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Abbreviations

AOI: Area of interest
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BHK-21: Baby hamster kidney-21

C: Capsid

CaMKIla: Ca**/Calmodulin-dependent protein kinase Ila
CDS: Coding sequence
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CNS: Central nervous system

DAPI: 4', 6-diamidino-2-phenylindole
DENV1-4: Dengue virus serotypel-4

DIG: Digoxigenin

d.p.i.: Days post infection

dsRNA: Double-stranded RNA

E: Envelope

EDTA: Ethylenediaminetetraacetic acid
FISH: Fluorescent in-situ hybridization
ER: Endoplasmic reticulum

FBS: Fatal bovine serum

FMRP: Fragile X mental retardation syndrome protein
GFAP: Glial fibrillary acidic protein

GFP: Green fluorescent protein

HDYV: Hepatitis delta virus

HEK293T: Human embryonic kidney 293T

h.p.i.: Hours post infection



IFA: Indirect immunofluorescence assays
JEV: Japanese encephalitis virus
LANYV: Langat virus

LMS: Laminal membrane structure

M: Membrane

MAP2: Microtubule-associated protein2
MEM: Minimum essential medium
MOI: Multiplicity of infection

NS: Non-structural

nt: Nucleotide

OHFYV: Omsk hemorrhagic fever virus
PBS: Phosphate-buffered serine

PCR: Polymerase chain reaction

PFU: Plaque-forming unit

prM: Premembrane

RBP: RNA-binding protein

RC: Replication complex

RdRp: RNA-dependent RNA-polymerase
RNAi: RNA interference

RNG105: RNA granule protein 105
RPMI: Roswell Park Memorial Institute
RT-PCR: Reverse transcription-PCR
SEM: Standard error mean

SL: Stem-loop

TBEV: Tick-borne encephalitis virus

TEM: Transmission electron microscopy



UTR: Untranslated region
VLPs: Virus-like particles
WNV: West Nile virus
YFV: Yellow fever virus

ZIKV: Zika virus



Preface

Flavivirus is a genus in the family Flaviviridae, and consists of positive-polarity
single-strand RNA viruses '°. The genus Flavivirus contains over 70 members, many of which
are arthropod-borne human pathogens 2. Many outbreaks have been reported, and flaviviruses

are attracting global attention as emerging or re-emerging infectious diseases ',

The flavivirus virions are 40-50 nm in diameter, spherical in shape, and contain a
nucleocapsid and an envelope *'? (Fig.1A). The flavivirus genome encodes three structural
proteins: the capsid (C), premembrane (prM), and envelope (E), and seven non-structural (NS)
proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5, within a single long coding sequences

(CDS) 13 (Fig. 1B).

The 5’ and 3’ un-translated regions (UTRs) are involved in stability and replication
efficiency of genomic RNA. 5’ end of the genomic RNA contains a type 1 cap (m’GpppAmG)
modification which is important for RNA stability and protein translation *'%. The NS5 protein is
thought to be recruited to the 5’ UTR during genome replication '°. The flavivirus genomic RNA
lacks poly-A tail unlike cellular mRNAs, but the 3" UTR has an activity to bind poly-A binding
protein during protein translation *!©The 5’ and 3' UTRs have complemental sequences for
cyclization of the genomic RNA, required for genome replication *!"!8, In addition, recent
studies showed that the 3" UTR produces viral non-coding RNAs, sub-genomic flaviviral RNA,
for immune evasion and virulence '°2!. The E proteins (supported by prM) form a homodimer,
and the 90 dimers are tightly packed in an unusual herringbone pattern of icosahedral symmetry
on the viral envelope membrane. The E protein is the principal target of neutralizing antibodies
and triggers membrane fusion with cellular membrane of endocytotic vesicle >2. The prM protein

23

has chaperon-like activity aiding folding and maturation of the E protein “°. During the
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maturation of the virion, the M protein is produced from the prM protein by the cleavage of a
host protease, furin, in Trans-Golgi network 2*. The C protein binds to viral genomic RNA and

forms icosahedral nucleocapsid inside the envelope 2°

. The transcribed NS proteins form
replication complex (RC) on host intracellular membranes of endoplasmic reticulum (ER) and
reconstitute the membrane structure, during the replication of viral genomic RNA 2628 (Fig. 1C).
NS3 and NS5 are well characterized, large multifunctional protein; The NS3 protein has serine

30

protease and RNA helicase activity 2°, and the NS5 works as a methyltransferase *° and an

RNA-dependent RNA-polymerase (RdRp) 3.

Figure 2A shows a schematic of the flavivirus replication cycle 3. Flavivirus are
considered to enter cells by endocytosis via cellular receptors for viral envelope proteins, but
there is no consensus on what is the receptor molecule. The low pH of the endocytotic pathway
induces fusion of the virion envelope with cellular membranes 2. Following uncoating of the
nucleocapsid, the RNA genome is released into the cytoplasm. The released genomic RNA is
translated to the viral proteins by host ribosome. The RC replicates viral genomic RNA on the
ER-derived host membrane 2°2® (Fig. 2B). Progeny virions are thought to assemble by budding
into the ER and to be matured and transported through the host secretory pathway 2*. The

infectious virions are released by exocytosis *.

Flaviviruses are divided into four distinct evolutionary lineages closely related to their
arthropod-vectors: mosquito-borne, tick-borne, no-known vector, and insect flaviviruses >3
(Table 1). Mosquitoes of Aedes and Culex families are the major vector of mosquito-borne
flaviviruses, including yellow fever virus (YFV), dengue virus serotypel-4 (DENV1-4), West
Nile virus (WNV), Japanese encephalitis virus (JEV) and Zika virus (ZIKV) 2. Ixodiae ticks carry

tick-borne flaviviruses, including tick-borne encephalitis virus (TBEV) and Langat virus (LANV)

3%, The majority of flaviviruses is transmitted by arthropod blood-sucking and maintained in the
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meta-zoonotic transmission cycles between vector and mammals (or birds) 3. For example, the
principal reservoirs of TBEV are small rodents and ticks, and TBEV can chronically infect ticks
in their life via transstadial and transovarial transmission *. WNV and JEV are maintained
between mosquitoes of Culex family and wild birds or pigs, respectively *. These meta-zoonotic
transmission cycles make them difficult to prevent and eliminate the infections. DENV is
classified into stage four zoonosis (undergoes long sequences of secondary transmission between
humans without the involvement of animal hosts) and is circulating between human and Aedes

mosquitos continuously *’.

Flaviviruses are widely distributed all over the world 23 (Table 1). In the tropical and
temperate areas, mosquito-borne flaviviruses are problematic, such as JEV in Eastern and
Southern Asia, YFV in Africa and South America, and DENV1-4 in the equatorial region
throughout the world. As for tick-borne flaviviruses, TBEV is endemic in wide areas of Eurasia
(from Middle Eastern Europe to Russia and East Asia). Recent climate change and advancements
of transportation have changed and expanded the flavivirus geographical distribution of
flaviviruses ***°. The WNV migration to the United States is one of the most typical cases of an
emerging spread of pathogen in modern history. Until early 1990s, the WNV was localized
geographically in Africa, Europe and Middle East. However in 1999, West Nile encephalitis
suddenly appeared in New York City for the first time in North America, and rapidly spread to

North and South American Continent >'1:40:41,

Flaviviruses are also endemic in Japan. Hundreds of Japanese encephalitis cases were
reported annually in 1960s. Recent advances in disease-control, such as vaccination program and
mosquito control, drastically reduced incidences of Japanese encephalitis, but JEV is still
circulated between mosquito and pigs in Japan, and several human cases are reported annually *2.

One hundred and sixty-two cases of domestic infection of DENV1 were reported in Tokyo area in
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2014, but domestic outbreak has not been reported since then **. Cases of other mosquito-borne
flaviviruses are limited in imported cases. As for tick-borne flaviviruses, no confirmed case of
tick-borne encephalitis had been reported for many years. However, in October 1993, a human
case of tick-borne encephalitis was reported in Kamiiso, Hokkaido **. From 2016, three
additional cases were reported in Hakodate and Sapporo cities, Hokkaido *>*¢. Epidemiological
studies showed high seropositive rate in wild animals, indicating that virus circulates in wild

animals in Hokkaido continuously 4743,

Flavivirus causes various manifestations in humans, such as hemorrhage, encephalitis,
biphasic fever, flaccid paralysis and jaundice 2. Among these, encephalitis following to central
nervous system (CNS) infection is severe and associated with high mortality. In particular, the far
eastern subtype of TBEV causes the most severe encephalitis with a mortality rate of 5-30% 3.
All encephalitic flaviviruses (JEV, WNV and TBEV) target neuron during the replication in CNS.
However, the pathogenic mechanisms, such as how viral replication in neuron contributes to the
development of neurological disease, are still unclear. In this study, I tried to investigate the
mechanism of viral replication and pathogenicity of encephalitic flaviviruses, especially those of

TBEV.

In chapter I, the neuronal replication of encephalitic flaviviruses was analyzed by using a
primary culture of mouse neuronal cells. It was shown that the TBEV replicated in dendrites
locally and caused membrane alteration of the infected neurons. In chapter II, it was investigated
that the molecular mechanism of the viral genome transport of the TBEV in neuron, involved in
the local viral replication in dendrites. It was revealed that TBEV hijacked a host RNA transport
machinery during the replication in neurons. These studies will improve further understanding of
the molecular mechanisms of viral replication and the pathogenicity of TBEV and other

neurotropic viruses.



Table 1. Epidemiology of representative flaviviruses.

. . Human . . e .
Viruses Lineages . Geographical distribution
disease type
) Tropical areas of Asia, Australia,
Dengue (DEN) Hemorrhagic Oceania, Africa, America
Japanese Neurologic Far eastern Russia and Southeastern
encephalitis (JE) Hrolog Asia, East Asia including Japan
S.t. Louis encephalitis Neurologic America
virus Mosquito-
borne
West Nile (WN) Neurologic Africa, Europe, America, Australia
Yellow fever virus Hemorrhagic Africa, South America
(YF)
Zika (ZIK) Unconfirmed Africa, Southeastern Asia, America
Omsk hemorrhagic . o
fever (OHF) Hemorrhagic Siberia
Tick-borne Neurologic Central and eastern Europe, Russia,
encephalitis (TBE) £ East Asia including Japan
Tick-borne
Langat (LAN) Neurologic Southeastern Asia
Louping ill Neurologic British Isles, Ireland
Apoi No report America
No-known
vector
Rio Bravo No report America
Aedes flavivirus No report Unconfirmed
Culex flavivirus Insect No report Unconfirmed
Kamiti River No report Africa

This table data is based in previous reports

(mosquito —borne and no-known vector flaviviruses 3, tick-borne flaviviruses 3¢, and insect flavivirus 3%).
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Fig. 1. Structure of flavivirus.

(A) Schematic of flavivirus virion. The flavivirus virions are 40-50 nm in diameter, spherical in shape, and
contain a nucleocapsid (formed by C protein and gneomic RNA) and an envelope (formed by E and M proteins,
and lipid bilayer). (B) Schematic of flavivirus genome. The flavivirus genome encodes three structural proteins:
the C, prM and E, and seven NS proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B,and NS5, within a single long
open reading frame. (C) Schematic model of flavivirus replication complex. Several NS proteins of flavivirus
form the replication complex on the vesicle pocket membrane (reconstituted structure of ER).
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Chapter I:

Tick-borne flaviviruses alter membrane structure and replicate in dendrite of
primary mouse neuronal cultures.

Summary

Neurological diseases caused by encephalitic flaviviruses are severe and associated with
high levels of mortality. However, detailed mechanisms of viral replication in CNS and features
of viral pathogenesis remain poorly understood. I carried out a comparative analysis of
replication of encephalitic flaviviruses, WNV, JEV and TBEYV, in primary cultures of neurons
from mouse brains. The distribution of viral-specific antigen in the neurons varied: TBEV
infection induced accumulation of viral antigen in the neuronal dendrites to a greater extent than
infection with other viruses. Viral structural proteins, NS proteins and double-stranded RNA
(dsRNA) were detected in regions in which viral antigens accumulated in dendrites after TBEV
replication. Replication of a TBEV replicon after infection with virus-like particles of TBEV also
induced antigen accumulation, indicating that accumulated viral antigen was the result of viral
RNA replication. Furthermore, electron microscopy confirmed that TBEV replication induced
characteristic ultrastructural membrane alterations in the neurites: newly formed laminal
membrane structures containing virion-like structures. This is the first report describing viral
replication in and ultrastructural alterations of neuronal dendrites, which may cause neuronal

dysfunction.
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Introduction

Encephalitis, a neurological manifestation of disease, is particularly problematic among
the symptoms caused by infection of flaviviruses. This condition is associated with high-level
mortality and severe sequelae. All of WNV, JEV and TBEV are neurotropic and cause
encephalitic diseases in humans. Common symptoms are headache, vomiting, ataxia and
paralysis. In addition, differences in neurologic symptoms have been reported in the infection of
each virus. WNV infection generally triggers development of systemic symptoms, and neurologic
manifestations are rare *>*°. JEV infection triggers acute spasm and development of a dull

51,52

pathognomonic Parkinsonian syndrome Cognitive function is characteristically

compromised upon TBEV infection; patients develop photophobia, irritability and sleep disorders
5355 On histopathological examinations, all these viruses mentioned above induce typical
nonsuppurative encephalitis, including neuronal death (associated with shrunken perikarya),
perivascular infiltration of mononuclear cells, and neuronophagia >>°. The distribution of viral
antigens in the cerebellum differs, but viral antigens are seen in several brain regions among
encephalitic flaviviruses, including the brainstem, the cerebral cortex, and the cervical spinal cord

6-58 However, it remains unclear how viral replication and pathogenicity contribute to the

neurologic manifestations.

Primary culture has been developed for maintaining brain cells *°, and such cultures can

be used to investigate detailed intracellular activities of neurons %!

. This approach has been
used to explore not only physiological functions, but also neuronal response affected by virus

invasion, including lyssavirus %2, herpesvirus ¢, and flaviviruses ®+%. Primary cultured neurons

could provide detailed information about flavivirus replication in neurons.
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In this chapter, primary neuronal cultures of mouse brain was used to explore replicative
and neuropathogenic features of encephalitic flaviviruses. It was revealed that the replicative

properties of mosquito and tick-borne flaviviruses differed.
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Materials and methods

Cell culture

Baby hamster kidney-21 (BHK-21) cells were cultivated at 37°C in minimum essential
medium (MEM) (Life Technologies Co., Carlsbad, CA) supplemented with 8% (v/v) fetal bovine
serum (FBS) and penicillin/streptomycin. Human embryonic kidney 293T (HEK293T) cells were
cultured at 37°C in Dulbecco’s modified Eagle’s medium (Life Technologies), containing 10%

(v/v) FBS and penicillin/streptomycin.

Pregnant Slc: ICR mice were purchased from Japan SLC Inc. (Shizuoka, Japan), and
hippocampal, cerebral cortical, and cerebellar neuronal cultures were established from brain cells
of the embryos. Neurons for primary culture were prepared from mouse embryos at embryonic

day 17-18 as described previously 66,67

. Briefly, the hippocampus, cerebral cortex, and
cerebellum were dissected from embryonic brains into dissection medium: HBSS (Life
Technologies) supplemented with 10 mM HEPES (Life Technologies) and 1 mM sodium
pyruvate (Life Technologies). Tissues were treated with 0.0125% (w/v) trypsin (Becton
Dickinson, Co., Franklin Lakes, NJ) for 5 min at 37°C, and gently dissociated via trituration in
neuronal medium: neurobasal medium (Life Technologies) supplemented with 6 mM Glutamax
(Life Technologies) and 1x B27 supplement (Life Technologies). Dissociated cells were seeded
into eight-well glass chamber slide (Matsunami Glass Ind., Osaka, Japan) coated with cell matrix
type IC (Nitta Gelatin Inc., Osaka, Japan). The cells propagated at 37°C and were used after 67
days of culture. All animal experiments were approved by the President of Hokkaido University

after review by the Animal Care and Use Committee of Hokkaido University (Approval No.

13025).
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Viruses

The TBEV Oshima 5-10 strain was isolated from a dog in Hokuto City (Japan) in 1995
(AB062063.2) *. The Sofjin-HO strain of TBEV was isolated from the brain of a human patient
in Khabarovsk (Russia) in 1937 (AB062064.1) 8. The Guriev strain of Omsk hemorrhagic fever
virus (OHFV) was isolated from human blood (AB507800). The recombinant viruses of these
strains were recovered from infectious cDNA clones as previously described "', The WNV
6-LP strain was plaque-purified from a New York City isolate, NY99-6922 (AB185914.2). The
JEV Sw/Mie40/2004 strain was isolated from a pig (AB241118.1). The Hochosterwitz strain of
TBEV was isolated from an Ixodes tick in Carinthia (Austria) in 1971 2. The LANV TP21 strain
was isolated from an Ixodes tick (AF253419.1). Working stocks of the all viruses were
propagated once in BHK-21 cells, and stored at —80 °C. All viral infections were conducted in the
BioSafety Level 3 conditions, in a dedicated laboratory located in the Graduate school of

Veterinary Medicine of Hokkaido University.

Antibodies

Polyclonal mouse anti-LANV (cross-reactive among the tick-borne flaviviruses),
anti-WNYV, and anti-JEV, antibodies were prepared from ascites of mice repeatedly immunized
with LANV TP21, WNV 6-LP, and JEV Ja-Gar(01, respectively. Rabbit polyclonal antibodies
were prepared by immunization with recombinant E and NS3 proteins derived from Escherichia
coli as described previously . The J2 mouse monoclonal antibody was used to detect the dsSRNA,
product of viral genome replication (English and Scientific Consulting, Szirak, Hungary) 7.
Chicken anti-microtubule-associated protein2 (MAP2), rabbit anti-grial fibrillary acidic protein
(GFAP), anti-f3 tubulin, and anti-synaptophysin polyclonal antibodies were the products of
Abcam plc. (Cambridge, UK). The secondary antibodies, including anti-mouse IgG, anti-rabbit

IgG, and anti-chicken IgG conjugated with AlexaFluor488 or AlexaFluor555, were purchased

from Life Technologies.
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Construction of virus-like particles (VLPs) of TBEV
The plasmids, Oshima REP 7° and pTBECME %, were used to construct VLPs of TBEV.

The TBEV replicon was transcribed from the Oshima REP plasmid using a mMESSAGE
mMACHINE SP6 kit (Life Technologies), and transfected into HEK293T cells with a Trans IT
mRNA transfection kit (Mirus Biology, Co., Madison, WI). After 5-6 h of culture, the cells were
transfected with the pTBECME plasmid, which expresses the structural proteins of TBEV, with a
TransIT-LT1 reagent (Mirus Biology). The supernatant was harvested at 48 h post-transfection
and cleared by centrifugation at 1,700 xg for 5 min. VLPs in the supernatant were precipitated by
10% (w/v) PEG 8000 and 1.9% (w/v) NaCl followed by incubation for 2 h at 4°C, and
centrifugation at 16,000 xg for 30 min. Pellets were resuspended in neurobasal medium and

stored at —80°C.

Infection of primary neuronal cultures

Primary neuronal cultures were infected at an multiplicity of infection (MOI) of 0.1.
After viral adsorption for 1 h, half of the culture medium was replaced. The medium was
harvested at 12 h, 24 h, 48 h, 72 h post-infection (h.p.i.), and stored at —80°C. Cells were fixed
and were subjected to following experiments. Unless otherwise stated, TBEV Oshima 5-10 strain

was used for TBEV infection.

Viral titration

Monolayers of BHK-21 cells, prepared in multi-well plates, were incubated with serial
dilutions of viruses for 1 h, and next overlaid with MEM containing 2% (v/v) FBS and 1.5%
(w/v) carboxymethyl cellulose. After 3—5 days of incubation, cells were fixed and stained with a
solution of 0.25% (w/v) crystal violet in 10% (v/v) buffered formalin. Plaques were counted and

viral titers expressed as plaque-forming unit (PFU)/ml.
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Indirect immunofluorescence assay (IFA)

At 12-72 h.p.., infected primary neuronal cultures were fixed in 4% (W/v)
paraformaldehyde for 20 min at 37°C, and next washed with 0.1 M glycine in phosphate-buffered
serine (PBS). Fixed cells were permeabilized by incubation in 0.1% (v/v) Triton X-100 for 5 min
at room temperature, and next blocked with 2% (w/v) bovine serum albumin. The cells were
incubated at room temperature for 1 h with primary antibodies. After extensive washing, cells
were incubated with secondary antibodies bearing fluorescent tags. The cells were enclosed with
a solution of the Slowfade Gold antifade reagent with DAPI (Life Technologies), and observed
via BZ-9000 (Keyence, Osaka, Japan) or LSM 700 confocal laser scanning microscopy (Carl
Zeiss Microscopy Co., Ltd., Jena, Germany). Images were processed using the BZ-2 Analyser

(Keyence) or ZEN 2009 (Zeiss) software.

Cytoskeletal perturbation

After viral adsorption for 1 h, half of the culture medium was exchanged, and
nocodazole (final concentration 10 pM) was added to the medium. The cells were fixed 48 h later,

and effect of cytoskeletal perturbation was assessed using IFA.

Transmission electron microscopy (TEM)

Infected and mock-infected primary neuronal cultures growing in eight well-chambered
slides were directly pre-fixed overnight with a solution of 2.5% (w/v) glutaraldehyde and 2%
(w/v) paraformaldehyde in 0.1 M phosphate buffer at 4°C. After washing with 0.1 M phosphate
buffer, cells were post-fixed in 1% (w/v) osmium tetroxide and dehydrated in a graded series of
alcohol. Cells were next embedded in a Quetol 812, DDSA, and MNA mixture (Nisshin EM,
Tokyo, Japan). Ultrathin sections were stained with uranyl acetate and lead citrate, and then

visualized via JEM-1400plus (JEOL Ltd., Tokyo, Japan).
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Statistical analysis

Data are expressed as mean + the standard deviation. Following a one-way analysis of
variance test, the Tukey—Kramer test was used to determine the statistical significance of
differences in the viral titer and the number of antigen accumulations (Fig. 3A, 3B & 6B) The

statistical analysis was performed with SAS University Edition software (SAS Institute Inc., Cary,

NC).
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Results

Replication of neurotropic flaviviruses in primary neuronal cultures

Prior to experiments using infectious viruses, cell components of primary cultured brain
cells were examined. Primary neuronal cultures were prepared from hippocampi, cerebral
cortexes, and cerebella, and stained for a neuronal marker (MAP2), astroglial marker (GFAP),
and 4', 6-diamidino-2-phylindole (DAPI). The primary cultures of cerebral cortexes contained

principally neurons (70—80%) and astroglial cells (20%), and lacked microglial cells.

To compare growth kinetics of encephalitic flaviviruses, primary cultures from each
region were infected with TBEV, WNV, or JEV at an MOI of 0.1, and viral titers in the culture
supernatant were measured at various time points. Figure 3A and 3B show that viral titers did not
differ among primary cultures from different brain regions. The viral titer of TBEV at 48 h.p.i.
was slightly higher than that attained by the other viruses, but the difference was not statistically
significant. Viral growth kinetics was similar all studied primary cultures. Thus, cerebral cortex
cells were used in all subsequent experiments. Apart from slight degeneration of the neurites in
TBEV-infected neurons, no obvious morphological change was evident upon light microscopy

(data not shown).

The distribution of viral antigens in primary neuronal cultures was examined via IFA
(Fig. 3C). At 48 h.p.i., infected cells stained with antibodies against MAP2 (a marker of neuronal
cell body and dendrites, green), virus-specific antibodies (red), and DAPI (blue). In the cell
bodies, distributions of viral antigens were similar in neurons infected with each virus studied.
However, distributions in the dendrites were differed among the viruses. Viral antigens were
sparsely distributed in dendrites of cells infected with WNV or JEV. On the other hand, antigen
accumulations were observed in dendrites infected with TBEV (Fig. 3C, white arrows). This form

of antigen-accumulation was also observed in neurons infected with the tick-borne flaviviruses,
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Far Eastern and European subtypes of TBEV, OHFV and LANV (Fig. 4).

Detailed images of accumulated viral antigens are shown in Figure 5. Antigen
accumulations varied in diameter, being 5—10 pm on the major and 3—5 um on the minor axis and
were surrounded by MAP2 in structures that appeared to be swollen (Fig. 5A). In some large
swellings, Z-stack images showed an unstained (hollow) region within the accumulation of viral

antigen (Fig. 5B).

Changes over time in viral antigen distribution are shown in Figure 6. In the early
stages of TBEV infection, viral antigens were detected in the cell body principally, thus
minimally in the dendrites (Fig. 6A). From 48—72 h.p.i., viral antigen accumulated in the
dendrites (Fig. 6A & B). However, viral antigen in WNV- or JEV- infected cells was located
principally in the cell body at all examined timepoints (Fig. 6A & B). WNV antigen accumulated
in dendrites of several neurons by 72 h.p.i., but such accumulations were fewer compared with

neurons infected with TBEV.

In a previous study, TBEV infection triggered microtubule re-arrangement in
neuroblastoma cells 77, possibly associated with the viral antigen accumulations in dendrites. As
shown in Figure 7, neurons uninfected or infected with TBEV were co-stained with the
anti-TBEV and anti-MAP2, anti-B3-tublin, or anti-synaptophysin antibodies. However, no
re-arrangement of microtubules distribution was observed in infected primary neuronal cultures
(Fig. 7). Accumulated viral antigens in TBE V-infected cells were localized with the calreticulin, a
marker of ER, but were not with synaptophysin, a marker of synaptic vesicles (Fig. 7). Thus, the
virus antigens accumulate on the ER in the dendrites, but it was not directly associated with

rearrangement of microtubules and synaptic vesicles.
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Cytoskeleton-mediated transport of neurotropic viruses, such as lyssavirus 787,

8081 “and influenza virus ®2, proteins has been reported previously. The viral protein

herpes virus
accumulation of TBEV could be related to the microtubule transportation and stagnation.
Nocodazole (which disrupts microtubules) was used to observe the effect of perturbation of
microtubule on the distribution. Addition of nocodazole induced dendrite loss (Fig. 8), and

TBEV or WNV antigens were present in the neural cell body only. Thus, the viral antigen

accumulations were affected by microtubule.

Viral constituent of the protein accumulations in dendrites

Viral constituents in accumulations were investigated. Staining of TBEV-infected
neurons with specific antibodies detecting structural (E) and non-structural (NS3) proteins
showed that both proteins were present in the antigen accumulations (Fig. 9A, white arrows). In
addition, dsRNA (reflecting viral genome replication) was also detected (Fig. 9B). These results
suggest that viral genome replication occurred in the regions of viral protein accumulations in

dendrites.

To investigate the viral constituents required for the formation of the accumulated viral
antigens, we next infected primary cultures with VLPs of TBEV (“single-round” infectious
particles containing replicon RNA as a genome) 3%, VLPs were constructed as described
followed. Briefly, after the induction and replication of replicon RNA in HEK293T cells, viral
structural proteins were supplemented in trans. Structural proteins package the replicon RNA
automatically, and triggers secretion of VLPs. The replicon RNA lacks the most of the cording
region for viral structural proteins. The VLPs can enter cells, and replicate within, but cannot
produce a progeny virus. Viral antigen also accumulated in dendrites after infection of the
TBEV-VLPs (Fig. 9C, white arrows). The viral protein accumulations did not require expression

of viral structural proteins.
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The ultrastructure of flavivirus infected primary cultured neuron

To observe the membrane structure of infected neurites, infected primary neuronal
cultures were examined by TEM (Fig. 10). In the cell body of mock-infected neurons, large
nuclei, ER, mitochondria, and Golgi apparatus were observed readily (Fig. 10A—C). However,
virus-infected neurons exhibited cytoplasmic condensation with granular structures, and reactive
lysosomes were evident (Fig. 10D). Apoptotic cells (identified by nuclear distortion or the
presence of apoptotic bodies) were rare in the ultrastructural observation. The spherical virions
coated with lipid bilayer were observed in infected neurons (Fig. 10E). The cell bodies of
neurons infected with TBEV or WNV were similar in appearance (data not shown). In the
dendrites of mock-infected neurons, organized microtubules were observed (Fig. 10F). After
infection of WNV, degenerated membrane and granular structures were appeared in neurites
(Fig. 10G). In contrast, TBEV infection caused neurite swelling and appearance of elliptical
structures (Fig. 10H & I). These structures were surrounded by laminal membranes and adjacent
to microtubules, and mitochondria were observed in the one side the structures unevenly (Fig.
10I). Virions coated with lipid bilayers were observed both inside and outside of these structures
(Fig. 10J-L). TBEV infection caused a characteristic ultrastructural change of membrane in the
neurites: a laminal membrane structure (LMS) besides the microtubules. WNV infection was not

associated with LMS formation.
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Discussion

Despite the importance of neuro-pathogenicity of flavivirus, the detailed feature of the
replication mechanism in the neural cells is still unknown. Primary cultures of brain cells was
used to examine the replication of several flaviviruses comparatively. Viral antigen distribution in
infected primary neuronal cultures differed when such cells were infected with mosquito and
tick-borne flaviviruses (Figs. 3 & 4). IFA and TEM studies revealed that dendritic replication of
tick-borne flaviviruses caused abnormal swelling of neurites and development of a specific

structure, LMS (Figs. 5-10).

Each studied flavivirus multiplied effectively in primary neuronal cultures from several
brain regions, indicating that use of such cells is appropriate when investigating flavivirus
infection. However, the flaviviruses showed similar growth kinetics in primary cultures from
several brain regions (Fig. 3A & B). Encephalitic flaviviruses have been reported to exhibit
differences in distribution and multiplication among the various parts of the brain. WNV
infections spare granule cell neurons of the cerebellum compare to other neuronal populations 6.
In contrast, JEV replicated well in granule cell neurons %7, and TBEV replicated throughout the
cerebellum, including granule cells 378, Two possible reasons may be suggested to explain the
difference in the in vivo and in vitro results. First, lack of glial cell maturation may influence viral
replication. Mammalian neurons interact with glial cells soon after birth; the neurons mature and
become myelinated *. Some reports have emphasized that the presence of glial cells affect
flavivirus replication in the brain ®+%0_ It is possible that the difference of glial cell-condition
affect the viral growth. Second, incomplete maturation of the innate immune response of neurons
may affect the susceptibility of such cells to flavivirus infection. The granule cells of the

cerebellum have been reported that to mount an effective innate immune response against viral

infection °!. Embryonic neurons used in this study may lack a well-developed innate immune
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system. Thus, the susceptibility of primary embryonic neuronal cultures to viral infection may
differ from that of adult brains in vivo. Interferon treatment of primary neuronal cultures may

render viral replication patterns similar to those observed in vivo.

Infection with tick-borne flaviviruses was associated with accumulations of viral
antigens in the dendrites of infected neurons, but this was not true of mosquito-borne flaviviruses.
The accumulations contained structural proteins, NS proteins, and dsRNA (Fig. 9A & B).
Accumulations were also evident upon the replication of replicon RNA after infection with VLPs
of TBEV (Fig. 9C). Flavivirus replicates at ER membranes, and buds into the ER lumen *26-2832,
Dendrites are known to contain free ribosomes and satellite secretory pathways to secure synaptic

9295 Together, the data suggest that tick-borne flaviviral replication in dendrites

plasticity
induced viral protein accumulation. The previous reports described that infection with rabies
virus %, influenza virus %2 and other viruses similarly accumulated viral antigens in the dendrites.
Such accumulation has been considered to reflect inhibition of viral protein transportation
(mainly structural proteins of virion) in dendrites in which cytoskeleton has been disrupted.

However, we found that the mechanism of antigen accumulations during TBEV infection were

quite different. This is the first report to show the viral replication in dendrites.

TBEV infection caused a characteristic ultrastructural change in neurite membranes of
infected neuron. An LMS, lying parallel to microtubules, was developed, and virions were
observed both inside and outside of this structure (Fig. 10H-L). LMS-like membranes were
previously observed in glioblastoma cells infected with TBEV 7. Flavivirus infection induces
typical alterations in ER membranes. The membranes assume vesicle pockets and convoluted
structure, forming a platform on which viral genome replication and virion assembly proceed
3262897 1t is possible that LMS is formed via membrane reconstitution triggered by the viral

replication, and serves as the platform for dendritic viral replication and virion assembly. The
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unstained hollow regions evident when the accumulations of viral proteins were examined by IFA

may be attributable to the fact that degenerated membranes are poorly permeable to antibodies.

A proposed model of LMS formation is shown in Figure 11. Viral proteins are
synthesized in dendrites (Fig. 11A). Membrane structures are reconstituted to form the LMS after
such synthesis (Fig. 11B), and the LMS becomes multilayered and grows to compress the

microtubules (Fig. 11C).

Time-course experiments revealed that viral proteins were synthesized principally in the
neuronal cell bodies during the early stages of infection, becoming distributed in dendrites only
later (Fig. 6). Thus, TBEV genomic RNA (with or without viral proteins) was transported
principally from cell bodies to dendrites. And, experiment using VLPs showed that the RNA
transport did not require expression of viral structural proteins. Viral genomic RNA bound to
membrane-associated RC (formed by viral NS proteins) may be transported along dendritic
membrane. Another important transport mechanism involves formation of RNA granules.
Recently, mRNA transportation to the dendrites, and local translational control therein, have been
described in neuron **1%, Specific mMRNAs form RNA granules containing several different RNA
binding proteins are transported along microtubules to dendrites in a kinesin-dependent manner
10L102 "1t is possible that viral genomic RNAs may hijack or mimic this transport mechanism.
Microtubule-dependent formation of viral antigen accumulations in dendrites may support this

hypothesis (Fig. 8).

All tick-borne flaviviruses used in the present thesis, Far Eastern and European subtype
of TBEV, OHFV, and LANYV, accumulated viral antigens in dendrites (Fig. 4). However, WNV
and JEV formed smaller accumulations. Some previous studies used the primary brain cultures to

investigate replication of mosquito-borne flaviviruses, but no mention was made of the viral
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antigen accumulation in dendrites %, Such differences may reflect viral adaptive evolution to

arthropod vector; tick-borne flaviviruses spend most of their life-cycle in ticks.

Alteration in membrane structure and accumulation of viral proteins in dendrites may
cause the neuronal dysfunction and degeneration in vivo. LMS formation and viral protein
accumulation induced ultrastructural changes in neurites, including compression of the
microtubules, the obstruction of trafficking pathways, and reconstitution of membrane structure
(Fig. 10). Such changes may affect synaptic function and induce neurite degeneration leading to
development of neurological disease. Synaptic connections are dynamically regulated via
intracellular trafficking pathways, protein modifications, and local protein synthesis in the
dendrites **'%, Such connections play important roles in CNS, being in recognition, memory,
and behavioral regulation. Dendritic degeneration occurs in some diseases associated with loss of
cognitive function, including Alzheimer’s disease '%°, fragile-X syndrome ', and Rett syndrome
105 Especially, fragile-X syndrome is caused by disruption of local protein synthesis in dendrites
106 In addition, viral protein accumulations in dendrites may affect neural function via the
interaction of such proteins with host factors. In a previous study, TBEV replication arrested the
neurite outgrowth in a cell line derived from a phenochromocytoma of the rat adrenal medulla.
Such arrest was caused by interaction between TBEV NS5 protein and host proteins-Racl and
Scribble '%7. The latter proteins are involved in maintaining cell polarity, regulation of synaptic
plasticity, and synaptic vesicle dynamics %, It is possible that the accumulated viral proteins
affect the distribution and functionality of host proteins with which the viral proteins interact, in

turn causing neural dysfunction and cell-degeneration.

In this chapter I, I showed that mosquito and tick-borne flaviviruses replicated
differently in primary neuronal cultures. Tick-borne flaviviruses induced ultrastructural

membrane alterations and replication thereof was associated with accumulation of viral proteins
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in dendrites; this was not true of mosquito-borne flaviviruses. It was also shown that tick-borne

flaviviruses replicate in the neural dendrites for the first time.
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Fig. 3. Replication of encephalitic flaviviruses in primary neuronal culture.

(A) TBEV growth kinetics in primary cell cultures. Hippocamal (closed circles), cerebral cortex (crosses), and
cerebellal (open triangles) cells were infected with TBEV at an MOI of 0.1 and, at the indicated time poins,
the media were harvested, and virus titers were determined by plaque forming assay. Error bars: standard
deviations. (B) Virus production levels in primary cultures of cells from various brain regions. Cells from the
hippocampus (Hip), cerebral cortex (Cor), and cerebellum (Cer) were infected with TBEV, WNV, or JEV at an
MOI of 0.1. Virus titers in supernatants at 48 h.p.i. were measured. (C) Viral antigen distribution at 48 h.p.i..
Cultured cerebral cortex cells were infected with TBEV, WNYV, or JEV, at an MOI of 0.1. The infected cells
were fixed at 48 h.p.i., and stained with antibodies against MAP2 (green), antisera against each virus (red), and
DAPI (blue). Right panels show magnifications of dendrites from the indicated regions of the merged images.
Scale bars indicate 50 pum in length.
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Fig. 4. Viral antigen distribution of tick-borne flaviviruses in primary neuronal cultures.

Cultured cerebral cortex cells were infected with TBEV Sofjin strain, TBEV Hochostervitz strain, OHFV, or
LANV. The infected cells were fixed at 48 h.p.i., and stained with antibodies against MAP2 (green), antisera
against tick-borne flavivirus (red), and DAPI (blue). Viral antigen accumulations in dendrites are indicated by
white arrows. Scale bars indicate 50 pm in length.
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Fig. 5. Detailed images of the antigen accumulations in the neuronal dendrite.

(A) Viral protein accumulations in TBEV-infected dendrites. Infected cells were fixed at 48 h.p.i. and stained
with antibodies against MAP2 (green) and an antiserum against a tick-borne flavivirus (red). The images were
collected with a confocal microscope. Panels (termed Regionl and Region2) show magnifications of dendrites
in the indicated region of right panel. Accumulations of viral antigens in dendrites are indicated by white arrows.
(B) Z stack images of viral protien accumulation in a TBEV-infected dendrite. The slice images of the
accumulation (shown in the region labove) were collected with an interval of 0.65 pm in depth.
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Fig. 6. Time-course changes in viral antigen distribution.

(A) IFA images showing the changes over time in viral antigen distributions in primary neuronal cultures.
Cultured cerebral cortex cells were infected with TBEV, WNV, or JEV at an MOI of 0.1. The infected cells
were fixed at the indicated time points (12, 24, 48, and 72 h.p.i.), and stained with antisera against each virus
(red). Accumulations of viral antigens are indicated by white arrows. Scale bars: 50 um.
(B) The extent of viral antigen accumulations in infected cells. Cultured cerebral cortex cells were infected with
TBEV, WNV, or JEV at an MOI of 0.1., fixed the indicated timepoints (12, 24, 48, and 72 h.p.i.), and stained
with antisera against each virus and DAPI. The numbers of infected cells and antigen accumulationsins in such
cells were counted in four different microscopic fields. Error bars: standard deviation. **: P<0.01 by
Tukey’s test.
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Fig. 7. Co-staining of TBEV-antigen and cellular organelles.

Neuronal cells were uninfected or infected with TBEV at an MOI of 0.1, and fixed at 48 h.p.i.. The cells were
stained with antibodies against organelle markers (green), an antiserum against tick-borne flaviviruses (red), and
DAPI (blue). Antibodies against MAP2, B3-tublin, Calreticulin, and synaptophysin were used as organelle
markers. Right panels show magnifications of antigen accumulations from the indicated regions by white
rectangles of the merged images. Accumulations of viral antigens are indicated by white arrows. Scale bars
indicate 50 um in length.
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Fig. 8. Effect of microtubule perturbation on viral antigen distribution.

Cells were uninfected or infected with TBEV or WNV at an MOI of 0.1, and treated with nocodazole. The
infected cells were fixed at 48 h.p.i. and stained with antibodies against MAP2 (green), antisera against each
virus (red), and DAPI (blue). Scale bars indicate 20 pum in length.
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Fig. 9. Viral constituents present in antigen accumulations in dendrites.

(A) Cells were infected with TBEV at an MOI of 0.1, and fixed at 72 h.p.i.. The fixed cells were stained with
antibodies against viral proteins (green), an antiserum against a tick-borne flavivirus (red), and DAPI (blue).
To detect viral proteins, antibodies targeting E protein and NS3 were used. Scale bars: 50 um. (B) Cells were
infected with TBEV at an MOI of 0.1, and fixed at 48 h.p.i. The fixed cells were stained with antibodies against
the TBEV E protein (green), an antibody against dSRNA (red), and DAPI (blue). The viral antigen is magnified
in magnification panels. Accumulations of viral antigens are indicated by white arrows. (C) Cells were infected
with VLPs of TBEV and fixed at 48 h.p.i.. Neurons were stained with an antibody against MAP2 (green), an
antiserum against a tick-borne flavivirus (red), and DAPI (blue). Right panels show magnifications of antigen
accumulations from the indicated regions of the merged images. Scale Bars indicate 50 um in length.
Accumulations of viral antigens are indicated by white arrows.
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Fig. 10. Ultrastructural changes in primary neuronal cultures upon flaviviral infection.

Primary neuronal cultures were examined by TEM at 54 h.p.i.; these included uninfected cells (A—C, and F),
cells infected with TBEV (D, E, and H-L), and cells infected with WNV (G). (A—C) Mock-infected neurons
contained structurally intact organelles (Nu: Nucleus, Cyto: Cytosol, ER: endoplasmic reticulum, and
Mit: Mitochondria). (D) TBEV infected neurons exhibited cytoplasmic condensation, and reactive lysosomes
were also observed (Lys: Lysosome). (E) Virions coated with lipid bilayers were evident (white arrows). (F)
Normal microtubule structure was observed in mock-infected neurites. (G) WNV-triggered degeneration of
membrane structure (white arrowhead) and the appearance of granular aggregates in the neurites. (H) TBEV
infection triggered swelling of and development of elliptical membrane-encased structures in neurites. (I) A
laminal membrane structure was observed adjacent to microtubules. Mitochondria were unevenly distributed in
one side of neurites with the structures. (J—L) Representative images of the regions (surrounding those shown in
H, and I). Virion-like structures coated with lipid bilayers were observed both inside and outside the observed
structures(white arrows). 35
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Fig. 11. Schematic of LMS formation and the contribution to neuro-pathogenicity.

(A) Viral proteins are synthesized by free ribosomes in the dendrites. (B) Synthesized proteins form the LMS by
modulating the structure of host-membranes. (C) The LMS becomes enlarged and compromises
microtubule linearity, thus obstructing trafficking pathways.
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Chapter II:

Dendritic transport of tick-borne flavivirus RNA by neuronal granule affects
development of the neurological disease.

Summary

Neurological diseases caused by encephalitic flaviviruses are severe and associated with
high levels of mortality. However, little is known about the detailed mechanisms of viral
replication and pathogenicity in CNS. In chapter I, it was shown that the genomic RNA of TBEV,
a member of genus Flavivirus, is transported and replicated in the dendrites of neurons. In this
chapter II, I analyzed the transport mechanism of the viral genome to dendrites. Specific
sequences of the 5" UTR of TBEV genomic RNA was identified as a cis-acting element for RNA
transport. Mutated TBEV with impaired RNA transport in dendrites caused a reduction in
neurological symptoms in infected mice. It was shown that neuronal granules, which regulate the
transport and local translation of dendritic mRNAs, are involved in TBEV genomic RNA
transport. TBEV genomic RNA bound a RNA-binding protein of neuronal granules and disturbed
the transport of dendritic mRNAs. This is the first report of a neuropathogenic virus hijacking the
neuronal granule system for the transport of viral genomic RNA in dendrites, resulting in severe

neurological disease.
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Introduction

Some of the pathogenic flaviviruses, such as JEV, WNV, and TBEYV, are neurotropic and

cause encephalitic disease 27°.

The encephalitic flaviviruses histologically induce typical
nonsuppurative encephalitis >°°%, However, differences in neurological symptoms were observed
in the flaviviruses, and neurologic manifestations such as photophobia, irritability, and sleep
disorders are characteristically observed following TBEV infection >3, These differences in the
symptoms have suggested that the pathogenic mechanism in neurons may differ in the
encephalitic flaviviruses. In chapter I, it was shown that the TBEV replicated locally in dendrites
in primary cultures of mouse neurons '%. To replicate within dendrite locally, viral genomic RNA
must be transported from cell body to dendrites. Genomic RNA transport and local replication are

thought to be important in the pathogenesis of neurological diseases that are result of TBEV

infection, although their detailed mechanism are not well understood.

It has been reported that mRNAs are transported and locally translated in neuronal

dendrites °%%°

. Specific mRNAs form a complex, called a neuronal granule, with several
RNA-binding proteins (RBPs), and are transported along microtubules to dendrites in a
kinesin-dependent manner. Transport of the mRNA and local translation in neuronal dendrites
have been shown to be important for neurogenesis and the plasticity of the synaptic

communication '%!!'! Furthermore, disruption of the neuronal granule system has been shown to

be involved in mental retardation and neurodegenerative diseases, such as fragile X syndrome

106,112 113

, autism spectrum disorder !, and Alzheimer’s disease '©. It was hypothesized that the
genomic RNA of TBEV is also transported by neuronal granules, resulting in the severe

neurological symptoms caused by TBEV infection.
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In this chapter II, I investigated the mechanism of the transport of TBEV genomic RNA to
the dendrites in neurons. A cis-acting element in the viral genomic RNA important for transport
was identified. Genomic RNA transport contributed to the development of neurological
symptoms following TBEV infection. TBEV genomic RNA interacted with an RBP of neuronal
granules and disturbed the transport dendritic mRNAs using neuronal granules for dendritic

transport.
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Materials and Methods

Cell culture

PC12 cells were purchased from DS Pharma Biomedical Co., Ltd. (Osaka, Japan) and were
grown at 37°C in Roswell Park Memorial Institute (RPMI) 1640 medium (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) containing 10% (v/v) horse serum, 5% (v/v) FBS, and

penicillin/streptomycin.

Viruses

To construct the TBEV stem-loop (SL)-2 loop C-U mutant, a C-to-T mutation was
introduced into the Oshima-IC at nt position 120 by polymerase chain reaction (PCR) and
subcloning in a stepwise manner. Working stocks of the viruses were propagated once in BHK-21
cells, and stored at —80 °C. Experiments using live TBEV were conducted in Biosafety Level 3 or
Animal Biosafety Level 3 facilities located at the Graduate School of Veterinary Medicine at

Hokkaido University.

Plasmids
The pCMV-TBEV REP plasmid was constructed from the pPCMV-TBEV REP-GFP plasmid

(kindly provided by Dr. Igarashi, Kyoto University) by deleting the inserted Green fluorescent
protein (GFP) gene. Under the control of a cytomegalovirus (CMV) promotor, this plasmid was
designed to transcribe a replicon RNA of the TBEV Oshima 5-10 strain in which most of the
CDS for the viral structural proteins (nucleotide (nt) 239-2291) had been deleted. The hepatitis
delta virus (HDV) ribozyme sequence and a poly-A signal were inserted after the replicon
sequence. For construction of the other RNA-expressing plasmids, PCR fragments were
synthesized by standard fusion-PCR and subcloned into pCMV-TBEV REP. The pPCMV-TBEV
REP dGDD and pCMV-TBEV REP dATG plasmids were constructed by introducing a mutation

in the RdRp motif of the NS5 protein (GAT-to-GTC: nt 9654—56) and in the first translation
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initiation codon of the CDS (ATG-to-AGG: nt 132—134), respectively.

To construct pCMV-Luc, the luciferase gene of pGL4.0 (Promega, Madison, WI) was
inserted between the CMV promoter and the HDV ribozyme sequence. Partial CDS of the TBEV
Oshima 5-10 strain (nt 132—244; partial CDS for capsid protein, and 2292—4304; from NSI1 to
NS2A, nt 4206—7007; from NS2B to NS4A or nt 6909—1037; from NS4B to NS5) was inserted
into pCMV-Luc to construct plasmids expressing TBEV CDS with luciferase sequence. The
plasmids expressing flavivirus UTRs with the luciferase gene were constructed by inserting the 5’
and 3" UTRs of the TBEV Oshima 5-10 strain or the WNV 6-LP strain (AB185914.2) into the
pCMV-Luc plasmid. The sequences of stem-loop (SL) -1 (nt 4-103) and SL—2 (nt 107—128)
were deleted from the pCMV-Luc (5’ TBEV/3' TBEV) plasmid to construct the pCMV-Luc (5’
TBEV dSL-1/3" TBEV) and (5’ TBEV dSL-2/3" TBEV) plasmids, respectively. G-to-T mutations
at nt positions 114, 115, and 117 were introduced into pCMV-Luc (5" TBEV/3" TBEV) to
construct pCMV-Luc (5" TBEV SL-2 loop G-U/3" TBEV) plasmid. The pCMV-Luc (5" TBEV
SL-2 loop C-U/3" TBEV) plasmid was constructed by introducing a C-to-T mutation (120 nt) in
pCMV-Luc (5" TBEV/3" TBEV). Four mutations (G109U, C110A, G125A, and C126U) were
introduced in the pCMV-Luc (5’ TBEV/3’ TBEV) to construct the pCMV-Luc (5" TBEV SL-2

stem/3’' TBEV) plasmid.

To construct pCXSN-Flag-fragile X mental retardation syndrome protein (FMRP), CDS of
the FMR-1 gene from HEK293T cells was cloned into the pCXSN-Flag plasmid ''*. To construct
pCXSN-Flag-FMRP (I304N), a T-to-A mutation at nt position 911 was introduced by

site-directed mutagenesis.
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Infection and transfection

For neuronal differentiation, 1.0 x 10* PC12 cells/well were seeded on eight-well glass
chamber slides with RPMI 1640 medium containing 0.5% (v/v) horse serum, 0.25% (v/v) FBS
and penicillin/streptomycin. Following overnight incubation, the medium was changed with
medium supplemented with 50 ng/mL of 2.5s Neuronal growth factor (COSMO BIO co. Itd.,
Tokyo, Japan) and the cells were incubated for 6—7 days until neurites developed. The
differentiated PC12 cells were infected with TBEV at a MOI of 0.1 or transfected with the
plasmids by using X-treameGENE HP Transfection Reagent (Hoffmann-La Roche Ltd., Basel,

Switzerland).

Primary neuronal cultures were infected with TBEV at an MOI of 0.1. Following viral
adsorption for 1 h, half of the culture medium was replaced. The medium was harvested at 24, 48,

and 72 h.p.i. and stored at —80°C.

Antibodies

Rabbit anti- RNA granule protein 105 (RNG105) polyclonal antibodies were kindly
provided by Dr. Shiina (National Institute for Basic Biology, Okazaki, Japan). Rabbit anti-Staufen
polyclonal antibodies (AB5781), mouse monoclonal anti-FMRP antibodies (MAB2160), mouse
monoclonal ANTI-FLAG M2 antibodies (F3165) and mouse monoclonal anti- Kinesin Heavy
chain antibodies (MAB1614) were purchased from Merck KGaA (Darmstadt, Germany).
Anti-mouse IgG and anti-rabbit IgG antibodies conjugated with AlexaFluor555 were purchased
from Thermo Fisher Scientific (Waltham, MA). Anti-Digoxigenin-Rhodamine, Fab fragments
were purchased from Merck. Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) was purchased
from Jackson Immuno Research Laboratories, Inc. (West Grove, PA). Anti-DYKDDDDK tag,

Monoclonal Antibodies, Peroxidase Conjugated were purchased from Wako.
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Labeled RNA probes
The 3" UTR of TBEV (nt 10277-11100), partial CDS for NS3 of TBEV (nt 5546—4599),

luciferase (nt 31-930), Ca**/calmodulin-dependent protein kinase II a (CaMKIla, nt 483—931),
brain-derived neurotropic factor (BDNF, nt 2514-2859), and Arc (nt 2968—2354) were cloned
into the pGEM-T (Easy) vector (Promega) ''°. After the cleavage of the plasmids by restriction
enzyme, digoxigenin- (DIG-) and fluorescent- labeled RNA were transcribed by using the DIG

RNA Labeling Kit (SP6/T7) (Roche) and Fluorescein RNA Labeling Mix (Roche), respectively.

Fluorescent in-situ hybridization (FISH) and 1FA
Cells were fixed in 4% (w/v) paraformaldehyde for 15 min at 37°C and washed with 0.1 M

glycine in PBS. The cells were permeabilized in 0.5% (v/v) Triton X-100 for 5 min at room
temperature and were washed with PBS. The cells were post-fixed with 40% (v/v) formamide in
4 x saline sodium citrate buffer (0.6 M sodium chloride and 0.06 M trisodium citrate dehydrate)
for 30 min at room temperature. After washing with PBS, the cells were treated with hybridize
buffer (50% (v/v) formamid in 2 X saline sodium phosphate ethylenediaminetetraacetic acid
(EDTA) buffer: 0.36 M sodium chloride, 0.02 M sodium phosphate buffer and 0.002 M EDTA)
for 2 h at 45°C. The cells were hybridized overnight at 45°C with hybridization buffer containing
2 pg/mL of anti-sense fluorescein- or DIG- labeled RNA. The hybridized cells were incubated

with hybridization buffer without labeled RNA for 1 h at 45°C and washed.

Following FISH, the cells were washed with PBS and blocked with 2% (w/v) bovine serum
albumin. The cells were incubated at room temperature for 2 h with primary antibodies. After
extensive washing, the cells were incubated with secondary antibodies conjugated with
fluorescent dye and enclosed with a solution of Slowfade Gold antifade reagent with DAPI
(Thermo Fisher Scientific). Fluorescent images were taken by using the LSM 700 confocal laser

scanning microscopy (Zeiss). Images were processed with ZEN 2009 software (Zeiss), IMARIS
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software (Bitplane AG, Zurich, Switzerland), or Image J '°,

Analysis of fluorescent signal in neurites

To analyze the fluorescent signals in the neurites of PC12 cells, Z-stack images of the cells
stained with FISH and IFA were collected with the LSM 700 for 8.8 pm at intervals of 0.88 pm in
depth. The three-dimensional images were reconstructed and analyzed with IMARIS software.
Briefly, stained regions were assessed as voxels, and overlapping voxels of MAP2 and FISH
signals in neurites were defined as the RNA signals in neurites. The measurements were
conducted in five microscopic fields that were randomly selected from three biological replicates.
Similar analysis was performed to analyze the localization of the RBPs in the neurites. Intensity
line profiles of the viral proteins and the RBPs were analyzed with ZEN2009 software. To
measure the fluorescent signals in the neurites of the primary neurons, neurites positive for the
Arc, BDNF or CaMKIla mRNA were randomly selected in five microscopic fields from three
biological replicates, and the fluorescent signals in the area of interest (AOI) were measured with
image J. The measurements were conducted in ten independent areas. Similar analysis was

performed to measure the co-localized areas of FISH signal and RBPs in the neurites.

Analysis of binding of FMRP to TBEV genomic RNA
RNAs of TBEV wild type (wt) or the SL-2 loop C-U mutant were synthesized in vitro with

MEGAscript SP6 Transcription Kit (Thermo Fisher Scientific). HEK293T cells (4.0 x 10°
cells/wel) were seeded on a six-well plate and transfected with pCXSN-Flag-FMRP or
pCXSN-Flag-FMRP (I304N) by using X-treameGENE HP Transfection Reagent. Following a 48
h of incubation, the «cells were collected and treated with 250 pL/well of
radioimmunoprecipitation assay buffer (50 mM Tris-HCI, 150 mM sodium chloride, 1% (v/v)
NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate, and ImM EDTA)

containing protease and RNase inhibitor. The synthesized RNAs (1 pg) were added to the lysate,
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and the mixture was pre-cleared with 5 ul. of SureBeads Protein G magnetic beads (Bio-Rad
Laboratories, Inc., Hercules, CA) for 30 min at 4°C. The lysate was then incubated with 5 pL of
magnetic beads with 1 pL of anti-Flag antibody for 1 h at 4°C. Following three washes with PBS,
the RNA bound to the beads was extracted from half of the beads with ISOGEN II (Nippon Gene
Co., Ltd., Tokyo, Japan). The other half was used to perform Western blotting to detect FMRP
with anti-FMRP antibodies, anti-mouse IgG antibodies conjugated with HRP and the
Immobilon™ Western Chemiluminescent HRP Substrate (Merck). To detect TBEV RNA in the
extracted RNAs, reverse transcription- (RT-) PCR was conducted with SuperScript III (Thermo
Fisher Scientific) and Platinum Taq DNA Polymerase (Thermo Fisher Scientific) with

TBEV-specific primers. Four biological replicates were performed for each experiment.

Luciferase activity of the RNA-expressing plasmids

HEK293T cells were transfected with plasmids expressing luciferase mRNA with or
without flavivirus UTRs. After 48 h of incubation, cells were collected and luciferase activity was

measured with luciferase assay system (promega). Three biological replicates were performed.

Detection of dendritic mRNAs in primary neuron by RT-PCR
Total RNA in primary neurons seeded on 12 well plate was collected by using ISOGEN

II. To detect dendritic mRNAs, Beta-Actin mRNA and TBEV genomic RNA in the extracted
RNAs, RT-PCR was conducted with SuperScript III and Platinum Taq DNA Polymerase using

specific primers. Three biological replicates were performed for each experiment.

Animal model

Ten five-week-old female C57BL/6 mice (Japan SLC Inc.) were divided randomly into two
groups and inoculated with 100 PFUs of virus (TBEV wt or SL-2 loop C-U) intracerebrally.
Morbidity was defined as the appearance of 10% weight loss. Surviving mice were monitored for

14 days to obtain survival curves, mortality rates and body weights. The experiment was repeated

46



twice (total n = 10). No statistical method was used to estimate the sample size. There were no
mice excluded from the analysis. The President of Hokkaido University approved all animal
experiments after review by the Animal Care and Use Committee of Hokkaido University

(approval no. 13025).

Levels of paralysis and neurological symptoms of the infected mice (n = 5) were evaluated
every day as described previously 7. Briefly, four tests (ledge test, hind limb clasping, gait, and
kyphosis) were conducted and scored individually on a scale of 0—3; a score of 0 represented an
absence of the relevant phenotype and a score of 3 represented the most severe manifestation. For
the ledge test, the mouse was placed on the ledge of cage and the state of movement was
observed. To evaluate hind limb clasping, the tail of the mouse was grasped near its base, the
mouse was lifted, and the hind limb position was observed. To evaluate the mouse’s gate, the
mouse was placed on a flat surface and was observed from behind as it walked. The level of
kyphosis was observed while the mouse walked after being placed on a flat surface. One mouse
infected with TBEV wt and one mouse infected with SL-2 loop C-U were excluded from the

analysis at 8 day post infection (d.p.i.) due to death.

Analysis of viral titer, viral sequence and histology of mice

The brains of the mice were collected at 3 and 6 d.p.i. (n = 3) for viral titer analysis. They
were weighed and homogenized as 10% suspensions (w/v) in PBS with 10% FBS. The
suspension was clarified by centrifugation at 12,000 rpm for 5 min at 4 °C and titrated by plaque
forming assay in BHK-21 cells. Total RNAs of brains of the dead mice were extracted with
ISOGEN II (Nippon Gene). Following amplification by RT-PCR with SuperScript III (Thermo
Fisher Scientific) and Platinum Taq DNA Polymerase (Thermo Fisher Scientific) with
TBEV-specific primers, SL-2 region was sequenced with 3130 genetic analyzer (Thermo Fisher

Scientific). For histological analysis, the brains were collected from the infected mice at 3 and 6
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d.p.i. (n = 3). Organs were fixed in 10% phosphate-buffered formalin (pH 7.2) and embedded in
paraffin. Sections were stained with Carrazzi’s hematoxylin and eosin. Histological changes in
the brain (cerebral cortex, midbrain, hippocampus, cerebellum, and medulla oblongata) were

observed under a microscope.

Prediction of the RNA secondary structure of 5' UTRs of TBEV
The RNA secondary structures of the 5" UTRs of TBEV (nt 1-240) were predicted with

mfold Web Server provided by University At Albany '8, The RNA secondary structures of the

constructs with deletions or mutations in the 5" UTR were confirmed with mfold prediction.

Phylogenetic analysis of flavivirus 5' UTRs

The evolutionary history was inferred by using the Maximum Likelihood method based on
the Tamura-Nei model . The tree with the highest log likelihood (-1012.9710) is shown. The
percentage of trees in which the associated taxa clustered together is shown next to the branches.
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and
BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood approach, and then selecting the topology with superior log likelihood value. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site. The
analysis involved 15 nucleotide sequences of 5’ UTRs of flaviviruses and hepatitis C virus
(TBEV Oshima5-10: AB062063.2, TBEV Sofjin-HO: AB062064.1, TBEV Hypr: U39292.1,
TBEV Neudoerfl: U27495.1, LANV TP21: AF253419.1, OHFV Guriev: AB507800.1, KFDV
P9605: JF416958.1, ZIKV MR766: LC002520.1, DENV2 16681: U87411.1, WNV NY99-6-LP:
ABI185914.2, JEV Nakayama: : EF571853.1, YFV Ivory Coast 1999: AY603338.1,
CulexFlavivirus Tolyo: AB262759.2, AedesFlavivirus Narita-21: AB488408.1 and HCV JFH-1:
AB047639.1). All positions containing gaps and missing data were eliminated. There were a total

of 74 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 2,
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Statistical analysis

Data are expressed as mean + the standard errors. Following a one-way analysis of
variance test, the Tukey—Kramer test was used to determine the statistical significance of
differences in the mean values of the fluorescent signals in neurites (Fig. 13C, 14C, 16C, 16F &
21C), the fluorescent signals in the AOI (Fig. 23B) and the luciferase activity (Fig. 15).
Following the F-test to analyze variances, the unpaired two-sided Student’s or Welch’s t-test was
used to determine statistical significance between TBEV wt and SL-2 loop C-U mutant at each
time point (Fig. 18B, 18C, 19B, 19C, 19D. 20B & 20D). The Kaplan—Meier survival curves and
the log-rank test were used to evaluate the survival of the infected mice (Fig. 19A). Days until
onset and average survival time were expressed as 95% confidence intervals. The statistical

analysis was performed with SAS University Edition software (SAS Institute Inc., Cary, NC).
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Results

5" UTR of TBEV is a cis-acting element important for RNA transport to neurites.

PC12 cells differentiate into neuronal phenotype and form neurites in the presence of
neuronal growth factors. To examine whether the genomic RNA of TBEV is transported to
neurites in differentiated PC12 cells, as observed in primary neurons '°*!2!| the PC12 cells were
infected with TBEV. Accumulations of viral antigen and FISH signal for TBEV genomic RNA

were observed in the neurites (Fig. 12A), as seen in the dendrites of the primary neurons.

A flavivirus replicon, a viral genomic RNA in which most of the CDS for the viral
structural proteins was deleted, has been used for analysis of intracellular replication of the viral
genome 227124 In this study, a plasmid expressing the TBEV replicon RNA (pCMV-TBEV REP)
was used to analyze the viral factor involved in the transport of genomic RNA (Fig. 12B).
Differentiated PC12 cells were transfected with the plasmid and the distribution of viral RNA was
examined by FISH. Viral RNAs were observed in the neurites (Fig. 12C), indicating that viral
structural proteins are not required for the transport of genomic RNA. I introduced a mutation
into the catalytic site of the viral RdRp (pCMV-TBEV REP AGDD), which is essential for
replication of flavivirus genome '**. Viral genomic RNA was still detected in the neurites of cells
transfected with the AGDD construct (Fig. 12C), indicating that the transport is independent of
the process of genome replication including synthesis of the negative strand of the genomic RNA.
Furthermore, mutation of the first initiation codon of the viral polyprotein (p)CMV-TBEV REP
AATG) did not alter the distribution of viral genomic RNA in the neurites (Fig. 12C). Overall,
these results indicate that the transport of genomic RNA does not require expression of the viral

proteins.

To analyze the RNA region required for transport, plasmids expressing RNA for a

luciferase CDS fused with partial sequences of the TBEV were constructed (Fig. 13A). Expressed

50



RNA with TBEV UTRs was detected in neurites, but those with any of the CDS for the viral
proteins, without the UTRs, were not (Fig. 13B & C), indicating that the UTRs of TBEV, but not

CDS, were important for the transport of mRNA to neurites.

In chapter I, it was observed that the viral antigen accumulations in dendrites of cells
infected with tick-borne flaviviruses, but less in those infected with mosquito-borne WNV 1% T
hypothesized that this difference could be caused by differences in the UTRs and constructed
plasmids expressing luciferase mRNA with the UTRs of TBEV or WNV (Fig. 14A). The mRNAs
expressed with the 5" UTR of TBEV were localized to neurites, while those with the 5" UTR of
WNV were not, regardless of the 3" UTR sequences (Fig. 14B & C). Complete deletion of the 3’
UTR drastically reduced the expression of the RNAs in reporter assay, indicating that the 3' UTR
was involved in the stability of the RNAs (Fig. 15). These data suggest that the 5" UTR of TBEV

contains a motif required for the transport of mRNA to neurites.

There are two stem-loop structures (SL-1, nt 4-103 and SL-2, nt 107—128) predicted in the
5 UTR of TBEV '8 (Figs. 16A & 17A). A plasmid with deletion of SL-1 or SL-2 in the 5' UTR
was constructed to analyze the importance of these structures in transport (Fig. 16A). The mRNA
with deletion of SL-1 was still detected in the neurites, while deletion of SL-2 abolished the
localization (Fig. 16B & C). These data indicated that the SL-2 region of TBEV 5’ UTR is

required for mRNA transport.

To further analyze the role of SL-2, we introduced mutations in the SL-2 region of
pCMV-Luc (5’ TBEV/3" TBEV). The mutations of SL-2 loop G-U and C-U were designed
without affecting formation of the stem structure. The mutations of SL-2 stem were designed to
dissociate the stem structure (Fig. 16D). After transfection of PC12 cells, the mutation of SL-2

loop G-U or SL-2 stem slightly decreased the signals in the neurites. However, the mRNAs with
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the mutation was still detected in the neurites, and showed no significant difference from those of
TBEV wild-type (wt). The mRNAs with the SL-2 loop C-U mutation were not detected in the
neurites completely (Fig. 16E & F). These indicated that C at nt position 120 in SL-2 is the most

important in the transport of mRNA to neurites.

Sequence of the 5’ UTRs were compared among flaviviruses. Phylogenetic tree of
flavivirus 5" UTR showed that tick-borne flaviviruses form a distinct cluster from that of
mosquito-borne flaviviruses (Fig. 17B). Sequence alignment showed that the SL-2 sequences
were completely conserved among tick-borne flaviviruses (Fig, 17C), but not among

mosquito-borne flaviviruses.

Mutation-impeding genome transport to dendrites attenuated the neurological symptom of
TBEV

To construct a mutant TBEV lacking the ability to transport the genome in dendrites, a
C-to-U mutation at nt position 120 in the 5" UTR was introduced into the infectious clone of
TBEV. Viral genomic RNA was detected in the dendrites infected with TBEV wt, but the signal
in dendrites was weak in SL-2 loop C-U-infected cells (Fig. 18A). The virus growth of SL-2 loop
C-U was slightly lower until 48 h.p.i., but caught up that of TBEV wt at 72 h.p.i (Fig. 18B).
Number of the viral antigen accumulation in the dendrites also decreased significantly in cells
infected with SL-2 loop C-U (Fig. 18A & C), indicating that the C-U mutation of the SL-2 loop

significantly decreased the transport of genomic RNA to dendrites.

To evaluate the effects of TBEV genome transport on the pathogenesis in mice, C57BL/6
mice were inoculated with TBEV wt or SL-2 loop C-U intracerebrally. No differences in
morbidity or mortality were observed between the two groups (Table 2 and Fig. 19A). Slightly

prolonged survival time (TBEV wt, 7.9 + 0.46 d post-infection (d.p.i.); SL-2 loop C-U, 8.9 + 0.68
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d.p.i.; p < 0.02) and reduced weight loss at days 6 and 7 (Fig. 19B) were observed in the mice
infected with SL-2 loop C-U. The percentage of mice showing severe neurological symptoms
was reduced (TBEV wt, 70%; SL-2 loop C-U, 30%), and the level of cerebellar ataxia of infected
mice was scored and was found to be significantly lower from 5 to 7 d.p.i. in mice infected with
SL-2 loop C-U (Fig. 19C). The virus titer was lower in the brain infected with SL-2 loop C-U at 3
d.p.i., but caught up with TBEV wt at 6 d.p.i. (Fig. 19D). In the histological observation of the
brain, shrunken and eosinophilic Purkinje cells were observed in both groups of mice (Fig. 19E).
Perivascular cuffing and meningitis were rarely seen. No reversion or compensatory mutation in
the 5" UTR was found in the mice infected with SL-2 loop C-U. Thus, preventing the transport of
the genome did not affect the lethality after viral multiplication, but attenuated the neurological

symptoms of TBEV in mice.

Role of neuronal granules in viral genome transport

Neuronal granules have been shown to regulate the transport of mRNAs and local protein
translation in neuronal dendrites °®%°. I hypothesized that neuronal granules are involved in the
transport of TBEV genomic RNA and local viral replication. Localization of viral proteins, viral
RNA and RBPs in neuronal granules, such as FMRP, RNG105 and Staufen, was analyzed in
primary neurons infected with TBEV wt or SL-2 loop C-U. The number of the viral antigen
accumulations was significantly higher in the neurites with the neuronal granules compared with
those without the neuronal granules (Fig. 20A & B). Viral RNA of TBEV wt was colocalized with
RBPs in dendrites, but that of SL-2 loop C-U was not (Fig. 20C & D). These results suggested
that TBEV genomic RNA was transported via the neuronal granule. However, their detailed
localizations varied. FMRP colocalized with viral antigen and was recruited into the site of the
viral antigen in the dendrites (Fig. 21A, B & D). Signals of FMRP in the neurites increased
significantly in the neuron infected with TBEV wt (Fig. 21C). In contrast, RNG105 surrounded

the accumulation of viral antigen, but did not completely colocalize with the viral protein. (Fig.
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21D). Distribution of Staufen was not changed clearly by the TBEV infection (Fig. 21A, B & D)

To further analyze the interaction of the neuronal granule RBPs and viral genomic RNA,
binding of FMRP to the genomic RNA of TBEV was examined. In vitro synthesized RNAs of the
full-length TBEV genome were mixed with Flag-tagged FMRP expressed in HEK293T cells.
RNAs that coimmunoprecipitated with FMRP were detected by RT-PCR. RNAs for TBEV wt
coimmunoprecipitated with FMRP, while RNAs with C-to-U mutation at nt 120 in the SL-2
region showed decreased binding (Fig. 22A). A missense mutation (I304N) was identified in the
second K homology domain of the FMRP gene of a fragile X syndrome patient and shown to be
involved in altered RNA binding and transport '2>!26, This mutation was found to drastically
reduce the binding of FMRP to TBEV genomic RNA (Fig. 22B). These results indicated that
SL-2 region of TBEV 5" UTR, important for the transport, is also critical for binding to an RBP of
neuronal granule, FMRP. It was also shown that the transported TBEV genomic RNA altered the

distribution of bound FMRP in neuronal granules.

To evaluate the effect of TBEV genome transport on neuronal function, the distribution and
expression of host mRNAs for Arc, BDNF, and CaMKIla were examined in primary neurons
infected with TBEV wt or SL-2 loop C-U. The mRNA signals in dendrites, especially the mRNA
of BDNF, decreased significantly in neurons infected with TBEV wt but not in those infected
with SL-2 loop C-U (Fig. 23A & B). The expression of the mRNAs was reduced more by
infection of TBEV wt than SL-2 Loop C-U (Fig. 23C). These results indicated that the transport

of TBEV genomic RNA disturbed that of host dendritic mRNAs.
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Discussion

The transport of TBEV genomic RNA occurred independently of viral proteins and differed
from that of other neurotropic viruses. Dendritic and axonal transport of viral genomes has been
reported in several neurotropic DNA and RNA viruses ’®. The genomic DNA of herpes simplex
virus type 1 and 2 (Herpesviridae) undergo anterograde or retrograde transport through the
binding of viral proteins with host motor proteins 8!. Virions of poliovirus (Picornaviridae) are
known to be incorporated into synaptic vesicles during anterograde transport '27. Complexes of
nucleoprotein and genomic RNA of rabies virus (Rhabdoviridae) are transferred via retrograde
processes "°. The genomes of these viruses require their viral proteins for transport, while it was
shown that the transport of TBEV genomic RNA in dendrites occurs independently of the viral
proteins and is regulated by the UTR of the genomic RNA itself (Figs. 12-16). Besides, the viral
genome of reported neurotropic viruses usually replicated in the neuronal cell body. However,
transported TBEV genomes replicate locally in the dendrites, which has not been reported in

other neurotropic viruses.

The 5" UTR of TBEV was demonstrated to have a function in RNA transport, in addition to
protein translation and genome replication. The UTRs of flavivirus are important for many
functions in viral multiplication. The complementary sequences in the 5’ and 3’ UTRs cyclize the
viral genome, which is essential for viral genome replication >!%!122128 ST 1 in the 5" UTR is

thought to recruit the NS5 protein for genome replication '>!28

. The loop C-U mutation
introduced to the recombinant TBEV overlapped with the cyclization sequences and therefore
may affect genome cyclization, resulting in delayed viral growth and decreased neurological
symptoms (Fig. 18 & 19). However, RNA with the TBEV 5’ UTR and WNV 3’ UTR, which

could not cyclize the RNA, was efficiently transported to the neurite, indicating that transport was

independent of the TBEV 3" UTR and genome cyclization (Fig. 14). In addition, reporter assay
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revealed that, regardless of the transport of the genome, the mutations introduced to 5" UTR did
not affect RNA stability or translation efficiency, but the deletion of 3" UTR drastically reduced
the stability (Fig. 15). These results suggest that genome transport via the SL-2 region is
independent of other known functions of 5" UTR, and that the TBEV 3’ UTR was not directly

involved in the transport although it stabilized the RNA.

SL-2 in the 5" UTR of TBEV genomic RNA was shown to be a unique viral cis-acting
element important for the transport of mRNA. Mutant RNA that cannot form the stem structure
(SL-2 stem) was still transported to dendrites (Fig. 16D-F). The mutation in the SL-2 loop region
that reduced transport also resulted in reduced binding to an RBP in neuronal granules (Fig. 22).
These results indicated that the transport signal may be regulated by the intact sequence of the
SL-2 region via the binding to RBPs. Several studies have reported signals of transport and
recognition by RBP(s) of some dendritic mRNAs, such as CaMKlIla '°, postsynaptic density
protein 95 3%, and BDNF !*!. However, the consensus sequence or motif for mRNA transport has
not been elucidated, and the SL-2 sequence does not contain sequences similar to known
transport signals. The transport of TBEV genomic RNA reduced the transport of dendritic mRNA,
especially BDNF mRNA (Fig. 23). The genomic RNA of TBEV and dendritic mRNA may share
competing RNA sequences or structures required for transport. This information regarding the
viral signal element will contribute to further understanding of the transport mechanism of

dendritic mRNA which is important for neuronal functions.

RBPs, such as FMRP %112 Staufen '1°, and RNG105 !, are primary components of the
neuronal granule and regulate RNA transport and local translation. It was shown that FMRP
interacted with the genomic RNA of TBEV and accumulated at the site of local TBEV replication
(Figs. 21 & 22), while Staufen and RNG105 did not. It is possible that this unusual localization of

FMRP disrupted the local translation of host dendritic mRNAs bound to FMRP in dendrites,
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resulting in the development of neurological disease.

The neurological symptoms of TBEV in mice were exacerbated by genome transport and
local replication in dendrites. The defect of the transport of the TBEV genomic RNA did not
affect the lethality following to viral encephalitis, but was involved in the attenuation of
neurological symptoms (Fig. 23). Neurological symptoms caused by the RNA transport might be
somehow independent of the lethality by encephalitis. Recent studies have shown that disruption
of the transport and local translation of dendritic mRNAs is involved in many neurodegenerative
disorders. In fragile X syndrome, mutations and silencing of the FMRP gene caused
dysregulation of the local translation of the dendritic mRNAs, such as the metabotropic glutamate
receptor, and CaMKIlo, resulting in abnormalities of morphology and dendritic function ''2,
BDNF mRNA and its signaling pathway in dendrites has been shown to be involved in
Alzheimer’s disease '°>!*2 In this study, it was shown that TBEV infection caused the unusual
localization of FMRP in dendrites (Fig. 21) and that TBEV genomic RNA transport reduced the
expression and transport of host dendritic mRNAs by neuronal granules (Fig. 23). It was reported
that neuronal RNA granules and FMRP were involved in mRNA stability '*3. It is possible that
TBEV genomic RNA disturbed binding of FMRP to dendritic mRNAs, and that the unbound
RNAs were not transported by neuronal granule, resulting in their degradation. These data

indicated that the disturbed transport of host dendritic mRNA by TBEV caused neuronal

dysfunction, exacerbating the neurological symptoms in TBEV-infected mice.

The sequence of the SL-2 region is completely conserved among tick-borne flaviviruses,
but not among mosquito-borne viruses (Fig. 17). In chapter I, it was shown that various

109 In the transmission cycle of

tick-borne flaviviruses replicate locally in the dendrites
tick-borne flaviviruses, ticks get infected through blood suckling of viremic mammals or

co-feeding of infected ticks. Viral infection and replication in the CNS of mammals are
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considered non-essential processes for transmission >*°. A recent study showed that the UTR
sequence that regulates the innate immune system was important for the epidemiological fitness
of Dengue virus in a human epidemic 2!. It has also been suggested that the tick FMRP ortholog
is involved in the tick RNA interference (RNAi) pathway '**. Binding of the SL-2 to the tick
FMRP or related protein might be important for tick-borne flaviviruses to evade RNAi pathway,

resulting in conservation of the sequences.

In this chapter II, I revealed the mechanism of transport of TBEV genomic RNA in
neuronal dendrites was revealed, and demonstrated the involvement of this transport in the
development of neurological disease caused by TBEV infection '*°. I propose a model of viral
replication and neuronal dysfunction in dendrites caused by TBEV infection (Fig. 24). The
genomic RNA of TBEV is transported with RBPs in a neuronal granule. Transport of the viral
RNA disturbed that of the host dendritic mRNAs and disrupts the distribution of the components
of neuronal granules, such as FMRP. Local replication of the viral genomic RNA in dendrites
causes degeneration of the dendrites as shown in the chapter 1 %, The transport and local
replication of the viral RNA may result in neuronal dysfunction leading to the neurological
symptoms observed with TBEV infection. My study demonstrated the hijacking of the neuronal
granule system by a neuropathogenic virus for the transport of viral genomic RNA in dendrites
for the first time. The description of this unique virus-host interaction will improve further
understanding of the molecular mechanisms of viral replication and the pathogenicity of
neurotropic viruses. It will also promote the study of neurodegenerative diseases caused by
disruption of dendritic mRNA transport and could lead to the development of treatment options

with virus-based vectors that can transport and express target genes locally in dendrites.
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Table 2. Physical differences between mice infected with TBEV wt or SL-2 LoopC-U.

TBEV wt S1-2 loop C-U
Morbidity * 100% 100%
Mortality 100% 100%
Onset of disease (d.p.i.) ™ 6.7 = 0.42 7.9 £ 0.20
Survival time (d.p.i.) ** 7.9 = 0.46 8.9 = 0.68
Severe neurological signs * 70% 30%

Five-week-old male C57BL/6 mice were inoculated with 100 plaque forming units of

TBEV wt or SL-2 loop C-U intracerebrally (n = 10).

T Morbidity was defined as appearance of 10% weight loss.

 Severe neurologic sign was defined as appearance of spastic paralysis of hindlimbs and stooping position.
Statistical differences of onset of disease and survival time were assessed with the Student’s t-test. **p < 0.02.
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Fig. 12. Viral proteins were not required for the genomic RNA transport of TBEV.

(A) Differentiated PC12 cells were infected with TBEV wild-type (wt), and fixed at 48 h post-infection. The
cells were stained with specific antibodies against viral proteins (magenta) and fluorescent RNA probe against
viral genomic RNA (green). (B) Schematic diagram of the constructs expressing the TBEV replicon RNAs.
Under the control of a CMV promoter (white arrows), a replicon of TBEV with deletion of the sequences for
structural proteins was cloned into the RNA expression vector (pCMV-TBEV REP). Mutations of the catalytic
site of the RNA-dependent RNA-polymerase (dGDD) and protein initiation codon (dATG) were introduced. (C)
Differentiated PC12 cells were transfected with pPCMV-TBEV REP, pCMV-TBEV REP dGDD, or pCMV-
TBEV dATG. The transfected cells were fixed at 72 h post-transfection, and were stained with the fluorescent
RNA probe against the genomic RNA of TBEV (green), antibodies against the NS3 protein (magenta) and
DAPI (blue). White arrows indicate the FISH signal in neurites. Scale bars indicate 5 pm in length.
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Fig. 13. UTRs of TBEYV functions as a signal of RNA transport.

Differentiated PC12 cells were transfected with the plasmids expressing the RNA of luciferase with TBEV
sequences. Following fixation, the cells were hybridized with a fluorescent RNA probe for the luciferase gene
(green), and stained with DAPI (blue) and antibodies against MAP2 (magenta). FISH signal in the neurites was
analyzed from the Z-stack images from five independent microscopic fields. (A) A CDS for luciferase (gray
square) was cloned with or without the partial sequence for TBEV replicon RNA. (B) Fluorescence images and
(C) fluorescence intensity in the PC12 neurites. Scale bars indicate 5 um in length. White arrows indicate the
FISH signal for luciferase RNA in the neurites. Error bars represent SEM; **p < 0.02.

61



pCMV-Luc L> Luciferase -Luc (5' TBEV / 3' TBEV)
5' UTR 3'UTR
:TBEV
-Luc (5' TBEV / 3' TBEV) c;>—_—
. ' WNV: : WNV
-Luc (5 WNV I 3 WNV) E>'IIIII_IIIIIII‘ -Luc (5' WNV I 3. WNV)
: WNV
-Luc (5l TBEV/3' WNV) |:>_Illllln
: TBEV
-Luc (5" WNV / 3' TBEV) E:>vm
C o e -Luc (5' TBEV / 3' WNV)
’ * ’
> 7.0 A
= *% '|' * Sy
8% 6.0}
22 50}
=8 40} L (57 .
SE -Luc (5' WNV / 3' TBEV)
8 s 3.0}
o2 20l
g'E 1.0
R N N

5UTR () TBEV TBEV  WNV WNV
3'UTR () TBEV  WNV TBEV  WNV

Fig. 14. 5' UTR of TBEYV functions as a signal of transport, but that of WNYV does not.

Differentiated PC12 cells were transfected with the plasmids expressing the RNA of luciferase with
TBEV/West Nile virus (WNV) UTRs. Following fixation, the cells were hybridized with a fluorescent RNA
probe for the luciferase gene (green), and stained with DAPI (blue) and antibodies against microtubule-
associated protein 2 (MAP2; magenta). Fluorescent in-situ hybridization (FISH) signal in the neurites was
analyzed from the Z-stack images from five independent microscopic fields. (A) A CDS for luciferase was
cloned with/without the 5' and 3' UTRs of TBEV (black line) and WNV (striped line). (B) Fluorescence images
and (C) fluorescence intensity in the PC12 neurites. Scale bars indicate 5 um in length. White arrows indicate
the FISH signal for luciferase RNA in the neurites. Error bars represent SEM; **p < 0.02 and *p < 0.05.
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Fig. 15. Luciferase activity of the constructs expressing luciferase mRNA
with or without flavivirus UTRs.
HEK293T cells were transfected with plasmids expressing luciferase mRNA with or without flavivirus UTRs.

Following 48 h of incubation, cells were collected and luciferase activity was measured (n = 3).
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Fig. 16. Analysis of the roles of the stem loop structure of TBEV 5’ UTR in genome transport.

Differentiated PC12 cells were transfected with the plasmids expressing the mRNA of luciferase with the UTRs
of TBEV with deletion (A—C) or the mutation (D—F) of 5' UTR. Following fixation, the cells were hybridized
with a fluorescent RNA probe for the luciferase gene (green), and stained with DAPI (blue) and antibodies
against MAP2 protein (magenta). FISH signal in the neurites was analyzed from the Z-stack images from five
independent microscopic fields. (A) Schematic diagram of the predicted RNA-secondary structure (upper) and
the constructs expressing mRNA with a deletion (lower) are shown. The 5' UTR has a predicted branched SL-
structures (SL-1) and single SL-structure (SL-2). The SL-1 or the SL-2 regions were deleted in pCMV-Luc (5'
TBEV/3' TBEV). (B, E) Fluorescence images and (C, F) fluorescence intensity in the PC12 neurites. (D)
Schematic diagram of the sequence and RNA secondary structure of the TBEV SL-2 and the constructs used to
analyze the role of SL-2 in transport. G-to-U, C-to-U in loop, or four mutations in stem were introduced in
pCMV (5' TBEV/3' TBEV). Scale bars indicate 5 pm in length. White arrows indicate the FISH signal for
luciferase RNA in the neurites. Error bars represent SEM; **p < 0.02 and *p < 0.05.
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Fig. 17. Comparison of sequences of 5> UTRs among flaviviruses.

(A) RNA secondary structures of the TBEV Oshima 5-10 strain (nt 1-240) were predicted by mfold.
Initiationcodons of the viral CDS are underlined and in bold. (B) Phylogenetic tree of the flaviviruses based on
the 5° UTR sequences. Groups enclosed with dotted lines indicate tick-borne, mosquito-borne or insect
flaviviruses. Scale bar indicates substitutions/site. (C) Alignment of the SL-2 sequences of tick-borne and
mosquito-borne flaviviruses. LIV, Looping ill virus; KFDV, Kyasanur forest disease virus; HCV, hepatitis C
virus; POWYV, Powassan virus; AHFV, Alkhurma hemorrhagic fever virus.
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Fig. 18. Mutation in SL-2 impended genome transport of infectious virus.

Primary mouse neurons were infected with TBEV wild-type (wt; black squares with continuous lines) or SL-2
loop C-U (white circles with broken lines) at a multiplicity of infection (MOI) of 0.1. (A) The cells were fixed at
48 h.p.i. and the viral proteins and viral genomic RNAs were stained with IFA (upper panels, magenta) and
FISH (lower panels, green), respectively. (B) Viral titer in the supernatant was measured by plaque forming
assay. (C) Viral antigen accumulation was counted at 24, 48, or 72 h.p.i. in five independent microscopic fields.
White scale bars indicate 5 um in length. White arrows indicate viral antigen accumulation or the viral genome
in dendrites. Error bars represent SEM; **p < 0.02 and *p < 0.05.
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Fig. 19. Mutation impending genome transport to dendrites attenuated
the neurological symptoms caused by TBEYV infection.

Five-week-old male C57BL/6 mice were inoculated with 100 plaque forming units of TBEV wt or SL-2
loop C-U intracerebrally. (A) The Kaplan—Meier survival estimate was calculated (n = 10). (B) Body weight
was measured during the infection (n = 10). (C) The neurological score of the mice (n = 5) was examined until 8
d.p.i. (D) The mice were sacrificed at 3 or 6 d.p.i. (n = 3), and the viral titer in the brain were analyzed.
Continuous and broken lines indicate the average of viral titer in the brain infected with TBEV wt and SL-2
loop C-U, respectively. (E) Histology of the cerebellum infected with TBEV wt or SL-2 C-U at 4 d.p.i. Scale
bars indicate 50 pm in length. Black arrows indicate an degenerated purkinje cells. Error bars represent
SEM; **p < 0.02 and *p < 0.05.
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Fig. 20. Localization of the RBPs of neuronal granules and
genomic RNA of TBEYV in infected neuron.

(A-B) Primary mouse neurons were infected with TBEV wt at a multiplicity of infection of 0.1. and fixed at 48
h post-infection. The cells were stained with antibodies against RNG105 and antibodies against viral proteins
(magenta). (A) The differential interference contrast microscope image (DIC, left) and fluorescent image of
RNGI105 and viral proteins are shown (right). White continuous and broken arrows show the paths of the
RNG105-positive and negative neurites, respectively. (B) Antigen accumulations in RNG105 positive or
negative neurites were counted in five microscopic fields independently. (C-D) Primary mouse neurons were
infected with TBEV wt or SL-2 Loop C-U at a MOI of 0.1. Following fixation at 72 h.p.i., the cells were stained
with antibodies against FMRP, RNG105 or Staufen (green) and fluorescent probes against viral RNA (magenta).
(C) Fluorescent images of the neurons. Colocalized areas of RBPs and viral genomic RNA are shown in white
(right panels). (D) Colocalized areas of RBPs and viral genomic RNA in dendrites were measured in ten AOL
Scale bars indicate 5 um in length. Error bars represent SEM; **p < 0.02 and *p < 0.05.
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Fig. 21. TBEY infection accumulated FMRP in dendrites.

Primary mouse neurons were un infected or were infected with TBEV wt or SL-2 loop C-U at a multiplicity of
infection of 0.1. and fixed at 48 h post-infection. The cells were stained with antibodies against fragile X mental
retardation protein (FMRP), RNA granule protein 105 (RNG105), or Staufen (green), and antibodies against
viral proteins (magenta). (A) Fluorescent images of the uninfected neurons (B) Fluorescent images of the
infected neurons. White arrows indicate dendrites with viral antigen accumulations (C) The signals of RBPs in
the cell body or neurites were analyzed in Z-Stack images of five microscopic fields. (D) Fluorescent Intensity

(FI) line profile of the neurites infected with TBEV wt are defined with gray arrows. Scale bars indicate 5 um in
length. Error bars represent SEM; **p < 0.02 and *p < 0.05.
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Fig. 22. Interaction between the RBP of neuronal granule and genomic RNA of TBEV.

Full-length RNAs of TBEV wt (wt) or of SL-2 loop C-U (C-U) (A) was mixed with cell lysate expressing Flag-
FMRP wt (wt) or 304N (B). The mixture was immuneprecipitated (IP) with beads with anti-Flag antibody
(Flag) or beads only (Control), and precipitated protein and RNA were detected by Western blotting (WB) and
reverse transcription (RT-) PCR, respectively. Right panels show expression of the FMRP wt or 304N in total
cell lysate.
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Fig. 23. TBEY infection and transport of viral RNA disrupted

the localization of dendritic mRNAs.

Primary mouse neurons were infected with TBEV wt or SL-2 loop C-U at an MOI of 0.1. (A) The cells were
fixed at 48 h.p.i. and mRNA for Arc, BDNF, or CaMKIla was stained by FISH (green). Scale bars indicate 5
um in length. (B) Fluorescent signal of the mRNA for Arc, BDNF, or CaMKIla in dendrites were measured in
ten AOIL. (C) RNAs in neurons were detected by RT-PCR Error bars represent SEM; **p < 0.02 and *p < 0.05.
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Fig. 24. Model of TBEV genomic RNA transport and dendritic dysfunction.

Dendritic mRNAs bound to RBPs of the neuronal granule are transported and locally translated in dendrites for
maintenance of synaptic plasticity. In neurons infected with TBEV, viral genomic RNAs bind to RBPs (such as
FMRP) via the SL-2 region, and are transported to dendrites. This transport disturbed the transport of dendritic
mRNAs. The transported viral genomic RNAs alter RBP distribution, and, the local replication

initiates the degeneration of dendrites, resulting in neuronal dysfunction.
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Conclusion

Flaviviruses represent a significant threat to public health worldwide. Several flaviviruses
cause severe neurological disease associated with high levels of mortality in humans and animals.
However, no specific treatment has been developed due to the lack of information about the

detailed pathogenic mechanisms.

In chapter I, I conducted the analysis of replication of encephalitic flaviviruses by using
primary culture of mouse neuron. It was shown that mosquito and tick-borne flaviviruses
replicated differently in primary neuronal cultures. During the infection of the tick-borne
flaviviruses, viral antigens were detected in the cell body in early time points and then
accumulated in the neuronal dendrites, while it was not observed by the infection of the
mosquito-borne flaviviruses. The replication of viral genomic RNA was observed at the site of
the accumulations in the dendrites infected with TBEV. TBEV infection was associated with
ultrastructural alterations of membrane structures in the dendrites. These data indicated that
TBEV replicated in neuronal dendrites locally. There is no previous report showing the
replication of a neurotropic virus in infected dendrites. Because, dendrite is important for the
formation of the neuronal circuit and control of synaptic plasticity, it was suggested that the
degeneration of dendritic structure caused by the local viral replication affected neuronal disease

by TBEV infection.

In chapter II, I further analyzed the molecular mechanism of genomic RNA transport of
TBEV to dendrites involved in the local replication in dendrites. The 5’ UTR in the viral genomic
RNA was identified as a critical viral factor for the transport to dendrites. The mutant TBEV with
impaired genomic RNA transport caused a reduction in neurological symptoms in infected mice.

The genomic RNA colocalized with components of neuronal granules which transports specific
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host mRNAs in dendrites for neuronal functions, such as neurogenesis and the plasticity of the
synaptic communication. The genomic RNA of TBEV interacted with FMRP, a component of the
neuronal granule, via the 5" UTR. Furthermore, the transport of TBEV genomic RNA disrupted
that of host mRNAs in dendrites. These results indicated that TBEV used the neuronal granule
system for the transport of viral genomic RNA. Recent researches showed that the mRNA
transport in neuron was involved in many neurodegenerative diseases, such as Alzheimer’s
disease and fragile-X mental retardation syndrome. It was also suggested that the competitive
inhibition of the neuronal granule system by TBEV infection caused neuronal dysfunction,
exacerbating the neurological symptoms in the TBE V-infected mice. This is the first study which
revealed hijacking of neuronal granule machinery by a neurotropic virus during the development

of neurological disease.

These findings of the local viral replication and viral genome transport in dendrites
encourage further study to understand the molecular mechanism of viral replication in CNS and
the pathogenicity of neurotropic viruses. The findings of the unique virus-host interaction
between viral genomic RNA and neuronal granule machinery will also promote the study of
neurodegenerative diseases caused by disruption of dendritic mRNA transport. These findings
also could lead to the development of treatment options with virus-based vectors that can

transport and express target genes locally in dendrites.
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Summary in Japanese

DO &

TITETANRIZR DT VR T A VREYYEL, 2 OIS, YR o8 L S i, 5
WCHER SN D NBILEFRYSED 1 D ThHDH, TTH, MRXTZTTIETVA LA (VX R FA LT AL
A, BARE T A VA XN 7 A VA TBEV) 12Xk - THIE R SN HMRERIT,
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BBV TEE B RN TN AR E AN AT LIERN D Z ERMbLN TS, LnL,
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TIX TBEV ZHbE T DMK T 7 B0 A L 2 OFRRH G PN RS I OV R 58 BUHAR O iR 7 4 37
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