

63. Sejvar JJ, Marfin AA: Manifestations of West Nile 
neuroinvasive disease. Rev Med Virol 2006, 16:209-224. 

64. Yao Y, Montgomery RR: Role of Immune Aging in 
Susceptibility to West Nile Virus. Methods Mol Biol 2016, 1435:235-247. 

65. Richner JM, Gmyrek GB, Govero J, Tu Y, van der Windt GJ, 
Metcalf TU, Haddad EK, Textor J, Miller MJ, Diamond MS: Age-Dependent 
Cell Trafficking Defects in Draining Lymph Nodes Impair Adaptive 



 

44 

Immunity and Control of West Nile Virus Infection. PLoS Pathog 2015, 
11:e1005027. 

66. Hayes EB, Sejvar JJ, Zaki SR, Lanciotti RS, Bode AV, Campbell 
GL: Virology, pathology, and clinical manifestations of West Nile 
virus disease. Emerg Infect Dis 2005, 11:1174-1179. 

67. Petersen LR, Marfin AA, Gubler DJ: West Nile virus. JAMA 
2003, 290:524-528. 

68. Johnston LJ, Halliday GM, King NJ: Langerhans cells 
migrate to local lymph nodes following cutaneous infection with an 
arbovirus. J Invest Dermatol 2000, 114:560-568. 

69. Schlesinger S, Schlesinger MJ: The Togaviridae and 
Flaviviridae. New York: Plenum Press; 1986. 

70. Roehrig JT: Antigenic structure of flavivirus proteins. Adv 
Virus Res 2003, 59:141-175. 

71. Seligman SJ, Bucher DJ: The importance of being outer: 
consequences of the distinction between the outer and inner 
surfaces of flavivirus glycoprotein E. Trends Microbiol 2003, 11:108-110. 

72. Gritsun TS, Holmes EC, Gould EA: Analysis of flavivirus 
envelope proteins reveals variable domains that reflect their 
antigenicity and may determine their pathogenesis. Virus Res 1995, 
35:307-321. 

73. Yoshii K, Sunden Y, Yokozawa K, Igarashi M, Kariwa H, 
Holbrook MR, Takashima I: A critical determinant of neurological 
disease associated with highly pathogenic tick-borne flavivirus in 
mice. J Virol 2014, 88:5406-5420. 

74. Beasley DW, Li L, Suderman MT, Barrett AD: Mouse 
neuroinvasive phenotype of West Nile virus strains varies depending 
upon virus genotype. Virology 2002, 296:17-23. 

75. Ruzek D, Gritsun TS, Forrester NL, Gould EA, Kopecky J, 
Golovchenko M, Rudenko N, Grubhoffer L: Mutations in the NS2B and 
NS3 genes affect mouse neuroinvasiveness of a Western European 
field strain of tick-borne encephalitis virus. Virology 2008, 374:249-
255. 



 

45 

76. Libraty DH, Nisalak A, Endy TP, Suntayakorn S, Vaughn DW, 
Innis BL: Clinical and immunological risk factors for severe disease in 
Japanese encephalitis. Trans R Soc Trop Med Hyg 2002, 96:173-178. 

77. Nash D, Mostashari F, Fine A, Miller J, O'Leary D, Murray K, 
Huang A, Rosenberg A, Greenberg A, Sherman M, et al: The outbreak of 
West Nile virus infection in the New York City area in 1999. N Engl J 
Med 2001, 344:1807-1814. 

78. Chen WR, Tesh RB, Rico-Hesse R: Genetic variation of 
Japanese encephalitis virus in nature. J Gen Virol 1990, 71 ( Pt 
12):2915-2922. 

79. Palus M, Vancova M, Sirmarova J, Elsterova J, Perner J, Ruzek 
D: Tick-borne encephalitis virus infects human brain microvascular 
endothelial cells without compromising blood-brain barrier 
integrity. Virology 2017, 507:110-122. 

80. Ruzek D, Salat J, Singh SK, Kopecky J: Breakdown of the 
blood-brain barrier during tick-borne encephalitis in mice is not 
dependent on CD8+ T-cells. PLoS One 2011, 6:e20472. 

81. Miller KD, Schnell MJ, Rall GF: Keeping it in check: chronic 
viral infection and antiviral immunity in the brain. Nat Rev Neurosci 
2016, 17:766-776. 

82. Kuno G, Chang GJ: Biological transmission of 
arboviruses: reexamination of and new insights into components, 
mechanisms, and unique traits as well as their evolutionary trends. 
Clin Microbiol Rev 2005, 18:608-637. 

83. Solomon T: Recent advances in Japanese encephalitis. J 
Neurovirol 2003, 9:274-283. 

84. Sips GJ, Wilschut J, Smit JM: Neuroinvasive flavivirus 
infections. Rev Med Virol 2012, 22:69-87. 

85. Turtle L, Griffiths MJ, Solomon T: Encephalitis caused by 
flaviviruses. QJM 2012, 105:219-223. 

86. Cho H, Diamond MS: Immune responses to West Nile 
virus infection in the central nervous system. Viruses 2012, 4:3812-
3830. 



 

46 

87. Kramer LD, Li J, Shi PY: West Nile virus. Lancet Neurol 2007, 
6:171-181. 

88. Solomon T, Vaughn DW: Pathogenesis and clinical features 
of Japanese encephalitis and West Nile virus infections. Curr Top 
Microbiol Immunol 2002, 267:171-194. 

89. Solomon T, Dung NM, Kneen R, Thao le TT, Gainsborough M, 
Nisalak A, Day NP, Kirkham FJ, Vaughn DW, Smith S, White NJ: Seizures 
and raised intracranial pressure in Vietnamese patients with 
Japanese encephalitis. Brain 2002, 125:1084-1093. 

90. Sejvar JJ, Leis AA, Stokic DS, Van Gerpen JA, Marfin AA, Webb 
R, Haddad MB, Tierney BC, Slavinski SA, Polk JL, et al: Acute flaccid 
paralysis and West Nile virus infection. Emerg Infect Dis 2003, 9:788-
793. 

91. Douglas MW, Stephens DP, Burrow JN, Anstey NM, Talbot K, 
Currie BJ: Murray Valley encephalitis in an adult traveller 
complicated by long-term flaccid paralysis: case report and review of 
the literature. Trans R Soc Trop Med Hyg 2007, 101:284-288. 

92. Murgod UA, Muthane UB, Ravi V, Radhesh S, Desai A: 
Persistent movement disorders following Japanese encephalitis. 
Neurology 2001, 57:2313-2315. 

93. Lindquist L, Vapalahti O: Tick-borne encephalitis. Lancet 
2008, 371:1861-1871. 

94. Solomon T: Control of Japanese encephalitis--within our 
grasp? N Engl J Med 2006, 355:869-871. 

95. Makhoul B, Braun E, Herskovitz M, Ramadan R, Hadad S, 
Norberto K: Hyperimmune gammaglobulin for the treatment of West 
Nile virus encephalitis. Isr Med Assoc J 2009, 11:151-153. 

96. Rhee C, Eaton EF, Concepcion W, Blackburn BG: West Nile 
virus encephalitis acquired via liver transplantation and clinical 
response to intravenous immunoglobulin: case report and review of 
the literature. Transpl Infect Dis 2011, 13:312-317. 

97. Caramello P, Canta F, Balbiano R, Lipani F, Ariaudo S, De 
Agostini M, Calleri G, Boglione L, Di Caro A: Role of intravenous 
immunoglobulin administration in Japanese encephalitis. Clin Infect 
Dis 2006, 43:1620-1621. 



 

47 

98. Ruzek D, Dobler G, Niller HH: May early intervention with 
high dose intravenous immunoglobulin pose a potentially successful 
treatment for severe cases of tick-borne encephalitis? BMC Infect Dis 
2013, 13:306. 

99. Elsterova J, Palus M, Sirmarova J, Kopecky J, Niller HH, Ruzek 
D: Tick-borne encephalitis virus neutralization by high dose 
intravenous immunoglobulin. Ticks Tick Borne Dis 2017, 8:253-258. 

100. Lehrer AT, Holbrook MR: Tick-borne Encephalitis 
Vaccines. J Bioterror Biodef 2011, 2011:3. 

101. Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, 
Lenches E, Jones CT, Mukhopadhyay S, Chipman PR, Strauss EG, et al: 
Structure of dengue virus: implications for flavivirus organization, 
maturation, and fusion. Cell 2002, 108:717-725. 

102. Rice CM, Lenches EM, Eddy SR, Shin SJ, Sheets RL, Strauss JH: 
Nucleotide sequence of yellow fever virus: implications for flavivirus 
gene expression and evolution. Science 1985, 229:726-733. 

103. Diamond MS: Mechanisms of evasion of the type I 
interferon antiviral response by flaviviruses. J Interferon Cytokine Res 
2009, 29:521-530. 

104. Werme K, Wigerius M, Johansson M: Tick-borne 
encephalitis virus NS5 associates with membrane protein scribble 
and impairs interferon-stimulated JAK-STAT signalling. Cell Microbiol 
2008, 10:696-712. 

105. Best SM, Morris KL, Shannon JG, Robertson SJ, Mitzel DN, Park 
GS, Boer E, Wolfinbarger JB, Bloom ME: Inhibition of interferon-
stimulated JAK-STAT signaling by a tick-borne flavivirus and 
identification of NS5 as an interferon antagonist. J Virol 2005, 
79:12828-12839. 

106. Mandl CW, Heinz FX, Stockl E, Kunz C: Genome sequence of 
tick-borne encephalitis virus (Western subtype) and comparative 
analysis of nonstructural proteins with other flaviviruses. Virology 
1989, 173:291-301. 

107. Winkler G, Randolph VB, Cleaves GR, Ryan TE, Stollar V: 
Evidence that the mature form of the flavivirus nonstructural 
protein NS1 is a dimer. Virology 1988, 162:187-196. 



 

48 

108. Somnuke P, Hauhart RE, Atkinson JP, Diamond MS, Avirutnan 
P: N-linked glycosylation of dengue virus NS1 protein modulates 
secretion, cell-surface expression, hexamer stability, and 
interactions with human complement. Virology 2011, 413:253-264. 

109. Macdonald J, Tonry J, Hall RA, Williams B, Palacios G, Ashok 
MS, Jabado O, Clark D, Tesh RB, Briese T, Lipkin WI: NS1 protein secretion 
during the acute phase of West Nile virus infection. J Virol 2005, 
79:13924-13933. 

110. Mackenzie JM, Khromykh AA, Jones MK, Westaway EG: 
Subcellular localization and some biochemical properties of the 
flavivirus Kunjin nonstructural proteins NS2A and NS4A. Virology 
1998, 245:203-215. 

111. Munoz-Jordan JL, Sanchez-Burgos GG, Laurent-Rolle M, Garcia-
Sastre A: Inhibition of interferon signaling by dengue virus. Proc Natl 
Acad Sci U S A 2003, 100:14333-14338. 

112. Liu WJ, Wang XJ, Clark DC, Lobigs M, Hall RA, Khromykh AA: 
A single amino acid substitution in the West Nile virus nonstructural 
protein NS2A disables its ability to inhibit alpha/beta interferon 
induction and attenuates virus virulence in mice. J Virol 2006, 
80:2396-2404. 

113. Bazan JF, Fletterick RJ: Detection of a trypsin-like serine 
protease domain in flaviviruses and pestiviruses. Virology 1989, 
171:637-639. 

114. Wengler G, Wengler G: The carboxy-terminal part of the 
NS 3 protein of the West Nile flavivirus can be isolated as a soluble 
protein after proteolytic cleavage and represents an RNA-stimulated 
NTPase. Virology 1991, 184:707-715. 

115. Yon C, Teramoto T, Mueller N, Phelan J, Ganesh VK, Murthy KH, 
Padmanabhan R: Modulation of the nucleoside triphosphatase/RNA 
helicase and 5'-RNA triphosphatase activities of Dengue virus type 2 
nonstructural protein 3 (NS3) by interaction with NS5, the RNA-
dependent RNA polymerase. J Biol Chem 2005, 280:27412-27419. 

116. Westaway EG, Mackenzie JM, Khromykh AA: Kunjin RNA 
replication and applications of Kunjin replicons. Adv Virus Res 2003, 
59:99-140. 

117. Roosendaal J, Westaway EG, Khromykh A, Mackenzie JM: 
Regulated cleavages at the West Nile virus NS4A-2K-NS4B junctions 



 

49 

play a major role in rearranging cytoplasmic membranes and Golgi 
trafficking of the NS4A protein. J Virol 2006, 80:4623-4632. 

118. Westaway EG, Khromykh AA, Kenney MT, Mackenzie JM, Jones 
MK: Proteins C and NS4B of the flavivirus Kunjin translocate 
independently into the nucleus. Virology 1997, 234:31-41. 

119. Kamer G, Argos P: Primary structural comparison of RNA-
dependent polymerases from plant, animal and bacterial viruses. 
Nucleic Acids Res 1984, 12:7269-7282. 

120. Wengler G, Wengler G, Nowak T, Castle E: Description of a 
procedure which allows isolation of viral nonstructural proteins 
from BHK vertebrate cells infected with the West Nile flavivirus in a 
state which allows their direct chemical characterization. Virology 
1990, 177:795-801. 

121. Khromykh AA, Kenney MT, Westaway EG: trans-
Complementation of flavivirus RNA polymerase gene NS5 by using 
Kunjin virus replicon-expressing BHK cells. J Virol 1998, 72:7270-7279. 

122. Grant A, Ponia SS, Tripathi S, Balasubramaniam V, Miorin L, 
Sourisseau M, Schwarz MC, Sanchez-Seco MP, Evans MJ, Best SM, Garcia-
Sastre A: Zika Virus Targets Human STAT2 to Inhibit Type I 
Interferon Signaling. Cell Host Microbe 2016, 19:882-890. 

123. Laurent-Rolle M, Boer EF, Lubick KJ, Wolfinbarger JB, Carmody 
AB, Rockx B, Liu W, Ashour J, Shupert WL, Holbrook MR, et al: The NS5 
protein of the virulent West Nile virus NY99 strain is a potent 
antagonist of type I interferon-mediated JAK-STAT signaling. J Virol 
2010, 84:3503-3515. 

124. Lubick KJ, Robertson SJ, McNally KL, Freedman BA, Rasmussen 
AL, Taylor RT, Walts AD, Tsuruda S, Sakai M, Ishizuka M, et al: Flavivirus 
Antagonism of Type I Interferon Signaling Reveals Prolidase as a 
Regulator of IFNAR1 Surface Expression. Cell Host Microbe 2015, 18:61-
74. 

125. Shi PY, Brinton MA, Veal JM, Zhong YY, Wilson WD: Evidence 
for the existence of a pseudoknot structure at the 3' terminus of the 
flavivirus genomic RNA. Biochemistry 1996, 35:4222-4230. 

126. Hahn CS, Hahn YS, Rice CM, Lee E, Dalgarno L, Strauss EG, 
Strauss JH: Conserved elements in the 3' untranslated region of 
flavivirus RNAs and potential cyclization sequences. J Mol Biol 1987, 
198:33-41. 



 

50 

127. Chiu WW, Kinney RM, Dreher TW: Control of translation by 
the 5'- and 3'-terminal regions of the dengue virus genome. J Virol 
2005, 79:8303-8315. 

128. Khromykh AA, Meka H, Guyatt KJ, Westaway EG: Essential 
role of cyclization sequences in flavivirus RNA replication. J Virol 
2001, 75:6719-6728. 

129. Chu JJ, Ng ML: Infectious entry of West Nile virus occurs 
through a clathrin-mediated endocytic pathway. J Virol 2004, 
78:10543-10555. 

130. Gollins SW, Porterfield JS: Flavivirus infection 
enhancement in macrophages: an electron microscopic study of viral 
cellular entry. J Gen Virol 1985, 66 ( Pt 9):1969-1982. 

131. Nawa M: Effects of bafilomycin A1 on Japanese 
encephalitis virus in C6/36 mosquito cells. Arch Virol 1998, 143:1555-
1568. 

132. Allison SL, Schalich J, Stiasny K, Mandl CW, Heinz FX: 
Mutational evidence for an internal fusion peptide in flavivirus 
envelope protein E. J Virol 2001, 75:4268-4275. 

133. Mukhopadhyay S, Kuhn RJ, Rossmann MG: A structural 
perspective of the flavivirus life cycle. Nat Rev Microbiol 2005, 3:13-22. 

134. Brawner IA, Trousdale MD, Trent DW: Cellular localization 
of Saint Louis encephalitis virus replication. Acta Virol 1979, 23:284-
294. 

135. Miorin L, Maiuri P, Hoenninger VM, Mandl CW, Marcello A: 
Spatial and temporal organization of tick-borne encephalitis 
flavivirus replicated RNA in living cells. Virology 2008, 379:64-77. 

136. den Boon JA, Diaz A, Ahlquist P: Cytoplasmic viral 
replication complexes. Cell Host Microbe 2010, 8:77-85. 

137. Castle E, Nowak T, Leidner U, Wengler G, Wengler G: Sequence 
analysis of the viral core protein and the membrane-associated 
proteins V1 and NV2 of the flavivirus West Nile virus and of the 
genome sequence for these proteins. Virology 1985, 145:227-236. 

138. Mackenzie J: Wrapping things up about virus RNA 
replication. Traffic 2005, 6:967-977. 



 

51 

139. Overby AK, Popov VL, Niedrig M, Weber F: Tick-borne 
encephalitis virus delays interferon induction and hides its double-
stranded RNA in intracellular membrane vesicles. J Virol 2010, 
84:8470-8483. 

140. Mackenzie JM, Jones MK, Westaway EG: Markers for trans-
Golgi membranes and the intermediate compartment localize to 
induced membranes with distinct replication functions in flavivirus-
infected cells. J Virol 1999, 73:9555-9567. 

141. Overby AK, Weber F: Hiding from intracellular pattern 
recognition receptors, a passive strategy of flavivirus immune 
evasion. Virulence 2011, 2:238-240. 

142. Brinton MA: The molecular biology of West Nile Virus: a 
new invader of the western hemisphere. Annu Rev Microbiol 2002, 
56:371-402. 

143. Chu PW, Westaway EG: Replication strategy of Kunjin 
virus: evidence for recycling role of replicative form RNA as 
template in semiconservative and asymmetric replication. Virology 
1985, 140:68-79. 

144. Mussgay M, Enzmann PJ, Horzinek MC, Weiland E: Growth 
cycle of arboviruses in vertebrate and arthropod cells. Prog Med Virol 
1975, 19:257-323. 

145. Cleaves GR, Ryan TE, Schlesinger RW: Identification and 
characterization of type 2 dengue virus replicative intermediate and 
replicative form RNAs. Virology 1981, 111:73-83. 

146. Westaway EG, Khromykh AA, Mackenzie JM: Nascent 
flavivirus RNA colocalized in situ with double-stranded RNA in 
stable replication complexes. Virology 1999, 258:108-117. 

147. Muller DA, Young PR: The flavivirus NS1 protein: 
molecular and structural biology, immunology, role in pathogenesis 
and application as a diagnostic biomarker. Antiviral Res 2013, 98:192-
208. 

148. Welsch S, Miller S, Romero-Brey I, Merz A, Bleck CK, Walther P, 
Fuller SD, Antony C, Krijnse-Locker J, Bartenschlager R: Composition and 
three-dimensional architecture of the dengue virus replication and 
assembly sites. Cell Host Microbe 2009, 5:365-375. 



 

52 

149. Mackenzie JM, Westaway EG: Assembly and maturation of 
the flavivirus Kunjin virus appear to occur in the rough endoplasmic 
reticulum and along the secretory pathway, respectively. J Virol 2001, 
75:10787-10799. 

150. Stadler K, Allison SL, Schalich J, Heinz FX: Proteolytic 
activation of tick-borne encephalitis virus by furin. J Virol 1997, 
71:8475-8481. 

151. Guirakhoo F, Bolin RA, Roehrig JT: The Murray Valley 
encephalitis virus prM protein confers acid resistance to virus 
particles and alters the expression of epitopes within the R2 domain 
of E glycoprotein. Virology 1992, 191:921-931. 

152. Li L, Lok SM, Yu IM, Zhang Y, Kuhn RJ, Chen J, Rossmann MG: 
The flavivirus precursor membrane-envelope protein complex: 
structure and maturation. Science 2008, 319:1830-1834. 

153. Yu IM, Zhang W, Holdaway HA, Li L, Kostyuchenko VA, 
Chipman PR, Kuhn RJ, Rossmann MG, Chen J: Structure of the immature 
dengue virus at low pH primes proteolytic maturation. Science 2008, 
319:1834-1837. 

154. Nagano Y, Kojima Y: [Interference of the inactive vaccinia 
virus with infection of skin by the active homologous virus]. C R 
Seances Soc Biol Fil 1958, 152:372-374. 

155. Ozato K, Uno K, Iwakura Y: Another road to interferon: 
Yasuichi Nagano's journey. J Interferon Cytokine Res 2007, 27:349-352. 

156. Isaacs A, Lindenmann J: Virus interference. I. The 
interferon. Proc R Soc Lond B Biol Sci 1957, 147:258-267. 

157. Owens T, Khorooshi R, Wlodarczyk A, Asgari N: Interferons in 
the central nervous system: a few instruments play many tunes. Glia 
2014, 62:339-355. 

158. Gonzalez-Navajas JM, Lee J, David M, Raz E: 
Immunomodulatory functions of type I interferons. Nat Rev Immunol 
2012, 12:125-135. 

159. Platanias LC: Mechanisms of type-I- and type-II-
interferon-mediated signalling. Nat Rev Immunol 2005, 5:375-386. 



 

53 

160. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD: 
How cells respond to interferons. Annu Rev Biochem 1998, 67:227-264. 

161. Ank N, Iversen MB, Bartholdy C, Staeheli P, Hartmann R, Jensen 
UB, Dagnaes-Hansen F, Thomsen AR, Chen Z, Haugen H, et al: An important 
role for type III interferon (IFN-lambda/IL-28) in TLR-induced 
antiviral activity. J Immunol 2008, 180:2474-2485. 

162. Sommereyns C, Paul S, Staeheli P, Michiels T: IFN-lambda 
(IFN-lambda) is expressed in a tissue-dependent fashion and 
primarily acts on epithelial cells in vivo. PLoS Pathog 2008, 4:e1000017. 

163. Zhou L, Wang X, Wang YJ, Zhou Y, Hu S, Ye L, Hou W, Li H, Ho 
WZ: Activation of toll-like receptor-3 induces interferon-lambda 
expression in human neuronal cells. Neuroscience 2009, 159:629-637. 

164. Schoggins JW: Interferon-stimulated genes: roles in viral 
pathogenesis. Curr Opin Virol 2014, 6:40-46. 

165. Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel 
RM, Aguet M: Functional role of type I and type II interferons in 
antiviral defense. Science 1994, 264:1918-1921. 

166. Casrouge A, Zhang SY, Eidenschenk C, Jouanguy E, Puel A, Yang 
K, Alcais A, Picard C, Mahfoufi N, Nicolas N, et al: Herpes simplex virus 
encephalitis in human UNC-93B deficiency. Science 2006, 314:308-312. 

167. Perez de Diego R, Sancho-Shimizu V, Lorenzo L, Puel A, 
Plancoulaine S, Picard C, Herman M, Cardon A, Durandy A, Bustamante J, et al: 
Human TRAF3 adaptor molecule deficiency leads to impaired Toll-
like receptor 3 response and susceptibility to herpes simplex 
encephalitis. Immunity 2010, 33:400-411. 

168. Lazear HM, Pinto AK, Vogt MR, Gale M, Jr., Diamond MS: Beta 
interferon controls West Nile virus infection and pathogenesis in 
mice. J Virol 2011, 85:7186-7194. 

169. Aoki K, Shimada S, Simantini DS, Tun MM, Buerano CC, Morita 
K, Hayasaka D: Type-I interferon response affects an inoculation dose-
independent mortality in mice following Japanese encephalitis virus 
infection. Virol J 2014, 11:105. 

170. Takeuchi O, Akira S: Recognition of viruses by innate 
immunity. Immunol Rev 2007, 220:214-224. 



 

54 

171. Takeuchi O, Akira S: Pattern recognition receptors and 
inflammation. Cell 2010, 140:805-820. 

172. Tanaka Y, Chen ZJ: STING specifies IRF3 phosphorylation 
by TBK1 in the cytosolic DNA signaling pathway. Sci Signal 2012, 
5:ra20. 

173. Takeuchi O, Akira S: Innate immunity to virus infection. 
Immunol Rev 2009, 227:75-86. 

174. Akira S, Uematsu S, Takeuchi O: Pathogen recognition and 
innate immunity. Cell 2006, 124:783-801. 

175. Bruni D, Chazal M, Sinigaglia L, Chauveau L, Schwartz O, 
Despres P, Jouvenet N: Viral entry route determines how human 
plasmacytoid dendritic cells produce type I interferons. Sci Signal 
2015, 8:ra25. 

176. Town T, Bai F, Wang T, Kaplan AT, Qian F, Montgomery RR, 
Anderson JF, Flavell RA, Fikrig E: Toll-like receptor 7 mitigates lethal 
West Nile encephalitis via interleukin 23-dependent immune cell 
infiltration and homing. Immunity 2009, 30:242-253. 

177. Wang JP, Liu P, Latz E, Golenbock DT, Finberg RW, Libraty DH: 
Flavivirus activation of plasmacytoid dendritic cells delineates key 
elements of TLR7 signaling beyond endosomal recognition. J 
Immunol 2006, 177:7114-7121. 

178. Baker DG, Woods TA, Butchi NB, Morgan TM, Taylor RT, 
Sunyakumthorn P, Mukherjee P, Lubick KJ, Best SM, Peterson KE: Toll-like 
receptor 7 suppresses virus replication in neurons but does not 
affect viral pathogenesis in a mouse model of Langat virus infection. 
J Gen Virol 2013, 94:336-347. 

179. Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, Flavell 
RA: Toll-like receptor 3 mediates West Nile virus entry into the brain 
causing lethal encephalitis. Nat Med 2004, 10:1366-1373. 

180. Daffis S, Samuel MA, Suthar MS, Gale M, Jr., Diamond MS: 
Toll-like receptor 3 has a protective role against West Nile virus 
infection. J Virol 2008, 82:10349-10358. 

181. Kindberg E, Vene S, Mickiene A, Lundkvist A, Lindquist L, 
Svensson L: A functional Toll-like receptor 3 gene (TLR3) may be a 



 

55 

risk factor for tick-borne encephalitis virus (TBEV) infection. J Infect 
Dis 2011, 203:523-528. 

182. Loo YM, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinez-
Sobrido L, Akira S, Gill MA, Garcia-Sastre A, Katze MG, Gale M, Jr.: Distinct 
RIG-I and MDA5 signaling by RNA viruses in innate immunity. J Virol 
2008, 82:335-345. 

183. Saito T, Owen DM, Jiang F, Marcotrigiano J, Gale M, Jr.: Innate 
immunity induced by composition-dependent RIG-I recognition of 
hepatitis C virus RNA. Nature 2008, 454:523-527. 

184. Daffis S, Suthar MS, Szretter KJ, Gale M, Jr., Diamond MS: 
Induction of IFN-beta and the innate antiviral response in myeloid 
cells occurs through an IPS-1-dependent signal that does not require 
IRF-3 and IRF-7. PLoS Pathog 2009, 5:e1000607. 

185. Nazmi A, Dutta K, Basu A: RIG-I mediates innate immune 
response in mouse neurons following Japanese encephalitis virus 
infection. PLoS One 2011, 6:e21761. 

186. Hoenen A, Liu W, Kochs G, Khromykh AA, Mackenzie JM: West 
Nile virus-induced cytoplasmic membrane structures provide partial 
protection against the interferon-induced antiviral MxA protein. J 
Gen Virol 2007, 88:3013-3017. 

187. Fredericksen BL, Smith M, Katze MG, Shi PY, Gale M, Jr.: The 
host response to West Nile Virus infection limits viral spread 
through the activation of the interferon regulatory factor 3 pathway. 
J Virol 2004, 78:7737-7747. 

188. Fredericksen BL, Gale M, Jr.: West Nile virus evades 
activation of interferon regulatory factor 3 through RIG-I-dependent 
and -independent pathways without antagonizing host defense 
signaling. J Virol 2006, 80:2913-2923. 

189. Seth RB, Sun L, Ea CK, Chen ZJ: Identification and 
characterization of MAVS, a mitochondrial antiviral signaling 
protein that activates NF-kappaB and IRF 3. Cell 2005, 122:669-682. 

190. Takeda K, Akira S: Toll-like receptors in innate immunity. 
Int Immunol 2005, 17:1-14. 



 

56 

191. Sun Q, Sun L, Liu HH, Chen X, Seth RB, Forman J, Chen ZJ: 
The specific and essential role of MAVS in antiviral innate immune 
responses. Immunity 2006, 24:633-642. 

192. Schoggins JW, Rice CM: Interferon-stimulated genes and 
their antiviral effector functions. Curr Opin Virol 2011, 1:519-525. 

193. de Weerd NA, Nguyen T: The interferons and their 
receptors--distribution and regulation. Immunol Cell Biol 2012, 90:483-
491. 

194. Randall RE, Goodbourn S: Interferons and viruses: an 
interplay between induction, signalling, antiviral responses and 
virus countermeasures. J Gen Virol 2008, 89:1-47. 

195. Schneider WM, Chevillotte MD, Rice CM: Interferon-
stimulated genes: a complex web of host defenses. Annu Rev Immunol 
2014, 32:513-545. 

196. Der SD, Zhou A, Williams BR, Silverman RH: Identification of 
genes differentially regulated by interferon alpha, beta, or gamma 
using oligonucleotide arrays. Proc Natl Acad Sci U S A 1998, 95:15623-
15628. 

197. Talloczy Z, Jiang W, Virgin HWt, Leib DA, Scheuner D, Kaufman 
RJ, Eskelinen EL, Levine B: Regulation of starvation- and virus-induced 
autophagy by the eIF2alpha kinase signaling pathway. Proc Natl Acad 
Sci U S A 2002, 99:190-195. 

198. Barry G, Breakwell L, Fragkoudis R, Attarzadeh-Yazdi G, 
Rodriguez-Andres J, Kohl A, Fazakerley JK: PKR acts early in infection to 
suppress Semliki Forest virus production and strongly enhances the 
type I interferon response. J Gen Virol 2009, 90:1382-1391. 

199. Gilfoy FD, Mason PW: West Nile virus-induced interferon 
production is mediated by the double-stranded RNA-dependent 
protein kinase PKR. J Virol 2007, 81:11148-11158. 

200. Kristiansen H, Gad HH, Eskildsen-Larsen S, Despres P, 
Hartmann R: The oligoadenylate synthetase family: an ancient protein 
family with multiple antiviral activities. J Interferon Cytokine Res 2011, 
31:41-47. 



 

57 

201. Silverman RH: Viral encounters with 2',5'-oligoadenylate 
synthetase and RNase L during the interferon antiviral response. J 
Virol 2007, 81:12720-12729. 

202. Choi UY, Kang JS, Hwang YS, Kim YJ: Oligoadenylate 
synthase-like (OASL) proteins: dual functions and associations with 
diseases. Exp Mol Med 2015, 47:e144. 

203. Kajaste-Rudnitski A, Mashimo T, Frenkiel MP, Guenet JL, Lucas 
M, Despres P: The 2',5'-oligoadenylate synthetase 1b is a potent 
inhibitor of West Nile virus replication inside infected cells. J Biol 
Chem 2006, 281:4624-4637. 

204. Samuel MA, Whitby K, Keller BC, Marri A, Barchet W, Williams 
BR, Silverman RH, Gale M, Jr., Diamond MS: PKR and RNase L contribute 
to protection against lethal West Nile Virus infection by controlling 
early viral spread in the periphery and replication in neurons. J Virol 
2006, 80:7009-7019. 

205. Kochs G, Trost M, Janzen C, Haller O: MxA GTPase: 
oligomerization and GTP-dependent interaction with viral RNP 
target structures. Methods 1998, 15:255-263. 

206. Zhao C, Collins MN, Hsiang TY, Krug RM: Interferon-induced 
ISG15 pathway: an ongoing virus-host battle. Trends Microbiol 2013, 
21:181-186. 

207. Shi HX, Yang K, Liu X, Liu XY, Wei B, Shan YF, Zhu LH, Wang 
C: Positive regulation of interferon regulatory factor 3 activation by 
Herc5 via ISG15 modification. Mol Cell Biol 2010, 30:2424-2436. 

208. Guo J, Hui DJ, Merrick WC, Sen GC: A new pathway of 
translational regulation mediated by eukaryotic initiation factor 3. 
EMBO J 2000, 19:6891-6899. 

209. Pichlmair A, Lassnig C, Eberle CA, Gorna MW, Baumann CL, 
Burkard TR, Burckstummer T, Stefanovic A, Krieger S, Bennett KL, et al: IFIT1 
is an antiviral protein that recognizes 5'-triphosphate RNA. Nat 
Immunol 2011, 12:624-630. 

210. Fensterl V, Wetzel JL, Ramachandran S, Ogino T, Stohlman SA, 
Bergmann CC, Diamond MS, Virgin HW, Sen GC: Interferon-induced 
Ifit2/ISG54 protects mice from lethal VSV neuropathogenesis. PLoS 
Pathog 2012, 8:e1002712. 



 

58 

211. Cho H, Shrestha B, Sen GC, Diamond MS: A role for Ifit2 in 
restricting West Nile virus infection in the brain. J Virol 2013, 87:8363-
8371. 

212. Cho H, Proll SC, Szretter KJ, Katze MG, Gale M, Jr., Diamond 
MS: Differential innate immune response programs in neuronal 
subtypes determine susceptibility to infection in the brain by 
positive-stranded RNA viruses. Nat Med 2013, 19:458-464. 

213. Nair S, Diamond MS: Innate immune interactions within 
the central nervous system modulate pathogenesis of viral 
infections. Curr Opin Immunol 2015, 36:47-53. 

214. Ozato K, Shin DM, Chang TH, Morse HC, 3rd: TRIM family 
proteins and their emerging roles in innate immunity. Nat Rev 
Immunol 2008, 8:849-860. 

215. Wolf D, Goff SP: Host restriction factors blocking 
retroviral replication. Annu Rev Genet 2008, 42:143-163. 

216. Taylor RT, Lubick KJ, Robertson SJ, Broughton JP, Bloom ME, 
Bresnahan WA, Best SM: TRIM79alpha, an interferon-stimulated gene 
product, restricts tick-borne encephalitis virus replication by 
degrading the viral RNA polymerase. Cell Host Microbe 2011, 10:185-196. 

217. Evans DT, Serra-Moreno R, Singh RK, Guatelli JC: BST-
2/tetherin: a new component of the innate immune response to 
enveloped viruses. Trends Microbiol 2010, 18:388-396. 

218. Yan N, Chen ZJ: Intrinsic antiviral immunity. Nat Immunol 
2012, 13:214-222. 

219. Helbig KJ, Beard MR: The role of viperin in the innate 
antiviral response. J Mol Biol 2014, 426:1210-1219. 

220. Chin KC, Cresswell P: Viperin (cig5), an IFN-inducible 
antiviral protein directly induced by human cytomegalovirus. Proc 
Natl Acad Sci U S A 2001, 98:15125-15130. 

221. Seo JY, Yaneva R, Hinson ER, Cresswell P: Human 
cytomegalovirus directly induces the antiviral protein viperin to 
enhance infectivity. Science 2011, 332:1093-1097. 



 

59 

222. Hinson ER, Cresswell P: The antiviral protein, viperin, 
localizes to lipid droplets via its N-terminal amphipathic alpha-helix. 
Proc Natl Acad Sci U S A 2009, 106:20452-20457. 

223. Hinson ER, Joshi NS, Chen JH, Rahner C, Jung YW, Wang X, 
Kaech SM, Cresswell P: Viperin is highly induced in neutrophils and 
macrophages during acute and chronic lymphocytic 
choriomeningitis virus infection. J Immunol 2010, 184:5723-5731. 

224. Stirnweiss A, Ksienzyk A, Klages K, Rand U, Grashoff M, Hauser 
H, Kroger A: IFN regulatory factor-1 bypasses IFN-mediated antiviral 
effects through viperin gene induction. J Immunol 2010, 184:5179-5185. 

225. Boudinot P, Riffault S, Salhi S, Carrat C, Sedlik C, Mahmoudi N, 
Charley B, Benmansour A: Vesicular stomatitis virus and pseudorabies 
virus induce a vig1/cig5 homologue in mouse dendritic cells via 
different pathways. J Gen Virol 2000, 81:2675-2682. 

226. McGillivary G, Jordan ZB, Peeples ME, Bakaletz LO: 
Replication of respiratory syncytial virus is inhibited by the host 
defense molecule viperin. J Innate Immun 2013, 5:60-71. 

227. Helbig KJ, Carr JM, Calvert JK, Wati S, Clarke JN, Eyre NS, 
Narayana SK, Fiches GN, McCartney EM, Beard MR: Viperin is induced 
following dengue virus type-2 (DENV-2) infection and has anti-viral 
actions requiring the C-terminal end of viperin. PLoS Negl Trop Dis 
2013, 7:e2178. 

228. Nasr N, Maddocks S, Turville SG, Harman AN, Woolger N, 
Helbig KJ, Wilkinson J, Bye CR, Wright TK, Rambukwelle D, et al: HIV-1 
infection of human macrophages directly induces viperin which 
inhibits viral production. Blood 2012, 120:778-788. 

229. Helbig KJ, Eyre NS, Yip E, Narayana S, Li K, Fiches G, 
McCartney EM, Jangra RK, Lemon SM, Beard MR: The antiviral protein 
viperin inhibits hepatitis C virus replication via interaction with 
nonstructural protein 5A. Hepatology 2011, 54:1506-1517. 

230. Wang X, Hinson ER, Cresswell P: The interferon-inducible 
protein viperin inhibits influenza virus release by perturbing lipid 
rafts. Cell Host Microbe 2007, 2:96-105. 

231. Carlton-Smith C, Elliott RM: Viperin, MTAP44, and protein 
kinase R contribute to the interferon-induced inhibition of 
Bunyamwera Orthobunyavirus replication. J Virol 2012, 86:11548-
11557. 



 

60 

232. Szretter KJ, Brien JD, Thackray LB, Virgin HW, Cresswell P, 
Diamond MS: The interferon-inducible gene viperin restricts West 
Nile virus pathogenesis. J Virol 2011, 85:11557-11566. 

233. Zhang Y, Burke CW, Ryman KD, Klimstra WB: Identification 
and characterization of interferon-induced proteins that inhibit 
alphavirus replication. J Virol 2007, 81:11246-11255. 

234. Upadhyay AS, Vonderstein K, Pichlmair A, Stehling O, Bennett 
KL, Dobler G, Guo JT, Superti-Furga G, Lill R, Overby AK, Weber F: Viperin is 
an iron-sulfur protein that inhibits genome synthesis of tick-borne 
encephalitis virus via radical SAM domain activity. Cell Microbiol 2014, 
16:834-848. 

235. Rivieccio MA, Suh HS, Zhao Y, Zhao ML, Chin KC, Lee SC, 
Brosnan CF: TLR3 ligation activates an antiviral response in human 
fetal astrocytes: a role for viperin/cig5. J Immunol 2006, 177:4735-4741. 

236. Van der Hoek KH, Eyre NS, Shue B, Khantisitthiporn O, Glab-
Ampi K, Carr JM, Gartner MJ, Jolly LA, Thomas PQ, Adikusuma F, et al: 
Viperin is an important host restriction factor in control of Zika 
virus infection. Sci Rep 2017, 7:4475. 

237. Teng TS, Foo SS, Simamarta D, Lum FM, Teo TH, Lulla A, Yeo 
NK, Koh EG, Chow A, Leo YS, et al: Viperin restricts chikungunya virus 
replication and pathology. J Clin Invest 2012, 122:4447-4460. 

238. Wang S, Wu X, Pan T, Song W, Wang Y, Zhang F, Yuan Z: 
Viperin inhibits hepatitis C virus replication by interfering with 
binding of NS5A to host protein hVAP-33. J Gen Virol 2012, 93:83-92. 

239. Chan YL, Chang TH, Liao CL, Lin YL: The cellular antiviral 
protein viperin is attenuated by proteasome-mediated protein 
degradation in Japanese encephalitis virus-infected cells. J Virol 
2008, 82:10455-10464. 

240. Qiu LQ, Cresswell P, Chin KC: Viperin is required for 
optimal Th2 responses and T-cell receptor-mediated activation of 
NF-kappaB and AP-1. Blood 2009, 113:3520-3529. 

241. Saitoh T, Satoh T, Yamamoto N, Uematsu S, Takeuchi O, Kawai 
T, Akira S: Antiviral protein Viperin promotes Toll-like receptor 7- 
and Toll-like receptor 9-mediated type I interferon production in 
plasmacytoid dendritic cells. Immunity 2011, 34:352-363. 



 

61 

242. Hee JS, Cresswell P: Viperin interaction with 
mitochondrial antiviral signaling protein (MAVS) limits viperin-
mediated inhibition of the interferon response in macrophages. PLoS 
One 2017, 12:e0172236. 

243. Hinson ER, Cresswell P: The N-terminal amphipathic 
alpha-helix of viperin mediates localization to the cytosolic face of 
the endoplasmic reticulum and inhibits protein secretion. J Biol Chem 
2009, 284:4705-4712. 

244. Duschene KS, Broderick JB: The antiviral protein viperin is 
a radical SAM enzyme. FEBS Lett 2010, 584:1263-1267. 

245. Sorgeloos F, Kreit M, Hermant P, Lardinois C, Michiels T: 
Antiviral type I and type III interferon responses in the central 
nervous system. Viruses 2013, 5:834-857. 

246. Harris MG, Hulseberg P, Ling C, Karman J, Clarkson BD, 
Harding JS, Zhang M, Sandor A, Christensen K, Nagy A, et al: Immune 
privilege of the CNS is not the consequence of limited antigen 
sampling. Sci Rep 2014, 4:4422. 

247. Nair S, Michaelsen-Preusse K, Finsterbusch K, Stegemann-
Koniszewski S, Bruder D, Grashoff M, Korte M, Koster M, Kalinke U, Hauser H, 
Kroger A: Interferon regulatory factor-1 protects from fatal 
neurotropic infection with vesicular stomatitis virus by specific 
inhibition of viral replication in neurons. PLoS Pathog 2014, 
10:e1003999. 

248. Detje CN, Lienenklaus S, Chhatbar C, Spanier J, Prajeeth CK, 
Soldner C, Tovey MG, Schluter D, Weiss S, Stangel M, Kalinke U: Upon 
intranasal vesicular stomatitis virus infection, astrocytes in the 
olfactory bulb are important interferon Beta producers that protect 
from lethal encephalitis. J Virol 2015, 89:2731-2738. 

249. Detje CN, Meyer T, Schmidt H, Kreuz D, Rose JK, Bechmann I, 
Prinz M, Kalinke U: Local type I IFN receptor signaling protects against 
virus spread within the central nervous system. J Immunol 2009, 
182:2297-2304. 

250. Galea I, Bechmann I, Perry VH: What is immune privilege 
(not)? Trends Immunol 2007, 28:12-18. 

251. Dionne KR, Galvin JM, Schittone SA, Clarke P, Tyler KL: Type I 
interferon signaling limits reoviral tropism within the brain and 
prevents lethal systemic infection. J Neurovirol 2011, 17:314-326. 



 

62 

252. Gilliet M, Cao W, Liu YJ: Plasmacytoid dendritic cells: 
sensing nucleic acids in viral infection and autoimmune diseases. 
Nat Rev Immunol 2008, 8:594-606. 

253. Asselin-Paturel C, Boonstra A, Dalod M, Durand I, Yessaad N, 
Dezutter-Dambuyant C, Vicari A, O'Garra A, Biron C, Briere F, Trinchieri G: 
Mouse type I IFN-producing cells are immature APCs with 
plasmacytoid morphology. Nat Immunol 2001, 2:1144-1150. 

254. Theofilopoulos AN, Baccala R, Beutler B, Kono DH: Type I 
interferons (alpha/beta) in immunity and autoimmunity. Annu Rev 
Immunol 2005, 23:307-336. 

255. Pashenkov M, Huang YM, Kostulas V, Haglund M, Soderstrom 
M, Link H: Two subsets of dendritic cells are present in human 
cerebrospinal fluid. Brain 2001, 124:480-492. 

256. Kallfass C, Ackerman A, Lienenklaus S, Weiss S, Heimrich B, 
Staeheli P: Visualizing production of beta interferon by astrocytes and 
microglia in brain of La Crosse virus-infected mice. J Virol 2012, 
86:11223-11230. 

257. Delhaye S, Paul S, Blakqori G, Minet M, Weber F, Staeheli P, 
Michiels T: Neurons produce type I interferon during viral 
encephalitis. Proc Natl Acad Sci U S A 2006, 103:7835-7840. 

258. van den Pol AN, Ding S, Robek MD: Long-distance 
interferon signaling within the brain blocks virus spread. J Virol 2014, 
88:3695-3704. 

259. Lodish HF, Darnell JE: Molecular cell biology. 4th edn. New 
York: W.H. Freeman; 2000. 

260. Yamada T, Horisberger MA, Kawaguchi N, Moroo I, Toyoda T: 
Immunohistochemistry using antibodies to alpha-interferon and its 
induced protein, MxA, in Alzheimer's and Parkinson's disease brain 
tissues. Neurosci Lett 1994, 181:61-64. 

261. Ward LA, Massa PT: Neuron-specific regulation of major 
histocompatibility complex class I, interferon-beta, and anti-viral 
state genes. J Neuroimmunol 1995, 58:145-155. 

262. Chopy D, Detje CN, Lafage M, Kalinke U, Lafon M: The type I 
interferon response bridles rabies virus infection and reduces 
pathogenicity. J Neurovirol 2011, 17:353-367. 



 

63 

263. Rosato PC, Leib DA: Intrinsic innate immunity fails to 
control herpes simplex virus and vesicular stomatitis virus 
replication in sensory neurons and fibroblasts. J Virol 2014, 88:9991-
10001. 

264. Costello DA, Lynch MA: Toll-like receptor 3 activation 
modulates hippocampal network excitability, via glial production of 
interferon-beta. Hippocampus 2013, 23:696-707. 

265. Hosmane S, Tegenge MA, Rajbhandari L, Uapinyoying P, Kumar 
NG, Thakor N, Venkatesan A: Toll/interleukin-1 receptor domain-
containing adapter inducing interferon-beta mediates microglial 
phagocytosis of degenerating axons. J Neurosci 2012, 32:7745-7757. 

266. Dong Y, Benveniste EN: Immune function of astrocytes. 
Glia 2001, 36:180-190. 

267. Farina C, Aloisi F, Meinl E: Astrocytes are active players in 
cerebral innate immunity. Trends Immunol 2007, 28:138-145. 

268. Reinert LS, Harder L, Holm CK, Iversen MB, Horan KA, 
Dagnaes-Hansen F, Ulhoi BP, Holm TH, Mogensen TH, Owens T, et al: TLR3 
deficiency renders astrocytes permissive to herpes simplex virus 
infection and facilitates establishment of CNS infection in mice. J Clin 
Invest 2012, 122:1368-1376. 

269. Pfefferkorn C, Kallfass C, Lienenklaus S, Spanier J, Kalinke U, 
Rieder M, Conzelmann KK, Michiels T, Staeheli P: Abortively Infected 
Astrocytes Appear To Represent the Main Source of Interferon Beta 
in the Virus-Infected Brain. J Virol 2015, 90:2031-2038. 

270. Hussmann KL, Samuel MA, Kim KS, Diamond MS, Fredericksen 
BL: Differential replication of pathogenic and nonpathogenic strains 
of West Nile virus within astrocytes. J Virol 2013, 87:2814-2822. 

271. Kapil P, Butchi NB, Stohlman SA, Bergmann CC: 
Oligodendroglia are limited in type I interferon induction and 
responsiveness in vivo. Glia 2012, 60:1555-1566. 

272. Del Bigio MR: Ependymal cells: biology and pathology. 
Acta Neuropathol 2010, 119:55-73. 

273. Campbell K, Gotz M: Radial glia: multi-purpose cells for 
vertebrate brain development. Trends Neurosci 2002, 25:235-238. 



 

64 

274. Lienenklaus S, Cornitescu M, Zietara N, Lyszkiewicz M, Gekara 
N, Jablonska J, Edenhofer F, Rajewsky K, Bruder D, Hafner M, et al: Novel 
reporter mouse reveals constitutive and inflammatory expression of 
IFN-beta in vivo. J Immunol 2009, 183:3229-3236. 

275. Samuel MA, Diamond MS: Alpha/beta interferon protects 
against lethal West Nile virus infection by restricting cellular 
tropism and enhancing neuronal survival. J Virol 2005, 79:13350-13361. 

276. Nakayama EE, Shioda T: TRIM5alpha and Species Tropism 
of HIV/SIV. Front Microbiol 2012, 3:13. 

277. Ohka S, Nihei C, Yamazaki M, Nomoto A: Poliovirus 
trafficking toward central nervous system via human poliovirus 
receptor-dependent and -independent pathway. Front Microbiol 2012, 
3:147. 

278. Gelpi E, Preusser M, Garzuly F, Holzmann H, Heinz FX, Budka 
H: Visualization of Central European tick-borne encephalitis 
infection in fatal human cases. J Neuropathol Exp Neurol 2005, 64:506-
512. 

279. Kornyey S: Contribution to the histology of tick-borne 
encephalitis. Acta Neuropathol 1978, 43:179-183. 

280. German AC, Myint KS, Mai NT, Pomeroy I, Phu NH, Tzartos J, 
Winter P, Collett J, Farrar J, Barrett A, et al: A preliminary 
neuropathological study of Japanese encephalitis in humans and a 
mouse model. Trans R Soc Trop Med Hyg 2006, 100:1135-1145. 

281. van Marle G, Antony J, Ostermann H, Dunham C, Hunt T, 
Halliday W, Maingat F, Urbanowski MD, Hobman T, Peeling J, Power C: West 
Nile virus-induced neuroinflammation: glial infection and capsid 
protein-mediated neurovirulence. J Virol 2007, 81:10933-10949. 

282. Palus M, Bily T, Elsterova J, Langhansova H, Salat J, Vancova M, 
Ruzek D: Infection and injury of human astrocytes by tick-borne 
encephalitis virus. J Gen Virol 2014, 95:2411-2426. 

283. Potokar M, Korva M, Jorgacevski J, Avsic-Zupanc T, Zorec R: 
Tick-borne encephalitis virus infects rat astrocytes but does not 
affect their viability. PLoS One 2014, 9:e86219. 



 

65 

284. Lin RJ, Liao CL, Lin E, Lin YL: Blocking of the alpha 
interferon-induced Jak-Stat signaling pathway by Japanese 
encephalitis virus infection. J Virol 2004, 78:9285-9294. 

285. Mogensen TH: Pathogen recognition and inflammatory 
signaling in innate immune defenses. Clin Microbiol Rev 2009, 22:240-
273, Table of Contents. 

286. Sanda C, Weitzel P, Tsukahara T, Schaley J, Edenberg HJ, 
Stephens MA, McClintick JN, Blatt LM, Li L, Brodsky L, Taylor MW: 
Differential gene induction by type I and type II interferons and their 
combination. J Interferon Cytokine Res 2006, 26:462-472. 

287. Crotta S, Davidson S, Mahlakoiv T, Desmet CJ, Buckwalter MR, 
Albert ML, Staeheli P, Wack A: Type I and type III interferons drive 
redundant amplification loops to induce a transcriptional signature 
in influenza-infected airway epithelia. PLoS Pathog 2013, 9:e1003773. 

288. Seng LG, Daly J, Chang KC, Kuchipudi SV: High basal 
expression of interferon-stimulated genes in human bronchial 
epithelial (BEAS-2B) cells contributes to influenza A virus 
resistance. PLoS One 2014, 9:e109023. 

289. Barca O, Seoane M, Ferre S, Prieto JM, Lema M, Senaris R, Arce 
VM: Mechanisms of interferon-beta-induced survival in fetal and 
neonatal primary astrocytes. Neuroimmunomodulation 2007, 14:39-45. 

290. Barca O, Ferre S, Seoane M, Prieto JM, Lema M, Senaris R, Arce 
VM: Interferon beta promotes survival in primary astrocytes through 
phosphatidylinositol 3-kinase. J Neuroimmunol 2003, 139:155-159. 

291. Zegenhagen L, Kurhade C, Koniszewski N, Overby AK, Kroger A: 
Brain heterogeneity leads to differential innate immune responses 
and modulates pathogenesis of viral infections. Cytokine Growth Factor 
Rev 2016, 30:95-101. 

292. Lucas TM, Richner JM, Diamond MS: The Interferon-
Stimulated Gene Ifi27l2a Restricts West Nile Virus Infection and 
Pathogenesis in a Cell-Type- and Region-Specific Manner. J Virol 
2015, 90:2600-2615. 

293. Tan KS, Olfat F, Phoon MC, Hsu JP, Howe JL, Seet JE, Chin KC, 
Chow VT: In vivo and in vitro studies on the antiviral activities of 
viperin against influenza H1N1 virus infection. J Gen Virol 2012, 
93:1269-1277. 



 

66 

294. Mattijssen S, Pruijn GJ: Viperin, a key player in the 
antiviral response. Microbes Infect 2012, 14:419-426. 

295. Seo JY, Yaneva R, Cresswell P: Viperin: a multifunctional, 
interferon-inducible protein that regulates virus replication. Cell Host 
Microbe 2011, 10:534-539. 

296. Bartholomeusz AI, Wright PJ: Synthesis of dengue virus 
RNA in vitro: initiation and the involvement of proteins NS3 and 
NS5. Arch Virol 1993, 128:111-121. 

297. Falgout B, Pethel M, Zhang YM, Lai CJ: Both nonstructural 
proteins NS2B and NS3 are required for the proteolytic processing of 
dengue virus nonstructural proteins. J Virol 1991, 65:2467-2475. 

298. Yu CY, Chang TH, Liang JJ, Chiang RL, Lee YL, Liao CL, Lin YL: 
Dengue virus targets the adaptor protein MITA to subvert host 
innate immunity. PLoS Pathog 2012, 8:e1002780. 

299. Liu WJ, Sedlak PL, Kondratieva N, Khromykh AA: 
Complementation analysis of the flavivirus Kunjin NS3 and NS5 
proteins defines the minimal regions essential for formation of a 
replication complex and shows a requirement of NS3 in cis for virus 
assembly. J Virol 2002, 76:10766-10775. 



 

 

 


