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SUMMARY

Tick-borne encephalitis (TBE) is an emerging viral in-
fection in Europe and Asia. Climate and environmental
changes are expanding the distribution and activity of
Ixodes ticks, increasing human exposure. Most infec-
tions are asymptomatic, but symptomatic cases may
present with a biphasic illness that can progress to
meningitis or encephalitis, sometimes leading to long-
term neurological sequelae, particularly in the elderly
population. Currently, treatment is limited to support-

B INTRODUCTION

T ick-borne encephalitis (TBE) is an emerging vi-
ral infection of the central nervous system
(CNS) and has become an increasingly relevant is-
sue in Europe and parts of Asia. The disease is
caused by the tick-borne encephalitis virus (TBEV),
a neurotropic flavivirus, and currently represents
one of the most important causes of tick-borne en-
cephalitis in Europe, accounting for a substantial
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ive care, as no specific antiviral therapy is available.
Effective vaccines exist and represent the main preven-
tive strategy, although coverage remains variable. This
paper provides an overview of epidemiology, clinical
features, and prevention of TBE.
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proportion of viral meningoencephalitis cases in
endemic areas [1-3]. Over the past decades, a steady
increase in incidence has been observed, a trend
largely driven by ecological and climatic changes
influencing tick distribution and activity [1].

TBEV circulates in enzootic cycles involving Ixodes
ticks and small mammals, while humans repre-
sent incidental dead-end hosts. Infection most
commonly follows a tick bite, although alimentary
transmission through consumption of unpasteur-
ized dairy products from infected livestock has
been documented [1]. While the majority of infec-
tions remain asymptomatic, clinically apparent
disease can be severe and is frequently character-
ized by a biphasic course. After an initial viremic
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phase, the virus may invade the CNS, leading to
meningitis, encephalitis, or encephalomyelitis [2].
From a clinical perspective, TBE remains particu-
larly challenging because no specific antiviral
therapy is available and management is limited to
supportive care. Although overall mortality is rel-
atively low, long-term neurological and neuropsy-
chiatric sequelae occur in a substantial proportion
of survivors, in some series approaching 50%, and
contribute to a significant, often underestimated,
long-term burden [1]. Increasing evidence indi-
cates that immune-mediated mechanisms play an
important role in central nervous system injury
during the encephalitic phase of TBE. On this ba-
sis, clinical trials are currently investigating the
potential role of corticosteroid therapy, although
convincing evidence to support routine use is still
lacking [4].

In the absence of disease-modifying treatment,
prevention through vaccination remains the cor-
nerstone of TBE control. Nevertheless, vaccine up-
take varies widely across endemic regions, and
specific populations, including immunocompro-
mised patients, may show suboptimal vaccine re-
sponses [1]. This narrative review aims to provide
a clinically oriented overview of TBE, summariz-
ing current evidence on epidemiology, pathogen-
esis, clinical manifestations, diagnosis, manage-
ment, and prevention.

B VIROLOGY

Tick-Borne Encephalitis Virus belongs to the Flavi-
viridae family, Orthoflavivirus genus [5, 6]. Hav-
ing emerged roughly 10,000 years ago, TBEV is
believed to be the oldest tick-transmitted flavivi-
rus [7]. Like other flaviviruses, TBEV undergoes a
maturation process leading to the formation of
three different types of particles, namely imma-

Table 1 - Comparison of TBE virus subtypes.

ture, partially mature and fully mature particles
[8]. Only the latter can infect cells, due to their spe-
cific structural organization comprising an envel-
oped virion approximately 50 nm in diameter and
an 11-kb single-stranded RNA genome [9].

As far as its genetic material is concerned, TBEV
has an infectious positive-sense RNA representing
the only viral mRNA in the infected cell. It consists
of two short non-coding regions at the 5" and 3’
ends and an 11,000-nucleotide-long open reading
frame. The open reading frame is translated into a
single polyprotein, which is subsequently cleaved
into ten viral proteins [8]. The virus has an icosa-
hedral nucleocapsid formed by the capsid (C) pro-
tein and encodes seven non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) in-
volved in replication and host-virus interactions.
Deletions in the capsid protein sequence and ami-
no-acid substitutions in NS3 and NS5 have been
associated with reduced virulence [10].

In addition to these elements, the TBEV genome
encodes other two additional structural proteins,
M (membrane) and E (envelope). The E protein
constitutes the outer surface of the virion and is
the main target of neutralizing antibodies. It is es-
sential for viral entry, mediating receptor binding
and membrane fusion; notably, Domain III, with
an immunoglobulin-like shape, plays a key role in
host receptor interaction [8]. The M protein de-
rives from its precursor prM, which acts as a chap-
erone for E during virion assembly. During matu-
ration, prM is cleaved, allowing structural rear-
rangement into 2M-2E heterotetramers, that repre-
sent the fundamental unit of the mature virion [8].
TBEV comprises multiple subtypes [9]. Table 1
shows the main characteristics of the five current-
ly described subtypes.

Traditionally, three main lineages have been rec-
ognized, European (TBEV-Eu), Siberian (TBEV-

Virus subtype Place and date of first isolation Genotype similarity with TBEV-Eu Mortality
European Austria, 1931 100% 1-2%
Far Eastern Russia, 1937 88% 20-40%
Siberian Russia, late 20* century 82.6% 2-3%
Baikalian Russia, 1983 82.1% f%%@?éirgﬁzb%zl\r/‘_‘ggr
Himalayan China, 2018 81.5% Unknown

Abbreviations: TBEV-Eu, European subtype of TBEV; TBEV-FE, Far Eastern subtype of TBEV; TBEV-Sib, Siberian subtype of TBEV.
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Sib), and Far Eastern (TBEV-FE), which differ in
geographical distribution, genetic features, and
virulence. Two additional subtypes, Baikalian and
Himalayan, have been described more recently.
The Baikalian subtype likely originated from a re-
combination between Siberian and Far-Eastern
strains; the Himalayan subtype, identified in Mar-
mota himalayana, shows distinct genetic features
and can be divided into two lineages [11, 12].
Over time, genetic diversification has contributed
to phenotypic variability, including differences in
virulence and neurotropism [7]. Specific genomic
elements, such as poly(A) regions, and amino acid
substitutions in the E protein (particularly within
domains II and IIT) have been implicated in modu-
lating neuroinvasiveness and replication in the cen-
tral nervous system [13]. Despite this variability,
TBEV exhibits low substitution rate, and overall
genetic divergence among subtypes remains limit-
ed compared to other flaviviruses, with amino-acid
similarities between the strains ranging from 81%
to 96%, with the European and the Himalayan sub-
types differing the most from each other [7, 14].

B EPIDEMIOLOGY AND MODES
OF TRANSMISSION

TBEV is primarily transmitted through the bite of
infected ticks, which constitute the main vector of

the disease. Small mammals, particularly rodents
and insectivores, serve as the principal reservoir
hosts, sustaining viral circulation in natural foci.
In contrast, large mammals, including humans,
typically develop only transient and low-level
viremia, insufficient to contribute meaningfully to
onward transmission [8].

Ticks acquire the virus while feeding on infected
hosts or, more efficiently, through co-feeding
transmission, whereby infected and uninfected
ticks feed in close proximity on the same host. This
mechanism allows viral maintenance even in the
absence of systemic viremia in the vertebrate host.
Vertical transmission within ticks has also been
described. Once infected, ticks can harbor the vi-
rus in their salivary glands throughout their
lifespan, which may extend up to several years,
enabling long-term persistence of TBEV in the en-
vironment [8].

Transmission to humans occurs during tick feed-
ing, as virus-containing saliva is inoculated into
the host. Notably, TBEV transmission may take
place within minutes to a few hours after tick at-
tachment, in contrast to other tick-borne patho-
gens that require prolonged feeding. The probabil-
ity of transmission increases with feeding dura-
tion, although interrupted feeding followed by
reattachment to a different host may further accel-
erate transmission [8]. Tick saliva itself plays an
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active role in facilitating infection, as it contains
immunomodulatory factors that reduce host in-
flammatory responses and enhance viral dissemi-
nation [15].

In addition to vector-borne transmission, alimenta-
ry infection represents a well-recognized alterna-
tive route. Consumption of unpasteurized milk or
dairy products from infected ruminants (particu-
larly goats, sheep, and cows) can lead to infection
and has been associated with localized outbreaks
[16]. Other, less common transmission routes, in-
cluding solid organ transplantation, blood transfu-
sion, breastfeeding, and aerosol exposure, have
been documented but remain rare [8]. Figure 1
shows the modes of transmission of TBE.

TBEV displays a heterogeneous geographic distri-
bution that is primarily driven by the ecology of
its primary vector, Ixodes ticks, and by environ-
mental conditions that sustain enzootic transmis-
sion cycles (Figure 2).

Across Europe and Asia, the virus is maintained in
natural foci involving small mammals and ticks,
with humans acting as incidental, dead-end hosts.
The European subtype, transmitted mainly by Ix-
odes ricinus, predominates across Central and
Western Europe, extending from the Baltic states
and Scandinavia through Germany, Austria, Swit-
zerland, and the Czech Republic to the Balkans
and northern Italy. In contrast, the Siberian and
Far Eastern subtypes, primarily associated with
Ixodes persulcatus, circulate across Russia and large
parts of Asia, including China, Japan, and the Ko-

rean peninsula. These lineages differ not only in
geographic distribution but also in clinical severi-
ty, with higher case-fatality rates reported for in-
fections caused by Far-Eastern strains (up to 20-
40%, compared to 1-2% for TBEV-Eu) [2, 8].

From an epidemiological perspective, TBE repre-
sents one of the most relevant tick-borne viral in-
fections in the Northern Hemisphere [1, 2]. The
World Health Organization estimates that ap-
proximately 10,000-15,000 clinical cases are re-
ported annually across the endemic regions.
However, this figure likely underestimates the
true burden of disease, as a substantial propor-
tion of infections remain asymptomatic or pres-
ent with non-specific clinical features and are
therefore not diagnosed [1]. Incidence rates vary
considerably both between and within countries,
with the highest notification rates consistently
observed in the Czech Republic, Lithuania, Lat-
via, Estonia, and Russia [17].

Over the past three decades, a progressive increase
in TBE incidence has been documented. This trend
is thought to result from a combination of ecologi-
cal, climatic, and behavioural factors rather than
improved surveillance alone [1, 3]. Climate change,
in particular, has a profound impact on tick distri-
bution and activity. Warmer temperatures, milder
winters, and increased humidity have expanded
the geographic range of Ixodes ticks and prolonged
their seasonal activity [8, 18]. As a result, the trans-
mission season, traditionally confined to spring
and autumn, has lengthened, with tick activity in-

Figure 2
Geographic
distribution

of TBE.
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creasingly documented during winter months in
several European regions. In parallel, the expan-
sion of ticks to higher altitudes and latitudes has
introduced TBE risk into previously unaffected
regions. Italy provides a paradigmatic example of
the evolving epidemiology of TBE in Europe. His-
torically, autochthonous transmission was largely
confined to the north-eastern regions, particularly
Friuli-Venezia Giulia and Trentino-Alto Adige,
which are ecologically contiguous with highly en-
demic areas of Central Europe [19, 20]. However,
over the past two decades, new endemic foci have
progressively emerged in previously unaffected
regions, including parts of Veneto, Lombardy, and
Piedmont, with sporadic evidence of transmission
also reported in central Italy [1, 19]. This geo-
graphic expansion reflects broader European pat-
terns and carries important public health implica-
tions, as it exposes populations with limited
awareness and low vaccination coverage to an
emerging infectious risk [20].

B PATHOGENESIS

TBEV infection in humans typically begins at the
site of a tick bite, where the virus is inoculated into
the skin together with tick saliva during blood
feeding [21]. After the tick attaches to the skin,
kininase deactivation of bradykinin occurs, there-
by reducing the pain related to the tick bite [22].
Anticoagulants, immunomodulators, and vasodi-
lators, which are essential components of saliva
composition, enhance viral entry and replication.
Early infection occurs in the dermis, where TBEV
infects neutrophils, monocytes, and skin-resident
dendritic cells. These cells likely contribute to viral
transport to regional lymph nodes [23]. At the
same time, tick saliva exerts local immunomodu-
latory effects, attenuating macrophage recruit-
ment and skewing the immune response toward a
less effective Th2 profile [24]. Salivary components
have also been shown to promote oxidative stress
by increasing pro-oxidative molecules, such as
4-hydroxy-nonenal (4-HNE), while reducing anti-
oxidant defenses. This imbalance contributes to
cellular damage, sustains non-protective inflam-
mation, and enhances TNF-a production [25].

Once TBEV enters cells, its pathogen-associated
molecular patterns (PAMPs) are recognized by
pattern recognition receptors (PRRs), including
RIG-I-like receptors and Toll-like receptors (TLRs).

Their activation triggers NF-xB and downstream
pro-inflammatory cytokines, stimulating expres-
sion of interferon-stimulated genes (ISGs). These
events enhance innate and adaptive immunity by
enhancing antigen presentation, disrupting the vi-
ral life cycle, and activating macrophages, NK
cells, and lymphocytes. The importance of this
pathway is underscored by the observation that
interferon response can reduce viral replication by
several orders of magnitude [26]. Conversely, de-
fects in early immune pathway, such as polymor-
phisms or reduced expression of TLR3 in dendrit-
ic or epithelial cells are linked to a higher risk of
developing symptomatic or severe TBE [27].
Following initial amplification in skin immune
cells, TBEV is transported to regional lymph nodes.
Viral replication in draining lymph nodes is be-
lieved to generate viremia, enabling spread to pe-
ripheral tissues. Although the precise cell tropism
in peripheral organs remains incompletely de-
fined, dendritic cells, macrophages, and possibly
neutrophils are thought to be major replication
sites.

A critical determinant of disease severity is the
ability of TBEV to invade the CNS. Neuroinvasion
likely occurs during the viremic phase through
multiple mechanisms, including transport via in-
fected leukocytes (“Trojan horse” mechanism), di-
rect infection of endothelial cells, and receptor-me-
diated entry into brain microvascular endothelial
cells. Notably, experimental evidence suggests
that disruption of the blood-brain-barrier (BBB) is
not required for initial CNS entry, as BBB break-
down appears to occur later in the course of infec-
tion. TBEV can also access the CNS via retrograde
axonal transport. Specific host receptors, such as
low-density lipoprotein receptor-related protein 8,
have been implicated in facilitating viral entry into
neuronal cells.

Within the CNS, TBEV displays a marked tropism
for neurons, where it replicates efficiently, reduc-
ing cell viability and spreading trans-synaptically.
Infection of astrocytes and other glial cells has also
been described in vitro [28, 29].

CNS damage in TBEV infection may result from
direct neuronal injury or cell-cycle arrest in neural
stem cell populations. However, immune-mediat-
ed mechanisms appear to play a predominant
role, as infiltration of immune cells into the CNS
contributes to neuronal loss and impaired connec-
tivity. Studies evaluating inflammatory responses
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in serum and cerebrospinal fluid (CSF) have
shown that, during the early phase of CNS in-
volvement, innate and Th1 adaptive responses are
predominantly detected in the CSE, whereas Th17
and B-cell responses are more prominent in the
systemic circulation [30]. Such an increase in Th17
responses can contribute to CNS neutrophilic in-
flammation, which is further driven by the neutro-
phil chemoattractant IL-8 and amplified by TNE-
aa. Similar findings have been described in condi-
tions such as Lyme arthritis [31]. Moreover, acti-
vated cytotoxic T-cells can cross the BBB and con-
tribute to TBEV-associated damage, characterized
by neuronal loss, reactive gliosis, neuronophagia,
and immune cell infiltration, which is observed
mainly in the thalamus, cerebellum, caudate nu-
cleus, and brainstem [9].

B CLINICAL MANIFESTATIONS

Biphasic disease course

TBE encompasses a broad and heterogeneous clin-
ical spectrum, extending from asymptomatic or
subclinical infection to severe neuroinvasive dis-
ease, possibly with long-term sequelae or fatal out-
come. Approximately three-fourths of infections
attributed to the European TBE virus subtype re-
main asymptomatic, while symptomatic cases typ-
ically manifest after an incubation period of 7-14
days (with a range of 2-28 days) after tick bite. In
contrast, following consumption of unpasteurized
milk or dairy products derived from infected
sheep or goats, clinical symptoms usually develop
in less than 2 weeks, often within 2-4 days [32].
When clinically evident, the illness classically fol-
lows a biphasic course, each with specific clinical
manifestations. This distinctive temporal pattern
is particularly associated with the European sub-
type virus (65-75% of patients), representing a
hallmark of this infection. It consists of two dis-
tinct phases separated by a symptom-free interval.
A monophasic disease course, characterized by
isolated neurologic illness without a preceding fe-
brile phase, is more commonly observed with Far
Eastern and Siberian subtype infections and has
been associated with more severe disease out-
comes [8, 33]. The initial phase corresponds to sys-
temic viremia and typically persists for 2-10 days
(viremic prodromal phase). This early stage is
characterized by a non-specific, flu-like syndrome,
most commonly presenting with fever (99%), fa-

tigue (63%), malaise (62%), headache, myalgia,
and arthralgia (54%), reflecting a transient system-
ic inflammatory response [8, 33, 34]. Based on a
case-series of 98 patients observed with prodromic
symptoms of TBE, without evidence of neurologic
involvement, the most frequent symptoms or
signs were malaise and fatigue, fever, and head-
ache, which typically resolve in 4-5 days. This
phase may be associated with laboratory abnor-
malities such as leukopenia, thrombocytopenia,
and elevated liver enzymes [35]. Following an ini-
tial phase, patients experience a symptom-free in-
terval lasting approximately 7 days (range 1 to 21
days). This asymptomatic interval represents a
critical diagnostic window, as TBE may not be sus-
pected during the initial phase when symptoms
are nonspecific. Approximately 20 to over 50% of
infected individuals progress to a second disease
phase characterized by the recurrence of fever and
involvement of the CNS. As expected, most cases
present with pleocytosis and high cerebrospinal
fluid (CSF) proteins, and hyponatremia and high
CSF protein levels were observed in those experi-
encing a severe course. Presentation without pleo-
cytosis was reported in about 10% of the cases in a
series from Norway [36]. The rate of symptom
progression is highly variable among individuals
[8, 33, 34, 37].

Neurological manifestations

The second phase of TBE encompasses a spectrum
of neuroinvasive presentations whose clinical
phenotype is largely determined by the specific
CNS structures affected. The most frequent pres-
entations are meningitis and meningoencephalitis.
Clinically, the neurological symptoms present
during this stage do not deviate significantly from
those seen in typical acute viral meningoencepha-
litis. Meningitis, reported in roughly half of affect-
ed patients, typically manifests with fever, head-
ache, vomiting, neck stiffness and photophobia.
Meningoencephalitis, which occurs in approxi-
mately 40% of cases, is associated with more se-
vere neurological impairment, including altered
levels of consciousness, which is present in a third
of cases and may range from somnolence to coma.
In contrast with other viral meningoencephalitis,
seizures are less common. Other manifestations
can be tremor, ataxia, restlessness, muscle pain,
dysarthria and fasciculations of the tongue [8, 34,
37]. The last one is a typical sign of TBE and should
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raise suspicion of diagnosis [38]. Paretic complica-
tions during the acute phase of the disease occur
in about 10% of patients and are primarily due to
spinal cord or peripheral nerve involvement. Bul-
bar symptoms are reported in fewer than 5% of
cases and may progress to respiratory failure [39].
Less commonly, TBE infection may present as my-
elitis, observed in 5-10% of patients. In this case
the clinical manifestations reflect the predilection
of the virus for the anterior horn of the spinal cord.
Respiratory muscle involvement can be present
and may require mechanical ventilation. Rarely,
the infection affects the medulla and the brain-
stem, posing the patient at risk of respiratory fail-
ure and severe complications associated with high

Table 2 - Differential diagnosis of TBE.

mortality. Peripheral nervous system involvement
has been reported, usually presenting as myelo-
radiculitis with severe pain in the back and limbs,
weak muscle reflexes, and sensory disturbances
[8, 34, 37]. Cranial nerves can be affected, most
commonly presenting as peripheral unilateral fa-
cial palsy, but also affecting ocular, pharyngeal,
vestibular, and auditory functions [33, 40]. The
clinical spectrum of TBEV during pregnancy
closely mirrors that of non-pregnant patients. Few
case reports in the literature indicate no evidence
of vertical transmission, with pregnancies culmi-
nating in normal outcomes and infants demon-
strating typical development throughout their
first year [41].

TBE Newroborreliosis Herpes Szmple'x. Virus West Nile Vl.rus Autozmm'm'ﬂe
encephalitis encephalitis encephalitis
. . Widespread
Epidemiology/ | Endemic in Europe/ Endemic mn No geographic/ geographic No geographic /
. . . Europe/ Asia; seasonal pattern; AN
seasonality Asia; April-November . . distribution seasonal pattern
April-November sporadic
summer-fall
Reactivation of
Tick bite (Ixodes); latent virus or, less
- consumption of Tick bite commonly, primary Mosquito q
Transmission unpasteurized dairy (Ixodes) infection through bite Not applicable
products contact with infected
mucosal surfaces
Subacute
. . Cranial neuritis Fever, headache, onset; memory
Biphasic: . o e . "
o . (facial palsy), Acute encephalitis, encephalitis; impairment,
Clinical 1) fever, 2) neurologic . L . _ . . L
L radiculoneuritis, | seizures, focal deficits, | flaccid paralysis; psychiatric
Features phase (meningitis, oo . ; g
" o meningitis; behavioral changes no biphasic symptoms,
encephalitis, myelitis) . .
subacute onset pattern seizures; fever
may be absent
Serum IgM/IgG Serum two-tier
ELISA (gold standard); | antibody testing
neutralization test (ELISA + Western Serum /CSF Autoantibod
Diagnostic for confirmation; blot); CSF: serum CSF PCR HSV IgM ELISA; i y
Test CSF IgM intrathecal Borrelia antibody (gold standard) CSF/serum/ -y gSF)
synthesis; PCR in index; PCR not urine PCR
serum only during the | recommended as
early viremic phase primary test
Often normal; can U.s ually normal or Temporal lqbe T2{ Deep grey T2/FLAIR
Gt mild enhancement; | FLAIR hyperintensity . .
show limbic and o . matter hyperintensity
MRI . . nonspecific white (hallmark); : .
.. thalamic involvement; . . K [ (thalamus, basal | confined to mesial
Findings matter lesions; diffusion restriction; .
no temporal lobe ) ganglia) T2 temporal lobe/
redilection no temporal hemorrhagic hyperintensity hippocampus
P predilection components

Abbreviations: CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; FLAIR, fluid-attenuated inversion recovery; HSV, herpes simplex virus;
I13G, immunoglobulin G; IgM, immunoglobulin M; MRI, magnetic resonance imaging; PCR, polymerase chain reaction; TBE, tick-borne encephalitis; TBEV,

tick-borne encephalitis virus; WNV, West Nile virus.
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Neurological involvement typically worsens as
patients age, characterized by isolated meningitis
in children and more severe forms in the elderly
population [33, 41, 42].

Functional sequelae are reported in about half of
affected cases, with fatigue and motor deficits be-
ing the most frequently reported. Based on a study
on 209 patients with laboratory-confirmed TBE,
having severe symptoms during the acute phase
and older age were stronger predictors of an unfa-
vourable outcome [43].

Table 2 shows the differential diagnoses of TBE.

B DIAGNOSIS

TBE diagnosis is mainly based on clinical signs
and symptoms, confirmed by serological and mo-
lecular tests on serum/blood and cerebrospinal
fluid [2, 44]. According to the European Centre for
Disease Prevention and Control (ECDC) Meeting
Report in 2011, a confirmed TBE case requires both
clinical symptoms of TBE and IgM plus IgG in se-
rum or IgM in the CSF or IgM plus IgG in the CSF
or detection of TBE viral nucleic acid in clinical
specimen [45].

Following TBEV infection, in the initial phase of
the disease, leukopenia and/or thrombocytopenia
are often found, and liver function parameters
may be altered. Leukocyte counts tend to improve
over the course of illness, whereas thrombocyto-
penia and liver enzyme abnormalities may wors-
en [35, 46].

In the first viremic phase, which precedes serocon-
version and the onset of central nervous system
manifestations, TBE viral RNA can be detected in
the patient’s blood or serum with specific molecu-
lar tests (NAT, Nucleic Acid Test), such as polymer-
ase chain reaction (RT-PCR). Once neurological
symptoms arise, however, TBEV RNA is hardly
detected in the blood, although persistent viremia
has been observed in immunocompromised indi-
viduals [19]. Viral RNA can be seldom detected in
this second phase in the cerebrospinal fluid, if early
collected, or in urine [47]. While RT-PCR in blood
can be crucial for detecting TBEV in the initial
phase of TBE, however it has few or none diagnos-
tic value in the second phase of the infection, when
most patients seek medical attention.
Confirmation of a suspected TBEV infection usu-
ally relies on detection of TBEV-specific IgM and
IgG antibodies in serum. IgM antibodies can be

detected in the blood from the onset of neurologi-
cal symptoms (usually within 6 days of symptoms
onset) up to several months after infection, while
IgG antibodies persist lifelong and have a protec-
tive effect. Interindividual variations in antibody
production and kinetics have been described.
Demonstration of intrathecal synthesis of an-
ti-TBEV antibodies can also aid in confirming the
diagnosis of neurological infection. Specific anti-
bodies can be found in the cerebrospinal fluid in
50% of the patients early after onset of TBE dis-
ease, and by the 10-15th day of illness they almost
invariably become detectable [44]. In the CSF, IgM
production peaks later than in the blood, typically
becoming detectable after 2 weeks [48].

The serological tests, mainly based on enzyme-
linked immunosorbent assays (ELISA), generally
demonstrate good sensitivity, but can pose inter-
pretation problems due to flaviviruses extensive
cross-reactivity and the so-called “original anti-
genic sin” phenomenon that occurs during se-
quential infections with other flaviviruses. In these
cases, to avoid false-positive results, confirmatory
neutralization tests are recommended, but these
are performed only by specialized laboratories
[44].

A previous vaccination with TBE can also be a con-
founding factor in the diagnosis of TBE. Current
TBE vaccines available in Europe have demon-
strated long-lasting immune responses, with neu-
tralizing antibodies persisting for over 5 years.
Patients who, despite vaccination, develop TBE
(vaccine “breakthrough”) exhibit an immunologi-
cal response characterized by delayed develop-
ment of the specific IgM response, along with rap-
id increase in serum IgG antibodies [49]. Unfortu-
nately, the currently available standard diagnostic
tests do not allow for a differential diagnosis be-
tween vaccination-induced immunity and infec-
tion-induced immunity but IgG avidity testing
can be of some help [50]. Systems that would al-
low for the discrimination of IgG and IgM re-
sponses to the viral protein NS1, which is present
in in vivo infections but not in the inactivated virus
vaccine preparations available in Europe, are re-
cently being studied [51].

B TREATMENT

Despite its potentially severe and life-threatening
manifestations, there is currently no proven or ap-
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proved, specific antiviral therapy for TBE. Clinical
management is therefore primarily supportive
and guided by disease severity. For neuroinvasive
disease requiring hospitalization, supportive care
includes adequate fluid and electrolyte manage-
ment, along with antipyretics and antiemetics.
Moreover, anticonvulsant treatment can be started
in presence of seizures. In parallel, careful neuro-
logical assessment and close clinical monitoring
are essential to detect early signs of deterioration.
This approach allows timely escalation of care, in-
cluding admission to an intensive care unit (ICU)
when indicated, where airway protection, me-
chanical ventilation, and hemodynamic support
can be promptly initiated [8, 52].

Among the neurological complications that can
aggravate the clinical picture and worsen the out-
comes, cerebral edema, bulbar dysfunction and
neuromuscular paralysis are the most threatening.
Regarding cerebral edema, the use of mannitol
and/or corticosteroids is recommended in order
to reduce intracranial pressure [53].

Although corticosteroids are recommended in cer-
tain bacterial meningitides and have been pro-
posed as a potential immunomodulatory treat-
ment in severe cases of TBE, their role remains
controversial. In endemic areas, they are often
used in severe cases based on anecdotal clinical
experience [54]. However, observational studies
show no clear clinical benefit, and treated patients
have sometimes experienced longer hospitaliza-
tion, although corticosteroid use was not inde-
pendently associated with incomplete recovery
[55]. Overall, the evidence is inconsistent and
largely retrospective, underscoring the need for
randomized controlled trials. A multicentre dou-
ble-blind study of dexamethasone in adults with
TBE has been proposed to assess whether dexa-
methasone improves neuropsychological and
quality-of-life outcomes in patients with TBE and
central nervous system involvement [4]. At pres-
ent, corticosteroids are not standard therapy and
should be considered on a case-by-case basis.
Immunotherapy-based strategies have been re-
ported, with some cases describing favorable out-
comes.

Asin other flaviviral infections, high-dose intrave-
nous immunoglobulin (IVIG) has been proposed
for the treatment of TBE [56]. However, its use re-
mains controversial due to the potential risk of
antibody-dependent enhancement (ADE), a phe-

nomenon in which sub-neutralizing antibodies
facilitate viral entry into Fc receptor-bearing im-
mune cells, potentially increasing viral replication
and disease severity [8].

In experimental studies, the TBEV-specific anti-
body content of some IVIG batches showed strong
neutralizing activity in cell culture and was asso-
ciated with protection in mice [57]. Nevertheless,
IVIG alone may be insufficient in immunodefi-
cient patients with severe disease. In such cases,
the combination of plasma transfusions contain-
ing TBEV-IgG and corticosteroids has been pro-
posed to increase neutralizing antibody titres and
potentially support viral clearance [58], although
evidence is currently limited to case-based reports.
There is growing interest in whether nucleoside
and nucleotide analogs (NAs), mostly drugs
repurposed from other infections, could have a
role in TBE, but evidence base remains largely pre-
clinical, with only isolated human observations
[59].

Favipiravir, a broad-spectrum antiviral, has gener-
ated particular interest following a published
off-label case report in a patient with severe TBE
who subsequently recovered [60]. Acting as a pro-
drug, it is recognized by the RNA-dependent RNA
polymerase as a pseudopurine and it could inhib-
it viral replication, as demonstrated for West Nile
virus (WNV) [61].

Other NAs, including remdesivir and sofosbuvir,
have shown in vitro inhibitory activity against
TBEYV, and have raised early signals related to re-
sistance selection, which supports further evalua-
tion rather than clinical use [62].

More recently, a preprint found that bemnifosbu-
vir, either by itself or paired with remdesivir, re-
duced viral replication in ex vivo and orga-
noid-like models, suggesting potential activity but
remaining strictly preclinical [63].

Finally, ribavirin can inhibit TBEV replication in
cell culture and protect infected cells from cyto-
pathic effect, yet its clinical value in TBE remains
unproven, and reviews generally conclude that
interferon/ribavirin-based approaches have not
produced convincing benefit [64].

Overall, these antivirals remain investigational,
and controlled clinical studies would be required
before any could be recommended beyond com-
passionate/off-label use in selected cases.

These direct antiviral agents (DAAs), together
with TBEV monoclonal antibodies, have been rec-
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ognized as the most promising pipelines for TBE
treatment. As for SARS-CoV-2 and respiratory
syncytial virus, monoclonal antibodies (mAb) are
already an established strategy for the prevention
and treatment of severe viral infections [65,66].
Treatment with TBEV-specific monoclonal anti-
bodies has already demonstrated efficacy in
mouse models [67]. Building on this rationale, and
on the clinical need for options in severe TBE, par-
ticularly in immunocompromised patients with
suspected ongoing viral replication, TBE thera-
peutics are now starting to move beyond preclini-
cal work. In fact, a first-in-human trial of an inves-
tigational TBEV monoclonal antibody (e.g.
TBE025) is listed in trial registries and is enrolling
healthy adults to assess safety, tolerability, and
pharmacokinetics and to define a recommended
Phase II dose [68]. While this is a clear milestone
for the field, it remains an early step, and clinical
efficacy in patients will need to be demonstrated
in subsequent studies.

B VACCINES AND PREVENTION

Available TBE vaccines

At present, TBE can be effectively prevented
through active immunization [69]. Two vaccines
are licensed in Europe: FSME-IMMUN (Pfizer Eu-
rope, Brussels, Belgium), derived from a 1979 for-
mulation and available since 2001; and Encepur
(Bavarian Nordic, Hellerup, Denmark), licensed in
Germany in 1991 and available across Europe
since 1999 [70]. Table 3 shows their main character-

istics. Both products include pediatric formula-
tions containing half the adult dose and are au-
thorized for children aged >1 year [71].

The two vaccines are inactivated whole-virus
preparations based on European TBEV strains
(Neudoerfl for FSME-IMMUN and K23 for En-
cepur). Vaccine production involves propagation
of TBE virus in chick embryo fibroblast cells, for-
maldehyde inactivation, and purification by ultra-
centrifugation. The virions are adsorbed onto alu-
minum hydroxide and stabilized with human se-
rum albumin; both formulations are preserva-
tive-free and contain no thiomersal [33, 34].

Vaccination schedules and target populations

The standard primary immunization schedule
comprises three intramuscular doses: the second
1-3 months after the first, and the third 5-12
months after the second. Completion of the prima-
ry series is recommended at least one week prior
to potential exposure [33]. Accelerated schedules
with shortened intervals between doses may be
considered under particular circumstances when
rapid protection is required [72, 73]. A booster
dose may be administered no earlier than three
years after the primary series, with subsequent
boosters scheduled at 3-, 5-, or 10-year intervals
depending on age, national policies, and ongoing
exposure risk [33, 69].

Vaccination is recommended for all individuals
aged 21 year living in highly endemic regions (=5
cases/100,000/year), according to WHO and Eu-
ropean Academy of Neurology guidelines [2]. In

Table 3 - Available vaccines in Europe and vaccination schedules.

Vaccine FSME-IMMUN Encepur
Manufacturer Pfizer Europe Bavarian Nordic
Availability 2001 1999
Virus Strain TBEV-Eu (Neudoerfl) TBEV-Eu (K23)
Vaccine Type Inactivated whole-virus Inactivated whole-virus
Mode of administration Intramuscular Intramuscular
Effectiveness >95% >95%

Duration of protection 3-10 years 3-10 years

Schedule

0; 1-3 months; 5-12 months after dose 2

0; 1-3 months; 9-12 months after dose 2

Booster

3,5, or 10 year intervals depending on age,
national policies, and ongoing exposure risk

3,5, or 10 year intervals depending on age,
national policies, and ongoing exposure risk

Pediatric Dose

Half adult dose (21 year)

Half adult dose (21 year)

Abbreviations: TBEV-Eu, European subtype of TBEV.
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areas of lower incidence, immunization is targeted
to at-risk populations, including individuals with
occupational or recreational outdoor exposure,
such as forest workers and hikers. Travelers to en-
demic areas with planned open-air activity, par-
ticularly during peak tick season in summer,
should also be vaccinated [33]. A recent review of
European policies found that nationwide pro-
grams are implemented only in seven countries;
elsewhere, recommendations are limited to travel-
lers or residents in endemic areas, with endemicity
defined variably by incidence (e.g., 215 cas-
es/100,000/year in Finland) or geography (e.g.,
below 1400 m in Italy) [20].

Immunogenicity, effectiveness, and safety

Evidence from the literature indicates that both
licensed TBE vaccines induce near-complete sero-
conversion in adults and children following the
three-dose primary series [17]. Antibody titers re-
main high in at least 95% of vaccinated individu-
als for up to three years, and two European stud-
ies reported detectable anti-TBEV neutralizing
antibodies up to 10 years after a booster [74, 75].
Seropositivity is lower in immunosuppressed in-
dividuals [76] and gradually declines in those >60
years [77].

With the exception of one pediatric study [78],
current findings support the interchangeability of
the two vaccines for primary and booster immu-
nization, with preserved immunogenicity [79].
Moreover, the neutralizing antibodies elicited
confer cross-protection against the three main
TBEV subtypes, as demonstrated in preclinical
and human studies [17].

Randomized controlled trials were not conducted
during vaccine approval; however post-licensure
observational studies and systematic reviews
demonstrate 90-99% effectiveness for both formu-
lations in preventing clinical disease across all age
groups, with consequent reductions in hospitali-
zations and mortality [80,81]. Breakthrough infec-
tions are rare and primarily affect older adults,
suggesting booster intervals may need shortening
in this population [77].

More than 75 million TBE vaccine doses adminis-
tered in Europe since 2001 indicate a favorable
safety profile [33]. Adverse events are more fre-
quent following primary series doses [82] and in
young children [83]. Serious reactions are exceed-
ingly rare [83, 84], with most events being mild to

moderate - commonly injection site pain, head-
ache, fatigue, myalgia, or fever - and resolving
spontaneously [77].

Preventive strategies beyond vaccination

Since vaccination coverage and adherence can be
suboptimal [85], complementary preventive meas-
ures are essential. Tick control relies mainly on ec-
toparasiticides, though resistance may develop.
Personal protection includes avoiding areas with
dense foliage, wearing long pants that cover the
ankles, avoiding tall grass or brush and avoiding
unpasteurized dairy products [18, 32, 85]. After
potential exposure, a thorough skin check and
shower are recommended to remove unattached
ticks, while attached ticks should be removed
promptly by pulling straight out with tweezers or
fingers [86].

B ONE HEALTH APPROACH

Alongside vaccination, a One Health approach
can provide a consistent pillar of TBE prevention.
Moreover, through integrated surveillance and
monitoring of disease drivers and early warning
signals, One Health can help mitigate spillover
events [87].

TBE virus circulates primarily in enzootic cycles
involving Ixodes ticks and vertebrate hosts, with
small mammals acting as key reservoirs and larg-
er mammals (especially cervids) sustaining tick
populations by providing blood meals and,
through their abundance and movements pat-
terns, shaping tick density and distribution across
landscapes [88].

As with other vector-borne diseases (VBDs), tick-
borne diseases (TBDs) are highly climate-sensitive
because ticks are poikilotherms, and environmen-
tal temperature strongly influences core physio-
logical processes such as blood-meal digestion,
development, oviposition, and refeeding [89].

In addition, climate changes with warming tem-
peratures, altered precipitation, and shorter win-
ters may extend seasonal tick activity, facilitate
expansion to higher altitudes and latitudes, and
shift host distributions [90].

Comparable patterns have already been observed
for other VBDs in Europe. For example, WNV sea-
sons have intensified in recent years, and attribu-
tion modelling supports climate change as a driv-
er of the long-term expansion of ecologically suit-
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able area for WNV circulation in Europe [91,92].
Beyond climate, anthropogenic land-use change
(e.g., reforestation, woodland fragmentation, ur-
ban—forest interfaces, agricultural abandonment)
can increase edge habitats, intensifying and favor-
ing host-tick encounters.

A One Health framework therefore prioritizes in-
tegrated surveillance that links human case re-
porting with veterinary and wildlife indicators,
entomological monitoring (tick density, infection
prevalence), and environmental data (climate,
vegetation, landscape structure). This approach
enables early detection of outbreaks, risk map-
ping, and seasonal forecasting [93]. Importantly,
One Health is a governance model that aligns min-
istries, public health agencies, forestry and wild-
life services, veterinarians, and communities
around shared metrics, transparent data sharing,
and adaptive interventions [94]. For research, it
encourages cross-disciplinary study of how host
community composition, biodiversity, and anthro-
pogenic pressures modulate virus persistence;
how microclimate and habitat management influ-
ence tick phenology; and how human mobility
and vaccine uptake shape outbreak dynamics.

B CONCLUSIONS

TBE is an emerging infection with increasing rele-
vance in endemic areas. Although most cases are
mild, severe neurological disease can occur. In the
absence of specific treatment, vaccination and pre-
ventive measures remain essential. A One Health
approach, integrating human, animal, and envi-
ronmental surveillance, together with increased
awareness, is important to limit the impact of the
disease.
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