THE

BE

l; ‘) ‘) l( SEVENTH EDITION

Prof. Dr. Gerhard Dobler
Dr. Wilhelm Erber
Dr. Michael Broker
Dr. Lidia Chitimia-Dobler
Prof. Dr. Heinz-Josef Schmitt



Published by

Global Health Press Pte Ltd
50 Kaki Bukit Place

#04-01 Jean Yip Building
Singapore 415926

https://tbenews.com/tbe/

The TBE Book (7th Edition)
Copyright © Global Health Press Pte Ltd, 2024

All rights reserved. Without limiting the rights under copyright reserved above, no part of this publication may be
reproduced, stored in a retrieval system, or transmitted in any form or by any means (electronic, mechanical, photocopying,
recording, scanning, or otherwise), without the prior written permission of both the copyright owners and publisher of this
book.

The greatest care has been taken in compiling this book. However, no responsibility can be accepted by the publisher or
compilers for the accuracy of the information presented.

Where opinion is expressed it is that of the author and does not necessarily coincide with the editorial views of Global
Health Press.

While every effort has been made to contact copyright-holders of material produced or cited in this book, in the case of
those it has not been possible to contact successfully, the editors, authors, and the publisher will be glad to make
amendments in further editions.

Publication of this book was funded by Pfizer Inc.

ISSN: 2661-3980


https://id-ea.org/tbe/tbe-the-book/

Foreword to the 7th Edition of THE TBE BOOK: A Comprehensive Guide to Tick-Borne Encephalitis
Dear Readers!

It is with great pleasure that we present to you the 7th edition of THE TBE BOOK, a comprehensive guide to Tick-Borne Encephalitis
(TBE). Over the past two years, this book has reached an astonishing milestone of over 1 million readers worldwide, and our TBE
News including newsletter accompanying The TBE BOOK in April 2024 reached more than 20,000 readers in the United States alone
— although not a single autochthonous case of TBE has ever been reported from that country. We are immensely encouraged by
the overwhelming response and continue our commitment to providing the most up-to-date information on TBE with this latest
edition.

Embracing the E-CDC Definition

In this edition, we have fully embraced the European Centre for Disease Prevention and Control (ECDC) definition of “arbovirus
disease risk”, where regions are classified as "predisposed" [climate and territory would allow TBE-virus (TBEV) circulation],
"imperiled" (TBEV detected, but no case in a human), "affected" (single sporadic autochthonous TBE cases reported), or
"endemic" (annual documentation of several human TBE cases). This appears to us to be the currently best scientifically sound
approach to document the risk for TBEV-infections, as to date testing for the disease is largely incomplete, even in endemic
countries and even for patients with symptoms of encephalitis during the active tick season.

Major Updates and New Chapters
The 7th edition of THE TBE BOOK features significant updates to the main chapters, including:

Historical Perspective: We delve into the roots of TBE, exploring the discovery of the TBEV in the Soviet Union in the early 1900s
and the social and political circumstances that precipitated this discovery. Additionally, we provide a general summary of the TBE-
associated work of the six main scientists who unraveled the mysteries surrounding TBE in Europe, including the recently
“rediscovered” ground-breaking epidemiological work by Dr. Hans Schneider, elucidating TBE infections by types of exposures.

Microbial Species Transmitted by Ticks: We have added a comprehensive chapter on the ever-increasing number of pathogens
transmitted by ticks, as they are relevant for differential diagnostic considerations. This chapter will assist physicians in their efforts
to make accurate and timely diagnoses based on clinical findings and microbiological confirmation.

TBE in Children: We have included more comprehensive data on TBE in children, with a focus on long-term adverse outcomes.
Different from the current general belief, TBE is NOT a mild and neglectable disease in the young but frequently results in long-
term cognitive and psychological impairments — even if the initial disease is just a “mild encephalitis”.

Epidemiology and Public Health Aspects

The epidemiology section has been updated to reflect the increase in TBE cases in Northern and Central Europe, as well as the
spreading (or just the “recent detection) of the virus to Africa (Tunisia). We also discuss the concept of “risk areas" — predisposed,
imperiled, affected, and endemic — as proposed by the ECDC, and how "incidence data" may be misleading in judging the risk of
contracting the disease. Additionally, we explore the potential reasons behind the increase in reported cases, despite increasing
vaccine uptake, and whether this is due to increased awareness and testing, increased exposure, or other factors.

Furthermore, we provide detailed information on the public health aspects of TBE, emphasizing that it has been a vaccine-
preventable disease for more than 50 years. Recent studies have documented high and long-lasting vaccine effectiveness, leading
countries like Switzerland and Finland to recommend a simplified (2+1) vaccination schedule with extended 10-year boosters for
the two vaccines licensed in Europe. Information on the Russian and Chinese TBE vaccines has also been updated.

Underdiagnosis and the Way Forward

Despite the availability of vaccines, TBE — even severe cases — remains hugely underdiagnosed in Europe and Asia, and we are far
from systematic testing for this disease. This 7th edition of THE TBE BOOK aims at raising awareness and providing valuable insights
to combat these challenges by further research.

We hope that this comprehensive guide will prove valuable to healthcare professionals, public health officers, travel medicine
colleagues, researchers, travelers and anyone interested in understanding, diagnosing and preventing TBE. Join us on this journey
as we continue to unravel the mysteries surrounding this important disease.

We thank all authors for their valuable time, work and dedication; we thank all members of the publishing team with Global Health
Press in Singapore for their hard and focused work; the language Editor for finding and correcting all the big and small errors in
each manuscript and finally we thank the publisher for her commitment to this work.

Munich, Nierstein, Marburg (Germany), Vienna (Austria), Singapore

June, 2024
The Editors
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Chapter 1

Tick-borne human diseases
around the globe

Tatjana Vilibi¢-Cavlek, Maja Bogdanié, Vladimir Savi¢, Ljubo Barbi¢,

Vladimir Stevanovi¢ and Bernard Kaic

T4

Key points

e The number of tick-borne diseases is increasing due to the geographical expansion of their tick vectors, higher frequencies
of infected ticks, increased awareness of infection, and improved diagnostics.

e Ticks are vectors of numerous viruses (arboviruses), bacteria, and parasites.

e Tick-borne encephalitis (TBE) and Lyme disease (LD) are the most common and most widely distributed tick-borne
infections in Europe. TBE is also endemic in northern and eastern Asia, while highly endemic areas for LD include the

northeastern and north-central United States.

e The epidemiology of tick-borne infections differs according to the geographic region and season of the year.

e Clinical manifestations of tick-borne diseases vary from asymptomatic infection or mild febrile disease to hemorrhagic fever

and neuroinvasive diseases.

e Diagnosis of tick-borne infections includes direct (cultivation, PCR/RT-PCR) and indirect methods (serology).

Introduction

Tick-borne diseases (TBDs) are emerging due to the
geographical expansion of their tick vectors and represent
an important public health problem worldwide." Ticks are
vectors of a wide variety of viruses, bacteria, and parasites.
Tick-borne viruses include a large group of arboviruses
(mainly flaviviruses and bunyaviruses) with diverse genetic
and pathogenic properties. Some arboviruses cause severe
disease with a high case fatality rate in humans, while
others may pose risks to public health, but their role in
human diseases is still unclear or neglected.2 Clinical
symptoms of tick-borne viral infections in humans range
from mild fever to neuroinvasive diseases or hemorrhagic
fevers.? The medically most important tick-borne bacteria
are Borrelia burgdorferi s.l. complex (Lyme disease; LD) and
other Borrelia spp. (relapsing fever), spotted-fever
Rickettsia spp., Anaplasma phagocytophilum (human
granulocytic anaplasmosis; HGA), and Ehrlichia chaffeensis
(human monocytic ehrlichiosis; HME). Babesiosis is the
most common human tick-borne parasitic disease of
increasing public health importance.1

Tick-borne flaviviruses are responsible for about 10,000
hospital admissions in Europe, Russia, China, and Japan
each year. Between 10,000 and 15,000 cases of Crimean-
Congo hemorrhagic fever (CCHF) are estimated to occur
each year, mostly in bunyavirus endemic countries.”* LD is

12

the most common tick-borne bacterial infection, with
approximately 85,000 annual cases in Europe and 300,000
cases in the USA.'According to epidemiological data, the
number of HGA cases in the USA has increased significantly
over time.” Over three decades, there has been a noticeable
increase in the identification of rickettsioses, mainly due to
the advances in molecular diagnostics that have facilitated
the identification of both previously recognized and novel
rickettsia species.6 The number of Babesia microti infections
has been on the rise in recent decades. More than 2,000
cases of babesiosis are documented in the USA each year,
however, the actual number is probably much higher.” In
addition, in the USA, babesiosis has been one of the main
causes of transfusion-transmitted infections.®

This chapter focuses on the epidemiology and clinical
characteristics of the most common medically important
tick-borne viral, bacterial, and parasitic diseases.

Tick-borne viruses

Among tick-borne arboviruses, tick-borne encephalitis virus
(TBEV) is the most important human pathogen. Other
medically important viruses include hemorrhagic fever
viruses: Crimean-Congo hemorrhagic fever virus (CCHFV),
Omsk hemorrhagic fever virus (OHFV), Kyasanur forest
disease virus (KFDV) and Alkhumra hemorrhagic fever virus
(AHFV) as well as other neurotropic arboviruses such as
Powassan virus (POWV) and Louping ill virus (LIV). There
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Table 1: The most common tick-borne viruses of medical importance

. . . Clinical presentation e eaer as
Virus Main vector(s) Reservoir(s) Geographic distribution
in humans

I. ricinus, Rodents
TBEV I. persulcatus
CCHFV* Hyalomma spp. Rodents, livestock
CTFV D. andersoni Rodents
Ixodes spp., Skunks, rodents, raccoons,
POWV D. andersoni foxes
KFDV H. spinigera Monkeys, rodents, birds
D. reticulatus, Rodents
OHFV D. marginatus
Liv I. ricinus Sheep
H. dromedarii, )
AHFV 0. savignyi Livestock
BHAV Haemaphysalis spp. Hedgehogs, squirrels, hares
KEMV I. persulcatus Rodents
LIPV I ricinus Rodents
TRBV I. ricinus Rodents

Meningitis, encephalitis, myelitis

Hemorrhagic fever

Febrile disease

Febrile disease, meningitis

Hemorrhagic fever

Hemorrhagic fever

Meningitis

Hemorrhagic fever

Febrile disease, meningitis

Europe, Asia

Asia, Arabian peninsula,
Middle East, Africa, Europe

USA
Canada, USA

Karnataka (India)

Russia
(Omsk, Novosibirsk, Kurgan,
Tjumen)

United Kingdom, Ireland

Saudi Arabia, Egypt

Africa, Asia, Southern Europe

Febrile disease, meningitis,

encephalitis Asia (Siberia)
Meningitis Europe
Meningitis Europe

TBEV=tick-borne encephalitis virus, CCHFV=Crimean-Congo hemorrhagic fever virus, CTFV=Colorado tick fever virus, POWV=Powassan
virus, KFDV=Kyasanur forest disease virus, OHFV=0msk hemorrhagic fever virus, LIV=Louping ill virus; AHFV=Alkhumra hemorrhagic fever
virus, BHAV=Bhanja bandavirus, KEMV=Kemerovo virus, LIPV=Lipovnik virus; TRBV=Tribec virus, *Interhuman transmission possible

are many other still neglected viruses such as Bhanja
bandavirus (BHAV) and Kemerovo-related viruses. Severe
fever with thrombocytopenia syndrome virus (SFTSV),
Bourbon virus (BRBV), and Heartland virus (HRTV) are newly
emerged tick-borne viruses (Table 1).

Tick-borne encephalitis virus

TBEV (Orthoflavivirus encephalitidis virus, according to the
latest ICTV classification) is the most widely distributed
neurotropic arbovirus that belongs to the family
Flaviviridae, genus Orthoflavivirus, tick-borne encephalitis
serocomplex. Three main subtypes are European (TBEV-Eu),
Far-East (TBEV-FE), and Siberian (TBEV-Sib). Ixodes ricinus is
the main vector of the TBEV-Eu, while Ixodes persulcatus is
a vector for TBEV-FE and TBEV-Sib.”'°TBE is endemic in a
large area from Central Europe and Scandinavia to Japan.
Over the past two decades, the TBE incidence has increased
in endemic areas; however, sporadic cases were also
detected outside of known endemic regions. In many “non-
endemic” areas of Eurasia, there are no commercial tests
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available or testing is not performed, therefore the possible
cases are not reported. Human infections usually occur
after a tick bite but the number of food-borne infections
(consumption of unpasteurized goat milk) is increasing. The
TBE-Eu is usually a biphasic disease. The first phase
corresponds with viremia, while in the second phase
symptoms of the central nervous system (CNS) occur
(meningitis, encephalitis, myelitis). It is generally considered
that TBEV-FE causes the most severe form of TBE and
usually has a monophasic course. The case-fatality rate is
0.5-2% for the TBEV-Eu and 20% for the TBEV-FE." The TBE
diagnosis is based on the detection of the intrathecal
production of specific IgM antibodies or TBEV RNA."

Crimean-Congo hemorrhagic fever virus

CCHFV is a bunyavirus of the family Nairoviridae, genus
Orthonairovirus. CCHFV strains are classified into seven
genotypes (I- VII). Ixodid ticks from the genus Hyalomma
are the main vectors of CCHFV. Different wild and domestic
animals, such as cattle, goats, sheep, and hares represent
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the virus reservoirs in nature.” Humans become infected by
a tick bite or exposure to body fluids from viremic animals
or humans.? People who have close contact with livestock
(shepherds, farmers, butchers, slaughterhouse workers, and
veterinarians) and those involved in outdoor activities
(soldiers, farmers, forest workers, and hikers) are at high
risk of exposure as well as healthcare personnel and close
family members involved in patient care. CCHFV is widely
distributed throughout Africa, the Middle East, Southeast
Asia, and southern and eastern Europe. In humans, CCHF
infections range from asymptomatic and mild infections
(the majority of CCHFV cases) to severe and occasionally
fatal hemorrhagic fever. In some regions, case fatality rates
can be higher than 30%.'* RT-PCR and serology (IgM
antibodies or a fourfold increase of I1gG antibodies) are used
for the diagnosis of CCHFV.*

Colorado tick fever virus

Colorado tick fever virus (CTFV) is a neglected virus that
belongs to the family Spinareoviridae, genus Coltivirus.
Transmission to humans occurs through a bite of the adult
Rocky Mountain wood tick, Dermacentor andersoni. Both
adults and nymphs are permanently infected, providing an
overwintering mechanism for the virus."” Because D.
andersoni shows a broad host feeding preference, different
vertebrate hosts have been identified as competent
reservoirs for CTFV. The golden-mantled ground squirrel
(Callospermophilus lateralis) is considered the most
prominent natural reservoir of CTFV, while the other
reservoirs include chipmunks, mice, rats, and hares. The
CTFV is distributed in the western United States and
southwestern Canada which correlates with the distribution
of its tick vector. Human CTFV infections usually occur in the
mid-summer when people are working or recreating in tick
habitats. Infection in humans generally presents as a self-
limiting febrile disease. Early diagnosis is primarily achieved
using an RT-PCR or a 4-fold rise in 1gG serology.®

Powassan virus

POWV is a tick-borne arbovirus of the family Flaviviridae,
genus Orthoflavivirus. Two distinct genotypes are POWV
lineage 1 and 2 (POWV-1 and POWV-1). Most human cases
of POWV have been reported in the Great Lakes and
Northeast regions of the USA and eastern Canada. In North
America, the virus has been detected in four Ixodes species
and Dermacentor andersoni ticks. The two enzootic cycles
of POWV-1 include Ixodes cookei and groundhogs or
mustelids, and Ixodes marxi and squirrels. POWV-2 is
maintained in one enzootic cycle, primarily between Ixodes
scapularis and the white-footed mouse.”” Unlike some
other tick-borne pathogens, such as borrelia and babesia,
which require tick attachment for 48 and 24 hours for
transmission, POWV transmission can occur 15 to 50
minutes after ticks attach. In humans, POWV causes
sporadic but severe encephalitis; however, the disease
severity can vary significantly. Case fatality rates are ~20%
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in adults and ~7% in children. Long-term neurological
complications are frequently observed in adults.® The
cerebrospinal fluid (CSF) serology is still the gold standard
for confirmation of POWV neuroinvasive disease.™

Kyasanur forest disease virus

KFDV is a tick-borne arbovirus that belongs to the family
Flaviviridae, genus Orthoflavivirus. After the first
identification of KFDV in 1957 in monkeys from the
Kyasanur Forest of Karnataka, India, 400-500 human cases
have been reported annually. Haemaphysalis spinigera is
the main vector of KFDV. Although the virus has been
isolated from rodents, ground-dwelling birds, porcupines,
cattle, and bats, only primates appear to develop the
disease. Humans become infected by the bite of infected
ticks or by handling of infecting mammals and birds.”® In
humans, KFDV causes hemorrhagic fever with a case fatality
rate of 3-5%. Some patients (10-20%) develop a secondary
phase of fever relapse with meningoencephalitis. Diagnosis
is usually confirmed by RT-PCR in a blood sample. Humans
usually show high-level viremia (about 10° pfu/mL) around
day 3 after the onset of symptoms that persist for up to two
weeks. The ELISA can be used for the detection of IgM and
IgG antibodies.”* A formalin-inactivated whole KFDV vaccine
produced in chick embryo fibroblasts is available.”

Omsk hemorrhagic fever virus

OHFV is an arbovirus closely related to TBEV (family
Flaviviridae, genus Orthoflavivirus). Humans become
infected through tick bites or contact with the blood, feces,
or urine of infected rodents, mainly muskrats (Ondatra
zibethicus).”® The disease is prevalent in four regions of
western Siberia in Russia (Kurgan, Tyumen, Omsk, and
Novosibirsk). The Ixodidae ticks Dermacentor reticulatus
and Dermacentor marginatus are the main hosts for OHFV
in the forests and steppes of Siberia. Very recently, the
OHFV RNA has been detected in the CSF of two patients
from Almaty, Kazakhstan. In addition, the virus was
detected in ticks in the Akmola region in Kazakhstan. The
disease occurs mainly in muskrat trappers (60%). Hunters
are at risk of infection when skinning infected animals.
Omsk hemorrhagic fever (OHF) is a self-limiting acute
disease in most cases, although a small proportion
progresses to hemorrhagic disease. The fatality of OHF is
low (0.5-3%). Diagnosis of OHF is based on RT-PCR, OHFV-
NS1 antigen detection, and serology.” Data suggest that
the TBE vaccination provides a high degree of protection
against OHF.”

Louping ill virus

Louping ill virus (LIV) is a tick-borne arbovirus closely
related to TBEV, and belongs to the Flaviviridae family,
genus Orthoflavivirus. Although LIV has previously been
found exclusively on the British Islands, it has recently been
discovered in Norway and on the Danish island of Bornholm
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in the Baltic Sea. Ixodes ricinus is the only known tick vector
for LIV while sheep, mountain hares, and red grouse are the
most important hosts.”® Human infections caused by LIV are
rare and occur after a tick bite or occupational exposure to
infected sheep tissues. Risk groups include professionally
exposed individuals who have contact with sheep or other
potentially infected animals, such as abattoir workers,
butchers, and veterinarians. LIV infections in humans are
mostly asymptomatic or present as a flu-like disease, while
mild meningoencephalitis is rare.”’

Alkhumra hemorrhagic fever virus

AHFV is a tick-borne virus of the family Flaviviridae, genus
Orthoflavivirus. The virus was first isolated in 1995 from a
32-year-old male butcher from Alkhumra district (Jeddah,
Saudi Arabia), who died of hemorrhagic fever. Since then,
AHFV cases have been reported among residents of Saudi
Arabia and tourists in Egypt and Djibouti. The AHFV
epidemiology is not fully understood. Epidemiological
studies have shown that AHFV cases were linked to direct
or indirect contact with infected blood/organs of
slaughtered livestock and ingestion of infected raw milk.
The transmission through a tick bite has also been reported
in the literature. The hard tick Hyalomma dromedarii and
the soft tick Ornithodoros savignyi are potential vectors of
AHFV.” Clinical symptoms in humans range from subclinical
or mild to severe and rapidly fatal infection.” Acute febrile
flu-like illness, hepatitis, and hemorrhagic manifestations
are the main clinical features of AHFV infection. Mortality in
hospitalized patients may reach 30%. RT-PCR or serology
can confirm the diagnosis.28

Kemerovo related viruses

The Kemerovo serogroup (family Reoviridae, genus
Orbivirus) contains more than 50 tick-borne viruses of
which only Kemerovo virus (KEMV), Lipovnik virus (LIPV),
and Tribec virus (TRBV) have been associated with human
diseases. An illness caused by the KEMV virus was first
described in the taiga landscape in the Kemerovo region in
Western Siberia in 1962, where the virus was isolated from
ticks and the CSF of patients with meningitis and
meningoencephalitis after a tick bite. In a natural cycle,
rodents are reservoirs and I. persulcatus tick is a vector of
KEMV. In humans, KEMV causes febrile disease and
occasionally meningitis.***' LIPV was isolated from . ricinus
ticks collected in 1963 in Lipovnik village, Slovakia.
Meningoencephalitis and polyradiculitis have been linked to
LIPV in the Czech Republic. TRBV was isolated in 1963 from
I. ricinus ticks and the blood of small rodents in the Tribec
mountains, Slovakia.>* A TRBV was detected from Siberia to
central Europe by virus isolation from ticks and antibodies
detected in animals. In humans, TRBV-specific antibodies
were detected in patients with febrile disease and
meningit‘is.ao’ﬁ’34
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Bhanja bandavirus

BHAV is a neglected tick-borne bunyavirus of the family
Phenuiviridae, genus Bandavirus. The virus was isolated in
1954 from the Haemaphysalis intermedia tick collected
from goats in Bhanjanagar, India, while the first human case
of BHAV infection was reported in 1974. BHAV is widely
distributed in central Europe, the Mediterranean basin, the
Middle East to India, and in Sub-Saharan Africa, however,
human clinical infections are rare. The natural reservoirs of
BHAV are sheep, goats, hares, hedgehogs, and squirrels,
while Haemaphysalis ticks are the main vectors in Europe.™
Only a few human cases of neuroinvasive diseases caused
by BHAV have been reported.****RT-PCR and serology are
used for the diagnosis of BHAV infection.**

Dabie bandavirus (Severe fever with
thrombocytopenia syndrome virus)

SFTSV is one of the emerging pathogenic tick-borne viruses
reported in patients with severe fever, thrombocytopenia,
and leukocytopenia and an initial fatality rate of up to
30%.%” SFTSV was first discovered in China (2009) and later
in South Korea and Japan. Some patients reported a history
of tick bites, and the virus was detected primarily in
Haemaphysalis longicornis ticks originating from regions
where the patients lived.*® Several studies indicated that
infected patients can spread the virus to family members or
healthcare workers, primarily through contact with
contaminated blood or body fluids.*®> Hemorrhagic fever
with thrombocytopenia, leukocytopenia, and increased liver
enzymes are the main clinical and laboratory findings in
patients with severe SFTSV infection. Fatalities mainly occur
in patients over 50, with mortality rates ranging from 10 to
19%. RT-PCR is the gold standard diagnostic method for the
detection of SFTSV.*

Bourbon virus

Bourbon virus (BRBV) is a recently discovered tick-borne
virus of the genus Togotovirus, family Orthomyxoviridae
that was first identified in a fatal human case in Bourbon
County, Kansas, USA in 2014. The virus has been associated
with several cases of severe acute febrile illness in patients
in the Midwest US, but since 2020, the BRBV has been
reported in North Carolina, Virginia, New Jersey, and New
York State. Amblyomma americanum is considered to be
the primary vector of BRBV, while the mammalian reservoir
has not been identified yet. However, serological testing
has identified white-tailed deer and raccoons as potential
sentinels to track the spread of BRBV. Clinical symptoms of
BRBV infection include fever, weakness, fatigue, myalgia,
arthralgia, and nausea that occur 2-7 days after a tick bite.
Shock, organ failure, cardiac dysregulation, pleural
effusions, and acute bone marrow suppression were linked
to fatal cases. RT-PCR is used to diagnose the BRBV.***?
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B. burgdorferi s.l. I. ricinus

B. miyamotoi I. ricinus

B. duttoni, B. hispanica,

B. persica Ornithodoros spp.

A. phagocytophilum I. ricinus

A. americanum,

E. chaffeensis ..
1 1. ricinus

R. conorii (subsp. conorii, indica,

) . . R. sanguineus
israelensis, caspia)

R. rickettsii A. americanum

R. africae Amblyoma spp.
R. aeschlimannii Amblyomma,
Dermacentor
R. heilongjiangensis Dermacentor,
' gjang Haemaphysalis
R. australis Ixodes spp.

R. helvetica D. reticulatus
. Bothri
R honei ot rlocrotqn
hydrosauri
R. japonica D. taiwanensis

R. massiliae
R. monacensis

A. sylvaticum

A. dissimile
R. philipii D. occidentalis

R. sibirica (subsp. sibirica, D. nuttalli,

mongolitimonae) D. marginatus
R. slovaca D. marginatus

- A. testudinarium,

R. raoultii Dermacentor spp.

R. tamurae A. testudinarium

Erythema migrans, meningitis

Febrile disease

Relapsing fever

Human granulocytic
anaplasmosis
Human monocytic ehrlichiosis

MSF, Indian tick typhus, Israeli
spotted fever, Astrakhan fever

Rocky Mountain spotted fever

African tick bite fever
Similar to MSF

Far-eastern spotted fever

Queensland tick typhus

Fever, headache, rash
Flinders Island spotted fever

Japanese or Oriental spotted
fever
Similar to MSF
Fever, rash

Pacific Coast tick fever

Siberian tick typhus,
lymphangitis-associated
rickettsiosis

TIBOLA, DEBONEL

TIBOLA, DEBONEL

Local skin inflammation

TIBOLA= tick-borne lymphadenitis, DEBONEL= dermacentor-borne necrosis erythema lymphadenopathy

Table 2: Epidemiological and clinical characteristics of the most common tick-borne bacteria

Bacteria Main vector(s) Clinical presentation in G.eog'rap.h|c
humans distribution

North America, Europe,
Asia

North America, Europe,
Asia

North America, Europe,
Asia

USA, Europe, Southeast
Asia

USA, Europe

Europe, Africa, India,
Asia, Middle East
North America
Africa

Europe, Africa, Asia

China, Japan

Australia, Torres Strait
Islands
Europe, Asia
Flinders Island, Australia

Japan, South Korea,
Thailand
Sicily, France
Europe
California, Pacific Coast

Russia,
Mongolia

Europe, Asia

Europe, Asia

Japan

Heartland virus

Heartland virus (HRTV) is an emerging bunyavirus first
discovered in the USA in 2009. Originally classified in the
genus Phlebovirus, family Phenuiviridae, the virus is now
reclassified in the Bandavirus genus alongside BHAV and
SFTSV. HRTV infections are reported mainly east of the
Mississippi River, mostly in the summer months. The Lone
Star tick, Amblyomma americanum is considered the
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primary vector of HRTV zoonotic transmission. It is also
possible that Amblyomma or Haemaphysalis tick species are
the sole reservoirs of HRTV. Numerous possible
amplification hosts, including raccoons, white-tailed deer,
coyotes, domestic dogs, and opossums, have been
identified based on serosurveillance studies. However,
clinical infections have been reported only in humans.*
Clinical symptoms of HRTV infection include fever,
headache, fatigue, myalgia, nausea, and diarrhea with
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leucopenia and thrombocytopenia. RT-PCR is most
commonly used for the diagnosis of HRTV. The plaque
reduction neutralization test (PRNT) is used for screening
both human and animal serum samples in serosurveillance
studies.*

Tick-borne bacteria

Borrelia burgdorferi s.l., a causative agent of LB, is the most
frequently detected tick-borne bacteria with a worldwide
distribution.”® Cases of HGA have been identified in the
upper Midwest and the Northeast USA, Northern Europe,
and Southeast Asia.”” The majority of HME cases in the USA
are caused by E. chaffeensis.”® Spotted-fever group (SFG)
rickettsia are a neglected group of bacteria of the genus
Rickettsia, family Rickettsiaceae that includes numerous
emerging infectious diseases with a worldwide
distribution.*® The main tick-borne bacteria are presented in
Table 2.

Borrelia spp.

The three main species of Borrelia burgdorferi sensu lato
(s.l.) complex associated with human LD are B. burgdorferi
sensu stricto (s.s.), Borrelia afzelii and Borrelia garinii.
Ixodes ricinus is the main tick vector in Europe. Ixodes
persulcatus and Ixodes hexagonus are also proven vectors
of B. burgdorferi s.|. Rodents are the principal reservoir
hosts of borrelia. Clinical manifestations of LD may be
localized (erythema migrans) or disseminated (arthritis,
carditis, neuroborreliosis).”® Serology tests (ELISA, IFA,
immunoblot) for the detection of borrelia antibodies in the
blood or CSF are most commonly used for the diagnosis of
LD. Therapy of LD depends on the patient's age and the
stage of the disease. Doxycycline is recommended for
patients older than 8 years with localized disease. Patients
under the age of 8 should receive amoxicillin or cefuroxime.
Parenteral therapy may be required for more severe
manifestations such as arthritis, carditis, meningitis, or
encephalitis.”

Relapsing fever (RF) is another tick-borne borreliosis
distributed in the Northern Hemisphere, Africa, and Central
America. Borrelia duttoni, B. hispanica, and B. persica are
the main tick-borne borreliae transmitted by soft-bodied or
argasid ticks. Small rodents and other mammals, including
bats serve as a reservoir for tick-borne Borrelia species.>
Clinical symptoms of RF typically include a high fever for a
few days followed by a period of well-being and another
relapse. Without antibiotic therapy, relapses can occur
several times.”® The diagnosis of RF can be confirmed by
direct microscopic detection of borrelia in Giemsa-stained
blood films, serologic analysis, or PCR. RF is treated with
doxycycline. Penicillin or erythromycin are preferred in
pregnant women and children under 8 years of age.’’
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Borrelia miyamotoi is a new tick-borne Borrelia species
discovered in Japan in 1995. The pathogenicity was
suggested in 2011 in Russia when 51 patients with
suspected tick bites developed a nonspecific febrile illness
and B. miyamotoi was confirmed by PCR or specific
antibodies. Immunocompetent individuals present with a
mild flu-like disease, but the disease may be more severe in
immunocompromised patients. PCR that detects B.
miyamotoi DNA in blood or CSF and serologic assays are
used for disease confirmation.> Borrelia miyamotoi
infections are treated with doxycycline. Amoxicillin and
ceftriaxone have also been successfully used for the
treatment of B. miyamotoi.55

Anaplasma phagocytophilum

A. phagocytophilum, an obligate intracellular bacteria is the
most important species within the Anaplasma genus that
causes HGA. The Ixodes ricinus tick is the main vector of
HGA in Europe, while I. scapularis and [. pacificus are
vectors in the USA.®Whereas some patients with HGA
remain asymptomatic, others develop a nonspecific febrile
disease, and only a small proportion develop severe
disease. The most common symptoms of HGA include fever,
headache, malaise, myalgia, and arthralgia. The mortality
rate is about 0.6%. Whole-blood PCR is the most sensitive
method to diagnose HGA. A Giemsa-stained peripheral
blood smear may reveal morulae within the
polymorphonuclear leukocytes. IFA can be used for the
detection of specific 1gM and/or IgG antibodies.’
Doxycycline is the recommended first-line therapy for
HGA."

Ehrlichia spp.

The genus Ehrlichia includes several tick-borne obligate
intracellular bacteria that infect humans and other
mammals. The most important species are Ehrlichia
chaffeesis, which causes HME, and Ehrlichia ewingii, which
causes Ehrlichia ewingii ehrlichiosis. The Lone Star tick (A.
americanum) is the most common vector in the USA,48
while [. ricinus is a vector in Europe.57 Ehrlichia infections
are reported most often in the elderly. Since children
frequently develop milder or subclinical infections, the
disease is probably underreported in this population group.
Patients with ehrlichiosis typically present with a flu-like
febrile disease. CNS involvement including meningitis and
meningoencephalitis occurs in up to 20% of patients.*® The
overall case fatality rate is 1%. Diagnosis of ehrlichiosis is
usually confirmed using PCR or serology. Tetracyclines are
highly efficacious for the therapy of ehrlichiosis.*®

Rickettsia spp.

Tick-borne rickettsioses are caused by obligate intracellular
bacteria belonging to the spotted fever group (SFG) of the
Rickettsia genus. The most widely distributed SFG rickettsia
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include Rickettsia rickettsii (Rocky Mountain spotted fever;
RMSF), R. conorii (Mediterranean spotted fever; MSF), R.
africae  (African tick bite fever), R. helvetica, R.
aeschlimannii, R. slovaca (tick-borne lymphadenitis; TIBOLA
Dermacentor-borne necrosis erythema lymphadenopathy;
DEBONEL), and R. raoultii.®*’In addition to pathogenic
rickettsia species, there are many potentially pathogenic
“candidates” for new species. Most SFG rickettsiae are
transmitted by ixodid tick bites during blood feeding. The
distribution of SFG rickettsioses varies geographically and
correlates with the distribution of tick vectors.® Localized
rickettsial infections appear as an eschar (also known as a
"tache noir") at the site of tick inoculation. However,
disseminated infection can cause severe vasculitis and
endothelial damage, which can manifest as cutaneous
necrosis and digital gangrene, pneumonitis,
meningoencephalitis, and multiorgan failure.®* Serology
(IFA) is most commonly used for the diagnosis of
rickettsioses. PCR enables species-specific identification.®*
Doxycycline is the therapy of choice for SFG rickettsial
diseases.”

Tick-borne parasites

Babesia microti, B. divergens, B. duncani and B. venatorum
are the main zoonotic babesia species that can cause
human diseases. Babesia microti is the most reported
species in North America, while B. divergens is the most
common cause of human babesiosis in Europe. The tick
vectors of babesia include I. scapularis (North America), I.
ricinus (Europe), and I persulcatus (Asia). Babesiosis is
typically asymptomatic and self-limiting in healthy
individuals. However, in elderly, splenectomised, and other
immunocompromised individuals the disease may be
severe with hemolytic anemia, splenomegaly,
hepatomegaly, and renal failure, sometimes with fatal
outcomes.”® Peripheral thick and thin blood smear
examination has been the standard method for diagnosing
human babesiosis. Serological tests (EIA, IFA, IB) have been
used to support or confirm the diagnosis of babesiosis in
endemic regions. PCR targeting the Babesia spp. is 18S
rRNA can also be used.® The current therapy for human
babesiosis includes combinations of atovaquone and
azithromycin or clindamycin and quinine.®

Concluding remarks

The number of TBDs is increasing, and this trend is expected
to continue. Based on information from animal
experiments, a large number of potential tick-borne
pathogens have already been proposed. It was also noted
that the clinical spectrum of TBDs is becoming more
diverse, including underrecognized manifestations of
previous well-known pathogens. To effectively develop
strategies to mitigate the increasing incidence of TBDs, a
deeper understanding of the ecological and biological
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factors driving the expansion of tick vectors and reservoir
host distributions, as well as the microbiological dynamics
within ticks that modulate pathogen emergence, is
required.®®
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Chapter 3a

Early TBE research in the Soviet
Union: revisiting the narrative

Anna Mazanik

Key points

e The TBE virus was first isolated in 1937 by the team of Lev Zilber during their expedition to the Soviet Far East (today the
Khabarovsk and Primorie regions of Russia). The same expedition also established the connection between the disease and
the tick vector.

e After the isolation of the virus, several studies established numerous older cases of TBE in the Soviet Far East, Siberia, and
the Urals dating back to the early 1900s. The first retrospectively diagnosed case was identified by Mikhail Chumakov in
Tatarstan and dates back to 1895.

e A separate line of Soviet research studied Kozhevnikov epilepsy (epilepsia partialis continua), one of the many possible
symptoms of TBE and/or TBE sequelae. In 1922 Vladimir Omorokov examined 27 cases of Kozhevnikov epilepsy from
Western Siberia and suggested that the infectious agent was linked to the forest and its insects.

e Although TBE was present in many parts of Russia at the turn of the twentieth century, it became much more visible in the
Soviet Far East in the 1930s due to the mass deportations and forced labor in the region, which resulted in higher exposure
and severity of disease.

e In 1938-39, Soviet virologists Nadezhda Kagan and Elizaveta Levkovich developed the first vaccine against TBE, which was
then tested on the unfree population in the Khabarovsk region.

e Due to the extreme conditions in which that population lived, including severe malnutrition and exploitation, the early

Soviet epidemiological data on TBE needs to be used and interpreted with caution.

The history of the discovery of TBE in the Soviet Far East
and the isolation of the virus is well known in the scientific
literature. It has been a subject of a number of publications,
both in Russian and in Englishl'6 including also the earlier
editions of the TBE Book.

In the 1930s, an outbreak of a severe paralytic disease was
recorded in the southern parts of the Soviet Far East. In
1937, the People’s Commissariat of Public Health, the Soviet
equivalent of a public health ministry, organized a scientific
expedition, led by Jewish virologist Lev Zilber (Silber), to
investigate the reports of the unknown disease in the
region of Khabarovsk. Zilber’s expedition established the
viral etiology of disease, which soon became known in
Russian as “tick-borne encephalitis” (kleshchevoi entsefalit)
and in English as “Russian spring-summer encephalitis”; the
expedition isolated the causative virus from the patients
and the ticks using mouse brain, thus identifying ixodid ticks
as its vectors. The subsequent expedition in 1938-1939
described the circulation of the virus, vector species and
reservoir hosts. Largely on the basis of that research,
parasitologist Evgeny Pavlovsky developed his famous
natural nidality theory of transmissible disease, which
applied the ecological niche approach to the study of
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zoonoses and soon became the key to studies of the
environmental circulation of arthropod-borne viruses.

That early Soviet research on TBE in the 1930s and 1940s
has been crucial for the understanding of TBE, its etiology,
clinical picture, and epidemiology until the present day,
both in Russia and internationally. However, some of this
early research has in fact been misrepresented in the
scientific literature and obscured by Soviet censorship. In
the current chapter, based on the analysis of previously
unstudied historical documents, | would like not only to
retell the key steps of that familiar story, but to discuss how
those early expeditions fit into the broader Soviet scientific,
environmental, and socio-political context and what it
means for the interpretation of Soviet TBE research and the
history of TBE.

Considering the wide spread of TBE across Eurasia and
Russia, it is remarkable that TBE — supposedly - captured
scholarly attention only in the 1930s. The first subchapter
here analyzes the history of TBE “before the TBE virus”, that
is before 1937, and puts together scientific records on the
localization and understanding of this disease before it
received its name and before its etiology became known.
The second subchapter asks why, then, this disease became
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particularly visible in the 1930s and why specifically in the
Soviet Far East. Looking at the social, environmental, and
political developments in the region, it shows the
“emergence” of this disease was inseparable from the
geopolitical agendas and the Stalinist colonization of the Far
Eastern peripheries through involuntary resettlement and
forced labor. Finally, the last subchapter looks at how this
influenced early Soviet studies of TBE and the interpretation
of their findings.

TBE “before the TBE virus”

The story of TBE in the Soviet Union typically begins in the
early 1930s. Since 1932 physicians in the Soviet Far East
observed clusters of cases of a severe infection with a high
case-fatality rate. Depending on the symptoms, it was
described as poliomyelitis, meningitis, or “toxic influenza”.
In 1935 Vladivostok-based navy neurologist A.G. Panov
recognized this disease as infectious encephalitis and noted
its distinct spring-summer seasonality.” This opened the
way for a suggestion that the disease might in fact be a
form of Japanese encephalitis, for which the causative
agent had been identified in Japan shortly before that—the
misconception that spread beyond scientific circles and, as |
will show later in the chapter, played a tragic role in the
careers of early TBE researchers. In 1936 the Khabarovsk
regional department of public health created a special
medical unit of local neurologists and physicians led by
Israel Finkel to carry out the studies of this disease, but its
exact etiology remained unknown. Finkel also authored the
first publication on “Far Eastern encephalitis” in a local
medical journal. There were some attempts to isolate
viruses from the brain of those succumbed to the disease,
but the strain was quickly lost, and the causative link could
not be proven.i"s’9 Although these early studies in
themselves contained no major scientific breakthroughs,
they helped accumulate important epidemiological and
clinical evidence to suggest that the disease was likely viral
and vector-borne. This evidence provided a starting point
for Zilber’s scientific mission in 1937 and contributed to its
quick success.

The observed disease clusters of the 1930s were, however,
not the earliest cases of probable TBE. Already the first
expeditions tried to find earlier cases through checking the
hospital records and patients’ histories and examining the
local population in search of the long-term symptoms of the
past disease. N. Dankovskii and A. Drobyshevskaia identified
two local cases of TBE from the early 1920s with residual
paresis of the extremities that was still visible seventeen
years later. Serum of the survivors protected mice from a
challenge with TBEV-preparations from mouse brain.'%"
Panov mentions reports of local physicians suggesting that
cases of a disease similar to TBE had been observed in 1920
among the partisans hiding in the Far Eastern taiga during
the Russian Civil War.”
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The earliest retrospectively identified cases of TBE in the Far
East were later reported by Aleksei Shapoval, a local
neurologist who had been involved in the Khabarovsk
medical group on TBE in 1936, in Zilber’s expedition, and in
many subsequent investigations of this disease in the
region. He described several patients from the regions of
Khabarovsk and Primorie with residual symptoms of
possible TBE, which had started after a severe febrile illness
during the summer months, one from 1909, examined in
1937, another one from 1917, examined in 1941, and the
third one from 1911, examined in 1949. Additionally,
Shapoval also mentioned a possible cluster of TBE in 1904 in
a forestry near Nikolaievsk-on-Amur with 17 cases and 3
deaths with symptoms of fever, headaches, vomiting,
blurred consciousness, and paralysis. One of the survivors
of this outbreak was examined in 1939 by S. Vaflin (so not
by Shapoval himself) and was found to have paresis of the
upper extremities. If we accept this indirect evidence, this
1904 outbreak can be considered to be the earliest known
historical cluster of possible TBE cases in the Russian Far
East — and also the biggest before the Soviet period.*

Importantly, the Far East was not the only location of the
early TBE reports in Russia. Cases of a very similar disease
had already caught the attention of physicians in other
parts of the country, in particular, in the Urals and Western
Siberia, but had been described under different names, for
example, as atypical poIiomyeIitis.G’BA.A. Pecherkin (Perm),
M.G. Polykovskii (Sverdlovsk / Yekaterinburg) and N.V.
Shubin (Tomsk) had sent reports about this disease to the
All-Union Institute of Experimental Medicine, but it was not
until early 1939 that they, together with the serum samples
from recovered patients, were tested by Moscow virologists
and the link to TBE was confirmed by using the serum of
survivors in a TBEV-mouse-challenge test. As a result, a
special expedition was sent to the regions of Sverdlovsk and
Perm to investigate the presence of TBE there. This
expedition was led by Mikhail Chumakov, a talented
virologist who had survived and had been left permanently
disabled by a TBE infection he had contracted during
Zilber’s expedition in 1937 by conducting the autopsy on a
patient who had died from TBE. Through retrospective
diagnosis, confirmed by serological studies, Chumakov and
Zeitlenok managed to identify several possible past TBE
cases in the Urals, the earliest of which went back to 1914.*
Ten years later, however, Mikhail Chumakov managed
retrospectively to identify an even earlier case. In 1949,
Chumakov, by then a very established virologist, was sent to
investigate a TBE outbreak in the Tatar ASSR (today the
Republic of Tatarstan in Russia). There he found a 72-year
old man from the village of Urgancha (about 200 km east of
Kazan) with post-encephalitis symptoms, who had fallen ill
in May 1895, diagnosed by Chumakov as TBE. He
emphasized the “historical importance” of this case and
described it in his report to the Russian (RSFSR) Ministry of
Public Health, preserved in the ministry’s archival fonds.™
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This may be the earliest historical (retrospectively) clinically
diagnosed case of tick-borne encephalitis.

Of separate importance for reconstructing the history of
TBE in Russia is the question of the relation between TBE
and Kozhevnikov epilepsy. Kozhevnikov epilepsy (epilepsiea
partialis continua), first described by Russian neurologist
Aleksei Kozhevnikov in 1894, is a syndrome with many
possible causes.'® One of these causes is TBEV infection,
and this causality is common in the Eastern parts of
Russia."” In 1922 L.I. Omorokov, a professor from Tomsk in
Western Siberia, published a study of 27 cases of
Kozhevnikov epilepsy observed over three years. Based on
his cases, Omorokov described Kozhevnikov epilepsy as a
syndrome of encephalitis, caused by an infectious agent.
Even more importantly, he suggested the link between this
disease and the taiga and its insects:

“What is striking is the fact that all the sick are peasants,
manual workers, living mostly in the taiga, who were born
in the Tomsk, Tobolsk, Altai and Yenisei gubernia. This fact
in our opinion can shed some light on the etiology of this
suffering that is so rare in Europe and in European Russia
and is so frequent in Siberia [...] In our large material there
has not been a single case from the intellectual classes.
Therefore we need to recognize that Kozhevnikov epilepsy is
tightly linked to the peasant population of the Siberian
taiga. Perhaps the climatic conditions, the harshness of the
climate, the difficult conditions of living in the taiga as well
as the abundance of insects, that is mosquitos and flies, is
one of the preconditions of the appearance of this form of
encephalitis.” *®

In 1939 it was recognized that the cases studied by
Omorokov had possibly been cases of TBE based on clinical
descriptions and the epidemiological situation. Omorokov’s
1922 article can be considered the first description of that
specific manifestation of TBE and the first suggestion of its
link to the forest and the possibility of the vector-borne
etiology.19 In some of the cases observed by Omorokov the
onset of the symptoms started long before the
examination, with the earliest case from 16 years before,
that is from the 1900s, and at least six cases dating back to
the 1910s. The majority of the cases, however, were very
recent or new, from 1917-1922, the period of the Russian
revolution and Civil War, a time of extreme hardship,
violence, displacement and severe food scarcity as well as
radical food expropriations from the peasants by the new
Soviet authorities. It is possible that this time of crisis
contributed to a certain emergence of TBE in the region, as
the local population intensified their contact with the forest
(as a place to hide or to search for food) while malnutrition
could have increased the severity of disease.

What all this evidence suggests is that there clearly had
been sporadic cases of TBE in the Far East, the Urals,
Western Siberia and Tatarstan going back to the 1890s-
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1920s. Although those cases were rare, they were often
severe and noticeable enough to attract the attention of
local physicians and scientists who presented their
materials in published papers and reports to their superiors,
even if they described this disease as Kozhevnikov epilepsy
or atypical poliomyelitis, but these reports did not result in
further investigation. What, then, made the outbreak in the
Soviet Far East in the 1930s so distinct to ensure that a
special expedition with considerable resources, equipment,
and experts from the top research institutions in Moscow
and Leningrad went there?

The emergence of TBE in the Soviet Far East:
Environmental, social, and political factors

Early Soviet research on TBE often described Far Eastern
taiga as virgin, as a kind of “untouched” nature, tabula rasa
unaffected by humans, which was to be transformed,
cultured and “healthified” under socialism. Such bias was
quite typical of many modern European scientists in colonial
spaces, who often failed to grasp the complexities of human
-environment interaction in local and indigenous
communities but was exacerbated by the Soviet tendency
to downplay pre-revolutionary developments. -In fact, the
region that became the space of the early TBE research
experienced dramatic socio-environmental transformation
in the late imperial period. It was annexed by the Russian
Empire in 1858-1860 and at that moment was sparsely
populated by Indigenous hunter-gatherer communities. In
the following half a century it experienced dramatic
population growth because of the arrival of Russian,
Ukrainian, and Korean settlers, re-emergence of settled
agriculture (that had ceased to exist for several hundred
years following the destruction of medieval settlements by
the Mongol invasion), deforestation (due to clearing, the
construction of infrastructure, wood-logging, erosion, and
mass forest fires) as well as widely reported overhunting of
predators. Throughout the 1920s and 1930s these
processes were supplemented by the early conservation
policies, the creation of nature reserves and the
establishment of deer farms to harvest deer antlers (which
were considered a precious export commodity because of
their value in Chinese medicine).20 These processes are not
only of historical but also of biological importance as they
could have affected animal migration, the population of
vectors and their hosts and the circulation of the virus.

Clearly, imperial colonizers - peasants, Cossacks, scientists,
explorers, forestry workers - had to come into frequent
contact with the taiga. Furthermore, late imperial accounts
often mention the abundance of ticks in Far Eastern forests
and report frequent tick bites, usually multiple at the same
time.”"* So there had clearly been humans in the Far
Eastern taiga before the 1930s and they had frequently
been bitten by ticks, yet there seems to have been only
sporadic cases of TBE. Later studies also specifically looked
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for the cases compatible with a TBEV infection among the
Indigenous Orochen and Udeghe peoples in the region,
whose life had been directly tied to the forest, but failed to
identify more than a couple of cases.™

The situation changed radically in the Stalinist period when
suddenly TBE cases in the region started to appear in
dozens. Not only did the colonization and industrial
development of the region intensify, but it relied strongly
on involuntary and semi-voluntary resettlement and forced
labor. By the end of the 1930s, about 20% of the population
of the entire Far Eastern region were unfree, and it was
these groups that were used in the heavy labor in wood-
logging, mines, and infrastructure construction.”®?** Due to
its remote location and the shortcomings of Soviet central
planning and distribution system, throughout the 1930s this
region remained constantly undersupplied. The scarcity of
food and clothes was known even to the privileged groups,
such as the military and the free administrative personnel,”
but the conditions of prisoners and deported special settlers
in the GULAG (Glavnoie upravleniie ispravitel’no-trudovykh
lagerei) system of camps and special settlements were
simply horrendous, characterized by extreme
undernutrition, vitamin deficiencies, lack of basic supplies,
exhaustive labor and constant stress connected to the
arrest, deportations, and imprisonment. There exists
considerable scholarship on the influence of social factors
on the TBE morbidity as well as on the relations between
malnutrition and viral infections, that show that
malnutrition, low calorie intake and vitamin deficiencies
weaken the immune system and increase the risk of severe
course and complications and death.?®*° All of these factors
were present in the GULAG camps and settlements and to
some extent also influenced other forms of organized labor
(military units, Komsomol brigades, worker parties), which
also depended on the very poor centralized supply system.
Furthermore, many of the newcomers of the Stalinist
period came from the steppe regions and had likely not
been previously exposed to the TBEV. The morbidity among
newcomers was much higher than that of earlier (for
example, Korean) settlers in the same location.™

Another important factor in the apparent emergence of TBE
in the Far East, or rather its perception, was geopolitical. At
that time this remote Russian periphery was gaining
strategic importance following the occupation of Manchuria
by Japan in 1931. The repeated border clashes and the fear
of a Japanese attack forced Soviet leadership to station
considerable military and industrial forces along the border
with Manchuria. It was the Red Army that requested the
special expedition to study encephalitis in the Far East.’
Apart from the general concern about the potential spread
of disease among the military personnel, the possible
connection of the new disease to Japanese encephalitis led
to a fear that the outbreaks could have been a result of the
Japanese attack. This view was shared by the highest ranks
of the Soviet military and was in fact not as bizarre as it
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might sound today, considering the existence of the strong
bioweapon program in Japan at the time. It was therefore
the military concerns that ensured that the disease
outbreaks in the Far East would not go unnoticed as those
in the Urals and Western Siberia but that a special expert
mission from the center, located 7,000 km away, would be
sent there and would eventually succeed in identifying the
virus.

The implications for early Soviet TBE research

When commissioned with the tasks to lead an expedition to
the Far East, Zilber managed to bring together an
interdisciplinary team of virologists, entomologists,
epidemiologists and clinicians. Importantly, about half of
the members of Zilber’s expedition were women, including
both deputy heads, virologists Elizaveta Levkovich and
Alexandra Sheboldaeva. The mission arrived at Khabarovsk
in mid-May 1937 and was divided into two units. The
southern unit was located in Vladivostok at the local
microbiological laboratory and the northern in the village of
Obor. It is worth having a closer look at it, as much of the
early research was shaped by disease ecologies of this
specific location.

Obor (Figure 1) is located on the banks of the river with the
same name southeast of Khabarovsk (ca. 100 km away by
road today). The development of this area started at the
turn of the 1930s with the construction of the Obor railway
and the Obor forestry industrial complex. Its population had
a very distinct composition, as it consisted primarily of
deported special settlers, distributed across several camps
belonging to the forestry. The first large cohort of special
settlers—7,400 persons deported from the south of
European Russia and the Volga region--was brought there in
1931.10,30 In addition to the deportees, the Obor forestry
complex also used the labor of prisoners--the GULAG report
of 1933 sets the quota of 800 prisoners to be sent to the
area.’! The conditions in the Obor forestry were typical for
the GULAG structures with their extreme undernutrition,
exploitation and abuse, and in the first half of the 1930s
perhaps even worse than average in that outstandingly
brutal and inhumane system. For example, a 1932 security
service report states that “the food situation was
particularly acute in the Obor and Tygda districts of special
settlements where the shortages of supplies resulted in a
true famine.”*” Food scarcity remained severe in the
following years. Undernutrition must have significantly
affected the interaction of human bodies with the virus and
could have disadvantaged the new migrants to the Far East
vis-a-vis the colonizers of the late imperial period,
contributing to the rise in the numbers and severity of
symptomatic TBE infections. There were other factors that
undermined the health status of the residents of Obor and
could have influenced the ways their bodies responded to
the virus when infected—exploitative physical labor in
wood-logging with low mechanization, hypothermia
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Figure 1: The map of the Russian Far East with the village of Obor

because of the constant work outside in a wet, swampy
area, lack of warm clothes and footwear and inadequate
housing, various comorbidities that were common in the
conditions of overcrowding, lack of sanitation and very poor
healthcare, extreme stress connected to the traumatic
experiences of deportation, arrest, family separation and
adaptation to the camp environment, as well as direct
torture and abuse.

In addition, the residents of Obor had a significantly
increased exposure risk. They spent long working hours in
the taiga thickets because of the nature of their labor with
minimal precautions of occupational health. Furthermore,
in the situation of dramatic undersupply of food, the forest
was not only a place of their hard labor but also their main
ally in the fight against starvation and scurvy. The camp
administration encouraged foraging as the berries,
mushrooms, and herbs could compensate for the lack of
provisions evident from official reports.33 The other
dimension was the lack of any protection against exposure
to tick-bites, and this too could have distinguished settlers
of the Stalinist times from the earlier colonizers and the
Indigenous people who lived in the area. Even today the key
protection against tick-borne disease, apart from
vaccination, is adequate clothing and footwear, and regular
inspection of the body to remove ticks before they bite. All
of these were unavailable to the special settlers and
prisoners in Obor. First of all, the wear and tear of cloths
was intense in the thickets of the Far Eastern taiga. New--or
any other--clothes were, however, virtually impossible to
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procure. The lack of clothes and footwear was a constant
refrain of the official reports of the time, which affected not
only prisoners and special settlers but also peasants,
soldiers, and the camp administration. Furthermore, the
inspection of the body and the early detection of ticks was
also extremely complicated among the exhausted workers
living in the poorly heated and lit overcrowded barracks.

Medical research in the GULAG has recently come to the
attention of historians, who revealed the “conspicuous
silence” of Soviet scientists, many of whom were also
prisoners, about the social context of their research
subjects, when any references to camps, starvation and
ruthless exploitation were avoided.>>® Clearly, these
conditions could not have evaded either the local medical
researchers in the Far East, or the members of the Zilber’s
expedition but due to political reasons they could only hint
at the social status of the Obor residents in their early
publications, for example, by referring to the local
population as a “contingent” that “was brought” rather
than “came” to the area and describing their working and
living conditions as “difficult” or “unsatisfactory”. The TBE
morbidity and fatalities that they recorded in the Obor
forestry were remarkable, with 60-80 symptomatic cases
per season and 15-20 deaths (see Table 1). There is no exact
data on the severity of disease and the complications, but
the expedition’s epidemiological study mentions that out of
8 confirmed cases of TBE in 1933, 6 survivors remained
severely disabled which suggests that post-infection
disability was very frequent.’’
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Table 1: TBE cases and fatality rates in the Obor forestry industrial complex.*’

Confirmed cases

Confirmed plus possible and suspicious

| ot | cwm | o
0 0 2 0

1931

1932 0 0 6 4
1933 8 1(13%) 13 4 (13%)
1934 9 1(11%) 20 10 (30%)
1935 57 16 (28%) 72 17 (24%)
1936 63 15 (24%) 84 20 (24%)
1937 62 15 (24%) 62 15 (24%)

“Confirmed cases”: neurological residual symptoms after infectious encephalitis; “possible cases”: infectious encephalitis without a neurological
examination or no residual symptoms observed; “suspicious cases”: death at a young age with a diagnosis labeled as “meningitis”, “paralysis”,

“paresis” or “intracerebral hemorrhage”.

Zilber’s expedition lasted for three months, and in this short
period it identified a new distinct form of viral encephalitis
and isolated 29 strains of the causing virus, described the
tick vector, the epidemiology and pathophysiology of
disease and its clinical manifestation and showed some
efficiency of serotherapy against it. Although Zilber’s
success is usually told as an exclusively Soviet story, it of
course did not happen in isolation from the international
science. Zilber and his colleagues read and widely cited
foreign research on encephalitis, particularly American and
Japanese. Even more importantly, there was also a
transborder exchange of viral strains. Already during the
expedition, in summer 1937 Zilber asked for and received a
Kalinin strain of the Japanese encephalitis virus from Japan,
through the Soviet Embassy in Tokyo--quite remarkable
given the political and military tensions between the two
countries. The strain of the St. Louis encephalitis virus was
received from L.T. Webster in New York. These strains were
immediately used in the expedition research and helped
confirm the distinctiveness of the TBE virus.>"

Such international cooperation had tragic consequences for
Zilber and some of his colleagues. At the height of the
Stalinist purges it seemed to be more fitting for the Soviet
security authorities and military leadership to view the
disease outbreaks in the Far East as cases of Japanese
encephalitis and therefore not as a result of their
mismanagement but as an act of sabotage and Japanese
attack. Upon his return to Moscow, Zilber was arrested on
the accusation of being a Japanese spy and intentionally
spreading Japanese encephalitis among the Soviet
population. Two of his female colleagues--Alexandra
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Sheboldaeva and Tamara Safronova--were arrested because
of their connection to Zilber. Israel Finkel was also arrested
and most likely perished in prison.? Zilber was soon released
and managed to take part in the all-union conference of
microbiologists in January 1939 and since then the
distinctiveness of tick-borne encephalitis was recognized in
Soviet publications. However, in 1940 he was arrested again
and released only in 1944, following the intervention of
several prominent virologists and his former partner, Soviet
penicillin researcher Zinaida Ermolieva.®® The research on
the virus and the expeditions to the Far East continued
without Zilber, but it is clear that his arrest must have made
Soviet scientists even more cautious.

Given the high case fatality and disability rates, including
among the Soviet scientists themselves, the prevention of
disease immediately became a priority of research. Work on
the vaccine started in 1938 and was led by two female
virologists, both affiliated with Moscow’s All-Union Institute
of Experimental Medicine: Nadezhda Kagan in Moscow and
Elizaveta Levkovich, who had been a deputy head of Zilber’s
expedition in the field in the Khabarovsk region. The
laboratory where the research was conducted was also
staffed with female personnel. In the autumn of 1938 Kagan
contracted TBEV after exposure in the laboratory and died,
and Levkovich took over her work. Two months later, a
laboratory technician Natalia Utkina also died after
contracting TBE. Women’s bodies were also the first to try
the new vaccine, based on the Sofyin strain, when
Levkovich and her assistant Galina Zorina-Nikolaieva tested
the vaccine on each other in 1939.>** %

To check the efficiency of the vaccine, the 1939 expedition
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conducted trials, designed as a kind of unblinded cluster-
randomized trials, on the population of the endemic area in
Obor. The 1941 publication of the results speaks of 925
vaccinated subjects and a control group of 1,185
unvaccinated subjects that were distributed across four
locations within the Obor forestry-industrial complex and
had a comparable age, gender and occupational
composition. This account does not mention the legal status
of the participants but says that both groups were offered
“sanitary explanation” about the trials although it is unclear
what exactly that explanation implied. It was not until 2001
that the memoir of the neurologist Aleksei Shapoval,
involved in those trials, revealed the circumstances in which
they were conducted. Shapoval speaks of 1,987 vaccinated
subjects and explicitly states that they were inmates of a
forced labor camp while another camp with 2,387 prisoners
in the same area was used as a control group. Such
composition of participants would suggest that the
involvement in the trial was not voluntary. Luckily for those
vaccinated, both accounts agree that the vaccine seemed to
be successful and offered some protection against the
disease (the official publication reported only 2 mild TBE
cases among the vaccinated compared to 27 cases and 7
deaths among the control group; Shapoval recalls 9 mild
TBE cases among the vaccinated compared to 37 TBE cases
and 12 deaths in the control group).**** The case-fatality
rate of TBE observed in the early trials (27-32% in the
unvaccinated group) was dramatic. These most likely
involuntary vaccine trials on the unfree population did not
contradict the scientists’ compassion and probably sincere
desire to protect that population from a potentially deadly
disease --after the arrest of Zilber and his colleagues, the
expedition members knew very well that they could easily
end up in a similar camp themselves. Yet, again, the
concealment of the camp context had not only ethical but
also empirical implications. The health status and post-
infection survival chances of forced laborers or settlers had
been severely compromised by very poor nutrition,
exhaustive work, the lack of adequate healthcare, and
extreme  stress connected to deportation and
imprisonment. However, Soviet scientists did not reflect on
how those factors could have influenced the striking TBE
mortality and morbidity they observed and in their
publications attributed them exclusively to the properties of
the virus, reinforcing the image of tick-borne encephalitis,
especially in its Far Eastern manifestation, as highly lethal.

Of all the Soviet scientists involved in the early TBE
research, Aleksei Shapoval deserves credit for consistently
trying, if not to reveal, then to hint at the social conditions
in which TBE emerged to the extent Soviet censorship
allowed. Lev Goldfarb, who later worked with Shapoval,
mentioned that Shapoval had been deeply affected by
Zilber’s arrest,"” perhaps this was one of the reasons why he
did not let this important aspect fall into oblivion. In 1947,
Shapoval coordinated the treatment of the TBE patients in
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the Khabarovsk region and it becomes clear from his report
to the Public Health Ministry that most of the patients were
Japanese prisoners-of-war.” The forced labor of prisoners-
of-war was widely used in the Soviet Far East, and their
conditions were comparable to those of other prisoners and
special settlers, with undernutrition as a crucial factor
affecting their health status and mortality. In Primorie,
another Far Eastern region, the situation was very similar —
in 1948 the majority of 240 recorded TBE cases occurred
among the Japanese prisoners-of-war (the method of TBEV
diagnosis is not specified in the source).”” These were
unpublished internal reports, but after Stalin’s death with
the certain liberalization of the Soviet regime some of this
information made it into scientific publications.

In 1961, Shapoval published a monograph entitled “Tick-
borne Encephalitis”, in which he questioned the assumption
that the changes in the TBE morbidity in the Far East were
connected exclusively to the frequency of the contacts with
the forest and argued, although with careful phrasing, that
the severity of disease depended on the living conditions of
the human population. Comparing TBE outcomes across
several locations in the Khabarovsk region in 1947, he
showed that in settlements with good living conditions and
decent food supply the lethality was 8%, in Obor, where the
situation had somewhat stabilized by the late 1940s, it was
20%, while in the Amgun unit, where there were “problems
with food supply” (probably a euphemism for extreme
undernutrition) and where “workers had to build housing
for themselves” away from any settlements, the disease
was particularly severe and the case fatality was as high as
56%."> What Shapoval described here was most likely the
GULAG Amgun labor camp which used the forced labor of
Soviet prisoners and Japanese prisoners-of-war. He also
specifically mentioned that the disease was particularly
severe among the workers with hunger dystrophy.
Admitting that in the socialist state there had been workers
with hunger dystrophy was in itself very daring, and this
was the kind of diagnosis that for his contemporaries must
have signaled that he was describing the workers in the
camps. It took, however, forty more years until Shapoval
was able to speak about it openly in his memoirs.

Conclusion

The year 1937 and the work of the early Soviet Far Eastern
expeditions should always have a very special place in the
history of TBE. This is when the virus was first isolated in the
mouse brain and the disease etiology was understood and
described. It also has to be emphasized that scientists,
many of whom were women, worked on this disease at a
significant risk for themselves, both medical and political,
and although this research propelled the career of some,
others had to pay a very high price with their life, health or
freedom.



I Chapter 3a: Early TBE research in the Soviet Union: revisiting the narrative |

Yet, it is clear that not only the biological but also the
documented social history of TBE is longer and broader.
Cases of this disease have been recorded in Russian/Soviet
territory at least since the 1890s and they occurred both in
the Asian and the European parts of the country. In the
1920s and 1930s TBE started capturing the attention of
scientists and physicians in various locations, not only in the
Far East, but did this under different names such as atypical
poliomyelitis or Kozhevnikov epilepsy. This increased
attention was linked to the transnational developments in
medical sciences and general interest in neuroinfections
following the epidemic of the Encephalitis lethargica
(Economo encephalitis)—a mysterious infectious brain
disease that swept the world in the 1910s and 1920s. It is
possible, however, that there was some real increase in the
number and severity of TBE cases across the Soviet Union in
this time due to the changing patterns of human interaction
with the environment and the virus, connected to the
hardship and food scarcity during the times of the Civil War,
military communism, and collectivization.

The well-known emergence of TBE in the Far East in the
1930s, that eventually led to the isolation of the virus,
happened in very special circumstances of Stalinist
colonization of the region. That socio-political context
dramatically affected the composition, the health status
and exposure of the population that lived in or was brought
to the region, often by force, and must have influenced the
TBE epidemiology, including the severity, clinical
manifestations, and lethality of disease. These social
circumstances, including extreme undernutrition and
exploitative forced labor in the forest without any
protection, were a long-lasting reality that continued to
affect local disease epidemiology at least until the turn of
the 1950s, if not later.

It is important to acknowledge this social context when
reconstructing the history of tick-borne encephalitis. One
aspect here is ethical, that is the need to, at least in this
form, commemorate the many people in the inhumane
circumstances who were exposed to this infection and
deprived of all the means to resist it. But there can also be
empirical implications for scientific research. Since the living
conditions of the European and Russian population today--
and in fact of the late-Soviet population as well--were and
have been, thankfully, very different from that of the
Stalinist period, early Soviet epidemiological studies have to
be interpreted and used for comparison with caution. These
differences in the social context, health status and exposure
need to be considered in the long-term and cross-regional
TBE epidemiology, especially its Far Eastern variant, as well
as the historical evaluation of preventive strategies. At the
same time, this new interpretation of early Soviet research
could provide important historical precedents for the

studies on the role of the social factors in the TBE
emergence in the 1990s and could inform future
invest'iga‘cions.y‘zs'45
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Key Points

e Tick borne encephalitis came to the attention of human medicine in the 1920s and 1930s due to economic and political

changes in Far Eastern Russia and Central Europe.

e Russian scientist identified the TBEV in Far Eastern Russia in the 1930s.

e Czechoslovak scientists in the late 1940s were the first to detect TBEV in Central Europe.

e Inthe 1960s and 1970s the transmission cycle of TBEV was elucidated mainly by Czechoslovakian and Austrian scientists.

e First trials to protect exposed humans by vaccination started shortly after the discovery of TBEV in Far Eastern Russia.

e In Austria and Germany currently used, cell culture based TBEV vaccines were developed in the 1970s and 1980s.

Tick-borne encephalitis (TBEV) is the most important tick-
borne viral disease in humans and has increasingly shown
its importance also in veterinary medicine. Although TBE
virus (TBEV) probably evolved several thousand years ago, it
was only due to political and economical changes in the
1920s that it came into the focus of human medicine in two
independent locations on the European-Asian landmass.
The history of TBE therefore is also a history of studying and
understanding the connection of ecology of naturally
occurring microorganisms and their interplay with vectors
and hosts and their connection to the epidemiology of
human and animal disease and underscores the importance
of understanding these interrelationships for a better
understanding and prevention and control of vector-borne
zoonoses.

Introduction

Tick-borne encephalitis (TBE) is one of the most important
arthropod-borne viral infections in Europe and Asia.
Ecologically, TBE virus (TBEV) is an arbovirus. Taxonomically,
it belongs to the Flavivirus genus, together with other
medically relevant arboviruses such as dengue and yellow
fever viruses." TBEV is endemic in Europe and Asia and
circulates between its principal vectors, hard ticks (Ixodidae;
mainly of the genus Ixodes, and small mammals (reservoir
hosts). Human infection most commonly occurs through the
skin via the bite of a tick. Several thousands of people are
affected by TBE every year. In the literature, the first cases
were assumed to be mentioned in church records from the
Aland Islands (Finland) in the 18th century.? This was long
before two scientists, Smith and Kilbourne, discovered that
ticks are vectors of pathogens.3 In the 20th century, a
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disease, which was referred to as “taiga encephalitis” or
“biphasic encephalitis”, was described in soldiers, railway
workers and woodcutters in the eastern parts of the former
Soviet Union (USSR; see chapter 3a).

In 1931, Schneider wrote the first detailed medical
description of what is today known as TBE.Ina monograph
that was published in 1932, he described more than sixty
cases of “epidemic acute meningitis serosa”. Forest workers
were mainly affected. As a result, TBE ultimately became
the first disease that was recognised as an occupational
disease in Austria, where it was known as the resin workers’
disease or Schneider’s disease. The first detailed description
of the clinical picture of “summer encephalitis” in the
Russian Far East was published by Panov in 1938.°

This chapter provides a brief historical overview of TBE in
Europe and Asia and of the most important developments
in TBE and TBEV research.

The discovery of TBEV in Europe and Asia

Based on molecular biological data, it can be assumed that
western Siberia (Russia) is the area of origin of the TBEV.
These scientific data also indicate an origin of this virus
approximately 3100 [1800-4900] years ago.® Whereas the
eastern TBEV groups spread from western Siberia through
Asia eastward, the western TBEV groups dispersed
westward and may have arrived in (central) Europe
approximately 2000 years ago.

In Europe, the first medical description of four cases of
what today is referred to as TBE was provided in 1931 by
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Figure 1: Old man with child at the resin harvest (Pecher) in the 19th century (Source: Postcard)

Hans Schneider, a physician in Lower Austria. Hans
Schneider (born under the name Johann Schneider) studied
medicine at the medical faculty of the University of Vienna
from 1911 to 1918. During his course of study, he received
two scholarships in 1912. The first scholarship was granted
by the Imperial-Royal Landwehr Command in Vienna and
the second by the Theobald Uffenheimer Scholarship
Foundation. After having passed his final oral examination,
Schneider was awarded a degree in medicine on 31 January
1919. During World War |, he joined the Imperial and Royal
Army and served time with the elite Hoch- und
Deutschmeister Regiment. He was awarded the Silver
Medal for Bravery 1st Class (1916), the Karl Troop Cross
(1916), and the Austrian Red Cross Silver Medal for his work
in internal medicine (1917). From 1919 to 1924, Schneider
worked as a resident at the Vienna-Lainz hospital. During
this time, he familiarised himself with the most modern
diagnostic procedures available at the time. This applies in
particular to the early stages of clinical microbiological and
serological diagnostic techniques. This was when he
published his first scientific papers. In 1925, when there
were severe influenza and typhoid epidemics, he was
appointed as a specialist in infectious diseases to a hospital
in Neunkirchen, the capital of a district in Lower Austria. In
1926, Schneider became the head of the medical
department and in particular of the infectious diseases
ward that was being set up. As a chief physician in internal
medicine, Schneider increasingly focused on diseases of the
at that time increasingly important petrochemical industry
and documented all cases of workers in this industry
meticulously. In 1927, he observed an epidemic increase of
a usually benign form of “acute serous meningitis” and
detected an association between this disease and resin
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tapping, which was the basis of petrochemical industry in
the area south of Vienna at that time. He found that a
special type of meningitis often occurred in resin tappers
who harvested resin from black pines.

In his experiments, Schneider even sent clinical materials of
patients (cerebrospinal fluid) to the Vienna University to
infect monkeys, which, however, in contrast to
poliomyelitis, which was causing similar symptoms, did not
cause disease in the animals. Schneider was thus able to
clearly differentiate this disease from poliomyelitis, which
too was widespread at the time. Within only three years, he
documented more than sixty cases of this specific disease
and provided first evidence of the possibility of milk-borne
transmission at that time. In 1931, Schneider reported on
four cases in the Wiener Klinische Wochenschrift and thus
provided the first detailed clinical description of the disease
worldwide. In 1932, he published a comprehensive
monograph on “Epidemic acute meningitis serosa”, in which
he described a total of 66 cases from the years 1927 to
1931 and presented his studies on the differentiation of this
disease from other infectious diseases (poliomyelitis,
typhoid fever). Owing to Schneider’s propaedeutic skills,
this previously unknown disease was recognised as a new
infectious disease that was associated with resin tapping.
TBE was the first disease that was recognised as an
occupational disease in Austria (where it was known as the
resin workers’ disease). It was not until Schneider’s death in
1954 that this new entity became known, especially in
German-speaking areas, as Schneider’s disease, named
after the person who first described it.
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Figure 2: Dr. Johann (Hans) Schneider
(1891 — 1954).

(Source: Niederdsterreichische Arztechronik -

Geschichte der Medizin und der Mediziner
Osterreichs, Wien: Verlag Oskar Mobius GmbH 1990;
S. 695 - 696: Nr. 20.)

Figure 3: Diffuse biotope of the ticks Ixodes
persulcatus, Haemaphysalis japonica
and H. concinna in the taiga.

(Source: Natural nidality of transmissible diseases
with special reference to the landscape epidemiology

of zooanthroponoses.] Moscow, Leningrad: Nauka (in
Russian), 1966)

In the Soviet Far East taiga, a severe and usually fatal
neurological disease was observed in 1934 and 1935 among
Red Army soldiers who were stationed in this area and
among the local population (see also chapter 3a). First
attempts to identify the causative agent were unsuccessful
and the etiology of the disease was unknown. In 1937, an
expedition team led by Professor Lev Aleksandrovich Zilber
(head of the first medical virology laboratory in the USSR)
and Professor Evgenyi Nikanorovich Pavlovsky was sent to
the taiga region on behalf of the Soviet health ministry in
order to investigate the cause of the disease. Pavlovsky did
not personally participate, but four scientists from his
institute took part in this first expedition. The team of
specialists (scientists and technical assistants) was divided
into two groups. The first group investigated the
Khabarovsk territory in the north and the second group the
Primorsky territory in the south. In spite of extremely
difficult conditions in remote areas (absence of
infrastructure), the teams found that many local people
showed neurological symptoms. Of 64 patients who were
treated in a hospital, 12 died. The virus was isolated from
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29 patient samples.®™

In order to prevent infection, the teams informed the local
population about the potential hazards associated with
ticks. As a result, the number of new cases was significantly
reduced within a short period of time. At the end of their
mission, Zilber and his expedition team were able to
provide convincing results suggesting that they had
identified the causative virus and its vector (/xodes
persulcatus).

Some team members became infected with TBEV during
the mission and showed typical disease symptoms. Since
the virus is highly contagious and the conditions were
challenging, it was almost a miracle that none of the
affected team members died from the disease. Dr
Chumakov, for example, became infected with the virus
after having cut his finger during an autopsy. After a short
while, he developed first symptoms such as paralysis of his
right arm and loss of hearing. Later in his scientific career,
Chumakov became a highly esteemed virologist and
discovered TBEV foci at a great distance from the Far East in
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the Ural and Trans-Ural regions."

On the whole, the first expedition under the direction of Lev
A. Zilber was a success and a major scientific achievement.
During this mission, the team successfully isolated the virus
several times, worked out the epidemiology of the disease,
and took measures to prevent further infections. Owing to
this success, it is no surprise that other expedition teams
led by Evgenyi N. Pavlovsky were sent to the Far East in
order to gather more information on the disease and
especially on the virus."

In Europe, the first isolation of TBEV was achieved in
Belarus in 1939 from Ixodes ricinus ticks.** In the People’s
Republic of China, the first cases were reported in 1943. The
virus was isolated for the first time from brain samples from
deceased patients in 1944 (review by Yoshii et al., 2017)."
In the early 1940s, US scientists at the Rockefeller Institute
for Medical Research detected cross-reactivity between
hyperimmune sera of Louping ill virus and Russian spring-
summer encephalitis virus.

As early as in 1948, the second virus isolation (Hanzalova
strain) was achieved in Europe in the present-day Czech
Republic (near Prague).'® The early 1950s played a special
role in the history of TBE. In 1952, only a few years after the
first virus isolation, a strain that was named “KEM |” was

isolated in Hungary. Virus isolations were also achieved in
Slovenia in 1953 and in Poland in 1954. In 1954, the first
cases of TBE were reported on the island of Bornholm
(Denmark). In the same year, TBEV was detected for the
first time in Sweden. In Austria, the first TBEV isolates came
from Styria in collaboration with Czechoslovak scientists in
1953. The Scharl strain, an isolate form the brain of a fatal
human case, was isolated in Vienna, Austria in 1954. In
1958, the virus was detected for the first time in Slovakia.
The Kumlinge strain was isolated in Finland in 1959." % n
divided Germany, the first virus isolation was achieved by
scientists in the German Democratic Republic in the late
1950s.” In addition, the first case of TBE in Norway was
reported as late as 1997.% In 2020, the virus and human
cases were documented for the first time in the British
Isles.”* Two years later, TBEV was detected for the first time
outside of Europe and Asia on the African continent
(Tunisia).”

In the Federal Republic of Germany, the Zimmern TBEV
strain was isolated for the first time in the region of Lower
Franconia in 1970.”*** French scientists successfully isolated
a TBEV strain in Alsace in 1970.% It was only in 2016 that
the Netherlands reported the first autochthonous cases of
TBE and the successful isolation of the Sallandse TBEV
strain.”®

“Scientific biographies”)

Figure 4: Prof. Dr. Lev Alexandrovich Zilber (1894 — 1966)

(Source: “Lev Alexandrovich Zilber” written by his son L.L. Kisselev and E.S. Levina, The Publishing House “Science”, Series
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The detection and natural transmission
cycle of TBEV

The first expedition to the Russian Far East was led by Zilber
in 1937 and provided first important information on the
eco-epidemiology of TBEV within a few months. The
causative agent was found to be a virus that was
transmitted to a human host via the bite of an Ixodes
persulcatus tick (Ixodidae family).

As mentioned before, the first expedition was followed by
two further expeditions to the Russian Far East under the
direction of Professor Evgenyi Nikanorovich Pavlovsky, who
also was a general in the Red Army. The purpose of the
second expedition (1938) was to investigate the spread of
TBEV in the field and to identify the reservoir hosts of the
virus. The results of the expedition were incorporated into
Pavlovsky’s widely acclaimed ideas about the ecology of
zoonotic diseases (Natural Nidality of Transmissible
Diseases).”’””® TBEV is transmitted from a natural
(transmission-competent) reservoir host to a vector (Ixodes
ticks) through a blood meal. Infected vectors may transmit
the virus to their accidental hosts (humans) during the next
blood meal through the skin via a bite. These reservoir
hosts are infected via the bite of an infected tick and
transmit the virus to other ticks feeding on the host’s blood.
Long-term circulation of the virus depends on the presence
of all necessary biotic factors (vectors, hosts) and an
appropriate abiotic environment.

The scientists Chumakov and Naidenova® found that Ixodes
ricinus, which is related to Ixodes persulcatus, is a vector
that transmits a milder form of TBE in some European
regions of the former USSR. This description was later
confirmed by several European researchers (e.g. from
Belarus and the former Czechoslovakia). In the former
Czechoslovakia, Rampas and Gallia were the first outside of
the USSR to isolate TBEV from field-collected ticks.***

From 1947 to 1951, a different route of transmission of TBE
to humans was observed in the European part of the former
Soviet Union.* TBEV was found to be transmitted through
the ingestion of unpasteurised milk or milk products (e.g.
cheese) from viraemic goats. One of the largest epidemics
outside of the USSR occurred in the southeastern part of
Slovakia (including the town of RoZnava) in 1951. More than
600 cases were documented.’® Ten years later, cases
resulting from alimentary transmission were reported in the
former German Democratic Republic (e.g. in the town of
Niesky).*

The 1970s and 1980s witnessed a substantial decrease in
field work in many European countries. Since the ecology of
TBEV had been well studied and understood by the
scientific community, the focus of research attention shifted
to molecular biological studies of TBEV and to Borrelia
burgdorferi, a newly identified causative agent of Lyme
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Figure 5: Prof. Dr. Evgenyi Nikanorovich

Pavlovski.

(J. N. Pawlowski - Leben und Werk, Berlin: VEB
Deutscher Verlag der Wissenschaften 1959)

disease. It is interesting to note that this coincided with the
time when the first European vaccine became available in
1976°° and it was believed that all problems associated with
TBE had been solved. Today we know that this assumption
was wrong.

Jones et al.”’ found that guinea pigs acquired Thogoto virus
through Rhipicephalus appendiculatus ticks but did not
develop detectable levels of virus in their blood. Alekseev
and Chunikhin®® as well as Labuda et al.** demonstrated the
non-viraemic transmission of TBEV from small mammals to
uninfected blood-feeding ticks. This was an important
contribution to the understanding of the field ecology of
the virus, and TBEV ecology once again became a focus of
scientific attention. Milan Labuda et al."**found that (a)
TBEV was transported in Langerhans cells of infected hosts,
(b) non-viraemic transmission was also possible in immune
hosts, and (c) this type of transmission occurred in small
mammals but not in large mammals. This non-viraemic
transmission now is more commonly referred to as
infection by co-feeding.
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Figure 6: Univ.-Prof. Dr. Christian Kunz (1990);
(Source: ©Michaela Seidler-Bruckberger))

The detection of different TBEV subtypes

On the basis of its general characteristics (physical and
chemical properties, virion structure, arthropod carriers,
and cross-reactivity), the Flavivirus genus was considered to
belong to the Togaviridae family. This term was first used
by Lwoff and Tournier in 1966.*

The Togaviridae family included the Alphavirus genus
(formerly Group A arboviruses) and flaviviruses (formerly
Group B arboviruses). Group B included dengue virus type 1
and other viruses."***Based on the plaque reduction
neutralisation test (PRNT) and virus structure and viral
replication, it was recognized that the former family of
Togaviridae comprised two completely different groups of
viruses. These finally were divided into two families, the
genus Alphavirus in the family Togaviridae, and the newly
created family Flaviviridae. This newly created genus, now
called Orthoflavivirus in family Flaviviridae was further
divided according to cross neutralization into seven
subgroups.”® One of these subgroups, the so-called “Tick-
borne flavivirus group” contain the mammalian tick-borne
flavivirus group (among others TBEV, Omsk haemorrhagic
fever virus, Louping ill virus, Langat virus, Powassan virus,
and Kyasanur Forest virus) and the Seabird tick-borne
flavivirus group (among them Gadgets Gully virus,
Saumarez, Reef virus, and Tyuleniy virus).

Although all these viruses have similarities, there are
differences between them in their geographical distribution,
associations with different vertebrates and ticks, and
pathogenicity for humans. The Flaviviridae family comprises
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more than 70 species and includes ten sero-complexes.*®
TBEV belongs to the group of flaviviruses, which are mainly
transmitted by ticks feeding on the blood of mammals. It
has three subtypes: European, Far Eastern and Siberian.*

Two geographic and antigenic TBEV variants (eastern and
western) have been known for more than 40 years.l‘so'51
Clarke® divided 28 strains into two antigenic variants using
the gel precipitation test with cross-absorbed sera and
found that there were two types of antigens: eastern and
western (European). Chumakov et al.>* believed that there
were differences between the Eastern and Western
subtypes of TBEV and proposed a classification into the
antigenic variants “persulcatus” and “ricinus” depending on
viral ecology. Votyakov et al.>*>*>emphasised differences in
antigenic profiles, geography, and clinical and pathological
features in animals and humans.

Pletnev et al.’®*’and Mandl et al.****decoded the whole
genomes of Eastern (Sofjin) and European (Neudoerfl)
subtype TBEV strains. This was the beginning of a new
phase of the genetic classification of TBEV. Data showed
significant genetic differences between the Western and
Eastern variants in nucleotide substitutions (16.8-16.9%)
and amino acid substitutions (6.9-7.2%). Also two Eastern
strains were found to differ significantly in nucleotide (4.6%)
and amino acid (1.8%) substitutions.

Rubin and Chumakov® were the first to publish these
results for the Siberian subtype and, for example, described
the isolation of a TBEV strain (Aina) from a child in the
Irkutsk region (USSR). Pogodina et al.®“*’reported the
isolation of a group of strains from Ixodes persulcatus in
eastern Siberia. These strains are serologically related to
the Aina strain. Gritsun et al.****and Zlobin et al.***°
provided the first genotypic characterisation of what is
today known as the Siberian subtype by sequencing the E
gene and then the whole genome.

Sequencing a gene E fragment of eight and then 29 strains
that were isolated in different geographical regions allowed
the three major subtypes (Far Eastern, Western and Ural-
Siberian) to be identified. Ecker®” believed that there were
three TBEV subtypes corresponding to the three major
genotypes. Grard®, however, provided a new
interpretation of the genetic relationships between
arthropod-borne viruses and proposed that TBEV be
divided into four subtypes: (1) Louping ill virus (Spanish,
British and Irish subtypes), (2) Western TBEV (European
subtype), (3) Eastern TBEV (Far Eastern and Siberian
subtypes), and (4) Turkish sheep encephalitis virus,
including the Greek goat encephalitis virus subtype.

In addition to the three known and accepted subtypes,
Russian researchers described two further strains that were
denoted as 178/79 and 886/84. They proved that these two
Russian strains were not closely related to the other three
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subtypes. The latter strain with a number of isolated is now
accepted as a fifth subtype of TBEV, named Baikalian
subtype. The classification of the 178/79 strain is rather
unclear as only on single isolate so far exists.®® Further
studies are required to assess whether these two new
strains can be classified as further TBEV subtypes.

The development of TBEV vaccines

Pavlovsky was a pioneer in the development of a TBEV
vaccine. A TBEV vaccine derived from mouse brain was for
the first time administered to the local population in 1939
during the third expedition, which was led by E. N.
Levkovich and N. L. Dankovsky. In 1940, mass vaccination
was carried out for the first time in the Russian Far East
(Khabarovsk) under the direction of Elizaveta Nikolaevna
Levkovich.”®

In order to address the increasing medical importance of
TBE in Austria, Professor Christian Kunz decided to develop
a vaccine against TBE. For this purpose, he cooperated with
the British biological warfare research centre at Porton
Down. This was possibly a result of many years of
cooperation with the US armed forces. This cooperation
was of utmost importance to Kunz since zonal
ultracentrifugation, a purification method which was
absolutely necessary for the production of vaccines, was
available at this research facility. Kunz administered the first
two TBE vaccines to himself and to his colleague Professor
Hanns Hoffmann, a virologist. He carried out the first major
vaccination campaigns and tested the vaccine on
approximately 30,000 farmers and forest workers in
Austria. He was personally liable for these activities. His
private liability insurance covered 10 million schillings
(approximately € 720,000).”*

Kunz was unable to convince some of the major vaccine
manufactures to become a partner in vaccine production. In
1976, the founders of IMMUNO AG, an Austrian
pharmaceutical company, joined the project and started
mass production of the vaccine (FSME-Immun®). Since then,
85% of the Austrian population have been vaccinated and
the number of TBE cases in Austria has been reduced by
approximately 90%. It should be noted that vaccination
rates have been decreasing in Austria over the years as a
result of a lack of acceptance in society. In 1991, another
TBE vaccine (Encepur®) was approved in various European
countries. This vaccine had been developed by the German
pharmaceutical company Behringwerke and was then
supplied by Chiron Corporation after the latter had acquired
the vaccine businesses of Behringwerke.”*

Professor Franz Xaver Heinz, director of the Institute of
Virology in Vienna, and his team discovered a new
mechanism of membrane function between virus and
cellular membranes, a mechanism which is unique to
flaviviruses. He was also the first to determine the three-
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Figure 7: Franz Xaver Heinz

(Franz X. Heinz mit Loeffler-Frosch-Medaille
ausgezeichnet; meduniwien.ac.at)

“n

dimensional structure of the envelope protein E. Heinz and
his research group thus enhanced the existing knowledge
about fundamental mechanisms in virology. These scientific
discoveries provided the molecular basis for many aspects
of TBE immunology and pathogenesis.

TBE has become an important model for studying different
cellular and virological mechanisms. In addition, this was
also the time when the first infectious clone of TBEV was
constructed allowing comprehensive studies on the
genetics of TBEV.”” Due to the nature of TBE as a zoonosis it
will probably not be possible to extinguish this disease from
our world. TBE will stay a permanent medical problem in
Europe, Asia and probably will also expand its importance
to Africa in the near future, as the TBEV was detected there,
recently. In many of the endemic regions in Europe, there is
an increasing trend of human TBE cases, even in highly
vaccinated populations, like in Austria. The reason for this
development has so far not understood, but may be related
to the massive changes in global, regional and local
ecological and environmental interactions due to human
activities. Therefore, the prevention of TBE in humans and
animals will remain a challenge although all instruments for
control of human disease have been provided in the past by
many brave, innovative and engaged researchers from
different countries which faced the same problems
although coming from political and economic suppositions.
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Chapter 4

TBE virology

Daniel Ruzek, Kentaro Yoshii, Marshall E. Bloom and tErnest A. Gould

Key points

TBEV is the most medically important member of the tick-borne serocomplex group within the genus Orthoflavivirus, family
Flaviviridae.

Three antigenic subtypes of TBEV correspond to the 3 recognized genotypes: European (TBEV-EU), also known as Western,
Far Eastern (TBEV-FE), and Siberian (TBEV-SIB).

An additional 2 genotypes have been identified in the Irkutsk region of Russia, currently named

TBE virus Baikalian subtype (TBEV-BKL) and TBE virus Himalayan subtype (Himalayan and “178-79” group; TBEV-HIM).

TBEV virions are small enveloped spherical particles about 50 nm in diameter.
The TBEV genome consists of a single-stranded positive sense RNA molecule.

The genome encodes one open reading frame (ORF), which is flanked by untranslated
(non-coding) regions (UTRs).

The 5'-UTR end has a methylated nucleotide cap for canonical cellular translation. The 3'-UTR is not polyadenylated and is
characterized by extensive length and sequence heterogeneity.

The ORF encodes one large polyprotein, which is co- and post-translationally cleaved into 3 structural proteins (C, prM, and
E) and 7 non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).

TBEV replicates in the cytoplasm of the host cell in close association with virus-induced intracellular membrane structures.
Virus assembly occurs in the endoplasmic reticulum.

The immature virions are transported to the Golgi complex, and mature virions pass through the host secretory pathway and
are finally released from the host cell by fusion of the transport vesicle membrane with the plasma membrane.

Virus classification Most of the known flaviviruses are transmitted horizontally

between hematophagous arthropods (ticks or mosquitoes)
Tick-borne encephalitis virus (TBEV) is the most medically and their vertebrate hosts. They are therefore considered
important member of the tick-borne serocomplex group to be dual-host viruses. Depending on the recognized
within the genus Orthoflavivirus, family Flaviviridae (from arthropod vector, they are divided into mosquito-borne or
the Latin flavus — ‘yellow’, referring to the prototype virus, tick-borne viruses.

. 1
yellow fever virus).

The genus Orthoflavivirus comprises over 70 virus species,
many of which are important human pathogens.2 Besides
TBEV, these include mosquito-borne viruses such as
dengue viruses, Japanese encephalitis virus, yellow fever
virus, Zika virus, and many others. Virtually the entire
human population lives where at least one flavivirus
species is endemic.” Moreover, many orthoflaviviruses
have recently expanded their endemic areas, being
introduced to novel loci either on new continents (West
Nile virus, Zika virus, etc.) or to areas with higher altitude
or latitude (TBEV as an example).>* For these reasons,

The term ‘arbovirus’ (an acronym from ‘arthropod-borne
virus’) is non-taxonomic but is frequently used for viruses
that cycle between vertebrates and arthropod vectors.
However, not all orthoflaviviruses are arboviruses — some
are vertebrate-specific (also called ‘No known vector’ and
further divided into rodent-specific and bat-specific
flaviviruses, with best-characterized representatives Rio
Bravo and Modoc viruses)5 while some are insect—speciﬁc.6
These classifications reflect the adaptation of the viruses to
particular invertebrate or vertebrate hosts, and modes of
virus transmission in nature.

flaviviruses pose an important threat to public and animal Tick-borne orthoflaviviruses (TBFVs) are further divided into
health. Moreover, they have high zoonotic potential mammalian and seabird TBFVs. While the seabird TBFV are
because they can infect a broad range of hosts and vectors non-pathogenic for humans, mammalian TBFV include
including domestic animals. several important human pathogens; in particular, TBEV,

Kyasanur Forest disease virus (KFDV), Omsk hemorrhagic
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Figure 1: TBEV phylogenetic tree
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Phylogenetic tree illustrating the relationships between representative members of the TBEV complex (highlighted in red). Complete genome
open reading frame sequences were retrieved from genbank and aligned using the gins option in mafft v7.266. The tree was constructed
with RAXML v.8.2.9 using the GTR+G model of nucleotide evolution and 1,000 bootstrap replicates. The resulting tree was visualized and
edited in Figtree v.1.4.1. All branches have maximum bootstrap support (not shown). The tree was midpoint rooted for visual purposes only.
The lowest clade (black) contains members of the divergent seabird tick-associated virus complex (Meaban virus through Tyuleniy virus). We
gratefully acknowledge the assistance of Dr John Pettersson (Zoonosis Science Center, Uppsala University, Sweden) who prepared and

supplied the tree.

fever virus (OHFV), Powassan/Deer tick virus (POWV), and
louping ill virus (LIV), which together with Langat virus
(LGTV), for which there are no known cases of natural
human disease, comprise a group known as the ‘TBEV
serocomplex’ (Figure 1). All TBFVs are closely related
antigenically and antibodies against one TBFV often cross-
react with the other TBFVs, which should be taken into
consideration when interpreting serological tests in areas
where more than one TBFV co-circulates. The broadest
cross-reactivity is seen in hemagglutination inhibition
assays, whereas the highest specificity is seen in
neutralization assays.7

Although all TBFVs are closely related genetically and
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antigenically, they cause diverse clinical manifestations in
humans: OHFV and KFDV (including a subtype of this virus,
Alkhurma hemorrhagic fever virus) induce hemorrhagic
fever syndromes, while the others cause neurological
disease. Importantly, the hemorrhagic fever associated
TBFVs and encephalitogenic TBFVs do not form separate
phylogenetic lineages and no specific determinants in the
genomes of these viruses have been associated with
particular disease manifestations.®’

Three main antigenic subtypes of TBEV correspond to the 3
recognized genotypes: Western, also known as European
(TBEV-EU; previously Central European encephalitis;
prototype strain Neudoerfl), Far Eastern (TBEV-FE;




previously Russian spring-summer encephalitis; prototype
strain Sofjin), and Siberian (TBEV-Sib; previously Western
Siberian encephalitis; prototype strains Zausaev and
Vasilchenko).'® Two additional lineages; i.e., “178-79” and
“886-84 group”, named as Baikalian TBEV (TBEV-Bkl)
respectively, have been identified in Eastern Siberia and
proposed as TBEV subtypes." The geographical
distribution and clinical significance of these newly
identified genotypes remains to be determined. However,
some studies indicate that 0.6-6% of TBEV strains
circulating in Eastern Siberia might belong to these new
genotypes.'’ Another new potential TBEV subtype
(Himalayan — TBEV-Him) was identified recently in wild
rodents in Qinghai-Tibet Plateau in China.™

Comparison of the complete coding sequences of all
recognized TBFV species led to a new taxonomic proposal,
viz. the assignment of TBEV and LIV to a single species
(TBEV) encompassing 4 viral types; i.e., Western TBEV
(TBEV-EU); Eastern TBEV (TBEV-Sib and TBEV-FE); Turkish
sheep TBEV, including Greek goat encephalitis virus
subtype; and Louping ill TBEV, the latter having Spanish,
British, and Irish subtypes.” This classification was
supported by the fact that, based on antigenic properties,
the European TBEV strains are more closely related to LIV
than to TBEV-FE and TBEV-Sib strains."*"®

All TBFVs are thought to have shared a common ancestor,
which diverged from mosquito-borne flaviviruses in Africa
less than 5,000 years ago.ls'lsHowever, some studies
suggest that this split might have occurred as long as
50,000 years ago."® The descendant TBFV species evolved
and spread through Asia and then more recently
westwards through Europe as they adapted to different
host and tick species. ***®In comparison with mosquito-
borne flaviviruses, TBFVs evolved nearly twice as slowly,
primarily due to the long life-cycle of the Ixodes tick
vector.®?%** Overall, it was concluded that there is a
direct correlation between genetic and geographic
distance of individual TBFV specieslG’zzand, furthermore,
that the evolution and dispersal of these viruses is
relatively slower than that of the mosquito-transmitted
viruses. In addition, the evolution is not significantly
influenced by migratory birds or international trade.’®

Virion structure and morphology

Infectious TBEV virions are small spherical particles about
50 nm in diameter with no obvious distinct projections.
The mature virions contain an electron-dense core
approximately 30 nm in diameter which is surrounded by
a lipid bilayer (Figure 2).”** The nucleocapsid core
consists of single-stranded positive-polarity genomic
ribonucleic acid (RNA) molecule (11 kb) and the capsid
protein C (12 kDa). The surface of the lipid membrane
incorporates an envelope glycoprotein (E, 53K) and a
membrane glycoprotein (M, 8K) (Figure 2).
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Figure 2: TBEV particles

A. Cryo-EM micrograph of TBEV particles. The sample con-
tained mature, immature (white arrows), half-mature (white
arrowheads), and damaged (black arrows) particles. Scale-
bar, 100 nm

B. B-factor sharpened electron-density map of TBEV virion,
rainbow-colored according to distance from particle center.
Scalebar, 10 nm.

C. Molecular surface of TBEV virion low-pass filtered to 7 A.
The three E-protein subunits within each icosahedral asym-
metric unit are shown in red, green, and blue. Scalebar, 10
nm.

D. Central slice of TBEV electron density map perpendicular to
the virus 5-fold axis. The virus membrane is deformed by the
transmembrane helices of E-proteins and M-proteins. The
lower right quadrant of the slice is color-coded as follows:
nucleocapsid—blue; inner and outer membrane leaflets—
orange; M-proteins—red; E-proteins—green. Scalebar, 10
nm.

Figures are reproduced from®® based on CC-BY 4.0 licence.
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The glycosylated E protein is also a major antigenic
determinant of the virus and induces immune responses
in infected mammalian hosts. It also contains the sites for
virus binding to receptors on the surface of susceptible
host cells and subsequent pH-mediated fusion of the viral
E protein with endosomal membranes during entry of
viral RNA into the cell.

In the mature infectious virions, the M protein has been
proteolytically cleaved from the precursor (pr)M protein.
This post-translational process occurs during the
maturation of nascent viral particles within the secretory
pathway and immediately before release of the infectious
virions from the infected cell. In immature non-infectious
particles, prM and E proteins form hetero-dimers and
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Figure 3

Immature

A. Schematic model of a flavivirus particle. Left panel: immature virion, right panel: mature virion. The surface of immature particles
consists of 60 spikes composed of trimers of prM-E heterodimers. Mature particles are formed after prM cleavage and contain 90 E

homodimers. (From® (CCBY)).

B. Pseudoatomic cryo-EM reconstruction model of the immature flavivirus particle (PDB: 20F6).

C. Pseudoatomic cryo-EM reconstruction model of the mature flavivirus particle (PDB: 3J0B).

D. Cryo-EM micrograph of immature TBEV particles (kindly provided by Tibor Flizik and Pavel Plevka, with permission). Scalebar, 100 nm.

exist as trimers covering the virion surface. At this stage,
the pr part of prM occludes the fusion domain of the E
glycoprotein, preventing premature fusion with cell
membranes within the secretory pathway (Figure 3).

In the trans-Golgi compartment, the pr is cleaved from prim
by a cell furin-like protease; this is followed by the
conformational change, rotation, and rearrangement of E
proteins from 60 antiparallel trimers into 90 anti-parallel
dimers, forming an unusual ‘herring-bone’ pattern with
icosahedral symmetry and resulting in the viral particles
being mature and fully infectious. However, the efficiency of
prM cleavage varies for different flaviviruses; cleavage is
therefore not always absolute. Thus, immature particles
may also be released as a proportion of the infectious/non-
infectious virus pool.”

The structure of purified mature TBEV particles has been
determined at near atomic resolution of 3.3 (strain
Kuutsalo-14) or 3.9 A (strain Hypr) by reconstruction of
cryo-electronmicroscopic  images  (Figure 2).2** These
studies revealed a relatively smooth outer surface of the
particle, and E and M proteins organized in a similar manner
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to that in other flaviviruses. The surface of the TBEV virion is
covered with small protrusions formed by glycans attached
to the E-protein molecules.”®** Both E-proteins and M-
proteins are anchored in the virion membrane, each by two
trans-membrane helices. Viral envelope membrane is not
spherical; instead the shape of the membrane closely
follows the inner surface of the protein envelope and is
deformed by insertions of the trans-membrane helices of E-
proteins and M-proteins.B

Cryo-electronmicroscopic analysis was employed to explore
the structure of three immature TBEV strains: Hypr,
Neudoerfl, and Kuutsalo-14. The immature TBEV particle
exhibited a diameter of 56 nm, with surface glycoproteins
organized into characteristic spikes reminiscent of
immature flaviviruses. The topology and domain
assignment of prM in immature TBEV closely resembled
that of the mosquito-borne Binjari virus, however was
significantly different from other immature flavivirus
models.?® Recombinant sub-viral particles (RSPs) are of T-1
icosahedral symmetry formed by 30 E protein dimers. They
have the same antigenic properties as wild-type virus. They
can be used for vaccination purposes and represent an




Chapter 4: TBE virology

Figure 4

11kb

f

'5"UTR

3'UTR |

TN INGIN I NRITNIONATNS

J

STRUCTURAL PROTEINS
- —_—
[kDa] 11 26/8 50 46 22
Nucleocapsid Env.elope Replication,
protein, cell assembly,
adhesion and interfere with
fusion with interferon
plasma signaling
membrane
v Vv
Matrix Glycoprotein,
protein; highly
chaperone for immunogenic;
E protein hexamer,

RNA replication

NONSTRUCTURAL PROTEINS

14 70 16 27
Multi-functional Replication
protein, stress
serine protease response,
complex interfere with
with NS2B, Interfaron
RNA helicase, signaling v
NTPase
RNA-dependent
v RNA polymerase,
\L Replication, me.trzyel:fransfe;:se,
Cofactor NS-1 interaction, - 'r:f roerz'w::alin
of NS3 membrane RTRION:IRNANE

re-arrangements

Genome organization of TBEV and processing pathways of the polyprotein. A schematic representation of the TBEV genome with the
5’ and 3’ non-translated regions (NTRs) is shown in the top; the translation products are given below (adapted from®, with

permission).

established model system for flavivirus membrane fusion
because they have fusion characteristics similar to those of
infectious virions.”’

Viral genome

The nucleocapsid is formed from a single viral RNA genome
and multiple copies of the C protein. The RNA binding
domains of the C protein molecules are located at their N-
and C-termini and are separated by hydrophobic regions.
The nucleocapsid is less ordered and as for other
flaviviruses, no discernible symmetry was detected in
cryoelectron microscopic reconstructions.” Instead, the C
protein is arranged in a cage-like structure surrounding the
viral genome. The icosahedral symmetry is, therefore,
directed by surface proteins rather than by the
nucleocapsid protein.

In addition to mature virions, smaller (approximately 14 nm
in diameter) non-infectious particles are released from the
infected cells. These particles lack nucleocapsid and consist
of E and M proteins only; they are called sedimenting (70S)
hemagglutinin (SHA).

Similar RSPs of a slightly larger size (approximately 30 nm in
diameter) can be produced by cells expressing only prM and
E proteins.28

The TBEV genome consists of a single-stranded positive
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sense RNA molecule, approximately 11 kilobases in length.
The genome encodes 1 open reading frame (ORF) of over
10,000 bases, which is flanked by untranslated (non-coding)
regions (UTRs). The ORF encodes 1 large polyprotein of
approximately 3,400 amino acids, which is co- and post-
translationally cleaved by viral and cellular proteases into 3
structural proteins (C, prM, and E) and 7 non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)*
(Figure 4). A second short upstream ORF is present in the 5'-
UTR of some TBEV strains. However, no protein encoded by
this ORF has been found in TBEV-infected cells, indicating
that it is neither expressed nor present at undetectable
concentrations, suggesting that this additional ORF has
either a minor or no biological role in the TBEV replication
cycle.®® A common feature of all flavivirus genomes is their
high purine content and low GC and UA doublet
frequencies, which may influence translation of the genome
and/or reflect the requirement for flaviviruses to grow in
different hosts and cell types; however, a specific role for
this unique genomic characteristic remains unclear.’® A
replication enhancer element (REE) has been found within
the capsid gene of TBEV. The REE folds as a long stable
stem-loop (designated SL6), conserved among all TBFVs.
Although SL6 REE is not essential for growth in tissue
culture, it acts to up-regulate virus replicat'ion.32

In addition to coding for the polyprotein, the genome has




RNA structural motifs that play a crucial role in the viral life-
cycle.33 In particular, the untranslated regions form
secondary stem-loop structures that probably serve as cis-
acting elements for genome replication, translation, and/or
packaging.>**® The 5-UTR contains a type 1 cap
(m7GpppAmG), followed by a conserved stem-loop
structure. The 3’-UTR is not polyadenylated and is
characterized by extensive length and sequence
heterogeneity.37 This region of the viral genome can be
divided into 2 parts: a proximal (localized behind the ‘stop’
codon of the ORF) and a distal (‘core’, the 3' terminus
itself). The distal part of this region (approximately 340 nt)
is highly conserved, whilst the proximal part is a noticeably

. . . . . 34-
variable segment with common deletions and insertions.
36

RNA structural models demonstrate that flavivirus
genomes, including TBFVs, form dsRNA cyclization stems or
‘panhandles’ at their 5'- and 3'-termini. The ‘panhandle’ of
the TBFV group (5'CYCL) is formed by a perfectly conserved
continuous 21-nucleotide sequence located in the 5'-UTR.
The 5'-UTR and 3'-UTR sequences directly involved in
cyclization are located downstream from the 5' Y-shaped
structure and the 3' long stable hairpin, respectively. The
terminal 5'-UTR and 3'-UTR regions not involved in
cyclization also show homology, suggesting they are
evolutionary remnants of a long cyclization domain that
probably emerged through duplication of 1 of the UTR
termini.*

5’-untranslated region

The 5’-UTR is 132 nucleotides long in most TBEV strains and
its secondary structure is highly conserved among different
TBEV strains.>® Common secondary structures in this region
can also be found among different flaviviruses, although the
sequence is diverse.’’ The function of these conserved
secondary structures is probably related to translation of
the genome and in the complementary RNA strand serves
as a site for initiation of synthesis of positive-stranded RNA
molecules.”

The folding of 333 nt as a reverse complement of the 5'-end
(3'-end of the negative-stranded RNA) of TBEV revealed a
stem-loop pattern different from the 3'-UTR of positive-
stranded RNA. However, 2 nucleotide regions in these 3'-
ends are identical and conserved among all TBFVs. One of
these, an 11-nt region, forms a loop within the folding
pattern at the 3'-end of the negative strand and a stem at
the 3'-UTR of the positive strand.>* These structural motifs
at the 5' and 3'-UTR termini could be recognition sites for
viral RNA polymerase.34

The alignment of the 5'-UTRs of different TBFVs
demonstrated an internal hypervariable domain in which
Powassan virus has a deletion of 27 bases.** The predicted
folding of the 5'-UTR sequence produces a stem-loop
structure similar for all TBFV, and the 27 nt deletion in the
Powassan virus has no effect on the typical 5'-UTR folding.>*
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This indicates that the length of stem-loop structure 3 is not
critical for virus infectivity.>

3’-untranslated region

The alignment of 3'-UTRs of all TBFVs revealed 2 nucleotide
regions, 1 about 340 bases in length, of conserved sequence
at the extreme 3'-end (designated C3'- UTR) and another
hypervariable region placed between the stop codon and
the C3'-UTR where even strains from a single species
showed deletions of different lengths,>* whereas some
TBEV strains have a 30-250 nt long poly(A) sequence in this
region.?’9 Deletions or a poly(A) sequence insertion in the
variable region were found in strains passaged in
mammalian cell culture,” and deletions of different lengths
were also observed in TBEV strains isolated from human
patients.” It was suggested that the hypervariable region
could act as a spacer separating the folded 3'-UTR structure
from the rest of the genome that might be necessary for
efficient binding of viral RNA polymerase and cellular
factors involved in transcription 34 and may play a role in
the natural transmission cycle of TBEV.**®A short poly(A)
tract is genetically more stable compared with the virus
having a long poly(A) tract.*

Previous studies reported that the variable region plays no
role in viral replication and virulence for laboratory mice.43
However, recent studies revealed that partial deletions and
poly(A) insertion in the variable region increases TBEV
virulence in the mouse model.”*®These data suggested
that the variable region of the 3'-UTR might impact
neurovirulence and function as a critical virulence
factor.***°

All TBFVs share a common folding pattern of secondary
structures at the C3'-UTR position. RNA in this region is
predicted to fold into a 3’ stem-loop and it contains
conserved sequence elements. However, these structures
are different from those observed in mosquito-borne
flaviviruses.>* Indeed, some RNA sequences within the 3’-
UTR clearly distinguish mosquito-borne from TBFVs.>*
Modifications within the 3’-UTR of TBEV that affect the
conserved structural motifs are known to attenuate the
virus  without altering their antigenic specificity.
Modification of this region might form the basis for live-
attenuated vaccines and/or for antiviral therapeutics.”’48

Short direct repeat sequences (20-70 nucleotides long) in
the 3'-UTR were found to be conserved for each flavivirus
group or subgroup.48 Four R1 repeats, two R2 repeats, and
two R3 repeats, approximately 23, 26, and 70 nucleotides
long, respectively, apparently arranged randomly, have
been described in the 3'-UTR of the TBFVs.>****These
short repeats apparently originated from at least 6 long
repeat sequences (LRS) approximately 200 nucleotides in
length, arranged in tandem. Four of these LRS are present
in the 3'-UTR and 2 in the 3' region of the ORF. Thus, it
seems that evolution of the 3'-UTR and probably the ORF
occurred through multiple duplications of LRS that form the
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basis for the development of the functionally important stops at the highly ordered RNA secondary structures at the
secondary RNA structures in the 3'-UTR. Subsequent beginning of the 3'-UTR. SfRNA is involved in modulating
formation of extended RNA domains evolved as promoters multiple cellular pathways; e.g., inhibiting antiviral activity
and enhancers of virus replication determined by the of type | interferons (IFN) and RNAi pathways, facilitating
selective requirements of the vertebrate and invertebrate viral pathogenicity.*°

hosts.>>*’

Proteins encoded by the virus
Flaviviruses, including TBFVs, are known to produce unique

non-coding subgenomic flaviviral RNA (sfRNA), which is Structural proteins
derived from the 3'-UTR. SfRNA results from incomplete
degradation of viral RNA by the cellular 5-3’
exoribonuclease XRN1.49 The exoribonuclease activity

C (Capsid) protein is a relatively small (11 kDa), basic, and
highly positively charged protein with low sequence
homology between different flaviviruses.”® Within the ORF

Figure 5
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A. Superposition of cryo-EM (colored) and X-ray (gray) E-protein structures. Domain | is colored in red, domain Il in yellow, domain Il in
violet, and domain IV in blue.

B. M-protein rainbow-colored from N-terminus in blue to C-terminus in red with electron density map shown as semi-transparent surface.
The M-protein consists of an extended N-terminal loop followed by perimembrane (h1) and two transmembrane helices (h2 and h3).

C. Heterotetramer of two E-proteins and two M-proteins. E-proteins are colored according to domains, and M-proteins are shown in
orange.

Figures and figure legends are reproduced from? based on CC-BY 4.0 licence.
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that encodes the single polyprotein precursor of all
structural and non-structural proteins, protein C is located
at the amino-terminal end and is thus synthesized first
during translation. The protein interacts with viral RNA
genomes and represents a structural component of the
nucleocapsid. Despite the low sequence homology among
diverse flaviviruses, regions of hydrophobic and hydrophilic
amino acids are conserved. The C-terminal hydrophobic
domain (this domain is cleaved from mature C protein) is
preceded by a hydrophilic region, and a central hydrophobic
region. The N-terminus contains a hydrophilic region.* The
central hydrophobic region mediates membrane association
of the protein and the charged residues that cluster at the
hydrophilic N- and C-termini presumably mediate the
interaction of the protein with viral RNA.***"In flavivirus
infected cells, it was found that the mature C protein
accumulates on the surface of endoplasmic reticulum (ER)-
derived organelles named lipid droplets. The lipid droplets
may play multiple roles during the viral life-cycle; i.e., they
could sequester the flaviviral capsid protein early during
infection and provide a scaffold for genome
encapsidation.>’

The introduction of various deletions into the TBEV genome
that removed parts of the central hydrophobic domain of
protein C revealed a remarkable structural and functional
flexibility of this protein.53 TBEV mutants carrying deletions
in C that extended from residue 28 up to residue 43 were
viable in cell culture. The mutants produced substantial
amounts of subviral particles lacking capsid, and the
deletions impaired the assembly or stability of the virions.>*
However, virus viability was affected when the deletions
extended up to residue 48 or when the full hydrophobic
domain was removed.*? Interestingly, these deletions led to
spontaneous mutations in other regions of the C protein
that generally increased the C protein hydrophobicity and
restored infectivity of the virus.>*

prM protein is a glycosylated precursor of the membrane
protein M. The carboxyl terminus of C protein serves as an
internal signal sequence element leading the structural
protein prM into the membrane of the endoplasmic
reticulum. The viral protease NS2B-NS3 cleaves this signal
sequence, releasing the N-terminus of prMm protein.53 The
prM protein shows a chaperone-like activity during the
envelope protein E folding.”®> The N-terminus of the pr is
mainly hydrophilic and, in TBEV, contains a single N-linked
glycosylation site that appears to have an important role
during virion assembly and release.**"*®  Six cysteine
residues, all disulphide-bridged, are highly conserved. The
C-terminal region contains an ectodomain and 2 potential
membrane-spanning domains.>’ The cleavage of prM into
pr and M occurs in the Golgi complex and is mediated by
furin or a furin-like enzyme®®*° leading to a conversion from
immature to mature fusogenic and fully infectious viral
particles (Figure 3).58 The pr fragment is then secreted.” A
conserved region in the prM protein is a critical molecular
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determinant for the assembly and secretion of the virus.®
The M-protein consists of an N-terminal loop and three
helices (Figure 5B). The first helix is situated as a
perimembrane and the last two as trans-membranes;
however, the M-protein is not exposed at the surface of the
viral particle due to its small size and close association with
the viral envelope membrane.” Two M-proteins together
with two E-proteins form a compact heterotetramer, which
is the main building block of the virion, formed by head-to-
tail dimerization of two E-M heterodimers (Figure 5C).”

The E protein contains the major viral antigens and is the
main target for neutralizing antibodies (although antibodies
directed against prM/M and NS1 also induce some
protective immunity). Moreover, the E protein s
responsible for specific binding to a cellular receptor and
penetration of the virus into the host cell. It is also believed
to be a main determinant of TBEV virulence.®’ The three-
dimensional structure of the E protein was studied at the
resolution of 2.0 A by X-ray crystallography® (Figure 5).
Comparison of the crystal structure of E protein and the
structure of E protein in the virion observed by cryoelectron
microscopy revealed root-mean-square deviations (RMSD)
of 1.7A for the corresponding Co atoms.”” The most
important difference is in the positioning of domains I-llI
relative to each other. Whereas in the crystal structure the
domains |, Il, and Ill are arranged in a line, in the virion the
tip of domain Il is bent 15 A towards the virus membrane
(Figure 5A).2 Such a bending of the ectodomain in the
virion prevents induction of premature membrane fusion
mediated by the E protein.”’ The structure of TBEV E
protein was found to be highly similar to E1 glycoprotein
from a distantly related virus, Semliki Forest virus (family
Togaviridae). These proteins were defined as class Il virus
fusion proteins, distinct from previously characterized class
| fusion proteins such as hemagglutinin of influenza virus.”*

The protein forms 2 monomers anchored in the membrane
by their distal parts at physiological pH. After virus uptake
by receptor-mediated endocytosis into host cells, acidic pH
in endosomes triggers irreversible changes in the E protein
structure including its re-arrangement to trimeric forms.
This leads to the initiation of the fusion process between
the viral and endosomal membrane.®* Conserved histidines
in the E protein function as molecular switches and, by their
protonation at acidic pH, control the fusion process.**

Each E protein monomer is composed of 3 domains (I- 1l1).
Domain | is located in the central part of the protein. It is
formed by 8 antiparallel beta sheets, contains the N-
terminus of the protein, 2 disulphide bridges, and an N-
glycosylation site. Mass spectrometric analysis was
employed to examine the variations in N-glycosylation
profiles of TBEV cultured in human neural and tick cells. The
predominant asparagine-linked oligosaccharides identified
on the surface of TBEV derived from human neuronal cells
included high-mannose glycan with five mannose residues



(MansGIcNAc,), a complex biantennary galactosylated
structure with core fucose (Gal,GIcNAc,Man;GIcNAc,Fuc),
and a group of hybrid glycans with the composition Gal,.
1GIcNAc;Mansz.sGIcNAc,Fucgs.  In contrast, the  N-
glycosylation profile of TBEV grown in tick cells revealed
paucimannose (Mans4GIcNAc,Fucy.;) and high-mannose
structures containing five and six mannose residues (Mans.
6GIcNAC;) as the major glycans present on the viral
envelope protein.®® The function of E protein glycosylation
was investigated using recombinant TBEV with or without
the E protein N-linked glycan. The results suggested that
glycosylation of the TBEV E protein is critical for the
intracellular secretory process in mammalian cells but
cleavage of the N-linked glycan after secretion did not affect
virion infectivity in these cells. On the other hand, E protein
glycosylation seems to play no significant role in virus
reproduction in ticks.®®

Domain Il is formed of 2 long loops that extend out of
domain | and form a finger-like structure. Domain Il
contains a number of beta sheets and 3 disulphide
bridges.®>®” Part of the domain responsible for the fusion of
viral envelope with the membrane of the endosome is
called the fusion peptide; this peptide mediates insertion of
the E protein into the endosomal membrane resulting in
fusion of viral envelope with the membrane of the
endosome.?® The initiation of fusion is crucially dependent
on the protonation of 1 of the conserved histidines (His323),
which works as a pH sensor at the interface between
domains | and Il of E, leading to the dissolution of domain
interactions and to the exposure of the fusion peptide.®*

Domain 1l has the typical fold of an immunoglobulin
constant (lgC) molecule.”’” It contains a beta barrel
composed of 7 antiparallel beta sheets. The lateral part of
domain Il is believed to be responsible for binding to a
specific cellular receptor.®

Amongst the most conserved parts of the E protein, there
are 12 cysteine residues forming 6 disulphide bridges with
conserved localization in common with all known
flaviviruses.®

The E protein is also considered to be a major determinant
of TBEV virulence. Amino acid substitutions in E protein
often cause a decrease in neuroinvasiveness, although
neurovirulence is usually not reduced.” The highest number
of attenuating mutations in the E protein was revealed in
the domain that probably binds to specific cell receptors
and participates in membrane fusion.”> A number of
identified substitutions causing escape of the virus from the
neutralizing effect of monoclonal antibodies,”* deficiency in
the ability to agglutinate erythrocytes,72 and a change in
virus growth properties in cell cultures, mice, or ticks,®737®
have been described.

The E protein serves as the primary target and inducer of
neutralizing antibodies.”’” Neutralizing antibodies can be
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elicited by any of the three domains of the E protein, with
numerous sites across the particle's surface having the
potential to induce potent neutralizing antibodies. These
epitopes may include quaternary epitopes, which consist of
residues from adjacent domains or adjacent E proteins on
the surface.”®”” The neutralization process by antibodies
can occur through inhibition of the interaction between the
E protein and the receptor on the host cell surface.
Alternatively, it can involve the inhibition of post-entry
processes, such as blocking the fusion of the viral envelope
with the endosomal membrane. This fusion process
necessitates significant reorganization of the E protein
domains, which antibodies can impede, thereby preventing
viral entry and infection.”*’®

Recently, highly potent human monoclonal antibodies that
target the E protein domain Il have been discovered. These
antibodies show great promise for use as post-exposure
prophylaxis or early therapeutics for TBE.”” Through the
selection of TBEV escape variants by culturing the virus with
increasing concentrations of the antibody, it was
determined that a combination of two amino acid
substitutions in the E protein is necessary. One substitution
occurs in domain Ill, while the other occurs in domain II.
The domain Ill substitution impairs formation of a salt
bridge critical for antibody-epitope interaction. The
substitution in domain Il is not located within the antibody
epitope, but it is believed to induce quaternary
rearrangements of the virus surface. This rearrangement
occurs due to the repulsion of positively charged residues
on the adjacent domain I. Consequently, both resistance
mechanisms—a substitution in domain Ill and one in
domain ll—are required for TBEV to evade neutralization by
this ant‘ibody.80

Antibodies that target the fusion loop of the E protein, a
region highly conserved among flaviviruses, often exhibit
cross-reactivity across multiple flavivirus species. However,
they typically do not neutralize TBEV. This is attributed to
their recognition of cryptic epitopes that are not typically
exposed on the surface of mature virions. Consequently,
these antibodies are unable to access the endosomes where
viral fusion occurs, thus limiting their neutralization
capability against TBEV.2

A unique mechanism of TBEV infection enhancement by
antibodies against E protein, which operates independently
of interactions with Fcy receptors, has been described. This
mechanism involves the binding of a specific antibody to
the E protein on the viral surface, particularly recognizing an
epitope located at the interface of the dimeric envelope
protein E. This binding event triggers the dissociation of E
protein dimers and exposes the fusion loop, facilitating the
exposure of a structural element that interacts with the
lipids of the cellular plasma membrane. Consequently, this
process enhances viral infection by promoting viral entry
into host cells.®”
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Schematic illustration of the TBEV life cycle. (1) Infection begins with the binding of viral particles to specific cell-surface receptors, which
have not yet been unequivocally identified. (2) Viral particles enter cells via endocytic pathway. (3) Low pH in the late endosome triggers
conformational changes in the E proteins, leading to rearrangement of dimers to trimeric forms (fusogenic state) and the subsequent
fusion of the viral envelope with endosomal membranes, which leads to virion uncoating. (4) Replication of the virus occurs through the
synthesis of anti-sense (negative) RNA, which serves as the template for genome RNA production. Replication complexes are localized in
membranous structures within the endoplasmic reticulum (ER). (5) Assembled nucleocapsids acquire lipid envelopes by budding into the
ER lumen. (6) Immature particles pass through the Golgi complex. (7) Maturation takes place in the trans-Golgi network, involving the
cleavage of prM and the reorganization of E proteins into fusion-competent homodimers, leading to a change from spiky immature to
smooth mature particles. (8) Mature particles are transported in cytoplasmic vesicles and released into the extracellular space by

exocytosis.

Reproduced from® with permission from Elsevier.

Non-structural proteins

NS1 is a glycoprotein containing 2 or 3 potential
glycosylation sites and 12 conserved cysteines forming
disulphide bridges.®® It exists in dimeric forms localized
freely in the cytoplasm or associated with membranes.
Since the protein is highly hydrophilic and contains no
transmembrane domains, its association with membranes
remains poorly understood. Probably, dimerization creates
a hydrophobic surface of the protein for its peripheral

association with membranes.”’™®" Alternatively, some
species of the protein could be anchored into the
membrane by glycosyl-phosphatidylinositol.>*®*® The intra-

cellular NS1 is central to viral RNA replication. The NS1
protein along with other non-structural proteins (see
below) and viral RNA are targeted towards the luminal side
of the endoplasmic reticulum, forming a replication
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complex (RC). Intracellular NS1 also interacts with various
host proteins to assist viral replication, translation, and
virion production; e.g., interaction of NS1 with 60S
ribosomal subunits was described.®* Secretion of NS1
protein into the extracellular space appears particularly in
the form of pentamers or hexamers and occasionally as
decamers or dodecamers.®” This so-called ‘soluble antigen’,
together with membrane-bound NS1 induces a protective
immune response in the host.?**° NS1 protein is also known
to activate the Toll-like receptors (TLRs),”® and inhibit the
complement system.’>*

NS2A is a small, hydrophobic protein, currently with no
defined function. It is believed to play a role in forming the
RC.*! A small membrane-associated protein, NS2B, serves as
a crucial co-factor for protease activity of the NS3 protein.
The central hydrophilic domain of the NS2B protein possibly
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Morphological changes in TBEV-infected mammalian cells. 3D
models of mock-infected (A) and TBEV-infected human
astrocytes (B). TBEV infection causes extensive morphological
changes, including membrane reorganization of the
endoplasmic reticulum; differences are evident in the Golgi
complex, mitochondria, and phagosomes. (Fromm, with
permission).

interacts with the NS3 protein and it is flanked by
hydrophobic regions probably anchored in the membrane.”
The central hydrophilic region of NS2B (40 amino acids that
mediate the NS2B co-factor activity) is flanked by
hydrophobic regions that mediate membrane association.”

NS3, the second largest viral protein, is an enzyme central
to virus replication and polyprotein processing. Conserved
regions impart functions as a serine protease, helicase, and
RNA nucleoside triphosphatase.51 The protease activity is
localized at the N-terminal domain of NS3, and this enzyme
cleaves peptide bonds between NS2A-NS2B, NS2B-NS3,
NS3-NS4A, and NS4B-NS5. As mentioned above, the
protease activity occurs, in association with a 40-amino acid
region of NS2B, resulting in the formation of a
heterodimeric complex.’™®* It was found that mutations
which were mapped in close proximity to the NS2B-NS3
protease active site may determine the neuro- or non-
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neuropathogenicity of TBEV.?® The C-terminal region of the
NS3 protein has a helicase activity, utilizing the energy
released from ATP to unwind RNA duplexes. Possible
functions include elimination of complex secondary
structures of viral RNA and/or resolving RNA duplexes
formed during replication.”® The C-terminal region also has
RNA triphosphatase and 5'RNA phosphatase activities.”®
Due to the crucial role of NS3 protein in the virus replication
process, this protein represents an excellent target for the
development of specific antiviral inhibitors.***’

NS4A and NS4B are small, hydrophobic proteins. NS4A is
probably part of the replication complex.”® NS4B, a trans-
membrane protein localized to the sites of replication and
nucleus, partially blocks activation of STAT1 and IFN-
stimulated response element (ISRE) promoters in cells
stimulated with IFN.% NS4A and, to a lesser extent, NS2A
also block IFN signaling, and the cumulative effect of these 2
proteins together with NS4B results in robust IFN signaling
inhibition.®

NS5 is the largest (100 kDa) and most highly conserved viral
protein serving as a viral RNA-dependent RNA
polymerase.'® Its C-terminus shares sequence homology
with RNA-dependent RNA polymerases of other positive-
stranded RNA viruses.’*'*>'® The N-terminal domain has a
function as AdoMet-dependent methyltransferase involved
in the mRNA capping process, transferring a methyl group
from the cofactor S-adenosyl-I-methionine onto the N7
atom of the cap guanine and onto the 2'OH group of the
ribose moiety of the first RNA nucleotide.”® The NS5
proteins form complexes with NS3 proteins, which results in
stimulation of the NS3 RNA nucleoside triphosphatase
act‘ivity.SL104

The NS5 protein is a promising target for specific antiviral
inhibitors. Indeed, several nucleoside analogues targeting
NS5 and causing premature termination of viral RNA
synthesis were found to exhibit high inhibitory activity
against TBEV.'0>1%

Apart from the main function as RNA-dependent RNA
polymerase, the TBEV NS5 protein interferes with type | IFN
JAK-STAT signaling.m’108

Replication strategy

Infection of the host cell with TBEV begins with the binding
of the virus to a cell receptor (Figure 6), which has not yet
been unequivocally identified. Interaction of the viral
particle with cellular receptors is mediated by viral E
glycoprotein. Kopecky et al.'®® identified 2 polypeptides of
35 and 18 kDa as putative vertebrate receptors for TBEV
using a viroblot technique with anti-idiotypic monoclonal
antibodies directed against antibodies that neutralize the
infectivity of TBEV. However, the anti-idiotypic monoclonal
antibodies did not bind effectively to tick cells, implying that
different receptors are used by vertebrate and invertebrate
cells for the binding of TBEV.'® T-cell immunoglobulin and



mucin domain 1 (TIM-1) was found to act as another
cellular entry factor for TBEV."'® It remains unclear whether
TBEV uses single or multiple receptors on susceptible cells.
Involvement of highly conserved glycosaminoglycans, such
as heparan sulphate, during attachment and entry of
flaviviruses has been suggested, but it seems likely that
other host-cell receptor(s) can also mediate entry of TBEV
into the host cells.”*!'" Apparently, just the ability to use
multiple receptors could be responsible for the very wide
host range of flaviviruses, which replicate in arthropods and
in a broad range of vertebrates.'

In addition, in the presence of sub-neutralizing levels of
specific immunoglobulins, the attachment and uptake by
cells expressing Fc receptors might be enhanced, and this is
called antibody-dependent enhancement.

After binding to the receptor, virus is internalized into
clathrin-coated vesicles by the process of endocytosis.
Acidification within the endosomal vesicle triggers
conformational changes of the E proteins leading to
rearrangement of the dimers to trimeric forms and
subsequent fusion of the viral envelope with the membrane
of the vesicle (Figure 6)."**'*> At a pH threshold of 6.5, the
acidic environment triggers oligomeric rearrangement of
metastable E dimers into stable trimers on the virion
surface. This process exposes the fusion loop, located at the
tip of domain Il of the E protein.""®™’ The fusion loop
interacts with the endosomal membrane, thereby
mediating the initiation of the membrane fusion process.117
The viral nucleocapsid is then released into the cytoplasm
and viral RNA is uncoated. The exact mechanism of
nucleocapsid uncoating remains unknown. The positive-
sense viral RNA is the translational template, also
functioning as a template for negative-sense RNA synthesis
and formation of the double-stranded replicative
intermediate.

The ratio of the newly synthesized positive-stranded RNA to
negative-stranded RNA is at least 10 or 100 to 1, indicating
that some regulatory mechanism must exist to produce
higher numbers of positive-stranded RNA molecules.”” The
biological explanation for this is the double function of the
genomic positive-strand RNA: it is used as a template both
for transcription of the negative strand and translation of
the viral polyprotein, while the negative strand is only
transcribed into the new positive strands.*®

The single viral polyprotein is cleaved by viral and cellular
proteases into individual viral proteins. The surface
structural proteins prM and E (and also NS1) are
translocated into the lumen of the ER and their amino
termini are liberated through proteolytic cleavage by host
signalase. The newly synthesized RNA is condensed by
protein C into nucleocapsids on the cytoplasmic site of ER.
Viral envelope is acquired by budding of the nucleocapsid
into ER.**®
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TBEV replicates in the cytoplasm in close association with
virus-induced intracellular membrane structures, also called
replication compartments (Figure 6). These compartments
provide an optimal microenvironment for viral RNA
replication by limiting diffusion of viral/host proteins and
viral RNA, thereby increasing the concentration of
components required for RNA synthesis, and by providing a
scaffold for anchoring the replication complex.'”® These
packets of vesicles have a diameter of about 80 nm and are
formed as invaginations of the endoplasmic reticulum
within a highly-organized network of inter-connected
membranes (Figure 6)."*°

Virus assembly takes place in the endoplasmic reticulum,
leading to the formation of immature particles. The
immature non-infectious virions contain proteins prM and E
in heterodimeric association forming spikes at the surface
of the particles. These immature “spiky” virions are
transported to the Golgi complex, where the pr part of the
prM molecule is cleaved by the cellular protease furin, and
the E protein is reorganized from trimers to form fusion-
competent homodimers. The slightly acidic pH in the trans-
Golgi complex leads to the conformational changes that
are required for furin cleavage.’® Interestingly, the low-pH-
induced structural changes appear to be irreversible in
TBEV in contrast with mosquito-borne flaviviruses, where
this change seems to be reversible.”*"*° The function of
prM and the pr fragment is to protect the E protein in the
acidic Golgi complex and prevent premature membrane
fusion at this stage of the viral life cycle.”” The mature
virions pass through the host secretory pathway and are
finally released from the host cell by fusion of the transport
vesicle membrane with the plasma membrane (Figure 6).118

TBEV infection is associated with dramatic morphological
changes occurring in the infected cells (Figure 7). These
include formation of smooth membrane structures,
proliferation of endoplasmic reticulum, reorganization of
the Golgi complex, and accumulation and convolution of
membranes. Several cellular organelles are often
damaged.'******* The infection is commonly cytocidal; the
infected cells often die by apoptosis or necrosis,"** but
some vertebrate cell types survive the lytic crisis and
become chronically infected.'”

It was found that NS3 protein from Langat virus is able to
activate cellular caspase-8 and induce apoptosis of the host
cell.™® On the other hand, tick cells do not undergo major
inhibition of host macromolecular synthesis caused by the
infection. No dramatic cytopathic and ultrastructural
changes are seen in the infected tick cells and persistent
productive infection is established in these cells, 124126129
However, both vertebrate and tick cells activate innate
defense mechanisms against the infection.'*

The TBEV maturation process in tick cells seems, however,
to be different from that observed in vertebrate cells. In a
cell line derived from the tick Rhipicephalus appendiculatus



infected with TBEV, nucleocapsids are found in the
cytoplasm and the envelope is acquired by budding on
cytoplasmic membranes or into cellular vacuoles.™®

Concluding remarks

The chapter summarized the major biological features of
TBEV, focusing particularly on virus taxonomy, structure,
genetics, and replication strategy in host cells. The past 2
decades have witnessed tremendous progress in our
understanding of the structural, biochemical, and
molecular aspects of a variety of the processes involved in
morphogenesis, genome replication, maturation, and
genetic basis for virulence of flaviviruses, including TBEV.

This has been made possible by the recent advances in
structural and biochemical techniques, and methods of
molecular biology, mainly site-directed mutagenesis.
However, several key questions related to TBEV molecular
biology and individual steps in the TBEV life-cycle remain
unresolved. Major gaps in our understanding of the TBEV
replication strategy both in mammalian and tick cells still
exist. For instance, the nature of the cellular receptor for
virus entry into the host cell, mechanisms of viral genome
release from nucleocapsid, packaging of viral RNA by the C
protein, and virus maturation remain to be identified.
Except for the E glycoprotein, no structural data for the
other TBEV proteins are available, and indeed the complete
functional role of some proteins remains obscure. The role
of specific RNA secondary structures present in TBEV
untranslated genomic regions in viral RNA replication,
capping, and controlling the functions of non-structural
proteins, such as NS3 or NS5, need to be established. These
and other unresolved problems highlight the necessity for
further research into the molecular, genetic, and structural
properties of TBEV. Advances in our basic knowledge of
TBEV biology should promote the development of more
effective methods of controlling this important human
pathogen.
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Chapter 5

TBEV-transmission
and natural cycles

Lidia Chitimia-Dobler

Key points

e The natural cycle of the TBE virus is dependent on vector ticks and reservoir hosts.

e There are differing transmission cycles in varying environments, from cold northern coniferous forests to temperate central

European forests.

e Within a natural transmission cycle there are different ways of transmission - tick-to-tick (transovarial, sexual), host-to-tick

(viremic), and also tick-to-tick and host-to-host.

e The complexity of natural transmission cycles is inadequately explored and poorly understood.

Introduction

Ticks play a critical role in the transmission of a wide variety
of viral, bacterial, and protozoan pathogens to humans and
animals.™? In the case of humans, infection is accidental as
these transmission cycles are invariably enzootic with the
natural hosts most frequently being wild birds and
mammals.” In order to be tangentially affected by such
cycles, humans must be bitten by a vector tick species found
in habitats visited by humans, as well as the tick’s usual
hosts, as the dispersal of ticks not attached to hosts covers
only very short distances.’ In addition, the tick has to accept
humans as a suitable host, meaning that the species
involved usually have a broad host spectrum.

Nevertheless, these tick species may only be part of the
transmission cycle, with eco-epidemiologically significant
sub-cycles involving tick species not commonly in contact
with humans.*® Thus, the transmission of tick-borne
pathogens often comprises a complex network of
interactions involving several tick and host species. Below,
we provide background to the biology of ticks and how this
can influence, specifically, the eco-epidemiological cycle of
tick-borne encephalitis virus (TBEV).

Structure and morphology

Ticks are a group of hematophagous ectoparasites with
about 910 living species.°They belong to the phylum
Arthropoda, the class Arachnida, the superorder Acarina,
and the order Ixodida, and they are exclusively parasitic.
The Ixodida contain 3 families: the Ixodidae with 15 genera
(hard ticks), the Argasidae with 15 genera (soft ticks), and
the Nuttalliellidae, represented by only one species,
Nuttalliella namagqua.”®® (Mans et al. 2021) All the tick
species involved in the eco-epidemiological cycle of TBEV
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belong to the Ixodidae. Details of tick biology generally can
be found in a variety of publications, for example in
Nicholson et al.,® Petney et al.,® and Sonenshine and Roe,™
and a list of valid species names in Guglielmone and Nava."
The following genera of ticks contain species known to
transmit TBEV or in their species TBEV was detected.

Ixodes is the largest tick genus, with 266 described species
worldwide.” Ixodes species are characterized by a distinct
groove that encircles the anus anteriorly and a lack of eyes.
Males have 7 sclerotized ventral plates that are absent in
the males of other genera. The genus Ixodes has been
subdivided in roughly 15 subgenera (e.g. Ixodes,
Pholeoixodes) on the basis of morphology.’*'* The genus
has a worldwide distribution, including parts of
Antarctica.®"® Some species are particularly important as
vectors of TBEV: Ixodes ricinus the castor bean tick or sheep
tick in Europe and middle Asia, Ixodes persulcatus the taiga
tick in northeastern Europe and northern Asia, and Ixodes
ovatus in the forest belt of middle Asia and Japan.

The genus Dermacentor has 44 species worldwide.” The
basis capitulum appears rectangular when viewed dorsally.
A pair of medially directed spurs occurs on the first pair of
coxae. The palps are short and thick. The scutum is almost
always ornamented. Dermacentor species are found mostly
in Europe, Asia, and North America.” In Europe, TBEV has
been recovered from 2 species, Dermacentor reticulatus
(the ornate dog tick), Dermacentor marginatus (the ornate
sheep tick), and in Asia from Dermacentor nuttalli.

Haemaphysalis is the second largest (176 species) tick
genus.’” This eyeless genus can, in most cases, be identified
by a pronounced lateral projection of palpal segment 2,
which extends well beyond the basis capitulum. In Europe,
TBEV has been recovered from Haemaphysalis punctata
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Figure 1: The Ixodidae family

»Phylum — Arthropoda
»Class — Arachnida
»Superorder — Acarina
» Order — Ixodida
» Suborder — Ixodina

* [xodes e Dermacentor

* Amblyomma e Haemaphysalis
» Anomalohimalaya = Hyalomma

e Bothriocroton e Margaropus

» Cosmiomma * Nosomma

* Rhipicentor

* Africanella * Robertsicus

*» Family Argasidae
» Family Nutalliellidae

» Family Ixodidae

* Rhipicephalus (including Boophilus)

Prostriata
Ixodes genus

A 8
.

Metastriata
All the other genera

The Ixodidae family is divided in two groups: Prostriata, which includes only the genus Ixodes and which is characterizad by an anal groove
encircling the anus anteriorly (blue arrow); and Metastriata , including 14 genera, which all have an anal groove behind the anus (red arrow).

(the red sheep tick), Haemaphysalis concinna in Europe and
Asia, and from Haemaphysalis longicornis in Asia.>™

The genus Hyalomma is relatively small with 27 species of
small- to large-sized ticks.’® They are characterized by their
elongated palps, which are at least twice as long as wide.
The distinct eyes are located in sockets adjacent to the
postero-lateral edges of the scutum that is unornamented.
The distribution of Hyalomma species is limited to the Old
World, primarily to arid or semiarid habitats. Hyalomma
marginatum (the Mediterranean Hyalomma) is the only
member of this genus from which TBEV has been
recovered.

The biology of hard ticks

All the species known to transmit TBEV have a 3-host life
cycle (Figure 2). Each postembryonic life stage requires a
blood meal from a suitable host, after which the tick
detaches and molts in the leaf litter. The arrows with
broken lines in the figure show the potential transmission
paths to humans. The line from larvae to humans indicates
that transovarial transmission from an infected female can
happen which results in infective larvae. Infection of the tick
can occur when larvae, nymphs, or females feed on an
infective host (see below).
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The larva, nymph, and adult (female or male — Figures 3a,
3b, 3c, and 3d) are active stages that require a host (this is
not the case for males of the genus Ixodes, which can mate
off-host without feeding)."” Larvae are easily recognizable
by the presence of only 3 pairs of legs, and absent
spiracular and genital apertures (Figures 4a and 4b).
Nymphs have 4 pairs of legs and spiracles (Figures 5a and
5b). Adult females have 4 pairs of legs, and spiracles, a
genital aperture, and porose areas on the dorsal surface of
the basis capituli (Figures 3a and 3b). Adult males have 4
pairs of legs, the scutum covers the entire dorsal surface,
and 7 hard sclerotized plates cover the ventral body surface
of some species (Figures 3c and 3d).

Types of hard ticks

Ixodid ticks fall into 2 behavioral groups. Exophilic or non-
nidicolous ixodid ticks occur in the open environment and
are associated, with forests, savannahs, second-growth
areas of scrub and brush, grassy meadows, semi-desert, or
desert areas. These species are usually not very host-
specific. Nidicolous or endophilic ixodid ticks live in or near
the nests of their hosts, are adapted to highly specialized
environments (crevices or other shelters used by their
hosts), and tend to be more host-specific.**> Many Ixodes
species are nidicolous.™ The main vectors of TBEV, /. ricinus
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Table 1: Tick species, tick habitats, and involved hosts in relation to the TBEV subtype an distribution

Tick species

(subgenus)

Ixodes
(Ixodes

.. 70,78,91,138-145
Ricinus)™"%7~

Ixodes
(Pholeoixodes)

arboricola®™°

Ixodes
(Pholeoixodes)
lividus™

Ixodes
(Pholeoixodes)
hexagonu562‘91’146‘147

Ixodes
(Pholeoixodes)
canisuga’®”!

Ixodes
(Scaphixodes)
fron talis®%®%%

Ixodes (Exopalpiger)
trianguliceps™****

Ixodes (Ixodes)
persulcatus™*

Main habitats

deciduous and
mixed forests

nidicolous, nests
and burrows

nests

nidicolous, nests,
burrows, caves, rock
shelters, dog kennels
and also buildings

nidicolous, nests,
burrows

nests

endophilic. shady
mixed and
deciduous forests

exophilic, deciduous
and mixed forests

reptiles, birds,
mammals,
human

birds

birds

hedgehogs, wild
carnivores,
dogs, rarely
human

hedgehogs, wild
carnivores, dogs

birds

small mammals
(ca 50 species),
birds, and a
viviparous lizard

polyxenic
reptiles, birds,
mammals,
human

Virus

subtype

ES, SS

ES

SS

ES

ES

ES, SS,

FES

* ¥
Vector role References

Radda 1973;

KoZuch et al. 1967;
Alekseev et al. 1996;
Demina et al. 2010;
Suss 2011;
Wojcik-Fatla et al. 2011;
Stefanoff et al. 2013;
Katargina et al. 2013;
Biernat et al. 2014;
Drelich et al. 2014;
Cuber et al. 2015

principal vector in Europe

persistence and transmission
to white mice; considered to
be a secondary amplifying
vector of TBE virus in wild
populations

Lichard and Kozuch 1967;
Gresikova and Kaluzova
1997

Demina et al. 2010

transstadial and transovarial
transmission; TBE virus isolates.
Isolated from female and
nymph infesting a hedgehog; a
pool of 3 females from red fox

Radda 1973;
Krivanec et al. 1988;
Valarcher et al. 2015;
Streissle 1960

little is known about the
vector competence

Radda et al. 1968;
Radda 1973

detection of TBEV; vector
competence and importance in
transmission cycle unknown

Hillyard 1996;
Labuda and Nuttall 2004;
Obsomer et al. 2013

Nowak-Chmura and Siuda
2012; Valarcher et al. 2015

vector and reservoir of TBE
virus among the small mammals

principal vector for the Siberian
and Far Eastern subtypes from
north-eastern Europe to
Russian Far East, China and
Japan

Demina et al. 2010;
Alekseev et al. 1996;
Stiss 2011

ES, European subtype (TBEV-EU); FES, Far Eastern subtype (TBEV-FE); SS, Siberian subtype (TBEV-Sib)
* Reference for tick habitat and host: Nowak-Chmura and Siuda, 2012; Petney et al., 2012; Guglielmone et al., 2014
** Reference for tick species involved in TBE virus transmission
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and [. persulcatus are exophilic and exceptional both in
terms of their large variety of hosts they use as well as the
habitats they occupy.*®

Host-finding behavior

Ixodid ticks’ host-seeking behavior is under the control of
different abiotic factors that differ according to the region.
In temperate and sub-polar regions, seasonal activity is
mainly regulated by ambient temperature, changing
photoperiod, and incident solar energy, and in the more
temperate regions, tick activity is often controlled by
saturation deficit and relative humidity, with long-term dry
conditions being adverse for survival.'* Those species
involved in the transmission of TBEV tend to quest passively
or ambush their hosts by climbing onto weeds, grasses, or
other lower vegetation to wait for a host to pass nearby.

Ixodes ricinus adults can climb as high as 1.5 m on brushy
vegetation.” The immature stages are found lower, up to
70 cm for larvae (O. Kahl, personal communication) and less
than 1 m for nymphs.™ Ticks are able to sense a host with
their Haller’s organ, which is located on the tarsi I. Haller’s
organ possesses chemo-, mechano-, and thermoreceptors
that also ensures (together with the receptors on the palps)

produced by moving potential hosts, and host temperature.
For some species, visual images, host smell, and even noise
can stimulate the tick.">?**

Feeding behavior

Feeding behavior, even on preferred hosts, is not a uniform
process. An ixodid tick may crawl on the host for several
hours in search of a suitable feeding site. After attachment,
many ixodid ticks secrete cement during the first 1-2 days
to secure themselves at the wound site.”” The feeding tick
begins salivating into the developing hematoma and sucking
blood; phases of salivation and blood sucking alternate.?
Saliva not only plays an important role in the feeding tick’s
osmoregulation” but also has a variety of pharmacological
effects. There is an extensive array of antihemostatic, anti-
inflammatory, and immunomodulatory proteins and lipids
in the tick saliva that suppress the host’s ability to reject the
feeding tick.®**® Anticoagulant effects, inhibiting factor Xa,
were first shown in I. ricinus in 1898-1899.%%%* In addition,
many tick species produce proteins that inhibit thrombin
directly or inhibit the conversion of prothrombin to
thrombin by inhibiting factor V. Other proteins prevent
platelet aggregation or bind, antagonize or degrade
important host mediators of pain, itching and inflammation,

selection of a suitable feeding site on the host body. The particularly the host’s own histamine, serotonin, and
most important stimuli are carbon dioxide (CO,), vibration bradykinin.>*
Figure 2
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The life-cycle of Ixodes ricinus. The dotted arrows indicate potential transmission to humans. ©Nina Littwin
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Figure 3a
; Ixodes ricinus female -
% E details of dorsal morphological features
. =
Figure 3b -

Ixodes ricinus female —
" details of ventral morphological features
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Figure 3c

Ixodes ricinus male —
details of dorsal
morphological features

Figure 3d

[/

Ixodes ricinus male —
details of ventral
morphological features
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Figure 4a Figure 4b

Ixodes ricinus larva — dorsal view Ixodes ricinus larva — ventral view

Figure 5a Figure 5b

Ixodes ricinus nymph — dorsal view Ixodes ricinus nymph — ventral view
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Ixodid ticks feed gradually because they must first produce
new cuticle to accommodate the massive blood meal."’
Typical attachment periods range from as few as 2 days for
larvae to as long as 13 days for females.>™

An L. ricinus female can reach approximately 450 mg at the
end of feeding from approximately 2 mg at the beginning of
feeding.”

Drop-off

The controlled timing of drop-off from the host offers
important ecological advantages. For non-nidicolous ticks,
such drop-off rhythms are synchronized with host
behavioral patterns. This tends to disperse fed ticks in
optimal habitats where they can develop and reproduce.
Photoperiod appears to be the dominant abiotic exogenous
factor affecting drop-off patterns. The daily light:dark cycle
induces a regular rhythm of feeding and dropping off.
Detachment may occur while hosts are inactive in their
nests or burrows or, alternatively, it may be coordinated
with the period of high host activity.™

Host specificity

Tick species can be either opportunistic or specific with
respect to the hosts they choose; both I ricinus and |I.
persulcatus are opportunistic species, especially the
immatures. For [. ricinus, more than 300 species of
vertebrate hosts have been recorded.””’ Larvae and
nymphs of /. ricinus feed readily on lizards, birds, and small
mammals, as well as on larger hosts including deer. Adults
feed on medium-sized and large mammals, especially
ungulates, as well as humans, as do the immature ticks.™
Ixodes persulcatus is more restricted to 46 species of
hosts.”® (Wang et al. 2023)

Questing height is also important. Ticks questing on or near
the ground are exposed mostly to small animals, while
those questing higher in the vegetation are more likely to
encounter larger animals. The extent to which different
hosts are utilized depends on host behavior and
opportunities for contact, such as foraging range, time of
day and time spent foraging, habitats visited, and other
factors."

Acceptance of a vertebrate animal is also dependent on
physiological factors and the ability of the ticks to recognize
it as a host. Host utilization may be influenced by the ability
of ticks to evade or suppress host homeostatic systems and
avoid rejection.”

Hard tick ecology, environmental factors

Ticks occur in many terrestrial habitats ranging from cool,
arboreal northern forests to hot, arid deserts. Each species,
however, has become adapted to the specific types of
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habitat where it is generally found in highest abundance. All
I. ricinus postembryonic stages are exophilic and depend
entirely on a suitable combination of climatic variables,
making them vulnerable to climate changes and especially
to desiccation. Thus, they are mainly found in cool, moist
forests 51920

Water balance is a critical determinant of a tick’s ability to
wait for hosts. Ticks may quest for weeks or even months
while waiting for a host. When they have a body water
deficit, they retreat to more sheltered, humid micro-
environments, such as the rotting vegetation in a meadow
or damp leaf litter on the forest floor. They secrete a
hygroscopic salivary secretion onto their external
mouthparts that collects atmospheric water at relative
humidity = 80-85% (active water vapor sorption).*!
Rehydrated ticks are able to resume host-seeking. Some
ticks are able to remain in the questing position for many
days without rehydration, while others must return to their
humid microenvironments.>> Dense ecotonal vegetation
provides shade, increased moisture, protection from
intense solar radiation, and plants that support the tick
hosts.

There have been various studies showing the relationship
between . ricinus and vegetation type in central Europe®***
and the capacity of this species to adapt to a large variety of
biotopes with low temperature (e.g., Sweden) and high
altitudes, up to 1500 m. 3%

Ixodes persulcatus is distributed in 14 countries, between
21° and 66° of northern latitude in Eurasia, mostly with a
temperate continental climate (Wang et al. 2023). In a
model predicting the suitable habitats for I. persulcatus, it
was shown that temperature and humidity are the main
factors in the distribution of this species (Wang et al. 2023).
Vegetation also has an impact on the tick distribution, its
requirement is wood and wet biotopes (Wang et al. 2023,
Shchuchinova et al. 2015).

Normally, temperature and relative humidity in a burrow,
cave, or similar type of shelter are more uniform
throughout the vyear than in the external macro-
environment. The higher relative humidity in such
microenvironments is due in part to the presence of hosts,
their wastes, and the plant materials they use to construct
or line their nests.”® Nidicolous ticks exhibit behavioral
patterns that restrict their distribution to these sheltered
locations. They avoid bright sunlight and low humidity, the
type of conditions prevailing at the entrances of burrows or
caves. Confined within these hidden, restricted locations,
nidicolous ticks become active when hosts are present.
However, when the hosts are absent, they may wait for up
to several years for hosts to return, or until they die of
starvation.
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Diapause

An important physiological trait that enables ticks to survive
adverse environmental conditions and conserve energy
until conditions improve is diapause as a form of
dormancy.* Diapause is induced by an external cue before
adverse conditions occur. It is not terminated by favorable
external conditions — as it is the case with quiescence — but
there is some diapause development before its termination.
During diapause ticks become inactive, reduce their
metabolic rates, and do not feed on hosts even when given
the opportunity.®*! Diapause can occur in each life stage,
whether it is unfed or engorged. This varies, however,
between species and can also differ within a tick species in
different geographic areas. As an example, oviposition can
be delayed in D. marginatus. Engorged females that feed in
late summer, early fall or in winter oviposit only in the
following spring.®

Life cycle and seasonal activity

Ixodes persulcatus inhabits mainly coniferous forests of Asia
and Eastern Europe, while /. ricinus inhabits deciduous and
mixed forests in the British Isles, in Continental Europe, and
western Asia.®?®%*? |xodes persulcatus adult females and
eggs are unable to survive the winter, however, that /.
persulcatus larvae and nymphs, whether unfed or
engorged, are able to overwinter. In contrast, eggs as well
as unfed and satiated females of /. ricinus are capable of
overwintering, a principal difference between the life-cycles
of the two tick species. Vector tick activity is well correlated
with the seasonal pattern of TBE occurrence. In such a
focus, it is common for 2-3% of the ticks to be virus-
infected.” In Northern and Central Europe, the seasonal
activity of I. ricinus often has 2 peaks, one in spring (May—
June) and the other one at the end of summer (September-
October).

For I. persulcatus adults four types of seasonal dynamics
throughout their distribution area were described, differing
in the duration of the active period (Korenberg 2000). In the
north-western area of distribution, I. persulcatus becomes
active immediately after the melting of the snow cover with
a rapid increase in abundance in May, followed by a sharp
decline in mid-summer. In Karelia (a middle taiga subzone),
adult activity lasted on average 74 days. Between 2012 and
2023, the relative abundance of ticks increased significantly
in comparison with the 1980s monitoring period, showing a
tendency towards an earlier start of the tick activity, as in
the 1980s (Bugmyrin and Bespyatova, 2023).

Unfed Dermacentor reticulatus adults are mostly active in
spring and autumn, occasionally in winter, but usually not in
summer (June to early August).***® During periods of snow
cover and the driest and hottest weeks of the vyear
Dermacentor reticulatus is inactive (Guglielmone et al.
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2014). The larvae feed for 3-6 days, nymphs for 5-12 days,
and females for 7-16 days, while males may remain in the
host for a long time, even in the absence of females (Slovak
et al. 2002, Simo et al. 2004). Adults can overwinter unfed
or engorged (Kiewra et al. 2016, Drehmann et al. 2020) and
are able to survive 2.5 years of starvation (Razumova,
1998). Interestingly, this tick can spend the whole winter on
hosts (Karbowiak et al. 2014). Dermacentor reticulatus eggs
can survive under water for several months and may be
spread by floods into new areas (Hoogstraal, 1967).
Dermacentor reticulatus in immature life stages is assumed
to be nidicolous and therefore cannot be collected from
vegetation. Nevertheless, Schmuck et al. (2020) collected D.
reticulatus immatures (47 questing larvae and two nymphs)
by flagging in June and July in 2018 and 2019, in two
different locations close to the city of Leipzig, Germany. To
understand under which circumstances D. reticulatus
immatures were found outside the burrows of their hosts
and can be collected from vegetation needs further
investigation (Schmuck et al. 2020).

Tick species involved in TBEV transmission

Of the 54 species of ixodid ticks known from the Western
Palearctic,”’ eight species from three genera are known to
be able to transmit TBEV, and the virus has been isolated
from at least 14 other species (Table 1). Ixodes ricinus, the
most commonly encountered European tick species, is
considered to be the principal vector of TBEV there.*
Lichard and Kozuch®® were able to show TBEV persistence
and transmission to white mice by Ixodes arboricola, which
is considered a secondary amplifying vector of TBEV.>®
Ixodes persulcatus is also known to transmit TBEV.>™ It is
the adult female I. persulcatus, which infects humans with
TBEV and other zoonotic pathogens. Neither the larval nor
the nymphal stage often attaches to humans.® Both D.
marginatus and D. reticulatus are also vectors of TBEV.>*™*

Haemaphysalis concinna is a known vector of TBEV as
well.>**”  Evidence for the vectorial capacity of
Haemaphysalis inermis for TBEV is available from Nosek et
al.”® The virus has been isolated in the Czech Republic from
female and nymphal I. hexagonus infesting a hedgehog.®
TBEV also has been detected in Haemaphysalis
punctata.®*®

The role of Dermacentor ticks (Table 1) in the circulation of
TBEV in the environment is unclear and poorly studied.®*®
D. reticulatus appears to be spreading and population
density increasing during recent decades.®®®® In eastern
Poland, the mean prevalence of infection with TBEV found
in questing adult D. reticulatus was 10.8% (range 7.3-14.3%
in infected areas): This is considerably higher than the
prevalence found in questing adult /. ricinus (1.6%, range
0.7-4.3% in infected areas).”
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Table 2. Animal hosts from which TBEV* has been recovered

Order/Famlly Vlrus type
Tt
Muridae Apodemus agrarius®™°***°
Apodemus flavicollis®***® ES
Apodemus sylvaticus™** ES
Apodemus speciosusm FES
Apodemus argenteus™ FES
Myodes rufocanus™! FES
Rattus norvegicus151 FES
Cricetidae Microtus agrestis® ES
Microtus arvalis®™ " ES
Myodes glareolus®*****° ES
Myodes rufocanus®
Myodes rutilus®
Sciuridae Sciurus vulgaris™*®® ES
Dipodidae Sicista betulina

) ) Erinaceus concolor®®
Erinaceidae

Erinaceus roumanicus™® ES
Talpidae Talpa europaea™
Soricidae Sorex araneus®**® ES
Goats Capra sp.”"**°
Sheep Ovis aries™®
Bovidaes Bos taurus™®
Bison Bison bonasus’? FES

Vulpes vulpes®®- 122133
Canidae Canis familiaris™®° FES

. 115
Mustelidae Mustela putorius ES

Cervus elaphus™**>*

Cervidae Capreolus capreolus****>>**°

Alces alces™*

Virus isolation®>#1611%2: passeriformes: Acrocephalidae, Bombycillidae, Corvidae, Emberizidae, Frigillidae, Hi-

rundinidae, Laniidae, Motacillidae, Muscicapidae, Paridae, Passeridae, Psylloscopidae, Sittidae, Sturnidae,

Aves (families)** Sylviidae, Turdidae.

Others: Anatidae, Phasianidae, Picidae, Rallidae, Scolopacidae Transovarial transmission®’: Accipitridae,
Charadriidae, Columbidae, Emberizidae, Laniidae, Troglodytidae, Turdidae

ES, European subtype (TBEV-EU); FES, Far-Eastern subtype (TBEV-FE); SS, Siberian subtype (TBEV-Sib)
*Selected references; **Less information available
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Prevalence of TBEV in questing adult D. reticulatus ticks
from Biatowieza Primeval Forest was similar (1.58%)” to
that in questing I. ricinus (1.30%),”" as was the case in
Moldova (adult I. ricinus 3.8%, adult D. reticulatus 3.9%, but
adult Haemaphysalis punctata 8.8%).”> The natural
occurrence of TBEV in a D. reticulatus tick population was
also proven for Germany during 2016 to 2018 by isolation
of several TBEV strains from this tick species in a natural
focus.”?

The differences in TBEV prevalence in the various vector
species remain puzzling. Questing /. ricinus usually have a
very low prevalence of the virus, ranging from no virus in
many areas to less than 1% in most others, and rarely
reaching 2-5%, in unfed adults.”*’® Knap and Avsic-
Zupanc’’ showed that over a 4-year period, the prevalence
was at the expected low level in the 8 areas studied, but
that no area was consistently positive for the virus. This
may be related to the frequently low sample sizes (14/30
samples had fewer than 300 specimens).

Prevalence of the virus in feeding ticks, although very
variable, can be substantially higher.”® Waldenstrom et al.®°
showed a low prevalence (0.5%) in nymphs and larvae
feeding on migratory birds in Sweden, while Kazarina et al.**
detected 14% nymphs and 7% larvae of [ ricinus on
migratory birds infected in Latvia. Data for I. persulcatus are
more variable. Korenberg and Kovalevskii®’ reported a high
TBEV prevalence in unfed adults, ranging from 10.9% to
38.7% over 6 years (mean 26.2%) in unfed adults in the Pre-
Ural Region, whereas the prevalence in the Primorskii
Region of the Russian Far-East ranged from a little over 1%
to over 9% from 1970 to 1990, and in the Khabarovsk
Region from 3.4% to 9.4% over 4 years.® In the Novosibirsk
Region, the prevalence of TBEV in unfed adult /. persulcatus
was 3.6%, with 0.8% being pathogenic to laboratory mice.®*
In the same study, 3.3% of questing adult /. paviovskyi were
infected with the virus with 1.8% of the isolates being
pathogenic. Information on less commonly encountered
vectors is rarely available and sample sizes are usually low,
making such data unreliable (e.g., Kim et al.)® Long-term
studies and statistical analyses showed that higher average
temperatures during the summer-autumn period may lead
to higher levels of TBEV found in ticks and consequently
increase the risk for humans to develop symptomatic TBE
following an infected tick bite.®

Vertebrate hosts

The prevalence of antibodies to TBEV in hosts is quite
variable.® TBEV has been found in numerous mammal
species from different families, as well as in a large number
of passerine and non-passerine bird species (Table 2). Virus
infection was demonstrated by antibodies to the virus or
viral ribonucleic acid (RNA) detection in a wide variety of
bird species,®*"#7#8 with virus isolation from Turdus pilaris
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(fieldfare) and Acrocephalus dumetorum (Blyth’s reed
warbler) opening the possibility of virus transfer to new foci
during bird dispersal or migration.!’” Viremia has been
induced experimentally in birds, reaching levels sufficient to
infect feeding ticks.” Generally speaking, findings of TBEV
in animals, whether indirect or direct, do not mean very
much eco-epidemiologically. Only the demonstration of
reservoir competence indicates an active role in the
perpetuation of TBEV.

Red foxes (Vulpes vulpes) are known to be reservoir-
competent for TBEV.**? Although I. hexagonus is a proven
vector of TBEV, little is known about the vector competence
of the fox tick I. canisuga.

In recent years, the detection of viral RNA in hosts has
become possible. Tonteri et al.,® in Finland, detected the
European (TBEV-EU) and Siberian (TBEV-Sib) subtypes in M.
glareolus, TBEV-Sib in the shrew Sorex araneus, and TBEV-
EU in Microtus agrestis. Achazi et al.”® detected TBEV RNA in
rodent brain tissue in prevalences up to 20% in TBE non-risk
as well as in risk areas in east-German Federal States. In the
Novosibirsk region of Siberia, where I. persulcatus and |.
pavilovskyi are the main TBEV vectors, the prevalence of
TBEV viral RNA in 5 small mammal species was extremely
high.® It ranged from 35.3% for A. agrarius organs to
82.2% for Myodes rutilus blood, with a mean value for all
species and tissues of 62.1%. All 3 virus subtypes were
represented. In addition to small mammal hosts, larger wild
and domestic animals frequently have high antibody
prevalences. Because they feed large numbers of vector
ticks, they can be used as sentinels for the occurrence of
TBEV in a given area.

TBEV transmission

Nuttall et al.’® noted: “Reciprocal interactions of parasites

transmitted by blood-sucking arthropod vectors have been
studied primarily at the parasite-host and parasite-vector
interface. The third component of this parasite triangle, the
vector-host interface, has been largely ignored.”

The adult female tick is considered to play only a minor role
in virus circulation. Tick males, which either do not feed or
feed for only a short time, might also be involved in virus
transmission.”® TBEV invades all tick tissues, including the
salivary glands and ovaries,” thus it may be transmitted by
ticks in the following ways: 1) via saliva, 2) transovarially
(vertically), and 3) sexuaIIy.‘w'Eﬂ_99

TBEV transmission from vector ticks to hosts via
saliva

Certain species of ticks are vectors and reservoirs of TBEV,
and they can transmit the virus already when they start
feeding®™'® with viral particles contained in the saliva,
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which the ticks release into the host tissues.*

TBEV is present in the alveolar cells of the salivary glands of
D. marginatus and H. inermis females in as few as five days
after their feeding on viremic white mice.” Also certain
vertebrates, so-called reservoir hosts, are important for the
amplification of the virus and are together with vector ticks
the basis for the heteroxenous TBEV perpetuat'ion.101

Viremic transmission from hosts to feeding ticks

Ticks become infected with TBEV while they feed on a
viremic host.”®**'% Nosek et al."®** proved that a viremia
in a host lower than 10 mouse LDso./0.03 ml was
insufficient to cause infection in ticks. In individual engorged
I. ricinus ticks, the virus titer was 10*-10* mouse LDs/0.03
ml. Viremic white mice served as virus donors.'*****
Gresikova and Nosek'® demonstrated the persistence of
TBEV in H. inermis (from larva to nymph) and then the
transmission from H. inermis nymphs to white mice.
Viremia surpassing the threshold values of infectivity for
tick vectors was also found in some juvenile and adult
Myodes rufocanus, M. rutilus, and Micromys minutus. The
viremia level depends on the rodent species and age, and
exhibits individual variability.**®

Co-feeding transmission

TBEV transmission is also possible from infected to non-
infected ticks during feeding close to each other on a non-
viremic host.”®' Cellular infiltration of tick feeding sites,
and the migration of cells from such sites, can provide a
vehicle for transmission between co-feeding ticks that is
independent of host viremia.'”” The non-viremic route of
transmission between co-feeding ticks can even occur in
rodents that are already immune to TBEV.'® The degree of
co-feeding virus transmission may be influenced by local
climatic factors that affect the seasonal timing of tick host-
seeking activity and, as such, can be used to predict the
focal distribution of TBEV."*"*%

Transovarial transmission

Another possible way for ticks to transmit TBEV involves
transovarial transmission and transstadial persistence (see
below), which were described for the first time as early as
1940."° However, only some eggs in the batch of a TBEV-
infected vector tick female become infected.™" In addition,
virus can partly be lost during transition from stage to
stage,112 and not all tick individuals reach the next life stage
irrespective of the presence or absence of the pathogen.
Danielova and Holubova found that only 0.23% of larvae
coming from infected females were TBEV-positive. Other
studies showed that 0.58% to 0.75% of the larvae were
transovarially infected. Thus, the rate of transovarial
transmission remains below 1%. Nuttall et al.'** suggest
that transovarial transmission is important for the
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maintenance of a natural focus even if it occurs at a very
low rate.

Danielova et al.”® detected TBEV in 2 out of 647 flagged
larvae of I ricinus, which indicates transovarial
transmission.

Transstadial persistence

TBEV was not detectable in I. ricinus nymphs 14 days after
molting from larvae that had engorged on viremic A.
flavicollis, but TBEV was present in these ticks two months
post ecdysis. Many nymphs contained the virus, indicating
that the latter undergoes an eclipse phase during
metamorphosis.

Sexual transmission in ticks

Transmission of TBEV from males to females™® is successful
in only 10% of copulations in infected /. persulcatus, but it
may provide notable support for the transfer of the virus to
the following generation of ticks if transovarial transmission
follows. A mathematical model of sexual transmission of
the virus'” was developed long before determining that
such a sort of transmission occurs. Virus exchange between
a non-engorged female and an infected male of I
persulcatus that ‘feeds’ on (i.e., attaches to) the female
before or after copulation is quite probable, and it has been
proven that the saliva of starved males contains a fairly
large amount of virus, sufficient for infecting not only
animals™™® but also humans. The feeding of I. persulcatus
males on females with which they later copulate can be
observed in 2-10% of cases.™®

Vertical TBEV transmission in vertebrates

TBEV transmission from mother to her offspring in small
rodents, e.g., red voles (M. rutilus), was shown for naturally
infected reservoir hosts as well as after experimental
infection with different sublethal doses of the virus.™™ TBEV
RNA was detected in up to 90% of the newborn rodents,
240-280 days after experimental infection of their parents,
by real-time polymerase chain reaction (RT-PCR), enzyme-
linked immunosorbent assay (ELISA), and bioassays. The
small amounts of TBEV RNA detected in the embryos,
placenta, and blood serve as evidence of prenatal
transmission. Postnatal transfer of the virus might occur
through the rodent’s milk. Vertical virus transmission may
occur before, during, and/or after birth of the baby rodents
with a high frequency. In natural foci, this could ensure
long-term persistence of TBEV in mammal hosts without
involving any arthropod vectors.'”® Divé et al. (2020)
reported detailed investigation of pre- and postnatal health
assessment of three children in the context of severe
maternal TBEV infection during pregnancy. The clinical and
virological data strongly suggest that fetal TBEV infection
did not occur, despite severe manifestations in the
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pregnant females. Non-reservoir hosts do not directly
participate in virus transmission, but can play an important
role in the maintenance of natural foci. The density of
reservoir-incompetent hosts may have either a positive
effect on virus transmission, by amplifying the tick
population, or a negative (‘dilution’) effect, as tick bites on a
non-reservoir host cannot lead to virus transmission.?**%°

Alimentary route of transmission

Humans mostly become infected with TBEV via tick bites,
but viral transmission is also possible via the consumption
of unpasteurized goat, cow and sheep milk.** Approximately
1% of all TBEV infections in humans are probably acquired
by consuming infected unpasteurized milk and milk
products from infected livestock, particularly goats.™**

Outbreaks due to alimentary virus transmission are known
from Eastern, Central and Southern Europe,m’123 and have
to be considered particularly in cases of local epidemics.'?*”
125 | i¢kova et al. (2022) summarize the history and recent
alimentary TBEV infections in Europe. In an alimentary
outbreak in Germany, due to consumption of a fresh goat
cheese, the virus could be for the first time isolated from
naturally infected cheese (Brockmann et al. 2018).

TBEV interhuman transmission of TBEV by breast milk has
not been confirmed or ruled out. Kerlik et al. (2022)
reported a case of probable transmission of TBEV from an
unvaccinated mother to an infant through breast-feeding.

The natural cycle

The natural cycle of TBEV is highly complex, and many
details remain obscure. The three prevailing TBEV subtypes
overlap in some areas, they all have multiple mammalian
reservoir hosts and various tick vectors, and in some areas
these subtypes occur sympatrically. Humans are not
included in these natural cycles, but may enter those trans-
mission cycles inadvertently.

Small mammals as a reservoir and vector ticks play a central
role in the natural cycle of TBEV, but non-reservoir hosts
such as birds and large vertebrates, such as wild ungulate
species, or foxes, may also indirectly contribute to the
spread and maintenance of TBEV. Additionally, changing
climatic patterns, as well as changes in ecosystems, may not
only affect the spatial distribution of TBEV, but also the
maintenance of small natural TBEV foci.’***° Small rodents
such as A. flavicollis are important hosts for the larvae of .
ricinus, the probably most important TBEV amplifying host
in Central Europe. Apodemus flavicollis temporarily
develops high virus titers necessary to infect ticks. Detailed
studies by Radda et al.,”>**> who trapped small rodents and
collected the engorged ticks in a natural TBE focus for 2
years, showed that given certain prerequisites are fulfilled
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(high numbers of rodents, vector tick larvae and nymphs
feeding on these rodents), such a natural TBEV focus is able
to sustain itself without any significant input of other hosts.
This may explain why many of these natural foci are stable,
but restricted to small areas, and why they harbor TBEV-
positive ticks over a long period of time. Forest structure,
especially deforestation and reforestation, are known to
have a huge impact on ticks and vertebrate reservoir hosts
for many tick-borne pathogens.*****

Experimental transstadial maintenance of TBEV in D.
marginatus and D. reticulatus ticks emphasizes the role of
both species. TBEV infection and transmission rates in
Dermacentor species to hosts are somewhat lower than in
species of the genera Ixodes and Haemaphysalis.>* Feeding
larvae and nymphs of . persulcatus may become infected
with TBEV if the virus titer in the host blood reaches at least
3.0 logyoLD5,/0.03 mL."*2 Such levels of viremia occur only in
small rodents and are a critical factor in the virus circulation
between vertebrates and ticks in natural foci. In small
rodents, the infection is asymptomatic.”*

TBEV has been isolated from a wide range of birds from
many different families, including migratory species, which
may be important for the distribution of the virus. A
common strategy for migratory birds is to rest at certain
stopover sites along their routes. At these sites, the birds
can be infested with ticks or engorged ticks can detach after
engorgement. Sandor et al."”® detected 4 different tick
species on 11 different bird species in the Danube Delta,
including larvae, nymphs, and females of . ricinus.

A high variability is found between areas and years with
respect to viral prevalence in both vertebrate hosts and
vector tick populations, while consistent differences
between vectors. For example the generally higher TBEV
prevalences in I. persulcatus compared with those in |/
ricinus may relate to the ecology/biology of the individual
vectors. The complexity is well defined by the various
mathematical models aimed at exploring the dynamics of
TBEV ecology.”®"**"*” Hartemink et al.”’ list 19 parameters
based on field data to define the basic reproduction
number (R,) of tick-borne infections, while Rosa et al.*® list
32 parameters in a more comprehensive model.
Unfortunately, no single study has been able to
comprehensively measure all the parameters needed to
test these models, although approximations are available.

Contact: lydiachitimia@gmail.com

Citation: Chitimia-Dobler L. TBEV-transmission and
natural cycles. Chapter 5. In: Dobler G, Erber W, Broker M,
Chitimia-Dobler L, Schmitt HJ, eds. The TBE Book. 7th ed.
Singapore: Global Health Press; 2024.
doi:10.33442/26613980_5-7



I Chapter 5: TBEV-transmission and natural cycle:s 1

References

10.

11.

12.

13.

14.

de la Fuente J, Estrada-Pena A, Venzal J, Kocan K, Sonenshine
D. Overview: Ticks as vectors of pathogens that cause disease
in humans and animals. Front Biosci. 2008;13:6938-46.

Estrada-Pefa A, Jongejan F. Ticks feeding on humans: a
review of records on human-biting Ixodoidea with special
reference to pathogen transmission. Exp Appl Acarol.
1999;23:685-715.

Balashov Y. Bloodsucking ticks (Ixodoidea) — vectors of
diseases of man and animals. Misc Publ Entomol Soc.
1972;8:163-376.

Skuballa J, Petney T, Pfaffle M, Taraschewski H. Molecular
detection of Anaplasma phagocytophilum in the European
hedgehog (Erinaceus europaeus) and its ticks. Vector Borne
Zoonotic Dis. 2010;10:1055-7.

Pfaffle M, Littwin N, Muders S, Petney T. The ecology of tick-
borne diseases. Int J Parasitol. 2013;43:1059-77.

Beati L, Klompen H. Phylogeography of Ticks (Acari: Ixodida).
Annu Rev Entomol. 2019; 64:379-397.

Guglielmone A, Robbins R, Apanaskevich D, Petney T, Estrada
-Pefia A, Horak I. The hard ticks of the world (Acari: Ixodida:
Ixodidae). Heidelberg: Spinger; 2014.

Nicholson W, Sonenshine D, Lane R, Uilenberg G. Ticks
(Ixodida). In: Medical and Veterinary Entomology. 2nd Ed.
Eds. Mullen GR, Durden LA. 2009.

Barker S C, Burger T D. Two new genera of hard ticks,
Robertsicus n. gen. and Archaeocroton n. gen., and the
solution to the mystery of Hoogstraal’s and Kaufman’s
“primitive” tick from the Carpathian Mountains. Zootaxa.
2018;4500 4:543-552.

Mans J, Kelava S, Pienaar R, Featherston J, de Castro MH,
Quetglas J, Reeves WK, Durden LA, Miller MM, Laverty TM,
Shao R, Takano A, Kawabata H, Moustafa MAM, Nakao R,
Matsuno K, Greay TL, Evasco KL, Barker D, Barke SC. Nuclear
(185-28S rRNA) and mitochondrial genome markers of Carios
(Carios) vespertilionis (Argasidae) support Carios Latreile,
1796 as a lineage embedded in the Ornithodorinae: re-
classification of the Carios sensu Klompen and Oliver (1993)
clade into its respective subgenera. Tick Tick Born Dis.
2021;12:101688. https://doi.org/10.1016/
j.tbdis.2021.101688

Petney T, Robbins R, Guglielmone A, et al. A look at the world
of ticks. Parasitology Research Monographs. 2011;2:283-96.

Sonenshine D, Roe RM. (eds) Biology of Ticks, 2nd Ed. Bands
1 and 2. Oxford University Press, Oxford. 2013

Guglielmone A, Nava S. Names for Ixodidae (Acari:
Ixodoidea): valid, synonymes, incertae sedis, nomina dubia,
nomina nuda, lapsus, incorrect and suppressed names—with
notes on confusions and misidentifications. Zootaxa.
2014;24:1-256.

Clifford C.M., Sonenshine D.E., Keirans J.E., Kohls G.M.
Systematics of the subfamily Ixodinae (Acarina: Ixodidae) 1.
The subgenera of Ixodes. Ann. Entomol. Soc. Am.
1973,66:489-500.

74

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Filippova N.A. Ixodid Ticks of the Subfamily Amblyomminae.
Leningrad: Izd. Nauka.1977.

Sonenshine D, Lane R, Nicholson W. Ticks (Ixodida). Med Vet
Entomol. 2002;10:517-58.

Sands A.F., Apanaskevich D.A., Matthee S., Horak I.G.,
Harrison A., Karim S., Mohammad M.K., Mumcuoglu K.Y.,
Rajakaruna R.S., Santos-Silva M.M., Matthee C.A.. Effects of
tectonics and large scale climatic changes on the
evolutionary history of Hyalomma ticks. Mol Phylogenet Evol.
2017;114:153-165.

Petney T, Pfaffle M, Skuballa J. An annotated checklist of the
ticks (Acari:Ixodida) of Germany. Syst Appl Acarol.
2012;17:115-70.

Moshkin M, Novikov E, Tkachev S, Vlasov V. Epidemiology of
a tick-borne viral infection: theoretical insights and practical
implications for public health. BioEssays. 2009;31:620-8.

Liebisch A, Liebisch G. Biologie und Okologie der Zecken. In:
Einheimische Zeckenborreliose (Lyme-Krankheit) bei Mensch
und Tier. 4th Ed. Eds Horst H, Liebisch A. Balingen: Spitta;
2003.

Waladde S, Rice M. The sensory basis of tick feeding
behavior. In: Physiology of ticks. Eds Obenchain F, Galun R.
Oxford: Pergamon Press; 1982.

Guetard M. Ixodes ricinus: morphologie, biologie élevage,
données bibliographique. Toulouse: Thése dr. vet. ENV; 2001.

Mehlhorn H. Encyclopedic reference of parasitology. Berlin,
Heidelberg: Springer; 2001.

Mao H, Kaufman WR. DNA binding properties of the
ecdysteroid receptor in the salivary gland of the female
ixodid tick, Amblyomma hebraeum. Insect Biochem Mol Biol.
1998;28:947-57.

Ribeiro J. Role of saliva in blood-feeding by arthropods. Annu
Rev Entomol. 1987;32:463-78.

Ribeiro J. Ribeiro JMC. Role of saliva in tick/host interactions.
Exp Appl Acarol. 1989;7:15-20.

Turni C, Lee R, Jackson L. Effect of salivary gland extracts
from the tick, Boophilus microplus, on leucocytes from
Brahman and Hereford cattle. Parasite Immunol.
2002;24:355-61.

Andersson J. Epizootiology of Lyme Borreliosis. Scand J Infect
Dis. 1991;77:23-34.

Balashov Y. Distribution of ixodid ticks (Acarina, Ixodidae)
over landscapes within their ranges. Entomol Rev.
1997;77:625-37.

Wang S-S, Liu J-Y, Wang B-Y, Wang W-J, Cui X-M, Jiang J-F,
SunY, Guo W-B, Pan Y-S, Zhou Y-H, Lin Z-T, Jiang B-G, Zhao L,
Cao W-C. Geographical distribution of Ixodes persulcatus and
associated pathogens: Analysis of integrated data from a
China field survey and global published data. One Health
2023;16:100508. https://doi.org/10.1016/
j.onehlt.2023.100508

Estrada-Pefia A, Mihalca A, Petney T, (eds). Ticks of the
Western Palearctic. Heidelberg: Springer; 2018.



I Chapter 5: TBEV-transmission and natural cycles 1 —

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Gage K, Burkot T, Eisen R, Hayes E. Climate and vector-borne
diseases. Am J Prev Med. 2008;35:436-45.

Gaede K., Knille W. On the mechanism of water vapour
sorption from unsaturated atmospheres by ticks. J Exp Biol.
1997;200:1491-1498.

Knulle W., Rudolph R.D. Humidity relationships and water
balance of ticks. In Physiology of Ticks (ed. F. D. Obenchain.
and R. L. Galun), pp. 43—70. Oxford: Pergamon Press. 1982.

Daniel M, Kolar J. Using satellite data to forecast the
occurrence of the common tick Ixodes ricinus. J Hyg
Epidemiol Microbiol Immunol. 1990;34:243-52.

Daniel M, Kolar J; Zeman P, Pavelka K, Sadlo J. Predictive map
of Ixodes ricinus high incidence habitats and a tick-borne
encephalitis risk assessment using satellite data. Exp Appl
Acarol. 1998;22:417-33.

Perez C, Rodhain F. Biologie d’ Ixodes ricinus, |. Ecologie,
cycle evolutif. Bull Soc Pathol Exot. 1977;2:187-92.

Shchuchinova LD, Kozlova 1V, Zlobin VI. Influence of altitude
on tick-borne encephalitis infection risk in the natural foci of
the Altai Republic, Southern Siberia. Ticks Tick Born Dis.
2015;6:322-329 https://doi.org/10.1016/
j.ttbdis.2015.02.005.

Perez C, Rodhain F. Biologie d’Ixodes ricinus, Il. Incidence
epidemiologique. Bull Soc Pathol Exot. 1977;2:193-201.

Talleklint L, Jaenson T. Talleklint L, Jaenson TGT. Increasing
geographical distribution and density of Ixodes ricinus (Acari:
Ixodidae) in central and northern Sweden. J Med Entomol.
1998;4:521-6.

Burda H, Sumbera R, Begall S. Microclimate in burrows of
subterranean rodents — revisited. In: Subterranean rodents:
News from underground. Eds Begall S, Burda H, Schleich C.
Berlin Heidelberg: Springer Verlag; 2007.

Gray J, Kahl O, Lane RS, Levin ML, Tsao JI. Diapause in ticks of
the medically important Ixodes ricinus species complex. Ticks
Tick-Borne Dis. 2016 7:992-1003.

Filippova N. Taiga tick Ixodes persulcatus Schulze (Acarina,
Ixodidae) Morphology, Systematics, Ecology, Medical
importance. [In Russian]. Leningrad: Nauka; 1985.

Bugmyrin SV, Bespyatova LA. Seasonal activity of adult ticks
Ixodes persulcatus (Acari, Ixodidae) in the North-West of the
distribution area. Animals 2023;13:3834. https://
doi.org/10.3390/ani13243834

Korenberg E. Seasonal population dynamics of Ixodes ticks
and tick-borne encephalitis virus. Exp Appl Acarol.
2000;24:665-81.

Naumov R. The longevity of the tick Ixodes ricinus (Acari:
Ixodidae) in Central Russia. [In Russian]. Parazitologia.
2006;40:384-95.

Gaidamovich S. Tick-borne Flavivirus infections. Exotic Viral
Infect. 1995.

Guglielmone A, Nava S, Robbins R, Apanaskevich D, Petney T,
Estrada-Pefia A, Horak |. The hard ticks of the world (Acari:
Ixodida: Ixodidae). Heidelberg: Spinger; 2014.

75

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Slovak M, Labuda M, Marley SE. Mass laboratory rearing of
Dermacentor reticulatus ticks (Acarina, Ixodidae). Biologia
2002;57:261-266.

Simo L, Kocékova P, Slavikova M, Kube$ M, Hajnicka V,
Vancova |, Slovak M. Dermacentor reticulatus (Acari,
Ixodidae) female feeding in laboratory. Biologia 2004;59:655-
660.

Kiewra D, Czutowska A, Lonc E. Winter activity of
Dermacentor reticulatus (Fabricius, 1794) in the newly
emerging population of Lower Silesia, south-west Poland.
Tick Tick Borne Dis. 2016;7:1124-1127. http://
dx.doi.org/10.1016/j.ttbdis.2016.08.012

Drehmann M, Springer A, Lindau A, Fachet K, Mai S, Thoma
D, Schneider CR, Chitimia-Dobler L, Broker M, Dobler G,
Mackenstedt U, Strube C. The spatial distribution of
Dermacentor ticks (Ixodidae) in Germany - Evidence of a
continuing spread of Dermacentor reticulatus. Front. Vet.
Sci.2020;7:578220. doi: 10.3389/fvets.2020.578220

Razumova I. The activity of Dermacentor reticulatus Fabr.
(Ixodidae) ticks in nature. Med. Parazitol. 1998;4:8—14. (In
Russian)

Hoogstraal H. Ticks in relation to human diseases caused by
Rickettsia species. Annu Rev Entomol. 1967;12:377-420.

Schmuck HM, Chitimia-Dobler L, Krél N, Kacza J, Pfeffer M.
Collection of immature Dermacentor reticulatus (Fabricius,
1794) ticks from vegetation and detection of Rickettsia
raoultii in them. Ticks and Tick Borne Dis. 2020;11:101543.
https://doi.org/10.1016/j.ttbdis.2020.101543

Chitimia-Dobler L. Spatial distribution of Dermacentor
reticulatus in Romania. Vet Parasitol. 2015;214:219-23.

Karbowiak G. The occurrence of the Dermacentor reticulatus
tick — its expansion to new areas and possible causes. Ann
Parasitol. 2014;60:37-47.

Kiewra D, Czulowska A, Lonc E. Winter activity of
Dermacentor reticulatus (Fabricius, 1794) in the newly
emerging population of Lower Silesia, south-west Poland.
Ticks Tick Borne Dis. 2016;6:1124-7.

Suss J. Epidemiology and ecology of TBE relevant to the
production of effective vaccines. Vaccine. 2003;21 Suppl
1:519-35.

Lichard M, Kozuch O. Persistence of tick-borne encephalitis
virus in nymphs and adults of Ixodes arboricola and its
transmission to white mice. Acta Virol. 1967;11:480.

Gresikova M, Kaluzova M. Biology of tick-borne encephalitis
virus. Acta Virol. 1997;41:115-24.

Nuttall P, Labuda M. Tick-borne encephalitis subgroup. In:
Ecological dynamics of tick-borne zoonoses. Eds Sonenshine
D, Mather T. 1994:351-91.

Labuda M, Nuttall P. Tick-borne viruses. Parasitology.
2004;129 (S1):5221-45.

Hoogstraal H. Ticks in relation to human diseases caused by
viruses. Ann Rev Entomol. 1966;11:261-308.

KoZuch O, Nosek J. Transmission of tick-borne encephalitis
(TBE) virus by Dermacentor marginatus and D. reticulatus



I Chapter 5: TBEV-transmission and natural cycle:s 1

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

ticks. Acta Virol. 1971;15:334.

Nosek J. The ecology and public health importance of
Dermacentor marginatus and D. reticulatus ticks in central
Europe. Folia Parasitol. 1972;19:93-102.

KoZuch O, Nosek T. Experimental transmission or tick-borne
encephalitis (TBE) virus by Haemaphysalis concinna ticks.
Acta Virol. 1980;24:377.

Khazova T, lastrebov V. Combined focus of tick-borne
encephalitis, tick-borne rickettsiosis and tularaemia in the
habitat of Haemaphysalis concinna in south central Siberia.

[In Russian] Zh Mikrobiol Epidemiol Immunobiol. 2001;78-80.

Nosek J, Ciampor F, KoZuch O, Rajcani J. Localization of tick-
borne encephalitis virus in alveolar cells of salivary glands of
Dermacentor marginatus and Haemaphysalis inermis ticks.
Acta Virol. 1972;16:493-497.

Hubalek Z, Rudolf I. Tick-borne viruses in Europe. Parasitol
Res. 2012;111:9-36.

Obsomer V, Wirtgen M, Linden A, et al. Spatial
disaggregation of tick occurrence and ecology at a local scale
as a preliminary step for spatial surveillance of tick-borne
diseases: general framework and health implications in
Belgium. Parasit Vectors. 2013;6:1.

Krivanec K, Kopecky E, Tomkova E, Grubhoffer L. Isolation of
TBE virus from the tick Ixodes hexagonus. Folia Parasitol.
1988;35:273-6.

Gresikova M. Studies on tick-borne arboviruses isolated in
Central Europe. Biological works. Slovak Acad Sci Bratislava.
1972;p.9.

Gresikova M, Calisher Gresikova M, Calisher CH. The
Arboviruses: Epidemiology and ecology. Vol. IV, CRC Press,
Inc., Boca Raton, Florida, 1988;p.177.

Karbowiak G. The occurrence of the Dermacentor reticulatus
tick — its expansion to new areas and possible causes. Ann
Parasitol. 2014;60:37-47.

Karbowiak G, Kiewra D. New locations of Dermacentor
reticulatus ticks in Western Poland: the first evidence of the
merge in D. reticulatus occurrence areas? Wiad Parazytol.
2010;56:333-40.

Dautel H, Dippel C, Oehme R, Hartelt K, Schettler E. Evidence
for an increased geographical distribution of Dermacentor
reticulatus in Germany and detection of Rickettsia sp. Int J
Med Microbiol. 2006; 296:149-56.

Rubel F, Brugger K, Pfeffer M, et al. Geographical distribution
of Dermacentor marginatus and Dermacentor reticulatus in
Europe. Ticks Tick Borne Dis. 2016;7:224-33.

Wojcik-Fatla A, Cisak E, Zajac V, Zwolinski J, Dutkiewicz J.
Prevalence of tick-borne encephalitis virus in Ixodes ricinus
and Dermacentor reticulatus ticks collected from the Lublin
region (eastern Poland). Ticks Tick Borne Dis. 2011;2:16-9.

Biernat B, Karbowiak G, Werszko J, Stanczak J. Prevalence of
tick-borne encephalitis virus (TBEV) RNA in Dermacentor
reticulatus ticks from natural and urban environment,
Poland. Exp Appl Acarol. 2014;64:543-51.

76

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Biernat B, Karbowiak G, Stariczak J, Masny A, Werszko J. The
first detection of the tick-borne encephalitis virus (TBEV) RNA
in Dermacentor reticulatus ticks collected from the lowland
European bison (Bison bonasus bonasus L.). Acta Parasitol.
2016;61:130-5.

Ponomareva E, Mikryukova T, Gori A, et al. Detection of Far-
Eastern subtype of tick-borne encephalitis viral RNA in ticks
collected in the Republic of Moldova. J Vector Borne Dis.
2015;52:334.

Chitimia-Dobler L, Lemhofer G, Krél N, Bestehorn M, Dobler
G, Pfeffer M. Continuous isolation of tick-borne encephalitis
virus from adult Dermacentor reticulatus ticks in an endemic
area in Germany. Parasit Vectors. 2019;12:90.

Nosek J, KoZzuch O, Grulich I. The structure of tick-borne
encephalitis (TBE) foci in Central Europe. Oecologia.
1970;5:61-73.

Danielova V, Daniel M, Schwarzova L, et al. Integration of a
Tick-Borne Encephalitis Virus and Borrelia burgdorferi sensu
lato into Mountain Ecosystems, Following a Shift in the
Altitudinal Limit of Distribution of Their Vector, Ixodes ricinus
(Krkonose Mountains, Czech Republic). Vector Borne
Zoonotic Dis. 2010;10:223-30.

Burri C, Bastic V, Maeder G, Patalas E, Gern L. Microclimate
and the zoonotic cycle of tick-borne encephalitis virus in
Switzerland. J Med Entomol. 2011;48:615-27.

Drelich A, Andreassen A, Vainio K, Kruszyriski P, Wasik T.
Prevalence of tick-borne encephalitis virus in highly
urbanized and low risk area in Southern Poland. Ticks Tick
Borne Dis. 2014;5:663-7.

Imhoff M, Hagedorn P, Schulze Y, Hellenbrand W, Pfeffer M,
Niedrig M. Review: Sentinels of tick-borne encephalitis risk.
Ticks Tick Borne Dis. 2015;6:592-600.

Knap N, Avsi¢-Zupanc T. Factors affecting the ecology of tick-
borne encephalitis in Slovenia. Epidemiol Infect. 357-66.

Waldenstrom J, Lundkvist A, Falk K, et al. Migrating birds and
tick-borne encephalitis virus. Emerg Infect Dis. 2007;13:1215.

Kazarina A, Japina K, Kei$s O, et al. Detection of tick-borne
encephalitis virus in 1. ricinus ticks collected from autumn
migratory birds in Latvia. Ticks Tick Borne Dis. 2015;2:178-
80.

Nosek T, Kozuch O, Ernek E, Lichard M. The importance of
goats in the maintenance tick-borne encephalitis virus in
nature. Acta Virol. 1967;11:470.

Nosek T, Kozuch O, Ernek E, Lichard M. Ubertragung des
Zeckenenzephaliltis Virus durch die Weibchen von Ixodes
ricinus und Nymphen Haemaphysalis inermis auf der
Rehkitzen (Capreolus capreolus). Zbl Bakt | Orig.
1967;203:162.

Gresikova M, Nosek J. Isolation of tick-borne encephalitis
virus from Haemaphysalis inermis ticks. Acta Virol.
1966;10:359-61.

KoZuch O, Chunikhin S, Gresikova M, et al. Experimental
characteristics of viremia caused by two strains of tick-borne
encephalitis virus in small rodents. Acta Virol. 1981;25:219-



I Chapter 5: TBEV-transmission and natural cycles 1 —

24,

96. Randolph S, Miklisova D, Lysy J, Rogers D, Labuda M.
Incidence from coincidence: patterns of tick infestations on
rodents facilitate transmission of tick-borne encephalitis
virus. Parasitology. 1999;118:177-186.

97. Labuda M, Kozuch O, Zuffova E, Eleckova E, Hails R, Nuttall P.
Tick-borne encephalitis virus transmission between ticks
cofeeding on specific immune natural rodent hosts. Virology.
1997;235:138-143.

98. RandolphS, Green R, Peacey M, Rogers D. Seasonal
synchrony: the key to tick-borne encephalitis foci identified
by satellite data. Parasitology. 2000;121:15-23.

99. Pavlovsky E, Soloviev V. Experimental investigation of the tick
-borne encephalitis virus circulation in the tick-vector
organism (Ixodes persulcatus). [In Russian]. Archiv Biol Nauk.
1940;59:111-117.

100. llienko V, Gorozhankina T, Smorodintsev A. Main reguliers of
transovarial transmission of tick-borne encephalitis virus by
tick vectors. [In Russian] Med Parazitol. 1970;3:263-268.

101.Benda R. The common tick Ixodes ricinus L. as a reservoir and
vector of tick-borne encephalitis. I. Survival of the virus
(strain B3) during the development of the tick under
laboratory conditions. J Hyg Epidemiol Microbiol Immunol.
1958;2:314-330.

102. Danielova V, Holubova J. Transovarial transmission rate of
tick-borne encephalitis virus in Ixodes ricinus ticks. Mod
Acarol. 1991;2:7-10.

103. Tonteri E. Tick-borne encephalitis virus in wild rodents in
winter, Finland, 2008-2009. Emerg Infect Dis. 2011;17.

104. Nuttall P, Jones L, Labuda M, Kaufmann R. Adaptation of
arbovirus to ticks. J Med Entomol. 1994;31:1-9.

105.Radda A, Hofmann H, Pretzmann G. Threshold of viraemia in
Apodemus flavicollis for infection of Ixodes ricinus with tick-
borne encephalitis virus. Acta Virol. 1969;13:74-7.

106. Chunikhin S, Stefutkina L, Korolev M, Reshetnikov |,
Khozinskaya G. Sexual transmission of tick-borne encephalitis
virus in ixodids (Ixodidae) [In Russian]. Parazitologia.
1983;17:214-5.2015;143:2059-67.

107. Nutall P. Displaced tick-parasite interactions at the host
interface. Parasitology. 1998;116:565-72.

108. Korenberg E, Kovalevskii Y. Main features of tick-borne
encephalitis eco-epidemiology in Russia. Zentralbl Bakteriol.
1999;289:525-39.

109. Korenberg E, Horakova M, Kovalevsky J, Hubalek Z,
Karavanov A. Probability models of the rate of infection with
tick-borne encephalitis virus in Ixodes persulcatus ticks. Folia
Parasitol. 1992;39:85-92.

110. Bakhvalova V, Chicherina G, Potapova O, et al. Tick-borne
encephalitis virus diversity in ixodid ticks and small mammals
in south-western Siberia, Russia. Vector Borne Zoonotic Dis.
2016;16:541-549.

111.Kim S, Yun S, Han M, et al. Isolation of tick-borne encephalitis
viruses from wild rodents, South Korea. Vector Borne
Zoonotic Dis. 2008;8:7-14.

77

112.Daniel M., Danielova V., Fialova A., Maly M., KFiz B., Nuttall
P.A. Increased relative risk of tick-borne encephalitis in
warmer weather. Front Cell Infect Microbiol. 2018;8: doi:
10.3389/fcimb.2018.00090.

113. Mikryukova T, Moskvitina N, Kononova Y, et al. Surveillance
of tick-borne encephalitis virus in wild birds and ticks in
Tomsk city and its suburbs (Western Siberia). Ticks Tick Borne
Dis. 2014;5:145-51.

114.van Tongeren H. Viraemia and antibody response of the
mallard (Anas platyrhynchos) to infection with tick-borne
encephalitis virus. J Comp Pathol. 1983;4:521-30.

115.Radda A, Kunz C, Hofmann H. Nachweis von Antikorpern in
Wildseren zur Erfassung von Herden des Virus der
Frihsommer-Meningo-Enzephalitis in Niederosterreich.
Zentralbl Bakteriol. 1968;208:88-93.

116.Radda A. Die Zeckenenzephalitis in Europa. Angewandte
Zool. 1973;60:409-61.

117.Achazi K, Ruzek D, Donoso-Mantke O, et al. Rodents as
sentinels for the prevalence of tick-borne encephalitis virus.
Vector Borne Zoonotic Dis. 2011;11:641-7.

118.Karbowiak G, Biernat B. The role of particular tick
development stages in the circulation of tick-borne
pathogens affecting humans in Central Europe. 2. Tick-borne
encephalitis virus. Ann Parasitol. 2016;62:3-9.

119.Korenberg E, Ivanova L, Yurkova E. Epidemicity rate of tick-
borne encephalitis natural foci (range of limits). Med
Parazitol. 1986;2:35-9.

120.Labuda M, Randolph S. Survival of tick-borne encephalitis
virus: cellular basis and environmental determinants.
Zentralbl Bakteriol. 1999;288:51 3-24.

121.Rosa R, Pugliese A, Norman R, Hudson P. Thresholds for
disease persistence in models for tick-borne infections
including nonviraemic transmission, extended feeding and
tick aggregation. J Theor Biol. 2003;224:359-76.

122.Divé |, Veje M, Dobler G, Bergstrom T, Buxmann H, Paul B,
Louwen F, Berger A, Jahnke K, Strzelczyk A, Studahl M, Hentz
E, Nurnberger L. Tick-borne encephalitis virus (TBEV)
infection in pregnancy: Absence of virus transmission to the
fetuses despite severe maternal disease — A case study. Ticks
Tick Borne Dis. 2020,11:101491. https://doi.org/10.1016/
j.ttbdis.2020.101491

123.Satz N. Friihsommermeningenzephalitis (FMSE). Huber; 2006.

124.Okulova N, Chunikhin S, Vavilova V, Mayorova A. The site of
tick’s infecting bite and severity of encephalitis. Med
Parazitol. 1989;5:78-84.

125. Beklemishev W. Some problems of epidemiology and
epizootology of tick-borne encephalitis [In Russian]. Med
Parazitol (Moscow). 1959;3:310-8.

126. Labuda M, Austyn J, Zuffova E, et al. Importance of localized
skin infection in tick-borne encephalitis virus transmission.
Virology. 1996;219:

127.Rasnitsyn S. Evaluation of the importance of transphase and
transovarial transmission for preservation of the causative
agent population [In Russian]. Med Parazitol. 1976;3:269-74.



I Chapter 5: TBEV-transmission and natural cycle:s 1

128. Alekseev A. Ecology of tick-borne encephalitis virus: part of
Ixodidae tick males in its circulation. Ecolog Parasitol.
(Leningrad, Petrozavodsk). 1991;1:51-62, 100.

129.Brockmann SO, Oehme R, Buckenmaier T, Beer M, Jeffery-Smith
A, Spannenkrebs M, Haag-Milz S, Wagner-Wiening C, Schlegel C,
Fritz J, Zange S, Bestehorn M, Lindau A, Hoffmann D, Tiberi S,
Mackenstedt U, Dobler G. A cluster of two human cases of tick-
borne encephalitis (TBE) transmitted by unpasteurised goat milk
and cheese in Germany, May 2016. Euro Surveill. 2018;23
(15):pii=17-00336. https://doi.org/10.2807/1560-
7917.ES.2018.23.15.17-00336

130.Kerlik J, Avdicova M, Musilova M, Béresova J, Mezencev R.
Breast Milk as Route of Tick-Borne Encephalitis Virus
Transmission from Mother to Infant. Emerg Infect Dis. 2022;28
(5):1060-1061. doi:10.3201/eid2805.212457

131.Bakhvalova V, Potapova O, Panov V, Morozova O. Vertical
transmission of tick-borne encephalitis virus between
generations of adapted reservoir small rodents. Virus Res.
2009;140:172-8.

132.Rosa R, Pugliese A. Effects of tick population dynamics and host
densities on the persistence of tick-borne infections. Math
Biosci. 2007;208:216-40.

133.Bogovic P, Strle F. Tick-borne encephalitis: a review of
epidemiology, clinical characteristics, and management. World J
Clin Cases. 2015;3:430-41.

134.Kriz B, Benes C, Daniel M. Alimentary transmission of tick-borne
encephalitis in the Czech Republic (1997-2007). Epidemiol
Mikrobiol Imnmunol. 2009;58:98-103.

135. Hudopisk N, Korva M, Janet E, et al. Tick-borne encephalitis
associated with consumption of raw goat milk, Slovenia. Emerg
Infect Dis. 2013;19:806-8.

136.Holzmann H, Aberle S, Stiasny K, et al. Tick-borne encephalitis
from eating goat cheese in a mountain region of Austria. Emerg
Infect Dis. 2009;15:1671-3.

137.Helpert A, Sinnecker H. Ausgewahlte Erhebungen zur
Zeckenenzephalitis-Epidemie im Kreis Niesky, Bezirk Dresden.
Dt Gesundh-Wes. 1966;21:1277-9.

138. Kondrashov aZ, Filippovets R. Infection-rate of Ixodes
persulcatus ticks and some aspects of transovarial transmission
after their dosed infection with tick-borne encephalitis virus.
Voprosy Virusol. 1970;6:703-8.

139. Alekseev A, Burenkova L, Chunikhin S. Peculiarities of behaviour
of ticks Ixodes persulcatus P.Sch., infected by tick-borne
encephalitis virus [In Russian]. Med Parasitic Dis. 1988;2:71-5.

140. Rizzoli A, Hauffe HC, Tagliapietra V, Neteler M, Rosa R. Forest
structure and roe deer abundance predict tick-borne
encephalitis risk in Italy. PLoS One. 2009;4:e4336.

141.Pretzmann G, Loew J, Radda A. Untersuchungen in einem
Naturherd der Frihsommer-Meningoencephalitis (FSME) in
Niederdosterreich. Zentralbl Bakteriol Orig. 1964;194:431-9.

142.Siss J. Tick-borne encephalitis in Europe and beyond — the
epidemiological situation as of 2007. Euro Surveill.
2008;13:18916.

78

143.Jaenson T, Hjertqvist M, Bergstrom T, Lundkvist A. Why is tick-
borne encephalitis increasing? A review of the key factors
causing the increasing incidence of human TBE in Sweden.
Parasit Vectors. 2012;5:184.

144. Chunikhin S. Experimental investigation on tick-borne
encephalitis virus ecology. Vopr Virusol. 1990;35:183-7.

145.Sandor A, Mdrcutan D, D’Amico G, Gherman C, Dumitrache M,
Mihalca A. Do the ticks of birds at an important migratory
hotspot reflect the seasonal dynamics of Ixodes ricinus at the
migration initiation site? A case study in the Danube Delta. PLoS
One. 2014;9:e89378.

146.Tonteri E, Jokelainen P, Matala J, Pusenius J, Vapalahti O.
Serological evidence of tick-borne encephalitis virus infection in
moose and deer in Finland: sentinels for virus circulation.
Parasit Vectors. 2016;9:54.

147.Korenberg E, Kovalevsky Y. General scheme of tick-borne
encephalitis virus circulation. Zool Zhurnal. 1977;56:1467- 78.

148.Norman R, Bowers R, Begon M, Hudson P. Persistence of tick-
borne virus in the presence of multiple host species: tick
reservoirs and parasite mediated compete-tion. J Theoretical
Biol. 1999;200:111-8

149.Hartemink N, Randolph S, Davis S, Heesterbeek J. The basic
reproduction number for complex disease systems: Defining RO
for tick-borne infections. Am Nat. 2008;171:743-54.

150.Kozuch O, Gresikova M, Nosek J, Lichard M, Sekeyova M. The
role of small rodents and hedgehogs in a natural focus of tick-
borne encephalitis. Bull World Health Organ. 1967;36(Suppl
1):61.

151. Alekseev A, Burenkova L, Vasilieva |, Dubinina H, Chunikhin S.
Preliminary studies on virus and spirochete accumulation in the
cement plug of ixodid ticks. Exp Appl Acarol. 1996;20:713-23.

152.Demina TV, Dzhioev YP, Verkhozina MM, et al. Genotyping and
characterization of the geographical distribution of tick-borne
encephalitis virus variants with a set of molecular probes. J Med
Virol. 2010;82:965-76.

153.Siss 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.

154. Stefanoff P, Pfeffer M, Hellenbrand W, et al. Virus detection in
questing ticks is not a sensitive indicator for risk assessment of
tick-borne encephalitis in humans. Zoonoses Public Health.
2013;60:215-26.

155. Katargina O, Russakova S, Geller J, et al. Detection and
characterization of tick-borne encephalitis virus in Baltic
Countries and Eastern Poland. PLoS ONE. 2013;8:e61374.

156. Biernat B, Cieniuch S, Stanczak J. Detection of TBEV RNA in
Ixodes ricinus ticks in north-eastern Poland. Ann Agr Env Med.
2014;21:689-92.

157.Cuber P, Andreassen A, Vainio K, et al. Risk of exposure to ticks
(Ixodidae) and the prevalence of tick -borne encephalitis virus
(TBEV) in ticks in Southern Poland. Ticks Tick Borne Dis.
2015;6:356-63.

158.Valarcher J, Haglund S, Juremalm M, et al. Tick-borne
encephalitis. Rev Sci Tech. 2015;34:453-66.



s Chapter 5: TBEV-transmission and natural cycles

159. Streissle G. Studies in the transmission of the virus of early
summer meningoencephalitis by the tick Ixodes hexagonus
Leach. Zentralbl Bakteriol. 1960;179:289-297.

160. Novak-Chmura M, Siuda K. Ticks of Poland. Review of
contemporary issues and latest research. Ann Parasitol.
2012;58:125-55.

161.Golovljova |, Vene S, Sjolander K, Vasilenko V, Plyusnin A,
Lundkvist A. Characterization of tick-borne encephalitis virus
from Estonia. J Med Virol. 2004;74:580-8.

162.Takeda T, Ito T, Osada M, Takahashi K, Takashima I. Isolation of
tick-borne encephalitis virus from wild rodents and a
seroepizootiologic survey in Hokkaido, Japan. Am J Trop Med
Hyg. 1999;60:287-91.

163.Rieger M, Nibling M, Miiller W, Hasselhorn H, Hofmann F.
Foxes as indicators for TBE endemicity a comparative
serological investigation. Zentralbl Bakteriol. 1999;289:610-8.

164.Wurm R, Dobler G, Peters M, Kiessig S. Serological
Investigations of red foxes (Vulpes vulpes L.) for determination
of the spread of tick-borne encephalitis in North-Rhine-
Westphalia. J Vet Med. 2000;47:503-9.

165.Jemersic L, Dezdek D, Brni¢ D, et al. Detection and genetic
characterization of tick-borne encephalitis virus (TBEV) derived
from ticks removed from red foxes (Vulpes vulpes) and isolated
from spleen samples of red deer (Cervus elaphus) in Croatia.
Ticks Tick Borne Dis. 2014;1:7-13.

166. Gerth H, Grimshandl D, Stage B, Déller G, Kunz C. Roe deer as
sentinels for endemicity of tick-borne encephalitis virus.
Epidemiol Infect. 1995;115:355-65.

167.Skarphédinsson S, Jensen P, Kristiansen K. Survey of tick- borne
infections in Denmark. Emerg Infect Dis. 2005;11:1055-61.

168. Rizzoli A, Neteler M, Rosa R, Versini W, Cristofolini A, Bregoli M,
Buckley A, Gould EA. Early detection of tick-borne encephalitis
virus spatial distribution and activity in the province of Trento,
northern ltaly. Geospat Health. 2007;1:169-176.

169. Cisak E, Wdjcik-Fatla A, Zajac V, Sroka J, Buczek A, J. D.
Prevalence of tick-borne encephalitis virus [TBEV] in samples of
raw milk taken randomly from cows, goats and sheep in Eastern
Poland. Ann Agr Env Med. 2010;17:283-6.

170.Balogh Z, Egyed L, Ferenczi E, Ban E, Szomor KN, Takacs M,
Berencsi G. Experimental infection of goats with tick-borne
encephalitis virus and the possibilities to prevent virus
transmission by raw goat milk. Intervirology. 2011;3:3:194-200.

171.Takashima I, Morita K, Chiba M, Hayasaka D, Sato T, Takezawa
C, Igarashi A, Kariwa H, Yoshimatsu K, Arikawa J, Hashimoto N.
A case of tick-borne encephalitis in Japan and isolation of the
virus. J Clin Microbiol. 1997;35:1943-1947.

172.Lommano E, Dvorak C, Vallotton L, Jenni L, Gern L. Tick-borne
pathogens in ticks collected from breeding and migratory birds
in Switzerland. Ticks Tick Borne Dis. 2014;6:871-82.

173.Csank T, Bhide K, Bencurova E, Dolinska S, Drzewniokova P,
Major P, Korytar L, Bockova E, Bhide M, Pistl J. Detection of
West Nile virus and tick-borne encephalitis virus in birds in
Slovakia, using a universal primer set. Arch Virol. 2016;6:1679-
1683.

79



Chapter 6

Pathogenesis of TBEV-diseases

Anna K Overby, Saravanan Thangamani

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 TBEV transmission at the skin interface is pro-inflammatory with a marked increase in immune cell infiltrates at the tick-

feeding foci.

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

e TBEV employs different strategies to evade the innate immune response.

e Both different animal models and reverse genetics will help us understand TBEV pathogenesis.

Transmission and entry:

Tick vectors and tick -host interface

The Ixodes ricinus tick serves as the primary carrier of TBEV-
Eu in nature, while the Ixodes persulcatus tick is the primary
vector for TBEV-Sib and TBEV-FE." I. ricinus is widely spread
across Europe, reaching into Turkey and northern Iran,
whereas |. persulcatus is found in the Urals, Siberia, Far-
Eastern Russia, as well as parts of China and Japan.z’aA zone
of sympatry exists in the northern Baltics, western Finland,
and northwestern Russia, where the habitats of 1. ricinus
and I persulcatus overlap, leading to the presence of
multiple TBEV subtypes.®® TBEV is maintained within
natural transmission cycles involving ixodid ticks and wild-
living mammalian hosts. Infected ticks are presumed to
remain infected throughout their life cycle.” While
transovarial transmission of TBEV from an infected female
tick to the egg mass is possible, this mode of infection is not
entirely efficient in sustaining TBEV within the natural tick
population.®

The transmission of tick-borne encephalitis virus (TBEV)
from an infected tick to a host involves a complex interplay
between the tick's feeding process and the
immunomodulatory properties of its saliva. This process
begins shortly after the tick attaches itself to the host. TBEV
is transmitted to the vertebrate host along with the tick's
saliva as early as one hour after the tick attaches’ and
POWV is transmitted as fast as 15 minutes after
attachment.® Tick feeding is a sophisticated process, and
successful feeding is facilitated by various components
present in the tick's saliva, which  possess
immunomodulatory properties. Notably, tick salivary
factors not only aid in blood feeding but also modulate the
host environment, thereby promoting the transmission and
establishment of TBEV.’
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Seminal studies conducted by Labuda et al. (1993)
demonstrated the  significance of  saliva-assisted
transmission (SAT) of TBEV.'® They observed that when
naive guinea pigs were inoculated with a mixture of TBEV
and salivary gland extract (SGE) obtained from partially fed
uninfected female ticks of species like Ixodes ricinus,
Dermacentor reticulatus, or Rhipicephalus appendiculatus,
and subsequently, uninfected Rhipicephalus appendiculatus
nymphs fed on these guinea pigs, there was an increased
acquisition of the virus by ticks feeding on animals
inoculated with the mixture of SGE and virus compared to
those inoculated with the virus alone. This research
underscores the crucial role of tick saliva in facilitating the
transmission of TBEV and sheds light on the mechanisms
involved in the transmission dynamics between ticks and
hosts. Observations of pathogens being transmitted from
infected ticks to uninfected ticks co-feeding on the same
host have offered indirect evidence of what is known as
"sequential acquisition of tick-borne pathogens," as noted
by Nuttall and Labuda in 2004.° It is also referred to as co-
feeding transmission. In natural environments, it's common
for infected ticks to co-feed alongside uninfected ticks on a
single host. Labuda et al. conducted experiments where
TBEV-infected /. ricinus ticks and uninfected ticks co-fed on
naive, natural host species. Intriguingly, they found that the
highest numbers of TBEV-infected ticks originated from
susceptible host species with very low levels of viremia,
providing compelling evidence that non-viremic co-feeding
transmission of TBEV is a primary mechanism for
maintaining the virus in natural foci.tt*?

Tick-host-virus
transmission:

interface during TBEV

Skin acts as the primary barrier against various forms of
damage, including mechanical stress, environmental




factors, and potential infections. It serves as the frontline
defense between a tick and its host, making it the first point
of contact for both TBEV and tick saliva during feeding.
Throughout the feeding process, a tick's mouthparts and
saliva interact with the host's blood and lymphatic vessels,
as well as various cellular components such as fibroblasts,
keratinocytes, Langerhans  cells, dendritic  cells,
macrophages, mast cells, natural killer cells, T lymphocytes,
and soluble mediators like cytokines, chemokines,
complement proteins, and lectins.® These cutaneous
immune cells play a pivotal role in initiating the host's
immune response and inflammatory reactions against tick
feeding and potential pathogen transmission.

The significance of skin infection in the transmission of
TBEV is paramount. Skin acts as the primary interface where
these viruses establish infection in the host.” Labuda et al.
thoroughly investigated the initial stages of TBEV replication
within the skin of two natural host species: bank voles
(Clethrionomys glareolus) and yellow-necked field mice
(Apodemus flavicollis). Their experimental setup mirrored
natural conditions, with infected and uninfected Ixodes
ricinus ticks placed on specific areas of the host's skin. Their
findings revealed a correlation between TBEV detection in
feeding ticks and the transmission dynamics from infected
to uninfected ticks." Additionally, TBEV exhibited a
preference for skin sites where ticks were actively feeding.
To characterize TBEV-infected cells, Labuda et al. infested
laboratory mice with TBEV-infected ticks and cultured skin
explants from the infestation sites. They observed the
migration of leukocytes from these explants, with viral
antigens present in migrating Langerhans cells and
neutrophils, indicating their role in viral dissemination.** In
vitro studies suggest that dendritic cell populations at the
tick feeding site are among the early targets of
TBEV infection. Recent research indicates that exposure of
bone marrow-derived dendritic cells to tick saliva enhances
TBEV replication, partly through activation of the pro-
survival Akt pathway.15

These results underscore the importance of localized skin
infection in the early transmission of the virus from infected
ticks and its acquisition by uninfected co-feeding ticks.™"*°
Immune cells infiltrating the skin during tick feeding act as
carriers for virus transmission between co-feeding ticks,
independent of systemic viremia.** Langerhans cells, the
primary dendritic cell population in the epidermis, likely
play a crucial role in virus dissemination, as evidenced by
their migration to draining lymph nodes in response to
cutaneous infections with other arthropod-borne viruses."
Thus, the presence of TBE viral antigen in emigrating
Langerhans cells suggests their involvement in transporting
TBEV to the lymphatic system, contributing to overall viral
dissemination. The importance of virus-infected cells at the
tick feeding site and their contribution to initial viral
replication and dissemination was further supported by in
vitro experiments where |I. ricinus tick saliva was shown to
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modulate TBEV infection of dendritic cells. Specifically,
when DCs were cultured with TBEV in the presence of I
ricinus saliva, the infection rate of the cells was enhanced
and there was a decrease in virus-induced TNF- alpha and
IL6 production.™®

A study conducted by Thangamani et al. explored the
immune response in the skin to TBEV infection. The study
involved allowing TBEV-infected ticks to feed on mice,
followed by biopsies of the bite sites at one and three hours
post-attachment  for RNAseq transcriptome and
histochemical analysis. The analysis revealed upregulation
of various cytokines (Ccl2, Ccl12, Cxcl1, Cxcl2, Cxcl5, IL6, and
IL10) and receptors (CCR1, CCR5, and Sell) after just one
hour of TBEV-infected tick feeding, indicating an early
activation of the inflammatory response and an increase in
accumulation at the attachment site.™

immune cell

Immunohistochemical analysis further confirmed the
inflammatory microenvironment at the feeding site,
showing an influx of inflammatory cells, especially

neutrophils, within one hour of TBEV-infected tick feeding.
Among these, TBEV antigens were localized in fibroblasts
and mononuclear cells, but not in neutrophils.19 These
findings suggest that TBEV-infected ticks induce rapid
inflammation at the cutaneous interface, potentially
affecting the transmission of flaviviruses to hosts. This study
contributes to our understanding of the early
immunological events during tick-borne flavivirus
transmission, emphasizing the significance of localized skin
infection in this process (Figure 1). Together these studies
illustrate the important role of localized skin infection
during the early stages of tick-borne flavivirus transmission.

Neuroinvasion and neurotropism:

Crossing the brain barriers

It is generally believed that neurotropic flaviviruses can
invade the CNS by two main routes; the peripheral nervous
system or the hematogenous route via the blood. However,
the molecular mechanisms governing the neuroinvasion of
TBEV and related tick-borne flaviviruses are not yet clear.

Entry via the peripheral nerves

Some viruses uses the spinal cord to enter the CNs, %2t
however, during experimental infection of TBEV (strain
Tord) and LGTV in mice the spinal cord and brain stem are
the last infected areas after sub cutaneous (SC) and
intraperitoneal (IP) infection respectively.n’BOn the other
hand, POWV (LB strain) showed spinal cord infection as
early as 4 days post-infection and thereafter a caudal to
rostral spread within the brain after high viral dose.”
Indicating that neuroinvasion might depend on the specific
virus strain used and the experimental setup. Another
report with TBEV (Sofjin) infected mice showed that the
autonomic nerves running from the myoenteric plexus were
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Figure 1: Proposed overview of the early transmission events of TBEV
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(1) TBEV is transmitted during tick feeding along with tick salivary factors. Mast cells are degranulated as soon as ticks initiate feeding
leading to the influx of neutrophils; (2) Release of chemoattractant to recruit immune cells and TBEV establishes infection in permissive
cells such as resident fibroblasts, macrophages, and other phagocytes; (3) infiltrating myeloid cells becomes infected with TBEV; (4)
replication of TBEV in myeloid cells and release of infectious virus into the blood stream; (5) dissemination of TBEV to the lymphatic
tissues; (6) dissemination and establishment of infection in brain. The infographic was generated using Biorender (www.biorender.com).

infected as well as the intestine and intestinal lymph nodes aerosols.®®> However, since a bi-phasic disease course was
after intravenous infection (IV).” There is direct signaling observed in this case report it indicates viremia before
between the gut to the brain via enteroendocrine cells of neuroinvasion,®® and other studies in mice have shown that
the mouse gut that form synapses with vagal neurons® that intranasal infection of mice are less efficient route of
may facilitate virus entry. The involvement of the infection compared to IP and SC,***thus neuroinvasion via
gastrointestinal tract as an important site of infection is the olfactory neuron seems less likely for TBEV and LGTV.
supported by the many cases of alimentary TBEV.”"*

However, in mice the oral route of infection is rather Hematogenous route of neuroinvasion

ineffective even in highly immunocompromised interferon

alpha receptor (IFNAR) knock out mice®. Infection using The second plausible route of neuroinvasion is the
oral gavage (Wlth feeding need|e) is even less efﬁcient_3l hematogenous via the blood brain barrier (BBB) The BBB is
This indicate that the acid environment of the stomach is a very tight barrier that separates the blood from the brain
preventing viral infection, and that the TBEV maybe more parenchyma and the main function is to prevent free
likely to establish infection in the mouth or throat. Another diffusion and toxic molecules to enter the brain. The BBB is
possible mechanism for neuroinvasion is via the olfactory lining all capillaries in the brain and to prevent permeability
sensory neurons in the olfactory bulb. We have seen that and leakage the endothelial cells have tight junctions. These
the olfactory bulb is the first site of infection after both include the claudines and occludin, which are joined to the
TBEV (Tord) and LGTV (TP21) after IP and SC infection.?**? cytoskeleton by cytoplasmic proteins, such as zonula
Also supporting this hypothesis is the reported laboratory- occludens (Z0).** Lining the endothelial cells are the
acquired infection with TBEV after high titer exposure of pericytes and end-feet from nearby astrocytes, and the
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Figure 2: Overview of possible routes of TBEV neuroinvasion
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The infographic was generated using Biorender (www.biorender.com).

crosstalk between endothelia, pericytes and astrocytes are
important to preserve the integrity and function of the
barrier. For long it was believed that the breakdown of the
BBB was important part of neuroinvasion for TBEV as TBE
patients show disruption of the BBB.****However, virus is
detected the brains of mice days before disruption of the
BBB,*** and BBB leakage is likely caused by the
inflammatory response elicited by the virus in the brain.
Microvascular endothelial cells are often used in vitro to
mimic the BBB, and infection of these with TBEV (Hypr,
Neudoerfl) does not increase permeability or change the
key tight junction proteins. Instead the cells become
persistently infected and secrete high titers of virus in both
directions,* indicating that TBEV can cross the BBB via a
transcellular pathway without changing permeability. In a
more complex in vitro model consisting of both human
brain endothelial cells and pericytes POWV (LI9, LI41 linage
2 and LB linage 1) infects both cell types persistently and
secrets POWV to the lower chamber without changing the
permeabilization.”* However, no in vivo experiments have
verified infection in the vascular endothelial cells of the
BBB. Using single nuclei RNA sequencing Chotiwan et al.
recently showed that in the cortex of wt mice the pericytes
were infected with LGTV but not endothelial cells.*” The
reason for this discrepancy might be that different viral
strains and mammalian models were used. Transcytosis is
when virus is transported through the cell without
productively infecting them. Evidence of transcytosis in vivo
through endothelial cells and pericytes has only been
shown for Japanese encephalitis (JEV) by electron
microscopy.43 Virus could also traffic through the BBB via so
called “Trojan horse” mechanism, where virus infected
immune cells infiltrate into the brain. However, even
though virus infect different immune cells in the periphery,
more research is needed to understand the trafficking
behavior of infected cells.**

83

Alternatively, the virus may enter the brain via the blood
CSF barrier through the choroid plexus (ChP). ChP is located
in the ventricles of the brain and is composed of a
monolayer of epithelial cells that contain tight junctions.
This epithelial layer rests in a basal lamina surrounding and
enclosing a central stroma where dendritic cells, fibroblasts
and macrophages can be found. The blood endothelial cells
within the ChP central stroma is leaky, thus, the cellular
movement of molecules and cells within the CP stroma is
not restricted. Both, Zika virus and LGTV have been shown
to infect the ChP in vivo, ZIKV targets the pericytes and
LGTV targets the ciliated epithelial cells.>**** However,
these observations were made in IFNAR knock out mice and
not in WT immunocompetent mice, making these
observations difficult to translate into TBEV and human
situation. Other factors contributing to neuroinvasion in
POWV are, the presence of tick saliva,** active replication in
macrophages and prolonged viremia, as resistant mice
although with similar peak viremia as susceptible mice clear
POWV in the periphery.*®

TBEV tropism in the brain

Viral tropism in the brain is determined by several different
factors. First the cellular entry receptor is important for
binding and viral entry into cells. For TBEV* and LGTV*® only
one entry receptor has been identified, T-Cell
Immunoglobulin and Mucin Domain 1 (TIM-1), however it is
not likely to be the only one as mice and cells were still
susceptible in its absence.”” We have also seen that cellular
tropism of infected wt and IFNAR deficient mice with LGTV
is markedly different independent of base line expression of
the different brain cells,* indicating that host factors,
innate immune response and cellular crosstalk are very
important for shaping the cellular tropism in the brain.



After neuroinvasion TBEV targets mainly large neurons of
the anterior horns, medulla oblongata, pons, dentate
nucleus, Purkinje cells, and striatum in humans.” Neurons
in thalamus, cortex, and Purkinje cells in cerebellum are the
main target for TBEV (Hypr) in mice.”® In POWV lineage-1
the main infected areas are brain stem and spinal cord, and
the involvement of spinal cord ventral horn and the brain
stem might be the cause of the flaccid paralysis in the mice.
Infection can also be detected in the cortex, hippocampus
and Purkinje cells in cerebellum.’® In LGTV infected rats the
virus also infects the Purkinje cells, in addition to infection
of midbrain, hippocampus, thalamus and frontal lobe.*
LGTV infection in mice on the other hand does not target
the Purkinje cells in the cerebellum but rather excitatory
neurons in the entorhinal cortex of the cerebrum.®
Showing that the experimental systems used are very
important. The type | IFN response seem to have a major
impact on the cellular tropism in vivo. For LGTV, Lindman et
al. showed that RIPK3 is important specifically to restrict
infection of the granular cell neurons in the cerebellum.
This because it is necessary for upregulation of IFNAR
expression and thus upregulation of antiviral Interferon
stimulated genes (ISGs).”> We have shown that both the
specific cells and the areas infected with LGTV in the brain is
dependent of type | IFN response.”” In wt mice the
excitatory neurons in gray matter of the cerebrum
specifically in the entorhinal cortex and audio cortex were
infected. Whereas in the absence of IFNAR the tropism
shifted to ciliated epithelial cell of the choroid plexus in the
ventricles, meninges, and microglia in the white matter
tracts of the olfactory.”” The reasons for this dramatic shift
in cellular tropism between the mice are likely to be that
the cross talk between cells in the brain, and infiltration of
immune cells (CD8 T cells expressing IFNy) into the brain
that activates microglia in WT mice by upregulating CCR1. In
the absence of IFNAR the crosstalk between cells are
blunted, immune cells are not recruited to the brain, and
microglia, which expresses high levels of TIM-1 (Human
Protein Atlas), are unable to become activated and thus are
susceptible to infection.*?

Several in vitro studies have shown that primary astrocytes
from rat and mouse can be infected with TBEV and they
survive and produce virus over many days,>*> however, in
mice TBEV (Hypr) and LGTV is rarely detected in
astrocytes.“’SOWe have also seen that primary mouse
astrocytes cultured in vitro become very susceptible to
TBEV (Hypr, Aina and Sofjin) in the absence of IFNAR
signaling,”® however, astrocytes are not susceptible in
IFNAR knock out mice in vivo,*” indicating that viral tropism
studies should be conducted in vivo not in vitro, as cellular
tropism of TBF depends on much more than only the entry
receptor.
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Immune response to TBEV:

Type | interferon response

The type I 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.>” IFN is a large family of cytokines
where the IFNa and - 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, 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-I)-like receptors (RLRs) are in the cytosol. RNA viruses
are most likely recognized by TLR3, TLR7, TLRS, or the RLRs
(RIG-1 and melanoma differentiation-associated gene 5,
MDAS5), which senses single-stranded RNA (ssRNA) or
double-stranded RNA (dsRNA).>*®°

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 IFNB induction in the U20S
(human osteosarcoma) cell line by siRNA depletion,ﬁland as
MDAGS has been shown to be antagonized by prM of TBEV
(Far Eastern subtype) preventing its recruitment to MAVS
thus inhibiting IFN upregulation,® indicating that both are
important for sensing. Both RIG-I 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 Iigand.63 IPS-1
is important for IFNB induction after TBEV (Hypr) infection
in mouse embryonic fibroblasts (MEFs); in its absence, no
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Figure 3: Viral evasion of IFN induction
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IFNB was detected.*® In addition, mice deficient in IPS-1
succumb to LGTV and TBEV (Hypr) infection earlier. These
mice showed lower systemic levels of 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
translocate into the nucleus where it binds to the IFNf gene
promoter to initiate transcription and translation.67’58IFNB
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

85

TBEV infection.®* However, in vivo type | IFN upregulation is
not dependent on IRF3 but on IRF7 in the periphery, and
IRF7 plays an important role in the CNS to control
infection.®

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 TBEV (Far Eastern subtype) the prM was
recently identified to prevent interaction and signaling
between MDAS and MAVS.®? TBEV also employ 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 (Figure
3).61’64’73’77 Later, 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. Thus, the virus is produced and released from



the cell before IFNP can trigger an antiviral response in
neighboring cells (Figure 3).°*”Interestingly, different cell
types respond to infection in different ways with different
kinetic. Primary mouse astrocytes have a very fast type | IFN
response and secret IFNs that can protect, astrocytes and
primary cortical neurons in culture already 3 to 6 h post
infection,’® and also co-cultured neurons.”®

Type | 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 also has shown that IFNAR is
important in all cell types; hematopoietic, stroma,
neuroectodermal and cells in the periphery.34

Most steps in the viral “life” cycle are targeted by 1 or
several antiviral proteins encoded by the ISGs. Several ISGs
have been identified to have antiviral effect on TBEV the
Interferon-induced transmembrane proteins (IFITMs) 1, 2,
3, the rodent tripartite motif (TRIM) protein, TRIM79a, and
viperin (virus inhibitory protein, endoplasmic reticulum-
associated, IFN-inducible).®® Although all three IFITM
proteins are antivirally active IFITM3 is the most potent one
and can protect against virus induced cell death, and IFITM
proteins are most effective against cell free virus and not
against cell to cell virus spread.80 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  flaiviviruses; WNV and Japanese
encephalitis virus (JEV), were shown not to be restricted by
this protein.81

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 seem to depend on the specific virus. For TBEV,
viperin selectively target the positive stranded RNA
synthesis. The intracellular location to the ER via viperins N-
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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.32'83'87Viperin 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 do not directly
interact with the TBEV C protein, viperin expression induce
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 22 This
study show 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 were
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.* Looking at polymorphisms in human TBE
have identified several I1SGs associated with TBE disease for
example Interferon Induced Protein With Tetratricopeptide
Repeats 1 (IFIT1),”*2'-5"-oligoadenylate synthetase (OAS)2
and OAS3.%>%°

Even though different ISGs can potently restrict TBEV
replication if induced before infection,”®##2% |EN
treatment after infection has limited effect in vitro.”® The
reason for this is the expression of an IFN antagonist,
NS4A™ and NS5.%° TBEV NS4A blocks the phosphorylation
and dimerization of STAT1/STAT2 to reduce the type | and
type Il IFN-mediated signaling."® The NS5 protein of LGTV
interferes with the phosphorylation of Jakl and Tyk2 in
response to IFNB, which leads to failure of STAT1/2
phosphorylation and subsequent ISG expression.98’99Werme
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 IFN-
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Figure 4: Interferon 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 I1SG 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.9 7 NS5 also interferes with JAK1, TYK2, and STAT1 phosphorylation upon IFNa/B stimulation, thereby inhibiting
ISG production.”®®® Ubiquitinated NS4A binds to STAT1 and prevent STAT1/STAT2 dimerization and phosphorylation.’®

stimulated gene induction, and IFN-I-dependent viral
control (Figure 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.

Adaptive immune response against TBEV

Humoral immunity is an important component of the
immune response. As with other flaviviruses, a functional
humoral immune response is critically important in
controlling  infections.’®®  Depleting B cells  with
immunosuppressive treatment of Rituximab lead to severe
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and fatal TBE."® On the other hand, 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, in a vaccination study the
antibodies response protected against disease but did not
from neuroinvasion, as viral RNA was detected in the CNS.>°
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.'®

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.

For more details about the interplay between TBEV and the
humoral immune response, cellular immune response, and
different innate immune cells please visit Chapter 7
Immunology of TBEV infection by Zens and Ackermann-
Gdaumann.

Tools to study pathogenesis:

Overview of relevant animal models

Animal models are pivotal in comprehending the
pathogenesis, transmission dynamics, and potential
interventions for tick-borne encephalitis virus infection. An
optimal animal model should closely emulate the human
condition in terms of disease symptoms and underlying
mechanisms. Tick-borne viruses exhibit minimal host
specificity due to ticks' feeding habits, which vary as they
mature and can encompass hosts of various sizes or species
without preference. Humans typically become infected
incidentally when ticks venture beyond their natural
habitats or human ventures into the habitat of ticks. The
diverse array of hosts that ticks can feed on renders many
tick-borne viruses amenable to investigation using
laboratory animals.

Both large and small animal models have been utilized to
explore the fundamental aspects of TBEV infection, disease
progression, and neuropathogenesis. Early investigations in
sheep resulted in a better understanding of the differential
neurovirulence and pathogenesis of TBEV.'” Several
species of non-human primates, such as Macaca mulatta
(rhesus macaques), Cercopithecus aethiops (African Green
monkeys), Macaca fascicularis (Crab-eating macaques),
Macaca cynomolgus, and Macaca sylvanus, have been
employed to study TBE neuropathogenesis. Though non-
human primate models do not mimic human clinical
outcomes, they are a good model to understand TBEV
infections and to evaluate vaccine efficacy.''%*"

Small mammals such as Syrian golden hamsters,"* moles'"®
have been used to understand TBEV pathogenesis and
disease progression. However, they show reduced
susceptibility. Laboratory mice such as ICR, C57BL/6 or
BALB/c mice serve as a promising animal model for
advancing research into the mechanisms underlying tick-
borne virus infections and their pathogenesis.zz,ne'120 Due
to their closer phylogenetic relationship with humans and
notable genomic similarities, especially evident in knock-out
mice, where specific genes are deleted to elucidate
mammalian genetic factors in infection and disease
progression, they offer valuable insights.”>™° Mice are
susceptible to TBEV isolates, resulting in fever and
neurological symptoms resembling human encephalitis.
Histological examination of infected mice has unveiled
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substantial brain inflammation and damage, aligning with
clinical manifestations observed in human cases,'*®*711120

Kurhade et al. (2018) used C57BL/6 mice to characterize the
pathogenesis of TBEV isolated from 2 different transmission
foci.”> The investigators compared the neuroinvasiveness,
neurovirulence, and immune response of two European
strains (HB171/11 from Germany and Toro-2003 from
Sweden) in mice, uncovering distinct differences that
enhance our understanding of TBEV pathogenesis. The
HB171/11 is low virulent tick isolate from a focus where TBE
patients only show gastrointestinal and constitutional
symptoms.’* The Tor-2003 strain is an infectious clone
from an island where 32 neurological TBE cases*** occured.
The strain HB171/11 was found to be a low virulent
phenotype with low or delayed neuroinvasiveness, and the
Toro-2003 strain was found to be highly pathogenic.?

In addition, mice have also been used to investigate viral
genetic determinants of infection and pathogenesis, and E
protein, NS2B, NS3, NS5 protein, and the variable region of
the 3’ untranslated region have been shown to be
important for determining pathogenicity in mice, 18122127
However, more studies are needed to fully understand the
reason for the different clinical outcomes. Some strains of
TBEV and POWV have been suggested to become persistent
or chronic however, the mechanism is not clear, but it is
interesting that in experimental models of TBEV and related
viruses, the virus RNA is found in the brain of rodents'?®13?
and in non-human primatesllo’“3’l33’l34for a long time even
in the absence of severe disease in the acute phase,
although it is not clear if the virus RNA is infectious.

The variety of animal models utilized in research on TBEV
underscores the comprehensive strategy needed to grasp
and fight this virus, with mice being pivotal in revealing the
mechanisms of infection and the progression of the disease.

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 complementary 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
bacteria.”*’

sequences in

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,142 and the
importance 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.mThe 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.“"’”sAt 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)." 8 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
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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.”* To investigate this further a long poly(A) Toro-
38A and a TBEV Tor6 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."”?

Ongoing challenges and areas for future
investigation

Important advances in the identification of molecular and
cellular mechanisms of TBEV-induced pathogenesis have
been made in recent years. Skin is the interface between a
feeding TBEV-infected tick and a host; consequently, the
cutaneous immune cells likely play a crucial role in virus
transmission. In the earliest stages of TBEV-infected tick
feeding, a complex, inflammatory micro-environment exists
in the mammalian host’s skin, with increased recruitment,
migration, and accumulation of Langerhans cells,
mononuclear phagocytes, and neutrophils. The dynamic
secretion of tick salivary factors at the infected tick feeding

foci modulates the cutaneous micro-environment to
facilitate TBEV  transmission, establishment, and
dissemination from the skin to the terminal organs.

However, many unanswered questions remain about the
function of immune cells at the feeding site of a TBFV-
infected tick. Modern single-cell and spatial transcriptomics
techniques will allow us to investigate these early
transmission events. They will enable us to understand
immune processes at a single-cell level. In addition, gaps
exist in our current understanding of the dissemination of
viruses from the skin to the central nervous system. A
better understanding of the virus transmission,
establishment, neuroinvasion, dissemination and cellular
tropism within the brain will allow us to develop novel
countermeasures to prevent TBEV transmission, treat TBEV
infections, and reduce disease burden. The interactions
between the virus and the innate and adaptive immune
response are not fully understood. The use of reverse
genetics, specific knock out mouse models, new
technologies like whole brain imaging, single cell
sequencing and spatial transcriptomics will greatly advance
our understanding of TBEV pathogenesis in the future.
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Chapter 7

Immunology of TBEV infection

Kyra D. Zens and Rahel Ackermann-Gaumann

Key points

e The host immune response to Tickborne Encephalitis Virus (TBEV) infection involves the coordination of multiple immune subsets at

several distinct tissue sites over time.

e Contributions from both early innate and later adaptive immune responses are critical in controlling TBEV infection.

e Early innate immune responses are driven by Type | interferon-mediated signaling and are dominated by neutrophils and natural killer

cells.

o Antibody-mediated humoral responses and T cell-mediated cellular immune responses both contribute to adaptive immune control of

TBEV infection.

e The mechanisms of Central Nervous System (CNS) pathogenesis during Tickborne Encephalitis (TBE) remain unclear but may involve a

combination of direct viral cytopathic effects and immune-mediated damage.

e Animproved understanding of host immune responses during TBE could aid in the development of improved therapies.

Introduction

Tick-borne Encephalitis (TBE) is a severe, vaccine-
preventable disease of the Central Nervous System (CNS)
caused by the tick-borne encephalitis virus (TBEV). The virus
is primarily transmitted to humans through the bite of
infected Ixodid ticks, though an estimated 1% of cases occur
via alimentary transmission™? and rare cases of transmission
through organ or blood donation have been documented
>4 An estimated 70% of TBEV exposures are asymptomatic
>7. The remaining 30% of individuals experience a brief,
asymptomatic incubation phase™*?, followed by a period of
viremia accompanied by febrile, influenza-like illness. While
most individuals recover without further symptoms,
approximately 30% progress to a second phase of illness
characterized by CNS involvement>®°.  While some
individuals transition directly from the first systemic phase
to the second CNS phase, referred to as “monophasic”
disease, most experience a short symptom-free interval of
approximately 1 week between these two phases, which is
referred to as “biphasic” disease. Factors driving a
monophasic versus biphasic disease course are not
completely clear. Data clearly linking viral subtype to clinical
disease course are lacking, though it is believed that
monophasic disease, as well as a more severe disease
course, are more common after infection with the Siberian
(TBEV-Sib) and Far Eastern (TBEV-FE) viral subtypes
compared to the European (TBEV-Eu) subtype (reviewed in
1'10). Differences in virulence factors responsible for distinct
pathologies between viral subtypes, however, have yet to
be described and confounding factors, such as age, chronic
conditions, or possibly even regional differences in medical
practices could play further roles.

The immune responses which protect individuals against
disease represent a complex interplay between many
distinct cell types at various times and over different
locations. Innate immunity comprises the “first line”
defenses following pathogen exposure, acting broadly
within the first hours to days following infection to protect
against invaders. TBEV belongs to the genus Orthoflavivirus,
which also includes the clinically-relevant, arthropod-borne
viruses Dengue, West Nile, Yellow Fever, Japanese
Encephalitis, and Zika®*'* and early immune responses to
TBEV infection share many features with these viruses™.
Adaptive immune responses, comprised by both humoral
(i.e. antibody), and cell-mediated (i.e. T cell) responses, take
more time to be established, on the order of days to weeks,
as they require the initial activation of the innate immune
system. Adaptive immunity, however, provides highly-
specific protection against invading pathogens, and further
offers immune memory — a subset of cells which are
maintained long-term (up to decades), and provide rapid
protection upon later re-exposure to the same pathogen.

In this chapter, we summarize the early innate and adaptive
immune responses to TBEV infection as well as discuss
potential mediators of long-term immune memory
protective against later viral reinfection.

TBEV transmission and early local innate
immune responses

Skin is perhaps the most important immune organ in that it
acts as an initial physical barrier to many infectious
organisms. The skin further contains many specialized
immune cells, including resident dendritic cell (DC) subsets,
natural killer (NK) cells, and T cell subsets, among others
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Figure 1: Innate and adaptive immune cells known to be involved in TBE disease
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The localization and function of innate and adaptive immune cell subsets described in the context of TBEV infection and TBE disease. DCs
are thought to be involved in the initial trafficking of TBEV to the draining lymph nodes following infection. Their major role is in the
initiation of later adaptive immune responses. NK cells can be found in the cerebral spinal fluid (CSF) of CNS disease patients and NK cells
detected in the blood have an activated (CD57+ CD56dim) phenotype, but lower degranulation and expression of perforin and granzyme B
suggesting reduced functionality. Neutrophils are likely among the first cell types at the site of infection and can be infected by TBEV. In
CNS disease patients they are present in the CSF and may positively correlate with disease severity. B cells are a key mediator of the
adaptive immune response to TBEV as the are responsible for antibody production. Initially IgM is produced, followed by IgG. T cell
responses are CD8-biased, though CD4+ T cells are important in providing the B cell help necessary for antibody production.

(Figures 1,2). Transmission of TBEV through tick bites helps
the virus to partially circumvent skin’s role as a protective
physical barrier. Furthermore, factors present within the
tick’s saliva, including various compounds which help to
suppress local innate responses as well as the initiation of
adaptive immunity™™", further facilitate viral transmission.

The innate immune system is the first line of defense
against infection and is especially crucial for so-called
“naive” hosts that have not yet encountered a specific
pathogen and developed corresponding adaptive immune
memory. Following exposure to TBEV-infected ticks, local
skin inflammatory responses begin within 1-3 hours of

attachment™®™®. Pathogen recognition by the innate
immune system depends on the host's expression of
pattern recognition receptors (PRRs), which identify

conserved moieties expressed by invading microorganisms.
Toll-Like Receptors (TLRs) and Retinoic Acid-Inducible Gene
I (RIG-I)-Like Receptors (RLRs), including RIG-I and
Melanoma Differentiation-Associated protein 5 (MDAS5), are
important in the detection of RNA viruses. Upon activation
in this context, PRRs initiate signaling cascades that activate
the Interferon (IFN) regulatory factor 3 (IRF-3) signaling

pathway, leading to the production of IFN. The role of TLR
signaling in protecting against TBEV infection is not well-
defined, although TLR-3 and possibly TLR-7, may be
involved™?°. Roles for RIG-I and MDAS5 in the innate
immune recognition of TBEV proteins, including non-
structural protein 5 (NS5) have been demonstrated”’. This
recognition leads to an early immune response dominated
by type I IFN (IFN-a and IFN-b), which seems to be the key
mediator of protection during early infection in both in vitro
and in vivo models®>*% In line with this, mice that lack the
IFN-a/B receptor (IFNAR) are unable to control TBEV
infection and studies of polymorphisms in innate immune
response genes in patients have identified variations in the
interferon-induced  antiviral  proteins oligoadenylate
synthetase 2 (OAS2) and 3 (OAS3), which may predispose
individuals to the development of clinical TBE”®. While it has
been established that differing strains of TBEV can elicit
distinct symptoms in mouse models of disease’®**the
immunological mechanisms underlying these differences
remain incompletely described, though early differences in
innate responses due to viral evasion could potentially play
an important role.
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Figure 2. TBEV transmission and initiation of host immune responses
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Following tick bite-mediated transmission of TBEV, the virus first infects local skin cells including fibroblasts and phagocytic cells. This leads
to the rapid initiation of innate immune responses resulting in the recruitment of additional immune cells to the bite site. Infected DCs are
thought to migrate to the draining lymph nodes where they begin to initiate TBEV-specific adaptive immune responses. The virus next dis-
seminates to the organs and peripheral tissues. During this primary viremia, the host experiences the first symptomatic phase of illness. As
IgM and antibody-secreting B cells can be detected in patients with biphasic illness upon hospitalization indicates that these responses likely
begin during the first phase of illness or short recovery period prior to initiation of CNS symptoms. It is not yet known at what point during
the process of viral dissemination that TBEV reaches the CNS. In individuals experiencing biphasic illness with CNS involvement, neutrophils, T
cells, NK cells and B cells can be detected in the CNS. Virus-specific T cells and activated NK cells can also be found in peripheral blood. T cell
responses, which are strongly CD8-biased, are detected in the blood and peak approximately 1 week after CNS symptom onset. Both anti-
TBEV IgM and IgG antibodies are detected in serum during the second phase of TBE. IgM responses peak and begin to transition to IgG re-
sponses, which dominate during convalescence. While this figures depicts what is currently known for TBEV infection and the iitiation of
immune responses during TBE disease, the complete mechanism for this process remains to be understood.

Local dendritic cell (DC) responses

DCs represent a group of cells with a range of functions
including acting as a major source of type | IFN during viral
infection and playing critical roles in antigen presentation
and the activation of adaptive immune responses (Figures
2,3). DCs are often described as the interface between the
innate and adaptive immune systems. After TBEV is
transmitted, skin-localized DCs are among the first cell types
to be infected and they likely play an important role in viral
trafficking. In addition, infection of DCs in vitro with Langat
virus (LGTV), an attenuated member of the TBE serogroup,
has been shown to inhibit type | IFN signaling and reduce IL-
12 production — an activator of type 1 adaptive immune
responses which are crucial in controlling viral infections™.

Inhibition of DC type | IFN signaling by the virus, therefore,
acts as an important host evasion mechanism and helps to
suppress the ensuing immune response. Interestingly,
infection of DCs with distinct TBEV strains in vitro has been
demonstrated to result in distinct functional capacities, also
impacting later activation of CD4+ T cells®. In addition,
higher viral infectious doses in mice result in delayed DC
activation and IFN production, and may impact viral spread
to the CNS™.
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1) TBEV is transmitted by the bite of an infected tick. 2) The virus infects dendritic cells (DCs) within the kin which traffic to the draining
lymph node where the virus replicates further. 3) Presentation of TBEV-derived antigens by infected DCs results in the activation of adap-
tive immune responses; these take, however weeks to fully develop. 4) The virus is able to spread from the draining lymph node into the
blood; during this primary viremia, the host experiences the first symptomatic phase of illness. 5) During primary viremia the virus seeds
peripheral organs and replicates further within the tissues. This leads to 6) a second period of virema during which the virus is able to 7)
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Primary viremia and seeding of peripheral
tissues

In the absence of early immune control within the skin,
TBEV next traffics to the draining lymph nodes (Figures 1,
2). This process is not completely understood, but likely
occurs during the asymptomatic incubation phase with the
migration of virally-infected phagocytes or DCs from the
skin playing an important role’®. Once within the lymph
nodes, the virus replicates and eventually seeds peripheral
organs (Figures 1, 2). During this viral expansion the host
experiences a period of systemic viremia"**?"%, which
corresponds to the first symptomatic phase of disease. An
estimated 70% of individuals control the infection at this
stage, though the mechanisms of this control are not clear.
Work in @ mouse LGTV model has demonstrated a critical
role for the type-l IFN response in limiting initial viral
replication and systemic spread®. This is likely important in
the context of TBEV infection as well and suggests a key role
for innate immunity in not only early local, but also early
systemic immune control of TBEV infection. This is
supported by the fact that, due to delayed initiation of
adaptive immunity, antibody and T cell responses are
absent in the first weeks after pathogen encounter in
“naive” hosts and would, therefore, not be expected to
contribute to protection.

Secondary viremia and CNS disease

As described, the remaining 30% of individuals unable to
control TBEV during the early local and systemic stages of
infection progress to disease which includes CNS
involvement. TBEV is neurotropic — preferentially infecting
cells of the nervous system. TBEV replication, for example,
has been shown to be 10,000-fold higher in human
neuronal cells compared to epithelial cells*®. The ability of
the virus to cross the blood brain barrier and invade the
CNS is the root cause of clinical disease (Figures 1, 2). In
some cases, this progression can directly follow the initial
febrile, influenza-like illness (monophasic disease), though
most individuals experience a short symptom-free interval
prior to CNS disease progression (biphasic disease). In a
biphasic disease course, CNS symptoms may occur
anywhere from 4 days up to more than 60 days after viral
exposure™™®. Differences in immune control between
monophasic and biphasic illness are not well-defined but
may also be driven by differences in early innate control
rather than differences in later adaptive responses. A recent
study comparing monophasic and biphasic disease found
that patients with a biphasic disease course were younger
and had fewer comorbidities. Levels of proinflammatory
cytokines in the CSF were also lower in a biphasic course
suggesting less severe disease’. In either case, the route by
which CNS seeding occurs is not well understood, though
breakdown of the blood brain barrier (BBB) does not appear
to be necessary for TBEV entry into the brain***and the
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virus is no longer present in the blood once CNS
involvement is clinically apparent. However, a recent study
demonstrating TBEV  transmission following organ
transplantation brings into question whether the virus may
persist in the peripheral tissues for prolonged periods
following infection, perhaps even when no longer
detectable in the blood>.

Much of what is known about immune responses to TBEV in
humans has been studied during the CNS phase of disease
as patients generally present to the clinic only after
neurological symptoms have begun. Several studies have
evaluated serum cytokine responses in these patients and
factors including Chemokine (C-C-motif) Ligand (CCL)5,
CCL7, Chemokine (C-X-C-motif) Ligand (CXCL)10, CXCL11,
CXCL13, Interferon (IFN)-y, Interleukin (IL)-1 a, IL-6, IL-15, IL-
18, and Tumor Necrosis Factor (TNF)-a have been found to
be upregulated, among others**°. A “TBE-specific” cytokine
profile, however, which could be useful for diagnostic
purposes, has not been defined. Importantly, the entry of
immune cells into the brain, which may contribute to
immunopathology observed during severe infection in
animal studies®®, relies on cytokine-mediated trafficking. In
TBE patients, increased levels of CCL5** and CXCL10***in
the cerebral spinal fluid (CSF) may be involved in T cell
recruitment into the brain during disease through CCR5%*
and CXCR3-mediated®” trafficking. Similarly, levels of
CXCL10 are increased in the sera and brains of mice during
TBEV infection*’. Strong cytokine responses in the brain,
coupled with very low neutralizing antibody responses,
have been linked to enhanced disease and death®.
Interestingly, polymorphisms in CCR5, which is an important
driver of leukocyte migration, have been implicated in TBE
disease susceptibility and severity™.

Natural killer (NK) cell responses during
CNS disease

NK cells (Figure 3) are a subset of cytotoxic innate
lymphocytes which play important roles in eliminating
virally-infected and tumor cells. While not much is known
about the role of NK cells in TBE prior to the development
of CNS disease, NK cell-associated cytokines, including IL-12,
IL-15, IL-18, IFN-y, and TNF-a are upregulated in patient
sera® and NK cells can further be detected in the CSF;
indicating their migration to the CNS™. Interestingly, while
NK cells detected in the peripheral blood of patients have
an activated (CD57+ CD56dim) phenotype™®, they appear to
be poorly functional, possibly indicating limited protective
capacities“. Thus, clear roles for NK cells in the context of
TBE have not yet been defined, particularly during mild
disease where their function may be distinct from that
observed in severe disease.



Neutrophil responses during CNS disease

Neutrophils are a critical phagocytic cell subset during the
early immune response to viral infections and are major
producers of inflammatory cytokines. In tick feeding
experiments, neutrophils are attracted to the bite site and
can also be infected with TBEV*. Like NK cell responses,
however, little is known about their role in protection prior
to CNS disease. One study found that neutrophils are
universally present in the CSF of TBE patients, and, that IL-8,
a neutrophil chemoattractant, is the most abundant CSF
cytokine®™. In the same study, neutrophil counts positively
correlated with disease severity in patients and their
continued detection in CSF samples into convalescence was
associated with neurologic sequelae™. Supporting this,
work in a mouse LGTV model demonstrated increased
neutrophil migration into the CNS, and, further, that
depletion of neutrophils reduced viral loads, decreased
immunopathology, and improved survival*®. Together these
findings suggest that neutrophils may play a role in
immunopathology, at least in the context of severe TBE,
making them a potential immunotherapeutic target.

Cellular immune

infection

responses to TBEV

Cellular immunity forms one arm of the so-called “adaptive”
immune system (Figure 3). A key feature of adaptive
immune responses is the ability to form immune memory
following primary pathogen exposure, which is able to
provide rapid protective responses upon later pathogen re-
encounter. Cellular immunity relies primarily on T cell-
mediated immune responses. While T cell responses during
TBEV infection are less studied and less understood than
humoral responses, T cells seem to play an important role
in protection. As with early innate immune responses, a
major issue in our understanding of cellular immunity
during TBEV infection is that most studies are conducted in
patients with relatively severe disease, and late during the
disease course — namely after CNS involvement. As a
consequence, our understanding of what constitutes “ideal”
protective immunity is limited.

CD4+ T cells

Cytokine production is arguably the most important
function of CD4+ T cells during antiviral immune responses.
These cells are also essential in providing the help necessary
for B cells to effectively produce antibodies. Like other
orthoflaviviruses, the TBEV genome encodes seven non-
structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and
NS5"*'), and three structural proteins (capsid (C), two
membrane-associated proteins; precursor of membrane/
membrane (prM/M), and envelope (E)**"). These
structural proteins appear to be the major targets of CD4+ T
cell responses during TBEV infection””*®. In clinical TBE
cases, T cell activation has been observed to peak

Chapter 7: Immunology of TBEV infection

approximately one week after hospitalization, indicating
that primary T cell responses are delayed until the CNS
phase of illness, at least in severe disease”*°. Whether this
is the case in mild infections is not clear.

The majority of CD4+ T cells observed during TBEV infection
are polyfunctional, producing mainly IL-2, TNF-a, and IFN-y;
the major cytokines of type 1 immune responses (Figure 3)
47,50 IFN-y-mediated responses, in particular, are known to
be important in the control of viral infections and are often
also associated with direct antiviral effector functions in
CD4+ T cells. CD4+ T cells appear to have a moderate
activation phenotype during TBE infection, suggesting that
they may play a less important role in direct viral clearance,
but also, may have less immunopathogenic potential, than,
for example, CD8+ T cells’’. In line with their potential
protective roles, adoptive transfer of CD4+ T cells has been
shown to protect against lethal disease in TBEV-infected
Severe Combined Immunodeficiency (SCID; no T or B cells)
mice®.

CD8+ T cells

CD8+ T cells, also known as cytotoxic T cells, play crucial
roles in viral infection through their ability to identify and
destroy infected host cells, thereby limiting viral replication
and spread (Figure 3). In contrast to CD4+ T cells, which
appear to target TBEV structural proteins during infection,
the CD8+ T cell response appears primarily to target NS
proteins; among 6 CD8+ T cell epitopes identified in one
study, all were derived from NS proteinssz. In TBE patients,
peak T cell responses are observed approximately 1 week
following hospitalization with CD8+ T cell activation
substantially increased compared to CD4+ T cells, indicating
that responses tend to be CD8-dominated®. These CD8+ T
cells further displayed an effector phenotype (CD45RA-
CCR7) ***?, and had a highly-activated Eomes+Ki67+T-bet+
transcriptional proﬁle51. As patients became convalescent,
virus-specific CD8+ T cells transitioned to an Eomes-Ki67-T-
bet+ phenotype51, consistent with a type 1 effector memory
(TEM) population.

While immune responses during acute CNS disease are CD8-
dominated (Figure 2), the role of these CD8+ T cells in
immunopathology versus protection during TBE disease is
unclear. Results in animal studies have also been mixed.
CCR5-deficient animals experienced a temporal lag in
lymphocyte migration into the CNS during LGTV infection
which resulted in increased mortality. This was, however,
alleviated by adoptive transfer of wildtype (but not CCR5-
deficient) T cells, demonstrating the importance to T cell
responses in protection from lethal infection. In contrast,
survival following lethal TBEV infection in SCID and CD8-
knockout mice was increased compared to wildtype or mice
with adoptively transferred CD8+ T cells, demonstrating
that CD8+ T cells can also contribute to lethal infection®.
Similarly, CD8+ T cell infiltrates are commonly found in the
post-mortem brains of fatal TBE cases™ ™", and a separate



study found that, in severely infected patients, nearly all
virus-specific CD8+ T cells expressed a4 and bl integrins
(VLA-4), which are important in lymphocyte homing and can
mediate trafficking across the BBB>>. However, breakdown
of the BBB during infection in mice was observed in both
wildtype and CD8-knockout animals, indicating that CD8+ T
cells themselves are not responsible for BBB permeability
during disease®. Interestingly, in @ mouse model of TBEV
infection, TCR CDR3 gene usage differed between lethally
and non-lethally infected mice, although no differences in T-
cell activation markers or apoptosis-related genes were
observed, suggesting that disease severity may be related
to antigen specificity, rather than simply the number or
activation level of brain-infiltrating T cells®*. While the
mechanism by which TBEV causes CNS destruction remains
unclear, a combination of both direct neuronal damage by
the virus and indirect damage caused by the immune
response may be involved.

Humoral immune

infection

responses in TBEV

Humoral immunity, mediated by antibodies produced by B
cells, is the arm of the adaptive immune response which
acts to neutralize and eliminate extracellular microbes and
microbial toxins. The humoral immune response plays a
critical role in protecting the host from viral infections with
antibodies neutralizing virus binding and entry to host cells,
as well as coating viral particles to induce their uptake and
destruction by phagocytic immune cells; a process termed
opsonization. The long-term maintenance of memory B cells
enables the immune system to respond more quickly and
effectively upon reinfection as these cells rapidly
differentiate into antibody-producing plasma cells when
they encounter the same pathogen again; in the case of
TBEV, helping to eliminate the virus before it can cause
widespread infection and disease. Humoral immunity likely
plays a crucial role in preventing TBE by generating
antibodies that specifically target TBEV. These antibodies
neutralize the virus and prevent its spread, helping to limit
infection severity and, also, by providing long-term
immunity against future viral exposure (Figure 3).

B cells

In contrast to T cells, which, as discussed, peak in their
response approximately 1 week post-symptomatic CNS
disease, TBEV-specific humoral responses are observed
even earlier on during infection (Figure 1). Among TBE
patients, activated antibody-producing B cells are already
detected at the time of hospital admission. Furthermore,
these cells do not appear to expand at this point in time,
indicating that these responses are likely initiated prior to
CNS-symptomatic disease, perhaps following initial viremia
during the asymptomatic interval before CNS symptoms
appear”’. Similarly, in the same study, all patients presented
with detectable TBEV-specific IgM and IgG antibodies upon
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admission which were maintained into convalescence®’. In
comparing immune responses in the peripheral blood and
CNS during TBEV infection, several studies have suggested
that type 1 cellular immune responses tend to be higher in
the CSF******8 while Th17-type responses, dominated by
follicular helper T cells which provide help to antibody-
producing B cells, and B cell responses are more
pronounced in the blood*******%. Together, these findings
indicate that B cells and antibody-mediated responses are
likely important in controlling the viremic stages of infection
where TBEV may spread and seed several peripheral
tissues.

Antibody responses

The dynamics of antibody responses following TBEV
infection and primary vaccination have been well reviewed
>1%3nd humoral immunity is better understood than cellular
immunity. While anti-TBEV antibodies are not yet present
during the initial viremic phase of TBEV infection®’*%, both
IgM, and later on IgG, can be detected in serum during the
CNS phase of illness™ consistent with a limited contribution
of adaptive immunity in the early immune control of TBEV
during the initial viremic stage of infection. Serum IgM
begins to rise within the first six days of CNS symptoms,
drops again within six weeks, but remains detectable for
several months after infection®®. In contrast, serum IgG
levels increase moderately during the CNS symptomatic
phase of disease and peak much later - approximately 6
weeks after the onset of the first neurological symptoms
105962 IgG responses, however, are durable, possibly
persisting lifelong following infection, and likely play a
major role in protection from reinfection®*®.

B cell and antibody-mediated responses seem to primarily
target the viral E and, to some extent, NS1 proteins. The E
glycoprotein mediates viral binding and entry into host cells
and is the primary target for neutralizing antibodies during
infection as well as in response to TBE vaccination®. More
than 12 distinct epitopes within E have been identified
which elicit antibodies characterized by varying degrees of
neutralization potency®. In contrast, NS-specific antibodies
do not directly neutralize virus infectivity, but likely protect
via other mechanisms 64 and several studies have shown
that NS1-specific antibodies help to protect against TBE® ™,
Assessment of anti-NS1 antibody titers may help to
distinguish between TBEV infection and previous TBE
vaccination, important during vaccine breakthrough
infections, as NS proteins are produced mainly during viral
replication’””*. Low levels of NS1-specific antibodies,
however, may also be generated in response to
vaccination””.



Antibody neutralization potential

Neutralizing antibodies are widely considered to be a key
mediator of protective immunity against TBE, and, indeed,
neutralizing titers of 1:10 or greater are considered a
surrogate measurement for the “correlate of protection”
against TBE’*””. Orthoflaviviral neutralizing antibodies have
been shown to interfere with the process of virus-induced
membrane fusion, preventing infection of target host cells’®
# Other mechanisms of action have been suggested to
include blocking the binding of the viral particles to cellular
receptors, blocking the interaction of the virion with cellular
receptors through steric hindrance, or blocking membrane
fusion inside endosomes or phagosomes within the host
cells through the cross-linking of E molecules®. Importantly,
though, orthoflavivirus neutralization appears to be a
“multiple hit” phenomenon requiring engagement by more
than a single antibody®’. It is plausible that the mechanism
of neutralization of many E-specific antibodies involves both
steps of virus entry and is modulated by the composition of
antibody populations in polyclonal sera®.

Epitopes involved in TBEV neutralization have been mapped
to each of the three viral E protein domains, to domain-
overlapping sites within a single E protein monomer, to E
protein dimer-specific sites, and to E protein sites requiring
the quaternary arrangement found only within viral
particles®®>. The dominance of antibodies to different E
domains appears to be heavily impacted by host-species-
specific, as well as virus-specific, factors. Many of the most
potent orthoflaviviral neutralizing antibodies characterized
to date recognize the upper lateral surface of domain Il of
the E protein (EDIII) that protrudes from the surface of the
virion; however these antibodies are major contributors to
the neutralizing responses observed in mice but not in
humans™ . In contrast, antibodies against domains | and I,
EDI and EDII, dominate the human immune response to
TBEV®. Due to the potent neutralizing activity of anti-EDIII
antibodies, though, vaccination or therapeutic strategies
focusing on this domain could be beneficial’®.

Cross-neutralization between
orthoflaviviruses

While available TBE vaccines designed to protect against
the TBEV-Eu subtype have been shown additionally to
protect against TBEV-Sib and TBEV-FE subtypes®™®,
antigenic similarities between orthoflaviviruses can also
lead to the generation of both species-specific, as well as
orthoflavivirus cross-reactive antibodies in response to
infection®®. For instance, a study has demonstrated that
individuals who had received vaccinations against Japanese
Encephalitis virus, Yellow Fever virus, and TBEV were able
to neutralize Louping-ill virus and to a lesser degree West
Nile virus and Dengue virus®. Similarly, TBEV neutralizing
antibodies have been shown to be broadly active against
other tick-borne orthoflaviviruses including Louping ill virus,
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Langat virus, and Omsk Hemorrhagic Fever virus’®, and the
immune response generated following TBEV vaccination
can protect against Omsk Hemorrhagic Fever virus,
Kyasanur Forest Disease virus and Alkhumra virus®®®".
However, cross-neutralizing antibodies are usually not
durable and cross-neutralization is retained only a few
months®. And while cross-neutralization might provide a
certain level of cross-protection from infection, such pre-
existing immunity to other orthoflaviviruses may also impair
or modulate the immune response to TBEV vaccination. For
instance, in a cross-sectional study examining risk factors
for seronegativity despite vaccination, individuals being
vaccinated against Yellow Fever or Japanese Encephalitis
virus were less likely to be seropositive for neutralizing
TBEV antibodies®®. Similarly, both an increase in broadly
orthoflavivirus cross-reactive antibodies and an impairment
in TBEV-neutralizing activity in individuals with previous
vaccination against Yellow Fever virus have been
demonstrated®™. Interestingly, broadly cross-reactive
antibodies are more frequently observed in individuals post
-vaccination than post-infection®. On a molecular basis,
cross-reactive antibodies are specific for a cluster of
epitopes that are partially occluded in the cage-like
assembly of E proteins at the surfaces of infectious virions
and involve—but are not restricted to—amino acids of the
highly conserved internal fusion peptide loop. The cryptic
properties of these sites can provide an explanation for the
observed low neutralizing potency of broadly cross-reactive
antibodies, despite their specificity for a functionally
important structural element in the E protein88’95'97.

Durability of protection

Following TBEV infection antibody titers remain stable at
high levels over many yearsgs’gg. Titers following infection
are also comparable between both older and younger
individuals%'gg, in contrast to vaccination where titers tend
to be inversely correlated with age. While it is thought that
IgG generated in response to infection may possibly persist
lifelong, providing continued protection from reinfection™,
a comparison of seroprevalence and average TBE incidence
rates from the 1980s through 2001 suggests that this might
not be the case'®. These results suggest that, in order to err
on the side of caution, additional booster vaccinations
should be considered, even for recovered TBE patients.
However, more evidence is necessary to better understand
the duration of immunity following TBEV infection to help
define best practices for vaccination and ensure continued
protection.

Conclusion

TBE is a complex disease which requires the host to respond
to viral infection at several distinct tissue sites over a
prolonged period of time. Despite considerable insights into
innate and adaptive immunity against TBEV infection,
numerous questions remain. Early in infection, for example,



the immune response is critically shaped by local responses
within the skin. Determining whether local trained innate
immune responses or “tissue-resident” T or B cell subsets
could protect from TBEV infection, providing rapid control
at the initial infection site before viral spread, is an
interesting area worth further exploration. Furthermore,
understanding and identifying specific cytokine expression
profiles contributing either to protection or
immunopathology, early in acute TBE disease holds
therapeutic promise. In terms of adaptive immunity, while
antibody responses have been extensively studied in TBE
disease, memory B and T cell responses may also act as
important mediators of protection. Additional research
focusing on the functions of these adaptive immune
subsets, particularly in asymptomatic and mild cases, is
crucial to defining "ideal" protective immune responses and
establishing a baseline for vaccine-mediated immunity.
Ultimately, though, a better understanding of the immune
responses involved in protection and possibly also
immunopathology of TBE can help in the development of
effective strategies for its prevention, diagnosis, and
treatment.
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Chapter 8

TBE in children
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Key points

e TBE follows a similar clinical course in children and adults, manifesting mainly as meningitis. However, a broader clinical

picture is seen in children, especially in preschool age.

e Laboratory evaluation may show elevated blood inflammatory indices, but cerebrospinal fluid analysis and ant- TBEV

serology are still crucial for establishing the TBE diagnosis.

e The case fatality in pediatric TBE is overall very low. However, severe cases also occur in the pediatric population.

e Long-term somatic sequelae occur also after childhood TBE. Yet, long-term symptoms and neurodevelopmental/cognitive

deficits are seen in 10-40% of infected children.

e Protective immunity can be effectively elicited in children by TBE vaccines as of 1 year of age.

Children, ticks, and TBE

Compared to TBE in adults, data on TBE in children is
relatively sparse. It used to be generally accepted that TBE
in childhood was rare and followed a milder course
compared to adults. However, during the past two decades,
this notion has been challenged. Various European
countries such as Sweden and Latvia have reported severe
cases and neurological sequelae after TBE also in children.

In general, the clinical picture of children with TBE is similar
to the one described in adults. In both children and adults,
TBE manifests as a neurological illness, most commonly
meningitis. However, children and adolescents as a group
tend to have milder neurological symptoms, and the
disease less frequently has severe and lethal consequences.
Children have a better long-term prognosis, compared to
adults.”® The largest multicenter study performed in
Europe, showed that meningitis is more common among
children compared to adults.* A large retrospective study
from Poland, comparing 68 pediatric to 601 adult TBE cases,
concluded that the disease was milder in children.’ In this
cohort, 97% of the cases in children were classified as
meningitis. A nationwide prospective study in Latvia
identified 40 TBEV-infected children 1-15 years of age and
90% of children had symptoms of CNS inflammation and all
were hospitalized. In this cohort, 83% of the cases in
children were classified as meningitis and 17% as
meningoencephalitis, 33% of them with a moderate clinical
course.® Another recent large cohort study from Germany,
including 66 pediatric and 515 adult cases, confirmed that
children as a group have milder disease manifestations
compared with adults.” However, the same study noted
that 56% of the children had a moderate or severe disease.

Children with TBE initially present with non-specific
symptoms such as headache, fever, malaise/fatigue and
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because of that, cases may be overlooked. This idea was
substantiated by a prospective Swedish study on children
seeking medical care for neurological complaints® and
confirmed by a Swiss case series.” Initial clinical diagnosis of
TBE in children can be challenging due to a lack of specific
symptoms. TBE can disguise as other common infectious
diseases. TBEV infection should therefore be considered in
all children with or without tick bite history presenting with
non-specific symptoms during tick activity season in
endemic countries.

Although rare, cases in newborns and children a few
months old have been published.’®™ A case from Slovakia
described TBEV transmitted via breastfeeding to an eight-
month old infant."* As concluded in the recent review
article by Parfut et al, the incidence of TBE in children
seems to peak at around nine years of age and increases
continually with age.l'ls'19 TBE in childhood naturally affects
both boys and girls, but approximately twice as many cases
are seen in boys. Boys also tend to have a more severe
disease.” %%

Tick-bites have been recalled in 48-76% of childhood TBE
cases. 81617192223 p biphasic course is reported in around
70 (20-100) % of cases.>>7#1618192425 Cacaq presenting
with only fever are rarely studied, but do exist.">*® In the
majority of reports on pediatric TBE, fever is present in
virtually all cases at diagnosis."*'®'° However, both
retrospective data from a fairly large cohort®” and
prospective data from a study with broad inclusion criteria,®
show that fever >38.5° C is not always observed in pediatric
TBE. In addition to fever, headache and vomiting have been
reported as central features of childhood TBE at rates of
approximately 90-100% and 50-90%, respectively. Self-
reported fatigue/malaise, behavioral changes, photophobia,
muscle pain, etc. are commonly reported, but occur at
varying frequencies.1'3’7’8’16'17'19'22 Meningeal signs (nausea,




vomiting, and nuchal rigidity) are prevalent findings, noted
in >80% of infected children,™*”****** put young children
have a less-pronounced clinical presentation.®

The clinical picture of pediatric TBE usually manifests as
meningitis in 63—79% of cases, meningoencephalitis in 21—
38%, and meningoencephalomyelitis in 0-4%. A study from
Latvia reported that a mild disease course was seen more
often in children than adults: 67% in 1-15 years of age and
60.5% in adults. However, none of the children had severe
disease compared to 9% of the adults6. A recent Lithuanian
study showed that milder disease manifestations were
more common in children aged 1-8 years than in those 9-17
years old.»****”?* Clinical findings in childhood TBE include
tremor, ataxia, impaired general appearance, somnolence,
lymphadenopathy, apatheia, hyperesthesia, speech
disorders, sensation disorders, and confusion/cognitive
dysfunct‘ion.1’2'5‘8'16‘17‘19'22'24 Though uncommon, some
children present with seizures, hemiparesis, paresis of the
limbs, or cranial nerve pareses.”®”?*?” The largest clinical
studies on TBE in children report median hospital stays
ranging between 5-18 days, similar numbers or slightly

shorter than what is described in the adult population.”
3,7,16,19,22,28,29

TBE without signs of CNS inflammation are not mandatorily
reported and included in official surveillance, therefore the
non-CNS TBE form is not well recognized and investigated.
In the literature this TBE clinical picture has been described
as “fever form”, “non-CNS cases of TBE” or “Febrile illness”
and is characterized by the presence of fever and
constitutional symptoms, and the absence of clinical signs
of CNS involvement at the time of illness. According to the
published data, up to 50% of symptomatic TBEV infections
manifest without CNS involvement.3%3! However, a recent
population-based study reported less frequent non-CNS TBE
cases among children than in adults, 8.7% and 18.7%,
respectively.® This may indicate higher TBE awareness in
children, especially towards excluding neurological
involvement of the disease.

Diagnosis

For TBE diagnosis, detection of TBEV-specific IgM and IgG is
required to prove TBEV infection, see ECDC criteria.>
Lumbar puncture should be performed to confirm CNS
inflammation and shows an elevated leukocyte count with
predominantly mononuclear cells* 18192224 "|ncreased CSF
protein/ albumin levels seem to be more common in adults
than in children with TBE.>>*’CRP and leukocyte counts are
often elevated, but in analogy with the adult population, no
laboratory tests can discriminate TBE from other viral
infections,”>1%19%2

Electroencephalogram (EEG) results can help confirm the
diagnosis, but are not specific for TBE. The EEG
abnormalities seen include mild to moderate, generalized,
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slowing background activity, but also sharp waves in
contrast, though seldom generalized spike wave
activity.">*1%1%2* Magnetic resonance imaging (MRI) has
been used infrequently in children with TBE. Similar to
findings in adults, the most commonly reported finding is
alterations in the thalami.>**?*** MRI changes have also
been detected in cerebellar structures, putamen, and
caudate nucleus, as well as the cortex. Of note, some
children present with a normal MRL.***’ In a review of the
spectrum of MRI findings in childhood TBE, von Stllpnagel
et al reported poor outcomes, i.e., long-term neurologic
disabilities and death, in children with MRI changes.”
However, these data were retrospective and there might be
a selection bias towards more severe cases undergoing MRI.
Nonetheless, it can be concluded that pronounced CNS
damage in pediatric TBE exists.

Short and long-term consequences of
childhood TBE

Although most cases have a favorable outcome, a large
proportion of children with TBE still have symptoms at
discharge,14’17'23which contrasts with children with some
other CNS infections.*® Engman et al. reported significantly
more days of acute illness in childhood TBE compared to
children with neuroborreliosis or other infections with CNS
symptoms. Additionally, they found a prolonged period of
convalescence and more days of sick leave in the TBE
cases.”” Reported rates of admission into intensive care
units range from 0 % to the very high 22% of TBE cases in
children.””****** Compared with adults, fatal cases of TBE
are reported only in1‘requent|y.4’21’22’38

While the occurrence of long-term neurologic and neuro-
psychological sequelae in adults after TBE infection now is
weII-estainshed,a'4 the literature is inconsistent when it
comes to the risk for long-term residua of childhood TBE.
There are also considerable methodology differences
between studies, both regarding methods and time-point
for evaluation.”

For many years, but also recently, some studies have
concluded that pediatric TBE has a more favorable
outcome.”***** However, defining the complications of
TBE is important. Only determining the gross neurologic
status and a superficial assessment of health and cognitive
functioning, leads to the conclusion that childhood TBE is
not a long-term problem for most patients. But emerging
data support the premise that pediatric TBE carries a risk of
incomplete recovery, especially in terms of well-being and
cognitive functions.

One of the first studies addressing the issue of incomplete
neurocognitive recovery was published in 2005 by Schmolck
et al. Over a mean of 3.2 years (range 6 months—11 years)
after acute TBE illness, 19 pediatric subjects were evaluated



in comparison with healthy controls. Children who had
suffered from TBE displayed lower scores in a structured
neurologic examination and had significantly impaired
attention and psycho-motor speed. Additionally, only 1/14
children in the TBE group had a normal EEG during
hospitalization, whereas the remaining children were found
to display pathological symptoms (mainly background
slowing) without clinical disease. At follow-up, 8/19 EEGs
were normal.?* Later, in a Swiss study, researchers
concluded that permanent residua (i.e., severe mental and
physical handicap) after pediatric TBE were rare (1 child out
of 55, approximately 2%), but no specific assessment of
cognitive functions was performed."’

By administering validated questionnaires, Fowler et al.
showed that 4 out of 6 children had residual symptoms, not
always obvious, several years after TBE was diagnosed.*
The occurrence of residual symptoms was later confirmed
by Engman et al. Pediatric TBE patients, recruited from a
previous prospective study, followed up 1 year after their

acute disease, reported significantly more fatigue,
headache, and irritability than did children after
neuroborreliosis or control subjects. Additionally, the

children were screened for neuro-developmental problems
(e.g., executive functions, memory, motor skills, behavior,
etc.) using a validated questionnaire. Children in the TBE
group had significantly more difficulties (5 out of 7), mainly
with memory, executive function, and perception.’’

In a larger study by Fowler et al., the findings of residual
symptoms and neurodevelopmental/cognitive problems in
childhood TBE were consolidated. Of note, the severity of
the acute phase of disease did not influence the risk of long-
term disease burden. More than three residual symptoms
(e.g., headache, fatigue, memory problems, irritability,
concentration problems, etc.) were seen in approximately
70% of the children at follow-up on average 4.2 years after
the acute disease. Clinically significant problems with
executive functioning were noted in approximately 40% of
the children. Additionally, a significant decrease in working
memory index, but not global 1Q, was seen using the
Wechsler Intelligence Scale for Children-IV.*

Prominent deficits in working memory capacity and
increased task-related functional MRI signal in working
memory-related cortical areas during working memory
testing have been shown in pediatric patients after TBE.
These functional MRI abnormalities suggest diffuse
neuronal damage behind the development of
neurodevelopmental/cognitive problems seen in childhood
TBE.*

Krbkova et al. also described cognitive problems (memory
problems and lowered school grades) at follow-up in a large
study; however, they found such deficits to a somewhat
lower extent (11%)."° Fatigue is a common residual
symptom after TBE. A recent Swiss review on sleep-related
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symptoms concluded that 73,9% of children suffer from
fatigue at long-term follow up (212 months) after TBE,*" and
sleep disorders have also been reported after TBE in
adults.”” Using phone interviews at 18 months post TBE, a
recently published German cohort study including 59
children concluded a more favorable outcome for children
compared to adults. The most common remaining self-
reported symptom in the whole cohort consisting of both
children and adults at 18 months’ follow-up was fatigue.**

Long-term sequelae of a more somatic nature are less
frequently reported in childhood TBE. However, such cases
occur. Fritsch et al. reported severe neurologic residua
(hemiparesis and epilepsia) at a rate of 1.7% in their large
pediatric cohort’. Others have also reported on neurologic
sequelae, mainly hemiparesis, in children with TBE.'**%**
However, the frequency of paralysis and paresis in pediatric
TBE is only reported up to approximately 2%, which is lower
than the rate seen in adults.***®**3 While rare, such
neurologic residua constitute a significant handicap in those
affected, disrupting quality of life for many years. That TBE
in childhood can be associated with altered cerebral
electrophysiologic processes, i.e., pathologic EEGs and
development of epilepsia,”*"**?*** is further substantiated
by a report by Mukhin et al. Rather treatment-resistant
epilepsia partialis continua was seen in 10 Russian children
(predominantly boys) days to years after TBE. This cohort
also suffered from oculomotor dysfunction, varying degree
of paresis, dysarthria, cerebellar signs, and cognitive
dysfunction.**

To conclude, pediatric TBE carries a high risk for subjective
sequelae, which to some extent can be objectively assessed
by using structured questionnaires and interviews.'®*"*°
The early findings by Schmolck et al** that TBE in childhood
can be associated with neurodevelopmental/cognitive
difficulties have now been verified."*'**” As summarized in
a review by R. Steffen; Although larger studies may be
required to determine the incidence of these sequelae, the
individual child’s long-term disease burden cannot be
neglected.® In contrast to somatic residua and epilepsy,
which of course are rare but more easily diagnosed,
neurodevelopmental/cognitive  problems may elude
diagnosis due to young children’s difficulties in verbalizing
their problems and for their parents to recognize them.
Hence, an opportunity exists to advocate for structured
follow-up of children diagnosed with TBE so that early
actions can be taken.

TBE immunity and vaccination in children

Children, from the age of 1 year, as well as adults, can elicit
highly effective protective immunity to TBEV (i.e., response
to the viral E protein) by immunization with the two TBE
vaccines available in the EU46. These vaccines are based on
the European TBEV strains Neudo6rfl (FSME-IMMUN® Junior)



and K23 (Encepur® Children).”” The field effectiveness in
children less than 15 years of age is reported to be 97%
after immunization with either of the two vaccines;
however, it should be noted that the vaccine based on the
Neudorfl strain had a higher market share at the time of the
study (>96%)."® TBE vaccination effectiveness has also been
demonstrated by the nearly complete disappearance of TBE
in a highly endemic area with implementation of a general
vaccination program.49

Vaccination breakthroughs, although rare, occur in children.
In the multicenter study by Kohlmaier et al, 16 of the 546
patients where data could be obtained were previously
vaccinated, and 9 of these 16 patients where younger than
20 years.” Among the many publications on immunization in
children, it is important to note that the vaccines marketed
within the EU have been shown to be safe and effective in
eliciting antibody titers, that the booster interval can be
expanded, and that rapid immunization schedules have
worked well.*® Previous recommendations stated that the
primary TBE vaccination (i.e., the first 3 doses) preferably
should be accomplished with the same vaccine because of
differences in each vaccine’s immunologic properties.”?
However, more recent data suggest that the vaccines may
be interchangeable and even point out advantages with
administration of vaccine shots from the two different
brands.”*>*

Natural immunity to TBE seems to persist over time and as
children age, according to Baldovin et al., but with the
reservation that their cohort was small.>> Truly long-term
data on natural immunity (for example, follow-up of now-
older adults after TBE in childhood years) have not yet been
reported.
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Chapter 9

Tick-borne encephalitis in adults

Johann Sellner, Petra Bogovic, Joanna Zajkowska

Key points:

e Tick-borne encephalitis (TBE) is a viral infectious disease in humans that involves the nervous system.

e Frequently, there is a febrile illness phase 1-21 days before the onset of neurological and neuropsychiatric symptoms.

e The most common neurological manifestations include meningitis, encephalitis, myelitis, radiculitis, or a combination

thereof.

e Long-term sequelae are present in almost every second person with nervous system involvement in this vaccine-

preventable disease.

Introduction

Tick-borne  encephalitis (TBE) encompasses various
disorders caused by infection with the TBE virus (TBEV).
TBEV is a positive-strand RNA virus in the genus Flaviviridae,
which is primarily transmitted by infected ticks (primarily
genus Ixodes) and occasionally by consuming unpasteurized
dairy products from infected ruminants.’ Among the several
viral subtypes of TBEV, the European subtype (TBEV-Eur) is
predominantly found in Europe. Siberian (TBEV-Sib) and Far
Eastern (TBEV-FE) are additional prominent subtypes.

An overall increase in TBE cases in the European Union
(EU)/European Economic Area (EEA) was observed between
2012 and 2020, according to the European Centre for
Disease Control (ECDC).”> In 2021, there was a slight
decrease of cases compared to 2020. The drivers of the
rising incidence remain unclear.® For 2021, 22 EU/EEA
countries reported 2.949 confirmed cases, with Czechia
(n=589), Sweden (n=533), and Germany (n=417) as the front
runners. The notification rate was highest in Lithuania (13.1
cases per 100,000 population), followed by Latvia (11.7) and
Estonia (6.2). Among the confirmed cases in which
information for vaccination was available, 93.2% were not
vaccinated against TBE. There is a seasonal pattern for
occurrence. In 2021, 90% of confirmed cases occurred
between June and November in the EU/EEA, with July being
the month with the highest number of reported cases.’

The clinical manifestation of TBE depends on the virulence
of the pathogen and the immune status of the host. The
majority of the infected people remain asymptomatic or
suffer from a self-limiting febrile illness. Some patients
develop neurological and neuropsychiatric disturbances
caused by meningitis, encephalitis, myelitis, radiculitis, or
combinations  thereof.® Cases of nervous system
manifestation are more frequently reported among men
(male-to-female ratio 1.5:1) and in the age group 45-64
years.” While the mortality of acute infection with TBEV-Eu
is in the range of 0.5-2%, involvement of the nervous
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system is associated with long-term sequelae in almost
every second survivor.” Clinical course and long-term
outcome vary by TBE virus subtype, although some of the
reported differences could be related to access to medical
care or testing or methodologic biases.® Preventive
strategies include vaccination and avoiding tick bites; no
antiviral medication has been approved.

Risk factors

Ecological variables

TBE virus transmission is affected by place, time, and tick
population density. However, infection rates in TBE virus—
endemic areas are inconsistent, which impedes risk
assessments.’ People with outdoor occupations, e.g.,
farmers, forestry workers, and training in forested areas,
are at increased risk for contracting TBE. The risk for TBE
virus infection for an individual traveler is greatly affected
by their itinerary and activities. Among the ECDC cases of
2021, only 1.6% were associated with travel.” Most
infections result from tick bites acquired in forested areas
while bicycling, birdwatching, camping, fishing, hiking, or
collecting berries, flowers, or mushrooms.® In contrast, the
risk is negligible for people who remain in urban or
unforested areas and do not consume unpasteurized dairy
products.

Epidemiological data from different European countries
demonstrate that the incidence of TBE is higher in older
adults than in younger age groups. More than half of the
patients are >50 years of age.””Both a decline in adaptive
and innate immunity and changed lifestyle habits may
contribute to this observation.™ This age distribution is also
present among TBE cases in vaccinated people.11




Risk factors for severe or protracted course

The most endangered groups for severe clinical
manifestation are older adults.12'15Immunosuppression is
another risk factor for unfavorable outcomes. The case
fatality rate for TBE is higher in these patient groups.'® A
recently published cluster of TBE in organ transplant
recipients underscores the association between host
immune suppression and fatal outcomes.'” Whether
vaccination breakthrough TBE is associated with more
severe disease is a matter of investigation.' A recent study
reported that a protracted disease course was associated
with a low serum TBEV-specific 1gG antibody response at
the time of onset of the neurologic phase of the disease.™
Another factor that may result in a more severe clinical
picture of TBE is the relatively rare occurrence of co-
infection with other tick-borne pathogens like Borrelia
burgdorferi, Anaplasma phagocytopilum, Rickettsia spp. or
Listeria monocytogenes.”**

Host genetic risk factors

Clinical and epidemiological data indicate that human
susceptibility to clinical TBEV infection greatly varies
according to age and gender. Mouse models of TBE
corroborate that genetic control influences the clinical
course of TBE. In this regard, a robust neutralizing antibody
response might be crucial for preventing host fatality. In
addition, high expression of various cytokines/chemokines
during TBE can mediate immunopathology and be
associated with a more severe course of infection and
increased fatality.”” Genetic polymorphisms and immune
signatures that may predispose to TBEV infection and its
severity are covered in the following sections.

The CCRS5 plays a crucial role in leukocyte migration and
attraction. In  human immunodeficiency virus (HIV)
infections, the CCR5A32 mutation is crucial for invading CD4
cells by HIV particles with a CCR5 tropism.” In mouse
models for flaviviral infections, homozygote CCR5-deficient
(-/-) mice died in almost 100% of all infections with West
Nile virus (WNV), whereas CCR5 (-/+) heterozygote mice,
and homozygote mice with a wildtype CCR5 receptor, had a
significantly lower mortality rate.’” These observations from
animal studies could be corroborated during a WNV
outbreak by identifying the CCR5A32 mutation as a strong
predictor for a severe clinical disease course in humans.
Following the epidemiological results from WNV research, a
potential effect of the CCR5A32 mutation on TBE was
investigated. A clinical study from Lithuania analyzed the
incidence of the CCR5A32 mutation in different patient
populations and found individuals homozygous for
CCR5D32 only among patients with TBE.>* Moreover, the
CCR5D32 allele prevalence also increased with the clinical
severity of the disease. In another study by this author
group, the prevalence of CCR5A32 homozygotes was higher
in children (2.5%), in adults with severe TBE (1.9%), and in
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the combined cohort of TBE patients (2.3%) than in controls
(0%).” In a Polish study, the blood expression of CCR5
neither differed between the groups nor did it change in the
course of TBE.”® The cerebrospinal fluid (CSF) concentration
of the CCR ligand CCL5 was increased in TBE, the highest in
the most severe presentation and correlated with
pleocytosis. In another Polish study, there were
17.6% CCR5A32 heterozygotes and 1.5% homozygotes in
the TBE cohort, with no statistically significant difference
compared to the controls.”’

2'-5'-oligoadenylate synthetases (OAS) are a family of
interferon-induced enzymes that play an essential role in
mammal antiviral defense. Several polymorphisms in the
OAS genes correlated with susceptibility and severe forms
of Russian TBE.”*”’The authors of these studies also
analyzed OAS polymorphisms in different ethnic
populations of the Russian Federation.*® The studies
revealed that the frequency of these SNPs correlated with
the probability of disease after exposure to TBEV. Very low
SNP frequencies were detected in Altaians, Khakasses,
Tuvinians, and Shorians, groups with a high exposure risk
for TBEV in their native habitats. These findings implicate
that TBE risk SNPs may have served as selection factors.

A Czech study evaluated whether innate immunity genes
predispose to TBE in humans.*’ The analysis showed an
association of IFIT1 rs304478 SNP and DDX58 rs3739674
and rs17217280 SNPs and TBE in the Czech population.

The IL-28B polymorphism (rs12979860) is associated with
an improved sustained virological response upon treatment
with antivirals against Hepatitis C virus (HCV).*? Given the
close genetic relationship of flaviviral pathogens like HCV
and TBEV, the role of the IL-28B and IL-10 polymorphism
was investigated in TBEV infections.” In a study from the
Novosibirsk region of Russia, the IL-28B polymorphism
(rs8103142, rs12980275) and the IL-10 polymorphism
(rs1800872) were associated with higher risk for severe
TBE.

Dendritic cell (DC)-specific intercellular adhesion molecule
3-grabbing non-integrin (DC-SIGN) is a C-type lectin,
expressed by DCs and a subpopulation of macrophages,
involved in the detection of pathogen-associated molecular
patterns (PAMPs), cell migration, and interaction with T
lymphocytes, potentially contributing to an early response
to TBEV at the site of tick feeding and initiation of a specific
immune response.>* Findings in the context of dengue virus
and HCV infections pointed to an increased risk of dengue
hemorrhagic fever and advanced hepatic injury in hepatitis
C when there is an underlying SNP (rs4804803) located in
the promoter region of the CD209 gene.3° DCs in the skin
and gut may play an important role as antigen-presenting
cells and virus spread early in TBEV infection.®® A study from
Russia of presumably TBEV-Sib cases showed a correlation
between the presence of 2 SNPs (rs4804803, rs2287886) in
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Figure 1: Timelines of clinical manifestations of iliness caused by TBEV
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the promotor region of the CD209 gene and the severity of Febrile illness resulting from infection with TBEV is defined
the TBE disease course.* by the presence of fever and constitutional symptoms, the
absence of signs/symptoms of CNS involvement at the time
MMP-9 directly degrades extracellular matrix proteins and of actual illness, and the presence of TBEV RNA in serum
activates cytokines and chemokines to regulate tissue and/or later seroconversion to TBEV. According to the later
remodeling. In a study of Russian TBE cases, the frequency appearance (or absence) of neurologic involvement, the
of the rs17576 G allele of MMP-9 was significantly higher in febrile iliness is further sub-classified as either the initial
TBE cases with severe CNS diseases.™ phase of TBE (defined as a febrile iliness that, after a clinical
. . . improvement, is followed by neurologic involvement
Taken ’Fogether, several stuc?les d.lsclosed a potgn.t'.lal role occurring within at least a 1-month follow-up period and
for V:":\I‘IOUS gene polymorphlsms in the susceptibility an.d fulfilling criteria for TBE) or as febrile illness resulting from
§ever|ty of TBE. These ﬁn.dlngs need tf) be corroborated. In infection with TBEV in a narrow sense (abortive form of
'anpende.nt .cohortf, with approprlate contro.ls, .usmg TBE, febrile headache, summer flu, fever form) when no
unlfor.m crlterl.a for disease severity anc! characterization of signs/symptoms of CNS involvement are present at the time
the .V|rus strain, as there ;re also trials that could not of actual illness or within at a least 1-month follow-up

confirm these observations. period.®
Clinical course TBE is defined as the presence of clinical signs or symptoms
of central or peripheral nervous system involvement (.e.
Definitions of the clinical presentations and time meningitis, encephalitis, myelitis, radiculitis, or a
frames combination), with increased CSF leukocyte counts (>5 x
106 cells/L), and demonstration of a recent infection with
Infection with TBEV may be symptomatic or asymptomatic. TBEV indicated by serum specific IgM and IgG antibodies or
A symptomatic infection may manifest as a febrile illness IlgG seroconversion in paired serum samples.">*’ This
without nervous system involvement or as TBE (Figure 1).** definition partly contradicts the ECDC case definition for
TBE, which does not explicitly require CSF pleocytosis to
Asymptomatic infection with TBEV is defined as TBEV IgG diagnose TBE;* however ECDC definitions are intended for
antibody seroconversion in an asymptomatic person. epidemiological monitoring and are not necessarily optimal
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Figure 2: Scheme of clinical events and antibody evolution post TBEV infection
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for clinical use. The approximate time course of TBE is
shown in Figure 2.

Pathogenesis - clinical highlights

After the bite of an infected tick, TBEV replication occurs
locally in the subcutaneous tissue. DCs of the skin
(Langerhans cells) play an essential role since they bind with
antigens and subsequently induce an immune response by
producing proinflammatory cytokines. Langerhans cells are
the most relevant cell group for local viral replication,
transporting the virus to the regional where further
replication occurs. After release into the bloodstream from
lymph nodes, TBEV disseminates to other organs,
particularly the reticulo-endothelial system (mainly bone
marrow, spleen, and liver), where the virus continues to
multiply and maintain viremia for several days. Probably
during the second viremic phase (which clinically matches
with febrile illness without CNS involvement), the virus
reaches the brain.””**The precise mechanism of viral
passage through the blood-brain barrier is unclear but
depends on the presence of viremia. There are four
candidate routes:

i) direct axonal retrograde transport from infected

peripheral nerves;
ii) infection of highly susceptible olfactory neurons;

iii) virus entry into vascular endothelial cells of brain
capillaries, transcytosis, and release of virus into the
brain parenchyma; and

iv) diffusion of virus between capillary endothelial cells.

There is also a so-called “Trojan horse” mechanism, which
assumes that the virus is transported by infected immune
cells to the CNS.******The primary targets of TBEV infection
in CNS are neurons. Rarely, oligodendrocytes are infected.*”

The pathogenesis of asymptomatic infections in humans is
poorly defined. It seems logical that, on the one hand, the
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virus enters the body similarly to symptomatic infections
and, on the other hand, does not enter the CNS. Still, it is
not clear whether the development of the disease is
deterred or interrupted after multiplication in the lymph
nodes before or following penetration into the blood.

The characteristics of the TBEV subtype, the quantity of
virus copies, and the host immune response influence the
pathogenesis. The immune response is necessary not only
for controlling TBEV infection but is also thought essential
for the resulting clinical manifestations, but knowledge of
such responses is incomplete.*"** Immune responses during
TBEV infection are described in a separate chapter.

Presentations of tick-borne virus infection

Asymptomatic infections

Seroepidemiological studies suggest that most TBEV
infections (70%-98%) are asymptomatic; however, the
exact proportion of such cases is unknown because partly
those with mild clinical presentation may remain below the
diagnostic threshold.**°

Symptomatic infections

The time interval from a tick bite to the beginning of the
iliness is usually 7-14 days, but it may be as short as two
days and as long as four weeks. With the alimentary route
of infection, there is usually a shorter incubation period of 3
to 4 days; however, the reports are not unanimous.’®>®

Febrile illness due to TBEV infection (abortive form
of TBE, febrile headache, summer flu, fever form)

Information on febrile illness due to TBEV infection also
called the abortive form of TBE, febrile headache, summer
flu, or fever form, is limited. Clinically and serologically, the
initial phase of TBE has been postulated to match the initial
phase of TBE, except that subsequent CNS involvement
does not occur. Because clinical symptoms and signs of the




iliness are non-specific, and because, in parallel to the initial
phase of TBE, serum antibodies to TBEV are not yet
expected to have developed, the only option for diagnosis
at the time of actual illness is demonstrating the presence
of TBEV RNA in the blood. However, this approach is not
routine and might have a low diagnostic yield owing to
several other known or unknown causes of fever, even in a
highly endemic region for TBE. Therefore, the possibility
that a febrile illness results from TBEV infection is usually
tested for and established only after signs or symptoms of
CNS involvement appear, which does not happen in the
case of the fever form. In that case (and if PCR detection of
viral RNA in blood is unavailable), further clinical and
microbiologic (serologic) follow-up after improvement is
needed to establish the diagnosis.

Data on the frequency of this clinical manifestation of the
disease caused by European TBEV subtype are conflicting.
TBEV infection manifesting as febrile illness without later
CNS involvement is considered frequent®’, although not in
all reports.sz'sg'eo, but the scientific basis for such a
conclusion is unclear. According to some reports, it
represents more than half of all clinically manifested TBEV
infections.”>*® However, this is not confirmed by the results
of prospective clinical trials on the etiology of acute febrile
illness after a tick bite. In the study by Lotric-Furlan and co-
workers, among 56 patients diagnosed with TBEV infection
by the presence of TBEV RNA in blood by PCR during febrile
iliness that developed after a tick bite, in 55 (98.2%) CNS
involvement with pleocytosis later appeared.**® In
contrast, only one (1.8%) had an isolated febrile illness
without later CNS involvement. A more recent, similarly
designed study from Slovenia revealed that illness
progressed to TBE in 52/62 (84%) adult patients within 18
days after defervescence.’® In the Russian literature, this
clinical manifestation is named “fever form” and is reported
to represent up to 50% of all clinical presentations of TBEV
infections.®

The current view is that febrile illness caused by TBEV
infection most frequently presents as a moderate fever,
headache, fatigue, and other non-specific symptoms and
clinically corresponds to the initial phase of the TBE. The
fever usually resolves in a few days, and the disease does
not have long-term consequences.38’64'65 The outcome of
symptomatic TBEV infection without CNS involvement is
believed to be favorable; however, very little reliable
information on the outcome has been published.*®

Tick-borne encephalitis

In 56-87% of symptomatic patients infected with the
European subtype of TBEV, CNS inflammation is preceded
by a febrile illness, resulting in a biphasic course of the
disease.*1#19°233808689 1o initial illness (first phase of TBE),
which corresponds to viremia, presents with fever, fatigue,
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malaise, headache, and muscle and joint pain that occurs
without CNS inflammation. It usually lasts less than one
week, followed by improvement lasting several days.****”°
The hallmark of the second phase of TBE is CNS
involvement: in approximately 50% of adult patients, it
presents as meningitis, in about 40% as
meningoencephalitis, and around 10% as
meningoencephalomyelit'is.49 The frequency of different
neurological  presentations has been  somewhat
va riable'9,53,60,68,71

Some patients with TBE have no (obvious) initial phase of
the disease and present directly with central nervous
system involvement. Data on the monophasic course of the
disease are incomplete. Some studies showed that patients
with monophasic presentation of TBE have a more severe
clinical course of the disease than those with biphasic
course.'”****|n addition, some reports on patients with
severe TBE who needed intensive care management show
an unusually high proportion of those with monophasic
course (15/31, 48.4% and 21/33, 63.6%, respectively).”>”> A
direct comparison of the clinical presentation and
laboratory findings in 705 adult TBE patients, of whom 283
had monophasic and 422 had biphasic course, revealed that
patients with the monophasic course were significantly
older (Figure 3xy), more often vaccinated against TBE (7.4%
vs. 0.9%), more often had comorbidities (52% vs. 37%), and
were more often treated in the intensive care unit (12.4%
vs. 5.2%). However, the long-term outcome 2—7 years after
TBE was comparable”

Case fatality rate in TBE caused by the European subtype of
TBEV is 0.5-2% and generally increases with age.**”°

TBE caused by Far-Eastern TBEV subtype has been
characterized with more severe disease and a case fatality
rate of up to 40%, while in TBE caused by Siberian virus
subtype the reported case fatality rate is 2-3%, and cases of
chronic and progressive forms have been described.*®’%7>7

The initial phase of tick-borne encephalitis

Information on the initial phase of TBE is limited.
Characterization of 98 adult patients who had TBEV RNA in
their blood but no CNS involvement at the time of
evaluation revealed that incubation (time from tick bite to
onset of the illness) was six days, median duration of illness
was seven days, and that 37 (38%) patients were
hospitalized for a median three days. The most frequent
findings were malaise or fatigue (98%), fever (97%),
headache (86%), and myalgia (54%), followed by arthralgia
(43%), gastrointestinal symptoms (46%; abdominal pain 2%,
nausea/vomiting 38%, loose stools 16%), respiratory
symptoms (18%; sore throat 11%, cough 10%) and chills
(19%). Typical laboratory findings were leukopenia (88%),
thrombocytopenia (59%), and abnormal liver function test
results (63%). At the time of positive PCR findings, 0/98



patients had serum IgG TBEV and seven serum IgM TBEV; all
patients later seroconverted. Viral RNA load was higher in
hospitalized patients with more severe illness than in those
who did not need hospitalization but did not differ
substantially according to age, sex, duration of illness
before testing, or total duration of the actual febrile illness,
or for patients with undetectable viral IgM in serum
samples when compared with patients in whom antibodies
were detectable. Illness progressed to TBE in 84% within 18
days after defervescence.*® Clinical and laboratory findings
in patients with TBEV febrile illness do not distinguish
between patients in whom TBE later develops and those in
whom it does not.

Clinical spectrum of neurological manifestations

Meningitis is characterized by fever, headache, nausea,
vomiting, and meningeal signs. These symptoms and signs
are present in most patients but not all. In a study
encompassing 448 adult patients with TBE from Slovenia,
almost all reported headaches and had fever, more than
50% suffered from nausea and/or vomiting, and 70% had
clearly expressed meningeal signs.®®

Encephalitis may manifest by a variety of neurological
symptoms and signs, most often with tremor (especially of
the fingers of the upper extremities and tongue),
sometimes with nystagmus, speech disorder, ataxia, and
movement disorders, occasionally with seizures, and rarely
with brain stem symptoms and/or cranial nerve
abnormalities. Impaired consciousness, ranging from mild
to severe, concentration disturbances, and cognitive
function disturbances are rather frequent; amnesia,
behavioral changes, psychosis, and delirium may also occur.

Myelitis manifests with flaccid paralyses that are
occasionally preceded by severe pain in the affected muscle
groups. The involvement is usually asymmetrical. Most
often, the extremities are affected, more frequently the
upper than the lower limbs, and more often the proximal
segments of the extremities than the distal ones. Patients
with pareses of respiratory muscles usually require artificial
ventilatory support.*3%°%53€

Radiculitis is a rare manifestation of TBE.”” In patients with
TBE who have radiculitis it is reasonable to look for
concomitant Borrelia infection.

Other manifestations in the acute phase of tick-
borne encephalitis

Involvement of cranial nerves. Involvement of cranial nerves
is rare (usually in less than 5% of patients), mainly
asymmetrical, often associated with severe acute illness,
and usually has a favorable outcome. Ocular, facial, and
pharyngeal muscles are most often affected, but hearing
and vestibular defects are also encountered.*”****®° |n a
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series of 1218 adult patients diagnosed with TBE at a single
center, 11 (0.9%) developed peripheral facial palsy (two
bilateral, nine unilateral); however, 3 out of 11 patients had
associated borrelial infection. The latter finding suggests
that in patients who develop peripheral facial palsy in the
course of TBE, and who had been exposed to ticks in the
region where both TBE and Lyme borreliosis are endemic,
coexistent infection with Lyme borreliosis has to be taken
into account.”®

Autonomic nervous system disorders.””* Occasionally,

autonomic nervous system disorders occur in patients with
TBE. These include cardiac and enteric nervous system
disturbances.

Encephalitis with normal CSF cell count

There are a few on a serologically confirmed TBEV infection
in TBE but without CSF pleocytosis.®** This disagrees with
the large series of serologically proven TBE patients in
which CSF pleocytosis was found in all cases.”**** However,
the latter findings might result from a selection bias
because CSF pleocytosis was one of the essential inclusion
criteria for the diagnosis of TBE.

Chronic progressive tick-borne encephalitis

There is no agreement on the existence of chronic TBE.
Cases of a chronic progressive form of TBE were reported
from Siberia and the Russian Far East, caused by the
Siberian TBEV subtype. Both mutations in the TBEV NS1
gene and an inappropriate T-cell immune response are
implicated in chronic progressive disease.70 According to
information from Western Siberia, 1.7% of patients with
acute TBE develop a chronic progressive form of the
disease.®® Clinical presentations include Kozshevnikov’s
epilepsy, lateral sclerosis, progressive neuritis, progressive
muscle atrophy, and a Parkinson-like disease. A broad
spectrum of incubation periods, time to the onset of
individual neurological signs/symptoms, and survival after
the onset of the disease have been reported.s‘l’85
Progressive TBE is probably not present or uncommon in
diseases caused by European TBEV subtype. In the study
carried out in Lithuania, where only European TBEV subtype
has been recorded , the progressive course was noted in
two out of 133 consecutive patients with acute TBE.>*®®

TBE in particular situations (in immunocompromised
persons, during pregnancy, in persons vaccinated against
the disease) is presented in another chapter (s).

Laboratory findings

CSF pleocytosis

CSF pleocytosis is a dominant laboratory finding in patients
with TBE. In 2 large studies, encompassing 731 and 717
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Figure 3: Evaluating pleocytosis in TBE (early)
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First evaluation of pleocytosis in TBE. The cell preparations cerebrospinal fluid of patients with TBE observed a plurality of cells. In all

microscopic views there are cells that occur singly or in small clusters, neutrophils with different numbers of lobes nuclear and clearly visible

large monocytes. (1 x 100; 1 x 400; 1 x 400.)

Figure 4: Evaluating pleocytosis in TBE (later)
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During recovery, after acute phase, control LP. x 100, single lymphocytes, some monocytes, lack of granulocytes x 200 x 400.

adult patients with TBE, respectively, the median leukocyte
values were 60 x 106/L and 86 x 106/L, with a maximal
count of 1200 x106/L.13,87 Some studies indicate that CSF
leukocyte count is lower in persons with TBE who are older
than 60 years than in younger adults.68 Lymphocytic
predominance in CSF is typical for TBE; however,
granulocytes may prevail during the first few days (Figures 3
and 4 ). Most patients have mild to moderately elevated
protein and albumin concentrations in CSF and elevated
albumin and 1gG indexes, indicating disruption of blood-
brain barrier.'>%%7%8

Peripheral blood

Laboratory abnormalities in the blood are more
pronounced in the initial phase of TBE (and in the abortive
form of the disease) than in the meningoencephalitic phase.
In the first phase of TBE, the number of leucocytes in the
peripheral blood is frequently reduced, while in the second
phase, it is normal or slightly elevated. Furthermore, the
initial phase is characterized by thrombocytopenia and
elevated liver enzymes, while the second phase is not;
moreover, inflammatory markers are usually within normal
limits in the first phase of the disease but may be slightly
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. . . 2,7
elevated in some patients in the second phase.38’3g'5 /7089,90

The differences are best shown by comparing the results in
patients assessed for laboratory abnormalities in the first
and second phases of the disease. An example of such an
approach is an analysis of 88 patients with biphasic course
of TBE, in whom TBEV RNA in blood was established during
the initial phase of illness and who later developed CNS
inflammation and seroconversion. Comparison of
laboratory findings in the initial and the second
(meningoencephalitic) phase of TBE in this study revealed
significant differences in peripheral blood leukocyte counts
(including neutrophil, lymphocyte, and monocyte counts)
and platelet counts, as well as serum concentrations of C-
reactive protein, aspartate aminotransferase, and gamma-
glutamyl transferase but not for alanine aminotransferase
(Table 1).2A recent study exposed that in addition to
previously known leukopenia, thrombocytopenia, and
increased liver enzymes, the initial phase of TBE is relatively
often associated also with elevated muscle enzyme
activities: 33% of patients had elevated serum creatine
kinase, 26% myoglobin and 22% troponin activity; at least
one of the muscle enzymes was elevated in 42% of patients.
Leukopenia, thrombocytopenia, elevated liver enzymes,
and elevations of creatine kinase and myoglobin were
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Table 1: Overview of TBE long-sequelae in prospective and retrospective studies

Study Patients

Kaiser R, 1997°'* 63/70

Follow-up period

11-44 months

Findings

Unable to wark for up to 3 months: 32%
Persistent hearing loss: 11%

Severe dysphagia/dysarthria: 6%

Cognitive deficits: 11%

1/9 patients with radiculitis and paresis and
15/15 with myelitis had residual paresis
CFR: B.3%

Migi¢-Majerus L, et al. 2009 124

>3 years

Postencephalitic syndrome (PES): 52%
Mild PES symptoms of short duration: 12%
Moderate or severe PES symptoms lasting
3-18 months: 40%

Permanent sequelae: 17%

Spinal nerve paresis: 4%

Hearing impairment: 6%

Dysarthria: 2%

Severe mental disorder: 1%

CFR: 2.5%

Giinther G, et al., 1997°°* 85

1 year

Persistent CNS dysfunction: 40%
Tetraparesis: 2 patients
Bilateral paralysis of shoulder muscles: 3 patients

Kaiser R, 19997* 230/656

up to 4 years

Transitory mild paretic complaints: 38%
Sequelae lasting 3 months or longer: 27% (n=62)
8/62: mild sequelae, not affecting daily life
23/62: moderate sequelae, affecting daily life
30/62: severe sequelae, serious impact on daily life
4Tf53 with moderate or severe sequelae had paresis
of extremities
CFR: 1.2%

Mickiene A, et al., 2002+ 117

1vyear

Permanent sequelae: 46%

Czupryna P, et al., 2011" 687

1593-2008

Neurological sequelae at discharge from the
hospital: 23%

Required further psychiatric treatment: 44%
Long-term sequelae requiring further
hospitalizations: 6%

CFR: 0.6%

Kalser R, 2011™ 57

10 years

Only patients included in the study described
In Kaiser 1999 and who had a myelitic course
were included.

Recovered: 19%

Moderate or severe sequelze: 51%

CFR: 30%

present in the initial phase but resolved later, while mild
troponin abnormalities were also found in the second phase
of TBE.”

Neuroimaging

Neuroimaging enables rapid, non-invasive visualization of
the central and peripheral nervous system. In clinical
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practice, neuroimaging is indispensable to corroborate
clinical suspicion of nervous system inflammation, rule out
mimics, provide hints for the causative pathogen, and
assess for complications. Magnetic resonance imaging
(MRI), with its excellent soft tissue contrast, is superior to
computed tomography (CT). CT is used for exploratory
examination of the brain on admission, in case of rapid
clinical deterioration, and before lumbar puncture.
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Figure 5: MRI visualization of

TBE-related abnormalities

Axial (A) and coronal (B) T2-weighted MRI
images show high signal intensity in the
basal ganglia and thalami. The second
scans (C, D) obtained several months later,
show partial resolution of the lesions.
Patient with chorea presentation.

Figure 6: Further visualization
of TBE-related abnormalities

C D

Axial FLAIR images. There is abnormal
signal intensity in the left frontal (A) and
left parietal lobe (B) and confluent, poorly
visible abnormal bilateral hyperintensity
in the periventricular white matter (C)
and in the centrum semiovale (D).
Parkinsonism as residual sequelae.

Figure 7: Additional visualization

of TBE-related abnormalities

Axial fluid-attenuated inversion recovery
(FLAIR) image (A) and T2-weighted MR
image (B) show bilateral hyperintensity of
the caudate nuclei, putamina and
thalamus. The right side is slightly more
involved than the left side. Patient with
immunosuppression.

The nervous system manifestations of TBEV infection
include meningitis, encephalitis, myelitis, and radiculitis.4
Most changes in neuroimaging of viral encephalitis are
unspecific. They can be observed with several other
pathogens and neurological disorders.”” some radiological
features are shared across infectious, immune-mediated,

and non-inflammatory causes of nervous system
disorders.”® Moreover, radiological signs may be absent
despite clinical signs and symptoms of meningeal,

parenchymal, spinal cord, or peripheral nervous system
dysfunction. Studies on the correlation of clinical severity
with imaging findings are not available in TBE.

Meningitis

Clinical features of meningitis encompass the classic triad of
fever, nuchal rigidity, and altered mental status. Meningitis
primarily involves the leptomeninges, which consist of the
inner arachnoid and the pial meningeal layers. Unenhanced
CT can display mild dilatation of the ventricles with effaced
subarachnoid spaces, suggesting diffuse cerebral sweIIing.94
MRI is more sensitive for detecting radiological features of
meningitis than cT.” T1-weighted MR imaging may show
obliteration of the basilar cisterns. Fluid-attenuated
inversion recovery (FLAIR) sequences may demonstrate
hyperintensity in the subarachnoid space, even when T1-
weighted images appear normal. Postcontrast T1-weighted
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images may show linear continuous sulcal or cisternal
enhancement, with predilection at the basal meninges and
cerebellar folia.”® Enhanced and thickened cranial nerves
may also be observed.”’

Encephalitis

Encephalitis is defined as inflammation of the brain
parenchyma associated with neurologic dysfunction. MRI is
essential in diagnosing encephalitis, evaluating the disease
course and complications, and prognosis.”® Encephalitic
lesions of TBE are present as areas of increased signal
intensity on T2/FLAIR-imaging (Figures 5, 6 and 7), which
may also enhance upon administration of contrast
agents.gg'looln TBE, the enhancement is mainly restricted to
the lesion margins.”

The sensitivity of MRI to detect brain lesions despite clinical
symptoms of encephalitis due to TBEV infection is low. In a
Swiss study of patients with encephalitis or
meningoencephalitis by TBE and MR imaging performed
after a median of 10 days, 27% had lesions on FLAIR and 6%
diffusion restrictions.100 Leptomeningeal enhancement
was detected in 44% and brain hemorrhage in 5%. Even
with repeated scans, the yield for detecting parenchymal
damage in patients with an encephalitic syndrome was 46%,
according to an Austrian study.lgThe time point of imaging



could play a significant role in this regard. Brain lesions
were detected in two patients on day 21 from hospital
admission in the latter study, whereas these were not
present on the scans on days 5 and 8, respectively. Contrast
enhancement is found only in the minority of patients.*®

The predilection sites of brain lesions in TBE on FLAIR were
the thalamus (50%) and the pontine area (29%) in the Swiss
study.100 Thalamic lesions can be uni- or bilateral. Lesions
were less frequent in the limbic regions (amygdala and
hippocampus, each 21%), the mesencephalon, and the
cerebellum (each 21%). In the Austrian study, the
predilection sites were the periaqueductal grey (17%), the
thalamus, and the brainstem (each 12%)."* Among the
patients in whom a brain lesion was detected, the median
number of lesions was 2. In a pilot study of patients with an
encephalitic TBE course, glucose hypometabolism was
present in 7 out of 10 TBE patients at sites prone to lesion
development.’™ Glucose hypometabolism reflects neuronal
dysfunction and did not correlate with MRI brain lesions
due to TBEV. In line, MR spectroscopy of TBE lesions during
the acute phase of the disease shows changes indicative of
necrosis. The presence of brain lesions on MRI and lesion
expansion may determine prognosis.lg'looThe persistence of
lesions over time has not been studied systematically so far.
There is anecdotal evidence of a complete resolution of
cerebral, brainstem, and spinal cord lesions within six
months.’” A Polish study of patients with encephalitic
lesions during acute TBE studied structural brain changes 12
months later.)®® On follow-up, there was marked brain
atrophy with a widening of the anterior horns and lateral
ventricles, indicating grey and white matter loss.

Myelitis and radiculitis

Myelitis and radiculitis with TBEV infection can occur
isolated or in combination. Spinal cord and nerve root MRI
findings were studied only in smaller patient series and case
reports. TBEV has a propensity for the anterior horn cells of
the grey matter in the spinal cord.”® These lesions are
commonly longitudinally extensive, defined as an expansion
over three or more vertebral segments, and can expand to
the brainstem.'® Both uni- and bilateral lesions of the grey
matter have been reported and are associated with a Polio-
like syndrome characterized by acute flaccid paresis.ws'106
There can be a swelling of the grey matter and lesional and
leptomeningeal contrast enhancement.’® Spinal cord
lesions often enhance markedly.” Rarely, the posterior
horns may also be involved.?® In radiculitis, the roots of the
spinal nerves may be thickened and display contrast
enhancement.””*?’

Electroencephalography (EEG)

For viral encephalitis, electroencephalography (EEG) is a
valuable adjunct to clinical neurological examination. It can
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detect subtle or subclinical disturbances of cerebral
function and enables the detection and monitoring of
seizure activity over time.’® In most cases, the EEG findings
are non-specific and denote global compromise of the brain
function but may also provide information about prognosis
and therapeutic response. Abnormal EEG findings were
reported in 77% of patients with TBE.* In most cases, an
initially abnormal EEG normalizes within a few weeks.
However, a small study of children with TBE reported a
higher likelihood of impaired attention and psychomotor
speed and that the EEGs were significantly slower on follow
-up than control EEGs.'®

Epileptic seizures can occur as the initial manifestation or
during TBE.”"''° Continuous EEG monitoring for at least 48
hours is recommended in patients with persistent
unconsciousness to evaluate intermittent non-convulsive
seizures or even persistent non-convulsive status
epilepticus.39 The 10-year risk of epilepsy after TBE is 1.7%
(95% C10.7-2.7).""*

Prognosis and long-term sequelae

The analysis of the standardized mortality ratio (SMR) in
Sweden from 2004-2017 revealed a mortality rate for TBEV
infection to be =4-fold higher than that of the matched
control population."? The SMR was 3.96 (95% Cl 2.55-
5.90). The case fatality rate (CFR) was 0.75% in this study,
and in the range of previously reported rates of 0.5% in
Europe.™™ No cases in patients <40 years of age were
fatal. CFR for diseases caused by the two non-European
TBEV subtypes is generally higher, but the data are very
limited. In lethal cases, death occurs within 5-10 days after
the onset of neurological symptoms in the context of
diffuse brain edema or bulbar involvement.

TBE is associated with individual and societal disease
burden. The need for hospital care is increased, with
protracted in-hospital stays and admission to the intensive
care unit during acute TBE.>> Moreover, the study of the
Swedish National Health Data Register for TBE cases
diagnosed during 1998-2014 revealed that patients with
TBE were hospitalized for more days during the first year
after disease onset (11.5 vs. 1.1 days) and had more
specialist outpatient visits (3.6 vs. 1.2 visits)."** They also
had more sick leave days (66 vs. 10.7 days) than a reference
cohort without TBE, indicating significant productivity
losses.

The high proportion of patients with persistent post-TBE
symptoms is another strong argument for preventive
strategies. Sequelae can be categorized as neurological
(e.g., paresis, limb paresis, aphasia, ataxia, sensory
impairment, epilepsy, tremor, hearing disorder),
neuropsychiatric symptoms (e.g., concentration and
memory deficits), and general/unspecific (fatigue,
headache, general weakness, poor sleep quality, sweating



disturbances). Previous prospective studies disclosed that
neurological and neuropsychological sequelae persist in 40—
46% of the patients one year after the acute phase of the
disease.’>*° A study from Slovenia reported that the rate of
persistent symptoms was higher at six months than at 12
months, which points to some improvement and
regenerative capacity within the first year after TBE.'”
Recent studies corroborate the rate of incomplete recovery
beyond 12 months. A study from Southern Germany
performed telephone interviews after 18 months from TBEV
infection; the period was 2018 to 2020.™ Full recovery was
reported by 67.3% (children: 94.9%, adults: 63.8%).
Sequelae included fatigue (17.0%), weakness (13.4%),
concentration deficit (13.0%), and impaired balance
(12.0%). The recovery rate was 64% lower after severe TBE
(compared to mild; HR: 0.36, 95%Cl 0.25-0.52) and 22%
lower with comorbidities (HR: 0.78, 95%Cl 0.62-0.99).

Substantial healthcare use was reported (90.1%
hospitalization, 39.8% rehabilitation). A study from
Lithuania  evaluated long-term  neurological and

neurocognitive sequelae after TBE in adults.116 This
prospective study from 2018-2019 revealed that 25.5% of
the patients had moderate or major impairment (Glasgow
Outcome Scale, GOS) and various levels of disability in
34.7% (Rankin-Scale, RS) at discharge. Up to 18 months
from the onset of TBE, over 20% remained with slight to
moderate disability (modified RS, mRS). GOS, RS, and mRS
scores correlated with disease severity.

There is also evidence for the development of post-
encephalitic syndrome (PES). Some authors define PES as
the presence of > 2 subjective symptoms that developed or
worsened since the onset of TBE and had no other known
medical explanation and/or > 1 objective neurological
sign.115

The reporting of sequelae is affected by a lack of
standardized reporting. Consensus criteria for classifying
sequelae of TBE and its severity are eagerly awaited. Such a
reporting system should include neurological and
neuropsychological examinations for the evaluation of
cerebral symptoms as well as a scoring system for spinal
cord and peripheral nervous system disturbances. A
harmonized classification system would also be helpful for a
better understanding and monitoring of PES.

Treatment

No specific antiviral therapy is currently available and
approved for TBEV infections. Some antiviral agents,
specific immunoglobulins, and other potentially protective
substances are under investigation for their anti-TBEV
efficacy''’; however, a detailed review of these ‘pipeline’
agents is beyond the scope of this chapter.

Treatment is supportive and symptomatic. Fever is
associated with increased metabolic consumption and
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dehydratation. Antipyretics, or other physical measures like
cooling blankets, or infusion of cooled fluids, should be
employed to reduce body temperature. TBE can be
accompanied by hypovolemia due to a decreased intake
and a secondary loss of fluids. Hyponatremia is a common
condition in patients with TBE, including the syndrome of
inappropriate antidiuretic hormone secretion (SIADH),
cerebral saltwasting syndrome, and reduced sodium
supplementation.”™® Mental and behavioral disturbances,
delirium, and psychotic signs and symptoms may justify
treatment with neuroleptics. In line with other types of
brain injury, primary prophylaxis of seizures is currently not
recommended, and treatment of clinical seizures is based
on general guidelines for the management of seizures/
status epilepticus. Pain and arousal cause intracranial
pressure peaks by increasing the cerebral blood flow;
therefore, sedatives and careful clinical monitoring are key
factors in the prevention of intracranial hypertension and
its complications.

Encephalitis often requires ICU admission to ensure
oxygenation, airway protection, circulatory support, and
prevention and treatment of secondary complications that
may impact outcomes. These include cerebral edema,
seizures/status epilepticus, and systemic complications,
such as fever, aspiration pneumonia, and respiratory failure
requiring mechanical ventilation.'*® Early recognition of
complications and admission to the ICU is crucial for
improving prognosis.

Most survivors do not recover fully and often require
extended posthospitalization rehabilitation and care to
regain their functional abilities.” A comprehensive
assessment of neurological, cognitive, and psychiatric
functions after hospital discharge is mandatory. Moreover,
referral to rehabilitation services and psychiatric support, as
with other neurological disorders, is indicated to improve
the quality of life of both the patient and their caregivers.
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Chapter 10

TBE in animals

Martin Pfeffer, Hannah M. Schmuck and Michael Leschnik

Key points

e TBEV-infection can cause symptomatic disease in dogs and horses, similar to the TBE in humans.

e Microbiological confirmation of TBEV infection in animals is similar to diagnostics in humans.

e Domestic ruminants may serve source of human infection via the alimentary routs (dairy products).
e Small mammals play the major role as the reservoir for the TBEV and are thus of utmost

epidemiological relevance.

o Other species like cervids and wild boar are of interest for sentinel surveillance, as their seropositivity
in a specific region indicates the presence of a natural TBEV-focus

Introduction

While tick-borne encephalitis (TBE) is well documented as a
public health threat, the veterinary aspects of this zoonotic
disease are little recognized. TBE in animals has, for very
long, been considered to be a problem exclusive to
domestic ruminants due to their known potential to
transmit tick-borne encephalitis virus (TBEV) via raw milk
and raw milk products to consumers. While clusters of such
cases continuously declined with the invention of milk
pasteurization and overall improvements in hygiene
management in cattle farming, goats and sheep flocks are
still kept in traditional grazing farms where they are
exposed to TBEV-infected ticks."” In other words, even in
industrialized countries, consumption of raw milk products
continues to be a risk factor to acquire a TBEV infection. As
society continues to exhibit a trend towards a preference
for “natural products” (assuming consumers can afford
these), alimentary TBEV infections may be observed more
frequently in the future. While this is a ‘direct’ zoonotic
aspect of TBE (besides the tick bite of course), animals play
a role in TBEV transmission in many other ways; either as
diseased dead-end hosts, as infected animals without
obvious burden of disease, or in maintaining and spreading
the virus itself.

Dogs

Canine TBEV infection is a frequent event in endemic areas,
with a calculated annual risk of about 11.6%.°> Total
seroprevalence in the canine population has been examined
in several countries: Switzerland 3.6—5.9%,4 Greece 1—8%,5
Germany 2.1- 42.7%,6‘7 Belgium 0.1%,8 Denmark 4.8—30%,9
Czech Republic 3.3-11.3%,0" Norway 16.4%," Finland 6—
40%," and Austria 13.3-24%.>™ Since inclusion criteria
were different regarding the presence of clinical symptoms,
residence, and tick-exposure of the examined dogs, results
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are difficult to compare (Table 1). Different test systems
(enzyme-linked immunosorbent assay [ELISA], serum
neutralization test [SNT]) used in these studies clearly
influenced the results too. TBE has always been stated to be
a tick-borne infection, mainly transmitted by ticks of the
genus Ixodes; however, Dermacentor reticulatus ticks may
play an important role in transmission to dogs."” There has
been one single case of a dog from the Czech Republic with
a TBE-infection suspected to be due to consumption of raw
goat milk."® Regardless of the way dogs get infected, a
recent study showed that walking a dog is a risk factor for
human infections.™®

Course of TBE

Despite frequent TBEV infections in dogs, most of them do
not develop any clinical signs.17 Dogs seem to be less
susceptible than humans, although a lethal outcome within
the first week of disease is documented in 16-50% of
clinically symptomatic cases . Infection may lead to an acute
course of the disease, with complete remission of
symptoms within 1-2 weeks (31-59%). Infrequently,
prolonged disease courses are described with long time
period to remission (12-25%). These dogs frequently suffer
from late sequela—like paresis, muscle atrophy, epileptic
seizures, or blindness (Figure 1).018192728

Clinical pictures

After an estimated incubation period of 5-9 days, first
clinical symptoms occur and develop to a maximum level
within 48 hours. Initially, most dogs are depressed and
show non-specific signs such as salivation and vomiting
(25%), refusal to eat, and are reluctant to move due to
generalized weakness, although some dogs show
compulsive walking, circling to one side (25%), unusual
behavior (70-91%), and head pressing (Figure 2).10.2730
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Figure 1

A Rottweiler during recovery after chronic disease over 3 months
— remarkable weight loss due to systemic muscle atrophy.

The elevated body temperature (42-66%) may initially be
classed as fever; later on, it is more likely a result of non-
voluntary excessive muscle contraction (e.g., seizures, loss
of inhibition by upper motor neuron damage). Seizures are
a principal result of cerebral damage due to TBEV infection
and are observed in 12-33% of canine cases.”®*
Neurological symptoms like paresis (8—38%), vocalization
due to painful perception of active and passive back
movement (21-66%), and deficits of the cranial nerves (16—
50%) (Figure 3) develop within a few hours thereafter.?**%3!

Blindness due to papillitis, optic nerve inflammation, or
chiasma opticus neuritis may become the dominant
symptom and systemic signs may diminish. Visual deficits
may be the major clinical sign of disease and result from
detachment of peripapillary retina, peripapillary
hemorrhages, and inflammatory edema.*”** Degeneration
and demyelination of cranial nerves is certainly initiated by
the virus’ neurotropism. Later on, secondary immune
reaction to neural tissue may prolong the period of damage
and lead to irreversible symptoms such as retinal and optic
disc atrophy. Other cranial nerve deficits like trigeminal
dysfunction, resulting in reduced facial sensation and
chewing muscle atrophy, vestibular signs (nystagmus and
positional strabismus, Figure 4), and facial palsy, are
observed.

Major involvement of the spinal cord results in mostly
symmetrical paresis, muscle twitching, and proprioceptive
dysfunction (38-50%), which may also be present as an

exclusive symptom and may occur asymmetrically (Figure
5) 10,28,30,31

There is no significant breed, gender, or age predisposition,
although most cases are described in adult middle- to large-
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Figure 2

Acute head pressing with concurrent compulsive walking and
disorientation on day 2 of a dog with TBE.

Figure 3

A male Spitz with central vestibular dysfunction and left-sided
Horner syndrome during acute TBE.

breed dogs. Rottweilers and Huskies are overrepresented in
the literature**"** (Table 2).
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Figure 4

A comatose dog in lateral recumbency with severe brain stem
encephalitis leading to anisocoria and left-sided strabismus.

Brainstem symptoms like arrhythmical breathing pattern
may be present in comatose dogs, especially in severe cases

with guarded prognosis (see Video — https://id-ea.org/
tbe/wp-content/uploads/2017/08/VIDEO_TBE breathing-

dog.mp4)

Video: Comatose dog of Figure 3 with arhythmical
breathing indicative of brain stem lesion

Involvement of the brainstem may result in symptoms like
arrhythmical breathing and disorder of other vital functions.
Prognosis of such severe cases is very guarded. Major
involvement of the spinal cord results in mostly symmetrical
paresis, muscle twitching, and proprioceptive dysfunction
(38-50%), which may also be present as an exclusive
symptom and may occur asymmetrically (Figure 5).10’28’30'31

There is no significant breed, gender, or age predisposition,
although most cases are described in adult middle- to large-
breed dogs. Rottweilers and Huskies are over-represented
in the literature'**"* (Table 2).

Figure 5

A case of canine TBE with hemiparesis and spontaneous dorsal

paw placement.

Laboratory findings and diagnosis

A definite diagnosis in dogs with TBE is rarely achieved intra
vitam as it has to be supposed to be very unlikely to detect
the virus in the blood or in the cerebrospinal fluid (CSF). In
one study from the Czech Republic, 12.6% of canine blood
samples tested positive for TBEV by nested RT-polymerase
chain reaction (PCR), although only one-third of these dogs
suffered from neurological symptoms.™*

Whether the other dogs were in an asymptomatic carrier
status, or just happened to be tested during their viremic
phase with uncharacteristic symptoms, as reported in
humans, remained unclear. Virus detection in the CSF has
been achieved only in single cases within the first 3 days of
disease.>* Immunological rapid virus clearance in the dog’s
brain and CSF seems to be very fast and completed before
most diagnostic procedures are performed. The inability of
the central nervous system’s (CNS) local immune system to
eliminate the virus within a few days is probably the reason
for a fatal outcome, as in most of these cases no specific
intrathecal antibody production and no increased cell count
in the CSF were detected prior to death.”® CSF analysis in
affected dogs with clinical signs mostly reveals elevated
leukocyte count, with predominantly mononuclear cells and
elevated total protein. CSF changes are concomitant to
virus elimination and rising antibody titers.

Specific antibodies are detectable in the serum of affected
dogs within a few days.””®?*3! Comparison of a
commercially available all species ELISA, indirect IFT and
SNT using a panel of 208 dog sera revealed a sensitivity of
78.3% and 84.8% when compared to SNT and a specificity of
98.8% and 99.4%. IIFT an ELISA are thus good in case of
confirming clinical cases with suspicion of TBE but due to
the deficits in sensitivity the SNT is superior in
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epidemiological studies.”” As TBEV is a biosafety level 3
agent in many countries, production of the antigen used for
any serological test is limited to facilites with an
appropriate safety level. In order to circumvent this
obstacle two assays have been developed using prME
subviral particles expressed through a Semliki Forest Virus-
based expression system. In one assay this antigen is used
in a Vero cells system analogous to an IFT, while the other
one is a capture ELISA using a monoclonal antibody
(MAB1418) which specifically binds to domain Il of
glycoprotein E of TBEV. Specificity was thus raised to 100%
for both assays making it suitable for epidemiological
applicat'ions.33 For clinical confirmation the detection of
positive CSF IgG antibodies is recommended.** Cross-
reactivity to Louping ill virus, West Nile virus, and Usutu
virus should be taken into consideration in endemic
areas.1°'35Magnetic resonance imaging findings included
bilateral and symmetrical gray matter lesions involving the
thalamus, hippocampus, brain stem, basal nuclei, and
ventral horn on the spinal cord.

All lesions had minimal or no mass effect, or perilesional
edema.” These findings are comparable to the distribution
of lesions in the canine brain detected by necropsy and
immunohistochemistry.”> Proton magnetic resonance
spectroscopy, to evaluate metabolic abnormalities in dogs
with TBE, revealed significant differences with dogs with
immune mediated meningoencephalitis and healthy dogs.?®

A tentative diagnosis of TBE in dogs should fulfill the
following criteria: tick exposure or observed tick infestation,
neurological signs indicative for a diffuse or multifocal CNS
disease, (mostly mononuclear) pleocytosis in the CSF, a
positive antibody titer in serum or CSF, or in the case of
fatal outcome a positive virus confirmation within the brain
or spinal cord. In the future, highly sensitive PCR techniques
may include virus detection in the diagnostic work-up in
early stages of disease. Increasing serum titers may be
detected, but more often rapidly decreasing titers are
observed when dogs reach partial or complete remission of
clinical signs.”'26

Possible differential diagnoses include other viral
meningoencephalitis such as distemper, rabies, pseudo-
rabies, as well as protozoal, bacterial, or fungal meningo-
encephalitis, and paraneoplastic and immune-mediated
meningoencephalitis.

Treatment

Symptomatic therapy is strongly recommended for dogs
with TBE. Water and food maintenance orally, by constant
rate infusion, or by gastric tubes and supportive care is
essential. Sedation and relaxation are necessary in the case
of  seizures.  Steroid use is controversial, as
immunosuppression may prolong the presence of the virus.
In dogs with marked CSF pleocytosis, steroids seem to be
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Figure 6

An old Labrador Retriever during rehabilitation. Water training
over months improved muscle strength and coordination.

mandatory to effectively protect the brain tissue from
further fulminant immune response. In cases of muscle
atrophy and paresis, physiotherapy (Figure 6) as early as
possible has been shown to improve the general outcome
and shorten the time of rehabilitation.***

Prevention

There is no licensed anti-TBE vaccine for dogs, although
they develop detectable antibody titers after vaccination
with a human vaccine.*® In a recent study dogs were
infected either with 10® pfu or 10° pfu TBEV strain 9001
isolated from Ixodes ricinus ticks in the Czech Republic in
1978 (back than Czechoslovakia). All animals developed no
overt clinical signs but high IgG antibody titers in ELISA and
high SNT antibody titers demonstrating that dogs are
capable to mount protectable Immune response upon
infection.”> With the new European Animal Health Law
vaccines for animals are handled in the EU like other animal
therapeutics. In case no licensed vaccine against TBE is
available for dogs the so-called cascade can be used, which
in this case means that human vaccine can be rededicated
by the treating veterinarian upon request at the responsible
veterinary authorities. Depending on the size (and weight)
of the dog, the pediatric formulation is recommend.
Recently, colleagues tested whole virus inactivated TBEV
strain Hypr as vaccine for dogs and found it well tolerated
and to elicit a protective immunity."*?

Tick protection is the most important measure to avoid
transmission and infection, mainly performed by regular
administration of acaricidal substances (spot on, tablets,
shampoos, collars) and immediate tick removal after
detection by the owner.® Regular anti-tick measures are
essential to reduce transmission risk all through the year as
single canine cases have been reported even during the




32
cold seasons of the year.

Horses

Although the first clinical case of laboratory-confirmed TBE
in a horse was published more than 35 years ago,4° our
knowledge about the impact of TBEV in horse populations is
still scarce. There are only few published studies where
clinical signs of neurological disorder could be traced to the
TBEV as etiology. After the aforementioned initial published
case from Switzerland, 8 horses with clinical symptoms
were described in Austria, 2 of which were severely iII;41 1
out of 3 diseased animals from a study in Germany had to
be euthanized;*” and again in Germany, some years later,
an infected animal had to be euthanized.® A case in Austria
with the same outcome was worked up in a very thorough
way, excellently describing the symptoms and laboratory
finding. The authors in addition provide a video as
supplementary to the manuscript which shows the 16 years
old horse with its neurological symptoms.** The clinical
picture in horses mirrors that which we described for dogs,
displaying a broad spectrum of neurological symptoms:
ataxia, tonic-clonic seizures, apathy and stupor,
inappetence, mydriasis, convulsions of the legs, skittishness,
bruxism, and altered reactions to environmental stimuli.
Regarding therapeutic options and prognosis, a horse with
recumbent status due to TBE has a poor prognosis as long
as it is not possible to force the horse to stand up again.

The few case reports available suggest that clinical TBE in
horses is a rare event, although basic horse population-
based data are missing. Looking at the few seroprevalence
studies in horses, the prevalence of anti-TBE-antibodies
ranged from 26.1% and 13% in Austria®>*® to 2.9% in central
Germany,42 0.8% in northern Germanyzz, 3.7% and 5.6% in
eastern Germany46'47, and 5.2% and 23.4% in southern
Germany43’48 to 0 of 40 horses investigated in Hungary49 or
0 of 2349 horses from the Czech Republic.*® Even in Spain a
seroprevalence of 3.1% was reported in horses.”" In Serbia
and Croatia 5% and 12.2% of horses showed specific
antibodies against TBEV.’*** The highest prevalence in
horses was reported in a cross-section study from Lithuania
with 37.5% reflecting the high human incidence there.
Remarkably in this study was that 3.9% of theses horses
also had a viremia based on the detection of viral RNA by RT
-PCR, but none of the horses showed any overt signs of
sickness.”® Cross-reactivity to other flavivirus may influence
these results.’®>* Horses have been suggested to be good
sentinel animals for human TBEV infection risk, because
they readily seroconvert upon infection, but they stick more
to a given territory in comparison to dogs who, as family
members, travel more.
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Domestic ruminants

For more than half a century, grazing cattle, goats, and
sheep have been known to be susceptible to TBEV
infection. Interestingly, these ruminants do not
develop any clinical symptoms, and even after
experimental infection, a slight elevation of body
temperature is a rare ﬁnding.s‘r”56 However, in 2015, a
five-month-old lamb in Bavaria displayed neurological
symptoms , and after euthanasia, TBEV infection was
diagnosed.”” Whether this case was the result of an
unknown underlying disease or immunosuppressive
factors cannot be determined. TBE in domestic
ruminants, if 