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Key Points

e In this chapter we describe the pathogenesis of tick-borne encephalitis virus (TBEV).

e To cause infection, TBEV needs to cross three different barriers; the physical, the innate and adaptive, and the blood-brain

barrier.

e The trigger of innate immune and adaptive immune responses, by TBEV is necessary to clear the infection.

e TBEV employs strategies to evade the innate immune response.

e Tools to study TBEV pathogenicity such as mouse knock-out models and reverse genetics are also discussed.

Overcoming the barriers of the host

The host has highly effective defense mechanisms against
infections (Fig. 1). The overwhelming majority of infections
are normally blocked by physical barriers such as the skin,
mucosal membranes, and stomach. However, this first
barrier to TBEV is already overcome by the tick through
direct injection of the virus into the skin of the host during
blood feeding. This allows the first replication phase of the
virus locally in the skin. The second barrier is the
coordinated innate and adaptive immune response that
reacts to infection. The innate immune response includes
cell intrinsic defense mechanisms like apoptosis, autophagy,
type | interferon (IFN) response, and innate cell-mediated
responses, which are then followed by adaptive immune
responses with a specific antibody response and stimulation

of T cells that limit virus replication and which are involved
in pathogenicity. If the virus overcomes the second barrier,
it will spread to peripheral organs and cause viremia. The
third barrier controls entry of the virus to the central
nervous system (CNS), e.g., by the blood-brain barrier
(BBB). If overcome, the virus will replicate in neurons and
cause encephalitis and meningitis.

Initial infection, viral amplification, and spread

Very early during the tick feeding process TBEV particles are
transmitted to the host via tick saliva. Tick saliva acts as a
pharmacologically active compound which inhibits pain/itch
response, contains anticoagulants, antiplatelet compo-
nents, vasodilators, and immunomodulators,l'Z that
enhance viral transmission and dissemination.? Analysis of
skin explants from tick-feeding sites reveals viral antigen in

Figure 1: Barriers of TBEV infection
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Host barriers prevent or repel infection by microbes. Anatomical and chemical barriers, cell-intrinsic and cellular-innate immune
response, adaptive immunity and other barriers have to be bypassed by invading viruses to establish viral replication, spread and
neuroinvasion. TBEV overcome the skin as anatomical barrier by transfer through a tick bite. The complement system as well as innate
and adaptive immune response inhibit viral replication and spread. How the virus mediates neuroinvasion is still unknown, but the virus

passes through CNS barriers.




neutrophils, monocytes and skin-resident dendritic cells
(DC).* Although not proven, these cells are likely to serve as
a vehicle for transport of the virus to draining lymph nodes.
For other flaviviruses it was demonstrated that viral
amplification in the lymph nodes results in viremia and
spreads to peripheral tissues. The specific target cells for
TBEV infection in peripheral tissues are not well defined,
but are thought to be subsets of DCs, macrophages and
possibly neutrophils.’

Neuroinvasion

TBEV is a neurotropic virus and neuropathogenesis depends
on the ability of the virus to enter the CNS and propagate.
General mechanisms of CNS invasion by neurotropic viruses
are breakdown of the BBB, infection of cerebral endothelial
cells, virus shedding from choroidal cells, axonal transport
through olfactory receptor neurons, and retrograde
transport along peripheral nerve axons, or transport by the
“Trojan-horse” mechanisms by which virus is transported by
infected cells. Although this process has been studied
intensively for West Nile virus (WNV) infections, it is not
known how TBEV reaches the CNS, but breakdown of the
blood-brain barrier is unlikely because virus replication is
detectable in the brain before BBB disruption.”’

Cellular responses to TBEV and
implications for pathogenesis

Cell-intrinsic innate immunity

All cells have the capacity to react to various stresses, such
as starvation, temperature extremes, irradiation, and
infection. Cell-autonomous protective programs, which are
inherent in all cells of the body are termed intrinsic cellular
defenses.

Autophagy

Autophagy is a degradation pathway that occurs under
stress conditions such as starvation, hypoxia, and infection.
It starts with the sequestration of the area of the cytoplasm
inside double-membrane vesicles called autophagosomes,
which subsequently fuse with lysosomes to form
autolysosomes or late endosomes.® Dengue virus (DENV)
infection promotes the formation of autophagy, which can
enhance virus replication and protects cells against other
stressors.”'® Inhibition of dengue-induced autophagy by
pharmacological inhibitors or deficiency of autophagy-
related genes (ATG) reduces dengue replication. The
importance of autophagy during TBEV replication was
shown by stimulation of autophagy which results in
significantly increased dose-dependent TBEV production,
whereas the inhibition of autophagy showed a dose-
dependent decrease of infectious virus.™
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Apoptosis

Apoptosis is a process of programmed cell death in which
cells activate intracellular death pathways.”” This
mechanism occurs in a wide range of human viral infec-
tions, including infections of the CNS such as herpes simplex
virus (HSV) and cytomegalovirus (CMV) encephalitis.*** In
WNV infection of mice, high virus titers in the CNS are
associated with the appearance of activated caspase 3
following infection, and apoptosis in neurons occurs in the
same areas where viral antigen is present.ls'16 In vitro, TBEV
infection causes apoptosis in mouse and human neural
cells."”*® Although brain-infiltrating CD8+ T cells contribute
to the fatal outcome during infection® no significant
increase of apoptotic cell death was detectable upon
infection with Langat virus (LGTV) and TBEV in mice.””
These data are in line with human data, where no
prominent signs of neuronal apoptosis were seen in post-
mortem brain tissue from patients.”

Type I IFN response

The type | IFN system is the first line of defense against viral
infection and an important part of the intrinsic innate
immune response that controls virus dissemination and
protects against serious disease. This response rapidly
detects invading pathogens and upregulates inhibitory
effector proteins and cytokines to ensure survival. The
detection of pathogens is based on recognition of the non-
self-pathogen-associated molecular pattern (PAMP) by
specific host sensors, the pattern recognition receptors
(PRR). This leads to a signaling cascade and the upregulation
and secretion of IFN.? IFNs are a large family of cytokines
where the IFNa and -B are type | IFNs and IFNy is type Il
IFNs and these are the most studied. Type | IFNs binds to
the IFNa receptor (IFNAR), which is expressed on nearly all
cell types, and reacts in a paracrine and autocrine manner.
The IFNAR is composed of a heterodimer of IFNAR1 and
IFNAR2. After binding of IFN, the IFNAR activates the Janus
kinases, Jakl and Tyk2, which then phosphorylate the signal
transducer and activator of transcription (STAT)-1 and
STAT2 proteins, resulting in activation and translocation of
the IFN-stimulated gene 3 (ISGF3) transcription factor
complex into the nucleus. This ISGF3 induces hundreds of
IFN stimulated genes (ISGs), that encode proteins with
diverse biological function and some are potent antiviral
proteins and part of the response against mammalian
viruses.”

Recognition of TBEV and induction of IFN

Rapid detection of the pathogen is crucial for mounting a
protective response, and several different PRR families have
been identified that recognize numerous ligands. The Toll-
like receptors (TLRs) are located on the endosome or the
plasma membrane, and the retinoic-acid-inducible gene |
(RIG-1)-like receptors (RLRs) are in the cytosol. RNA viruses



are most likely recognized by TLR3, TLR7, TLRS, or the RLRs
RIG-I and melanoma differentiation-associated gene 5,
(MDAS5), which senses single-stranded RNA (ssRNA) or
double-stranded RNA (dsRNA).2?

For TBEV, it is not totally clear which PRRs are dominant.
RIG-I, which recognizes short dsRNA and 5 PPP, has been
shown to be important for IFNP induction in the U20S
(human osteosarcoma) cell line by siRNA depletion,”
however, the importance of MDA5 as contributing to
sensing of TBEV cannot be ruled out as its involvement in
sensing other flaviviruses has been demonstrated.”’” Both
RIG-l and MDAS5 bind to the adaptor mitochondria-
associated IFNB promoter stimulator-1 (IPS-1, also called
MAVS, VISA or CARDIF) via its caspase recruitment domain
after binding to its RNA ligand. IPS-1 is important for IFN
induction after TBEV infection in mouse embryonic
fibroblasts (MEFs); in its absence, no IFNB was detected.?
In addition, mice deficient in IPS-1 succumb to LGTV and
TBEV infection. These mice showed lower systemic levels of
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IFNa, resulting in higher viral titers in the periphery and
leading to rapid invasion in the CNS.”° IPS-1 is also
important in the local IFN response within the brain,
reducing viral load and spread of LGTV,?**** indicating an
especially important role for RLR in the type | IFN response.

Upon IPS-1 activation, TNF Receptor Associated Factor 3
(TRAF3), TANK Binding Kinase 1 (TBK1) and Inhibitor-kB
kinase € (IKKe) are recruited, leading to phosphorylation
and activation of the transcription factor IFN regulatory
factor 3 (IRF3). Phosphorylated IRF3, dimerizes and
translocates into the nucleus where it binds to the IFNB
gene promoter to initiate transcription and translation.*"*?
IFNB induction after TBEV infection has been shown to be
highly dependent on IRF3 activation in the cells, and IRF3
has been shown to dimerize and translocate into the
nucleus after TBEV infection.?®

Very little is known about the importance of TLRs in TBEV
infection, and only once the TLR7 has been investigated in

Figure 2: Viral evasion of IFN induction
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TBEV induces vesicles in the Endoplasmatic Reticulum (ER) where the viral RNA synthesis occurs. Early during infection,
these vesicles protect the dsRNA from cellular detection by RIG-I and/or MDA5. Later in infection, high amounts of virus
particles are produced and the dsRNA leaks out of the vesicles. The pattern recognition receptors (PRRs) RIG-I and/or MDA5
then trigger signalling through IPS-1, phosphorylated IRF3 dimers are transported into the nucleus and IFN-8 is

upregulated.’®*




the context of LGTV infection in vivo. This report
demonstrates that mice deficient in TLR7 have higher viral
load in the CNS and lower levels of pro-inflammatory
cytokines. Primary neurons did not show a difference in
infection rate, but TLR7 deficient neurons induced higher
levels of IFNB*?, indicating that TLR7 is more important for
regulating neuroinflammation than type I IFNs.*®

Since the type | IFN response is so important in controlling
and restricting viral replication, most viruses have
developed strategies to prevent upregulation of IFN by
antagonizing the different steps in the IFN induction
pathway. For example, dengue virus has been shown to
reduce IFNB levels by expressing the protease complex
NS2B3,** possibly by cleaving the adaptor STING.>> Dengue
subtype 1/2/4 NS2A and NS4B and West Nile NS4B protein
inhibited TBK1 phosphorylation and IFNB induction.*® For
TBEV, no specific IFN production antagonists have been
identified among the different viral proteins.?® Instead,
TBEV uses a passive escape mechanism that delays the
induction of IFNB by replicating inside replication vesicles or
packets, thereby hiding its dsRNA from RIG-I and other
PRRs.??%*"% | ater, during infection, the dsRNA leaks out
from the replication vesicles, IRF3 is activated and
translocates into the nucleus to transcribe IFNB, which then
is translated and secreted (Fig. 2).

Thus, the virus is produced and released from the cell
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before IFNB can trigger an antiviral response in neighboring
cells.?®®

Type I IFN signaling and response against TBEV

After infection and secretion of IFN, the IFN binds to its
receptor the IFNAR1/2 which stimulates the upregulation of
hundreds of ISGs that can limit the infection. The ISGs
encode for PRR, adaptors and transcription factors to
ensure a rapid response after infection. Cytokines and
chemokines are also produced which activate and recruit
immune cells to limit the infection, as well as antiviral
proteins that can target viral replication directly in the
cell.*® The IFNAR is therefore a key molecule in the type |
IFN response. The importance of this molecule has been
demonstrated for many viruses. For LGTV the type | IFN
response determines tropism and can protect mice from
lethal infection. In the absence of this response, the virus
replicates uncontrollably in all organs, induces a rapid
opening of the blood-brain barrier, and the mice succumb
very quickly. This research has also shown that IFNAR is
important in all cell types; hematopoietic, stroma,
neuroectodermal and cells in the periphery.’

Most steps in the viral “life” cycle are targeted by 1 or
several antiviral proteins encoded by the ISGs. Although
several ISGs have been screened against TBEV (Fig. 3), only
2 have been identified to be antivirally active so far; the

Figure 3: Viperin overexpression inhibits European TBEV growth by 4 orders of magnitude

10

PFU/mlLog,,
a

" control
1 Tetracyclin

TBEV replication in cells expressing different interferon-stimulated genes (ISG). Cells tetracycline-induced to express different I1SGs
were used to identify ISGs that inhibit TBEV replication. Cells expressing a reporter gene (CAT) and CAT-expressing cells pretreated
with IFNa were used as controls. Virus growth in ISG-induced cells were compared to uninduced cells. Titers of TBEV were measured
at 24 hours post-infection and 64 hours after tetracycline induction. The titers shown are mean log10 pfu/mL values from 3

independent experiments; error bars are standard deviations.




rodent tripartite motif (TRIM) protein, TRIM79a, and viperin
(virus inhibitory protein, endoplasmic reticulum-associated,
IFN-inducible).”**" The antiviral mechanism of TRIM79a is
direct targeting of the viral polymerase, the non-structural
protein 5 (NS5), an essential component of the replication
complex, for lysosomal degradation. TRIM79a seems to be
specific for TBEV and LGTV, because mosquito-borne
flaviviruses; WNV and Japanese encephalitis virus (JEV),
were shown not to be restricted by this protein.*° Viperin,
on the other hand, is a highly conserved protein with broad
spectrum antiviral activity, which has been shown to restrict
a diverse range of viruses from different families. For the
Flaviviridae family, viperin restricts hepatitis C, DENV, WNV
and TBEV. However, the antiviral mechanism seems to
depend on the specific virus. For TBEV, viperin selectively
targets the positive stranded RNA synthesis. The
intracellular location to the ER via viperin's N-terminal
amphipathic alpha helix is important as it coincides with
viral replication. The antiviral activity is depending on the
radical S-adenosyl methionine (SAM) domain and the
proper iron-sulphur maturation of the protein.*** Recent
studies have identified several viral and cellular interaction
partners to viperin."z'47 Viperin is able to target TBEV in
multiple ways mediating antiviral activity in a cell type-
specific manner. Viperin interacts with several TBEV
proteins; prM, E, NS2A, NS2B and NS3. The interaction
between NS3 and viperin results in proteasome-dependent
degradation of NS3.% The stability of prM, E, NS2A and
NS2B are affected by viperin, but only in the presence of
NS3.”® Interestingly, although viperin does not directly
interact with the TBEV C protein, viperin expression induces
C particle formation and release from virus infected cells
and disturbing the assembly process of TBEV." Viperin
mediates this effect by interacting and sequestering the
cellular protein Golgi brefeldin A-resistant guanine
nucleotide exchange factor 1 (GBF1),*” which is involved in
the vesicular trafficking of the secretory pathway*®*° and is
a pro-viral factor for many different viruses.”*> Thus,
viperin may target other viruses via its interaction with
GBF1. The in vivo importance of viperin during TBEV
infection was recently shown in the viperin'/' mice.” This
study shows that specific regions of the brain rely
differentially on the antiviral activity of viperin for
protection against LGTV. Viperin is important in the
olfactory bulb and cerebrum, while viral replication was
unchanged in cerebellum and brain stem in the absence of
viperin. This effect is due to the different neuronal
subtypes, viperin expression is very important in cortical
neurons but not at all in granular cell neurons isolated from
the cerebellum.” Although only 2 antiviral proteins have
been identified so far, there are likely several others that
are involved in the restriction and protection against TBEV
and LGTV in vivo. One of the difficulties in identifying
antiviral ISGs might be the redundancies seen between
different proteins.
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Even though different ISGs can potently restrict TBEV
replication if induced before infection,’**"**** IFN
treatment after infection has limited effect in vitro.”> The
reason for this is the expression of an IFN antagonist,
NS5.°°® The NS5 protein of LGTV interferes with the
phosphorylation of Jakl and Tyk2 in response to IFN,
which leads to failure of STAT1/2 phosphorylation and
subsequent ISG expression.”*® Werme et al showed that
the interaction between Scribble and NS5 is important for
plasma membrane targeting and IFN antagonist activity;
however, the exact target of NS5 is unclear.”® In addition,
NS5 was shown to block IFN signaling by selectively
reducing the level of IFNAR1 expression on the cell surface.
This reduction was dependent on NS5 binding to prolidase.
Prolidase is needed for IFNAR1 intracellular trafficking,
maturation, activation of IFNB-stimulated gene induction,
and IFN-I-dependent viral control (Fig. 4).”” The relationship
between NS5 function and virulence has not been observed
for tick-borne flaviviruses, such as TBEV and the low
virulence LGTV NS5; both exhibited the same degree of p-
STAT inhibition. However, there are most likely other viral
proteins that are important for pathogenicity and
suppression of innate immune responses, as this has been
shown for other flaviviruses. However, for TBEV these
mechanisms have yet to be identified.

Complement

The complement system plays an essential role in the
innate immune responses to many pathogens including
flaviviruses. There is growing evidence that the complement
system participates in the adaptive immune response. More
than 30 proteins and protein fragments form a network of
soluble and cell surface proteins that recognize and target
pathogens. They orchestrate three distinct cascades: the
classical pathway, alternative pathway, and lectin pathway.
Each complement activation pathway is initiated by a
distinct set of recognition molecules and converges at the
cleavage of C3 to C3a and C3b. Beyond its lytic capacity,
complement protects against viral infections by priming
adaptive B and T cell responses, triggering leukocyte
chemotaxis through the release of anaphylatoxins (C3a and
C5a), and opsonizing viruses for phagocytosis and
destruction by macrophages.”®’

Stimulation of all complement activation pathways
contributes to protection against flaviviruses. For WNV
infections enhanced susceptibility was shown for mice
deficient in various components of the complement system.
Less is known about the complement activation during
TBEV  infection.  Antibody-dependent, = complement-
mediated cytolysis of infected cells is considered a possible
mechanism of protection by NS1 antibodies, since NS1 is
expressed on the cell surface.®® In response to these
protective functions, many viral pathogens have evolved
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Figure 4: Interferon (IFN) signaling and inhibition
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The active IFN receptor is composed of 2 subunits, IFNAR1 and IFNAR2. Prolidase (PEPD) is required for IFNAR1 maturation and
intracellular trafficking to the plasma membrane (PM). Once IFNa/8 binds to the IFNAR1/2, JAK1 and TYK2 becomes phosphorylated,
which then results in phosphorylation of STAT1 and 2. This leads to dimerization of STAT and a signaling cascade that results in
upregulation of ISG expression (left panel). In TBEV- and LGTV-infected cells (right panel) the IFN antagonist NS5 binds to PEPD, thus
preventing IFNAR1 transport to the PM, and IFNa/8 signaling.”” NS5 also interferes with JAK1, TYK2, and STAT1 phosphorylation upon

IFNay/8 stimulation, thereby inhibiting ISG production.”>>°

evasion strategies to limit recognition by and activation of
the complement cascade. NS1 proteins of different
flaviviruses limit complement activation by forming
complexes with Cls and C4 to promote cleavage of C4 to
C4b. Another mechanism shows direct interaction of NS1
with C4b binding proteins which leads to reduced C4
activity.® Although these inhibitory mechanisms are
functional in various flavivirus strains, less is known about
the role of NS1 protein from TBEV.

Innate and adaptive immune interface

Natural killer (NK) cells

Natural killer (NK) cells are large granular lymphocytes that
play an important role in the control of viral infections. NK

cells limit viral replication by killing infected cells during
early stages of infection. The antiviral response of NK cells
includes direct killing of virus—infected cells, which is
primarily mediated by perforin and granzyme, as well as the
production of several proinflammatory cytokines, including
IFN-y and tumor necrosis factor (TNF).** These molecules
are components of the innate immune response as they are
activated by type | IFNs, but they also play a critical role in
immunoregulation during the development of adaptive
immunity, thereby bridging innate and adaptive immune
responses. Their important role in the host defense against
viruses is supported by the finding that humans with
complete or partial impairment of NK cell nhumbers and
functions have increased susceptibilities to viral infections,
including HSV, varicella zoster virus, CMV, and human
papilloma virus.*




NK cells have been studied in various flavivirus infections
including DENV, WNV, JEV and yellow fever virus (YFV). NK
cells have been suggested to affect disease severity and
outcome, as well as to contribute to viral control, even
though the underlying mechanisms remain unknown.®®
The role of NK cells in immunopathology of TBEV infection
is largely unknown. Langat or TBEV infection in mice leads
to a temporary activation of NK cells during the early phase
of infection, followed by suppression,®® which in later
phases of infection was not associated with increased viral
replication in splenocytes. Ex vivo infection of whole-blood
cells showed activation of NK cells only with low pathogenic
TBEV strains while highly pathogenic TBEV inhibits NK cell
activation. Decreased expression of perforin and granzyme
B was detected in activated CD56dim NK cells of TBEV-
infected patients during hospitalization, indicating that
cytotoxic granules were released early in NK cell activation
and symptom onset, thereby possibly contributing to
pathogenesis of infection.”” Given these ostensibly
conflicting results, more investigation is needed to
determine the functional role of NK cells in limiting viral
replication and in the pathology associated with TBEV
infection in different hosts.

Antigen-presenting cells

Effective host defense against infection requires innate and
adaptive immune responses working together to mediate
clearance of invading pathogens. Dendritic cells (DCs)
bridge these 2 arms of immunity. In peripheral tissues,
immature DCs recognize RNA virus infection, migrate to
local lymphoid tissues, and undergo a process of maturation
that involves cytokine production and antigen presentation
to activate naive T cells and shape adaptive immunity.®
Many flaviviruses including DENV,69 WNV,70 and JEV, ! infect
DCs resulting in impaired DC maturation and T cell priming/
proliferation and promoting viral pathogenesis. DCs also
represent early targets of TBEV infection following the bite
from an infected tick,’ providing the virus with
opportunities to manipulate DC functions as a means of
evading host immunity. LGTV infection impairs DC
maturation by suppression of costimulatory molecules and
inhibition of IL-12 production. This immature DC phenotype
was associated with an impaired functional capacity to
induce T cell prolh‘erat‘ion.72 However, how this is involved
in viral pathogenesis is unknown.

Adaptive Immune response to TBEV

Humoral immunity

Humoral immunity is an important component of the
immune response. As with other flaviviruses, a functional
humoral immune response is critically important in
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controlling infections.” Passive transfer of monoclonal or
polyclonal TBEV-specific antibodies protects mice in vivo
and protection correlates with in vitro neutralization.”*”’
No infectious virus could be detected in the blood or brain
of passively protected mice subsequent to TBEV challenge.
However, antibodies protect not only by neutralization;
therefore, because limited virus replication does occur, this
indicates that mechanisms of protection from disease exist
other than sterilizing immunity.”®

Cellular Immunity

In addition to effective humoral immunity, the activation of
cellular immunity is usually required for clearance of
established infection. Distinct T cell subsets play a key role
in the induction of protective immune response against
TBEV infections. CD4+ T cells are essential in priming the
TBEV-specific antibody response and sustaining the CD8+ T
cell response. However, results from studies in mice lacking
B cells or CD4+ T cells during TBEV infections are missing.
Nonetheless, mice lacking type | IFN signaling develop a
normal antibody response during LGTV infection but are not
protected from severe infection.>*°

Cytotoxic T lymphocytes (CTL) recognize viral peptides
presented on major histocompatibility complex (MHC) class
I molecules and eliminate cells producing abnormal or
foreign proteins, specifically virus infected cells. CD8+ CTLs
control viral replication via distinct mechanisms: non-
cytolytically by secretion of IFN-y or TNFa or cytolytically by
cytotoxic proteins like granzyme B and perforin.”’ Long-
term immune surveillance effector cells react more quickly
against the same virus after a primary infection.

The effects of TBEV infection on T cells are less studied. Ex
vivo infection of human blood cells leads to an activated
phenotype of T cells with low-pathogenic TBEV, whereas
the highly pathogenic TBEV suppresses T-cell activation.® It
is unclear whether T cells are directly infected by TBEV, but
no infection of T cells was detectable in highly susceptible
IFNAR mice infected by Langat virus,” which makes direct
infection of T cells unlikely.

Studies in humans showed that CD8 T cells responded
strongly to acute TBEV infection and passed through an
effector phase, prior to gradual differentiation into memory
cells, indicating that TBEV infection induces a robust CD8 T
cell response.81 Comparable studies in mice revealed that
the number and activation of T cells in the CNS have no
impact in the outcome of infection; both dying and
recovering mice showed no difference in number and
activation status of T cells upon TBEV infection. However,
differences were seen in the specific T cell clones
accumulating in the brain.®

Besides their role in antiviral response, CD8+ T cells are also
believed to contribute to CNS pathogenesis. In brain



autopsy samples from TBEV-diagnosed individuals, inverse
topographical correlation of inflammation and TBEV-
infected areas has been reported.® Inflammatory infiltrates
are predominantly composed of T cells and macrophages/
microglia. In regions with less infiltration CTL are closely
associated with TBEV-infected neurons. These findings
suggest that immunologic mechanisms can contribute to
nerve cell destruction in human disease. In immune
deficient SCID mice or mice lacking CD8 T cells an increased
survival upon TBEV infection was shown. Adaptive transfer
of CD8+ T cells in SCID mice decreases median survival time.
Although these data suggest a contribution of CD8 T cells in
pathogenesis, surprisingly, this effect is independent of viral
replication in the periphery and the CNS. The pathogenicity
of virus strains also seems to influence the effect of CD8 T
cells on the outcome of infection. Whereas CD8+ T-cell-
deficient SCID mice succumb later from infection with high
pathogenic TBEV strains, a survival advantage was shown
upon infection with low pathogenic strains.*’

Although viral infection with LGTV leads to an accumulation
of CD4+ and CD8+ T cells in the CNS, no increased numbers
of apoptotic cells were detectable.”*

Other data suggest that T cells within the CNS promote
survival. In CCR5-deficient mice, an increase of viral
replication in the CNS and decreased survival is due to the
lack of lymphocyte migration to the CNS. Adaptive transfer
of LGTV-specific T cells improved survival outcome.
However, whether the protective effect is only mediated by
T cells or by the decrease of inflammatory neutrophils in
the presence of T cells is not clear.?* Because TBEV-infected
mice also died of encephalitis in the absence of T cells,
other cells such as neutrophils could contribute to
pathogenic effects of TBEV infection. Further investigation is
needed to better understand the processes that control the
protective rather than pathogenic CD8+ T cell response
during TBEV infection.

Tools to study pathogenesis

Mouse models

Laboratory mice are a useful tool to investigate human
diseases, as mice are phylogenetically related to humans
and show a striking genomic homology. This is especially
true with knockout mice, in which an existing gene is
inactivated. Laboratory mice are used to better understand
how a similar gene in humans may cause or contribute to
disease. The mouse as a model system for studying
pathogenesis of TBEV has an advantage compared with
other flaviviruses, because mice are susceptible to natural
TBEV isolates, and develop encephalitis, whereas other
flaviviruses require mouse adaptation to cause disease.®
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Animal models of TBEV infections have provided insights
into the pathogenesis of TBE in humans. In particular, TBEV
and LGTV infections of mice enable the identification of
host and viral genetic factors that contribute to the
outcome of infection, as shown through the studies
described elsewhere and in this chapter.

Recently we used C57BL/6 mice to characterize TBEV
pathogenesis. Two different strains showing different
symptoms are investigated. Namely HB171/11, isolated
from questing adult ticks from a natural focus in south
Germany®® and Tor6-2003, rescued from a cDNA infectious
clone generated from RNA extracts of nymphs collected in
the island of Tord, Sweden.!’” Both strains showed highly
different symptoms in humans, as HB171/11 leads to mild
gastrointestinal and constitutional symptoms without
affecting the nervous system. TBE cases in the region of
Toro showed relatively mild neurologic disease and few
cases of hospitalization. The infection of mice reflects the
different course of infection in humans, we observed lower
pathogenicity of HB171/11 in comparison to Tor6-2003
infections. Tord-2003 replicates faster in the periphery and
enters the brain very early during infection. In addition,
neurovirulence was lower in HB171/11-infected mice. The
mechanism of virulence and neuropathology is still under
investigation, although differences in cytokine induction
and viral replication in target cells could be involved. In
summary, mouse models could be a good tool to contribute
to our understanding of pathogenesis of TBEV infection.®®

Reverse genetics systems

Reverse genetics of viruses is the generation and
manipulation of viral genomes to investigate the direct
effects of changes on virus biology and pathogenesis. For
flaviviruses, the first reverse genetic system was developed
in 1989 for YFV.* Since the genome of flaviviruses is
positive stranded, they are infectious if introduced into
susceptible cells.”® There are several different approaches
to generate infectious virus. One important step is the
generation of a complimentary DNA (cDNA) to the RNA
genome. The cDNA is often cloned into a plasmid under a
specific promoter, which enables the in vitro transcription
of viral RNA. This DNA clone enables the introduction of
mutations into the genome, and subsequent analysis of the
resulting phenotype. Reverse genetics have been used to
study virulence, replication, host range, vaccines, and
functions of the coding and non-coding regions. However,
these clones are laborious and difficult to generate due to
instability and toxicity of some viral sequences in bacteria.”*

For TBEV 2 separate approaches were used in the
beginning; plasmid-based infectious clones®” and the PCR-
based methods for constructing recombinant virus.”>** Both
rely on in vitro transcription and transfection of RNA. The
most recent technique for generating TBEV clones is the



infectious-subgenomic-amplicon (ISA) method. Three PCR
amplicons are produced that have a CMV promoter at the 5’
non-coding region (NCR) and 70-100 bp overlapping
regions; the hepatitis delta ribozyme is followed by the
simian virus 40 polyadenylation signal. The amplicons are
mixed and introduced into the cells where they recombine
and produce infectious virus.*

Infectious clone systems have been very useful in studying
determinants of replication and biological characteristics as
well as to identify pathogenicity factors of TBEV. Two
advantages of this approach are that the genome is defined
and can be manipulated. In contrast, natural viral isolates of
positive-stranded RNA viruses are present as a population
of different viral types also called quasispecies. This is due
to the error-prone RNA-dependent RNA polymerase. In
addition, manipulating natural viral isolates with specific
mutagenesis-inducing drugs is a very nonspecific approach.

With this technique, several determinates of pathogenicity
have been identified. Specifically, the envelope protein
responsible for receptor-mediated entry,”® the function of
the membrane protein in virus budding,”’ and the impor-
tance of different regions in the 3’NCR. Neurovirulence in
mice was shown to be dependent on specific amino acid
residues in the upper lateral surface of domain Il in the
envelope (E) protein of TBEV (residues E308, E310 and
E311), possibly due to disruption of the receptor binding.*
The residues S267L, K315E, N389D in LGTV E protein and
K46E in the NS3 protein, were shown to be crucial for
neuroinvasiveness in immunodeficient mice.”® The 5’ and
the 3’ NCR contain complementary sequences that help
genomic cyclization to form panhandle structures. The NCRs
have several conserved structural stem loops that are
important for replication, translation initiation and
packaging.””'® At the beginning of the flavivirus 3’ NCR, a
secondary structure forms a pseudoknot that protects the
terminal 300- to 500-bases from exoribonuclease XRN1
degradation, generating a subgenomic flavivirus RNA
(sfRNA)."**'® The sfRNA has been shown to be critical for
WNV induced cytopathic effects'® and pathogenicity in
mice'™, and is involved in viral subversion of type | IFN
response by a yet unknown mechanism.'®® The TBEV sfRNA
has been shown to specifically interfere with the RNAi
system of ticks.'® The 3’ NCR of TBEV can be divided into a
highly conserved core element and a variable region that is
both heterogenic in length and sequence.'” Several
European TBEV strains contain an internal poly(A) tract in
the variable region of the 3’ NCR, which was considered
dispensable for replication and virulence in mice.'**%

However, studies recently showed that the variable region
and the poly(A) tract can modulate virulence of the Far
Eastern TBEV."'%'™ We have also detected different lengths
of the poly(A) tract in a blood-feeding tick indicating that
the poly(A) might be important for the switch between
invertebrate to vertebrate.'"
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To investigate this further a long-poly(A) Tor6-38A and a
TBEV Tord with a short-poly(A) were cloned and rescued.
We were able to show that the viruses with long-poly(A)
were attenuated in cell culture but more virulent in mice
compared with the short-poly(A), and the genome with
short-poly(A) was much more stable compared with the
long version, which developed a high quasispecies
diversity.”’

Conclusion

Important advances in the identification of molecular and
cellular mechanisms of TBEV-induced pathogenesis have
been made in recent years. Nevertheless, many questions
remain unresolved. The interaction of the virus with the
innate and adaptive immunity is not fully understood.
Additional questions include: which genes act antivirally to
inhibit virus replication in the periphery and in the CNS? Are
there cell- and tissue-specific differences? What is the effect
of cells of the innate and adaptive immune system in
antiviral defense and which factors influence neuroinvasion
and neuropathogenesis? And, last but not least, how can
CNS infections be prevented or treated?
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