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Abstract

Ticks are harmful vectors responsible for emergiisgase outbreaks caused by bacteria, parasites, an
viruses worldwide. Recently, novel tick-borne paghioic phleboviruses, from thHehenuiviridaefamily
(formerly Bunyaviridag, have emerged through distinct continents. Examjhclude Heartland virus
(HRTV) in North America and sever fever with throoglgtopenia syndrome virus (SFTSV) in Asia,
associated with a fatality rate up to 30%. Sodaryaccines or treatments have been approved foahu
use. Although these viruses are transmitted to hwrizaticks, studies mainly rely on virus stocksguced
in mammalian cells. In contrast, viruses origingfirom tick cells are poorly characterized andsraission
and infectious entry in humans remain largely ueced.

The overall goal of this PhD project is to undengtaarly host cell-virus interactions following waér
transmission by infected ticks. The central hypsihes that viruses derived from tick cells presehigher
infectivity in mammalian hosts than those produicetiammalian cells. | proposed to recapitulatetitie
mammal switchin vitro and to characterize the molecular differences éetwiick and mammalian cell-
derived viruses. To this end, | used the nonpathicgéukuniemi virus (UUKV), closely related to HRTV
and SFTSV, as a tick-borne phlebovirus model.

A reverse genetics system was first developedsttue UUKYV from cDNAs with a genome identical
to that of the virus isolated from the tiblodes ricinusUsing this system, it was shown that tick celésav
persistently infected after few months. The foldinmturation, and nature of glycans of the viraledope
glycoprotein G, but not G, differed whether virions were produced from vedick cells or host
mammalian cells. However, tick cell-derived viruséfi rely on endosomal acidification for infeati@and
are still able to use the UUKYV receptor on humamddigic cells, DC-SIGN. Moreover, results suggésitt
the lipid composition differs between tick and maatiam cell-derived viruses. In addition, the sifdhe
particles varies, with those from the tick cellsnigesmaller. Results also point out that the amaifnt
structural proteins in viral particles derived frtiok cells differ from those of mammalian cell-dexd viral
particles, which might contribute to a higher infeity for tick cell-derived progenies. Finally, ¢h
nonstructural protein NSs was shown to be dispéasabreplication in and infection of mammaliarisge
whereas it was essential for the virus life cyol¢igk cells.

Altogether, this work emphasizes that arthropodtarscleave an imprint on viruses that arguably
affects their infectivity in mammalian host cellis study, therefore, highlights the importancevofking
with viruses originating from arthropod vector seWhen investigating the cell biology of arbovirus
transmission and entry. It opens large avenuefifore investigations into the virus life cycletiok cells,
the transmission of tick-borne viruses and the@ated pathogenesis, elucidating the basis of wétichuld

help to develop new therapeutic targets and vascine



Zusammenfassung

Zecken sind Vektoren gefahrlicher Krankheiten uachmntwortlich fiir Ausbriiche neu aufkommender
Infektionskrankheiten weltweit, die durch Bakteriétarasiten und Viren ausgeldst werden. Jingst sind
neuartige, durch Zecken Ubertragene pathogene d®fieb aus der Familie déthenuiviridae(ehemals
Bunyaviridag auf mehreren Kontinenten aufgetreten. Beispi@efir sind unter anderem der Ausbruch
des Heartland-Virus (HRTV) in Nordamerika und dese3 fever with thrombocytopenia syndrome virus
(SFTSV) in Asien mit Fatalitatsraten von bis zu 3®islang sind keine Impfstoffe oder Medikamente fl
den menschlichen Gebrauch zugelassen. Obwohl Wiese durch Zecken auf den Menschen Ubertragen
werden, werden fur die meisten Studien Viruspakrtikewendet, die in Sdugerzellen produziert wurden.
Zeckenzellen hergestellte Viruspartikel dageged &aum charakterisiert und die Ubertragung sowre de
Eintrittsweg flr eine produktive Infektion humarzgilen bleiben bis heute gro3tenteils unerforscht.

Das Ziel der vorliegenden Dissertation ist es, drliiteraktionen zwischen Wirtszelle und Virus zu
verstehen, die unmittelbar nach der Ubertragungvitersspartikel auf Wirtzellen durch infizierte Zesk
erfolgen. Die zentrale Hypothese hierbei ist, dasgeckenzellen produzierte Viren fir Sdugerzebere
hohere Infektiositat aufweisen als solche, die @ésgerzellen stammen. Aus diesem Grund wurde die
Ubertragung von Zecken- auf Saugerzeltewitro rekapituliert und die Unterschiede zwischen inkésc
und Saugerzellen produzierten Viren charakterisigtt diesem Zweck wurde das nicht-pathogene
Uukuniemi-Virus (UUKV), welches eng mit den humaatipmgenen HRTV und SFTSV verwandt ist, als
Modell fiir durch Zecken Ubertragene Phlebovirughtibnen genutzt.

Fur diese Untersuchungen wurde ein revers-genessglgstem etabliert, um UUKV aus cDNAs zu
gewinnen, deren Genom identisch zu dem aus dereZeckles ricinusisolierten Viruen ist. Unter
Verwendung dieses Systems konnte gezeigt werdes, Zeckenzellen tGber mehrere Monate produktiv
infiziert sein kdnnen. Des Weiteren unterscheideh Baltung, Reifung und das Glykosylierungsmuster
der Gy-Proteine der Virushille abhangig davon ob die $fpartikel in Vektorzellen (Zeckenzellen) oder
Wirtszellen (Saugerzellen) hergestellt wurden.riegsanterweise wurden diese Unterschiede jedobh nic
fur das G-Protein der Virushille festgestellt. AuRerdem simdZeckenzellen produzierte Viruspartikel
ebenso wie in Saugerzellen hergestellte Partiketi@uAnsauerung von Endosomen angewiesen um eine
produktive Infektion zu etablieren und konnen dé&ichen Rezeptor auf humanen dendritischen Zellen,
DC-SIGN, fur den Viruseintritt nutzen. Zudem lassegitere Ergebnisse vermuten, dass sich sowohl die
Lipidzusammensetzung als auch die GroR3e von ineteader Saugerzellen produzierten Viruspartikeln
unterscheidet, wobei Viruspartikel aus Zeckenzelieiner sind. Weitere Ergebnisse weisen aulRerdem
darauf hin, dass sich die Anzahl der Strukturpratein Viruspartikeln aus Zeckenzellen von der aus

Saugerzellen unterscheidet, was bei in Zeckenzetéstandenen Viruspartikeln moglicherweise zureine



hoheren Infektiositat beitragt. Zudem konnte gezeigrden, dass das Nichtstrukturprotein NSs fiir die
Infektion von und Replikation in Saugerzellen ehitieh ist, wohingegen es essentiell fir den
Lebenszyklus in Zeckenzellen ist.

Insgesamt macht diese Arbeit deutlich, dass Aritdep als Vektoren Auswirkungen auf mehrere
Charakteristiken von Viruspartikeln haben und soddten Infektiositat in Saugerzellen beeinflussen
koénnten. Diese Ergebnisse unterstreichen die Vjkéii des Arbeitens mit aus Arthropoden stammenden
Viruspartikeln fir die Analyse der Zellbiologie véubovirus-Transmission oder —zelleintritt. AuRarde
eroffnet diese Studie neue Wege fiir zukiinftige t$miehungen des viralen Lebenszyklus in Zeckenzellen
um die Ubertragung und Pathogenese von durch Zeitkertragenen Viren besser zu verstehen. Dies
koénnte helfen neue therapeutische Ansatzpunktedidzine oder anti-virale Wirkstoffe zu identifizear.
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Introduction

1. The biological significance of studying arboviruses

Arboviruses are defined as arthropod-borne virugeases that are transmitted by mosquitoes,
ticks, midges or sand flies (invertebrates) to matan hosts and other vertebrates. They are
maintained in a complex life cycle that engagesvéitor, the virus and the host. Arboviruses are
unique in a sense that they replicate both in tebeates’ vectors and vertebrates’ hosts
Currently, more than 500 arboviruses are known,ynaag responsible for outbreak globally; 80
are known to infect humartsand livestock. Arboviruses are described in sdaemlies namely
Asfar, Bunya, Flavi-, Orthomyxe, Rea, Rhabde, andTogaviridae Except for the African swine
fever virus Asfaviridag, all arboviruses possess an RNA gendniehe human overpopulation,
global warming, trade globalization, and travels parameters that facilitate the spread of vectors
and are responsible for emerging or re-emergingvéndél diseases. One of the best example is the
recent Zika disease outbreak that started in th#i®bslands and spread rapidly to Americas where
the virus encountered non immunized populationaXikus is a member of tik@aviviridae family

as dengue virus (DENV) that is the most widespieradvirus in the world. Within the vast group
of arbovirus, bunya-, flavi-, reo-, rhabdo-, andawiruses are the main pathogenic viruses that

represent a global threat for agricultural econolmgstock, travelers and public health.

Currently, treatments or vaccines are availablefdy few arboviral diseases. Part of the reasons
are arguably that the cell biology of arboviruses aot completely understood and under
investigated. Regarding bunyaviruses, a lot remamsbe uncovered to understand virus
transmission, life cycle in arthropod vectors aedebrate hosts, and tropism. The overall aim of
my PhD project is to improve our knowledge aboetkctor-host transition from a cell biology
and virology perspective. To this end, | used thk-borne bunyavirus Uukuniemi (UUKV) as

tick-borne virus model.
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2. The Bunyaviridae family
a. Overview
I. Taxonomy

UUKY is a bunyavirus from thphlebovirusgenus. Th&unyaviridaefamily is the largest
family of RNA viruses with more than 350 memberwviditd in five generaHantavirus
Orthobunyavirus Phlebovirus Nairovirus and Tospovirusbased on serological, morphological
and biochemical characteristitsWith the exception of tospoviruses that are pkpecific and
hantaviruses that are transmitted to humans viasaks from urine, feces or saliva of infected
rodents®, all the other bunyavirus isolates are arthropodie viruses, which will be designated
elsewhere as arbo-bunyaviruses for conveniencehoBunyaviruses, phleboviruses and
nairoviruses replicate in, and are transmittehyod feeding arthropods such as mosquitoes, ticks
or phlebotomine flie§2 This work is focused on arbo-bunyaviruses thatesent a threat for the

veterinary and public health. This excludkesfactotospoviruses and hantaviruséguyre 1).

Representative
Genus Hosts Vectors arbovirus
members
A
M BUNV
R Mosquitoes SBV
Orthobunyavirus A T Culicoid flies LACV
OROV
M H
*> Phlebotomine flies SV
R o%
Phlebovirus M 5% Mosquitoes SEISV
o Ticks HRTV
A UUKV
P
L Ticks CCHFV
Nairovirus o _ Culicoid flies DUGV
S AN " Mosquitoes NSDV
D HAZV
S
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Figure 1: Bunyaviridae family .

The Bunyaviridaefamily is composed of more than 350 members tisted in five genera and are depicted here
according to their hosts and vectors. Main vecteria bold. Only arthropod-borne bunyaviruses aghlighted in
grey with examples of representative members. Abatiens: BUNV: Bunyamwera virus, SBV: Schmalleniper
virus, LACV: La Crosse virus, OROV: Oropouche vir®®/FV: Rift Valley fever virus, SFTSV: Sever fevedith
thrombocytopenia virus, HRTV: Heartland virus, UUKMukuniemi virus, CCHFV: Crimean-Congo hemorrhagic
fever virus, DUGV: Dugbe virus, NSDV: Nairobi shedigease virus, HAZV: Hazara virus.

The taxonomy has very recently changed for multipkesons. First, a lot of members of
the Bunyaviridaefamily were not assigned to a genus and couldbeen assigned with this
classification. Then, newly discovered virusesgrssil to this family were bisegmented and not
three segmented. Finally, plant viruses, which deaoore than three segments were described as
“bunyavirus-like”, and their proteins clustered hwvithose of bunyaviruses. Thus, the order
Bunyaviraleswas created (International Committee on Taxonorhyiouses) 12 The new
taxonomy is explained in tiable 1L However, for convenience with the work preseritece and

recently published, | have chosen to keep the ptsviaxonomy nomenclature.

The number of outbreaks caused by arbo-bunyaviteses increased worldwide over the
last decade. These viruses must be seriously takemerging and re-emerging viruses. Recent
examples are the two new phleboviruses namely dever with thrombocytopenia syndrome
virus (SFTSV) and Heartland virus (HRTV) discoveimehina and the U.S.A, respectivéf/4
Both infect humans and can be highly pathogenieydause mild symptoms to hemorrhagic fever
with a fatality rate between 10 and 36%° In November 2011, cattle with fever and reducéd m
yield production were diagnosed with a virus clgselated to the orthobunyavirus Akabare
This new virus, named Schmallenberg virus (SBV} repidly spread from Germany through
Europe causing outbreak in sheep, cattle, and ¢datsThe disease lead to reduction of milk
production in adult cows and mild symptoms in asluevertheless, female can transmit the virus

to fetuses that lead to high-rate abortions andamahtions in progenie¥—°,
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Table 1: The new taxonomy of the Bunyavirales order

Order

Family

Genus (number of
species)

Example names

Bunyavirales

Feraviridae

Fimoviridae

Hantaviridae

Jonviridae

Nairoviridae

Orthoferavirus (1)
Emaravirus (9)
Orthohantavirus (41)

Orthojonvirus (1)

Orthonairovirus (12)

Hantaan orthohantavirus

Crimean-Congo hemorrhagic fever

orthonairovirus

Herbevirus (4)
Peribunyaviridae

Orthobunyavirus (48) | Bunyamwera orthobunyavirus

Phasmaviridae Orthophasmavirus (6)

Goukovirus (3)

Phasivirus (4)
Phenuiviridae Rift Valley fever phlebovirus

Frleovirusidd) Uukuniemi phlebovirus

Tenuivirus (7)

Orthotospovirus (11) Tomato spotted wilt orthotospovirus

Tospoviridae

Arbo-bunyaviruses cause a wide range of syndrofmas, febrile illness to hemorrhagic
fever in infected humans and animals and many bthyaviruses are teratogenic for gestating
livestock 29?2 Infected humans with Oropouche vir@rihobunyavirusgenus) develop febrile
illness while La Cross virus (LACVOrthobunyavirugienus) infection might lead to encephalitis
’. In thenairovirusgenus, Nairobi sheep disease virus and CrimeagClo@morrhagic fever virus
(CCHFV) are the most threatening viruses from dipwnd veterinary point of view. CCHFV is
the most widespread tick-borne virus, the secobdwaral disease after the dengue fever disease
23, They both lead to hemorrhagic diseases, thedifstting sheep and goat, the second infecting
also humang2. In thePhlebovirusgenus, the prototype Rift VValley fever virus (RVA¥ highly
pathogenic for livestock, it causes abortion ineghecattle and goat. During outbreak, it can be
transmitted to human via infected mosquitoes amdlead to a hemorrhagic fever in 1% of cases

24, Arbo-bunyaviruses are responsible for agricultpraductivity decrease, and are a public health
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concern. Some of the arbo-bunyaviruses are cledsifs potential biological weapons (category
A) by US authorities and listed as high-prioritythp@gens by the World Health Organization.

il. Genomic organization of phleboviruses

UUKV has never been associated with any diseasdsimans. Thus, UUKV can be
handled in biosafety laboratory of class 2, a mdjtference with SFTSV, HRTV or other highly
pathogenic phleboviruses that have to be handlachigher confinement level (3 or 4). Therefore
UUKV has been used as a surrogate for phleboviraedsespecially tick-borne phleboviruses
during the last decades. The gerrlidebovirusis composed of 70 members that are mainly
transmitted by phlebotomine flies, hence the nafrthegenug®, even though some viruses like
RVFV and UUKYV are transmitted by mosquitoes an#égjaespectively. Th@hlebovirusgenus
can be divided into two groups: the Uukuniemi-hkraus group and the sandfly fever virus group
6.25 While viruses of the first group (UUKV, SFTSV alRTV for instance) are all transmitted
by ticks, viruses of the sandfly fever group (RV&W Toscana virus) are transmitted by dipteran,
i.e phlebotomines and mosquitc®s Genomic and metagenomics analysis reported thd¢\U
and SFTSV or HRTV are closely related, though UUst\ares up to 40% genetic similarity with
the mosquito borne RVF¥14.26-29

As all other bunyaviruses, phleboviruses and UUK¥ enveloped and spherical viruses
with a diameter approximately 80 — 140 #ni° (figure 2A). They replicate exclusively in the
cytoplasm of infected cells. Phleboviruses sham same genome organization than other
bunyaviruses with three single-stranded negatimses&NA segments named according to their
size: a small (S), a medium (M) and a large (L)nsext*. The largest RNA segment encodes for
the viral RNA-dependent RNA polymerase (RdRp),dh#ein L, in a negative sense orientation.
The bunyavirus RdRps usually exceed 200 kDa and haw functions. First it perform mRNA
transcription and RNA replicatiolt, second it recognizes highly conserved 3’ andk&emity of

each segment to perform RNA synthé€ias explain in the secti¢h a. iii.

The medium (M) segment that has a negative senkgitgocodes for a polyprotein
precursor that is cleaved into two glycoproteinghea endoplasmic reticulum (ER) by host-cell

proteases. The cleavage results in the formati@gbycoprotein N and a glycoprotein Gy @nd
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Gc, respectivelyfigure 2A &B). The role of the glycoproteins will be explaimadre into details
later throughout the introduction. Some membetbh@®@Phlebovirus OrthobunyavirusTospovirus
andNairovirus genera present a nonstructural protein NSm. M#hy Is known about the NSm
proteins. Curiously, it appears that the preseld¢Smn is one main distinction between tick- and
dipteran-borne phlebovirusdt has been suggested for RVFV that NSm is npbirant for viral
replication but could be one of the factor of paghwesis’34 Better investigation are needed for
those of nairoviruses. However, it is interestingnbtice that the overall organization of the
nairoviruses M segment is more complex than otbayaviruses. CCHFV glycoprotein precursor
is first cleaved by a peptidase signal as a Ry&@ich will be further processed as a mucin-like,
GP38, G and NSm protein, and a Pre@lycoprotein 83536 (figure 2B). Moreover, two
nairoviruses (Hazara virus and Clo Mor virus) haeen shown to produce a third glycoprotein,

the function of which remains unknowh3&

The small (S) segment encodes for the nucleoprdteitnose major function is to protect
the viral genomic RNA, thus forming ribonucleopiatéRNP) complexes. The N protein is the
most abundant protein found in the cytopl&8and therefore is often use as a read out fortiiiec
or viral replication in many experiments. For sommyaviruses, the S segment also encodes a
nonstructural protein NSs. Phleboviruses use ansamée strategy with non-overlapping open
reading frame (ORF) to encode N (negative sensg)N&8s (sense) proteid$*%41 In contrast,
orthobunyaviruses have a single overlapping OREdbdes for both N and NSs in a negative-
sense orientatiof? (figure 2B). Nairoviruses do not encode for a nonstructuratgin NSs. The
function of the NSs protein of tick-borne phlebargies is unknown whereas it appears to be the
main virulent factor for RVFV and other dipteranrbe phleboviruses. RVFV NSs interacts with
numerous promoters, including many regulating gemeslved in innate-immunity, coagulation
and neurological function®. The function of NSs in the context of SFTSV infec remains
unclear. Some reports suggested a role of SFTSVilN8 replication by forming a scaffold
platform44. The protein might also be implicated in the iféesn (IFN) signaling inhibitiorf>4¢
For further information, a detailed overview of ti8s function and its role in innate immunity is
described ird.h.
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Figure 2: Schematic representation of arb-bunyavirus particles and genom.

(A) Bunyavirus particles are generally spherical,edoped with spike-like glycoproteinsn&nd G heterodimers.
They are three segmented (S, M and L segmentsjtinegsense RNA virusesB) Genomic representation of each
segment for the five genera. Size of the segmeatstown. Arrows indicate open reading frames (QRKkpressed
using a negative sense orientation, except for®ISEs of Phleboviruses.
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iii. Virion structure of phleboviruses

Inside viral particles, the RdRp L tightly interaetith RNPs. In fact, each strand of RNA
molecules possesses 3’ and 5’ non-translated rdfidR) extremities that are highly conserved
and genus specifi¢4%4’ The 3’ and 5’ extremity sequences are complenngiweeach othef?48
and it has first been proposed that this compleangnpforms panhandle structures that circularize
the viral RNA, thus RNP¥-°1 Recently, Gerlach et al., have shown that thgmetase of LACV
had a highly specific and distinct sites for theaBd 5’ ends of viral RNA, which do not allow
panhandle structure®. Nevertheless, the polymerase protects the 3'Hrehds, essential to
initiate the transcription into MRNA and positivense anti-genome RNA that will in turn be used
as template to increase the copies of viral negaj@nomic RNA strand®°3 The same authors
argue that the function of the polymerase is caregkfor numerous (if not all) negative sense RNA

viruses, the phleboviruses being part of them.

Unlike other negative-sense RNA viruses, phleb®dsneither encode a matrix nor capsid
proteins. Thus, the N protein that surrounds \R#EIA has a major importance to protect the viral
genome. Co-immunoprecipitation assays suggesttilainiemi virus G and G proteins interact
with the N proteins. This interaction is believex dccur before the complex glycoproteins/N
reaches the ER. More specifically, the cytosolic tail of UUKV gtpprotein N has been shown
to be essential for RNP packagi¥P’. Interaction between UUKV RNPs and viral membraag
also been observed by cryotomography suggestimgteraction between the cytoplasmic tails of
the Gy and the N proteif? (figure 2A). Whether one copy of each segment is packedermie
viral particle remains still unclear. Recently,eport suggests that packaging of RVFV genome

occurs randomly?g.

The structure of viral particles were first obtalrfer orthobunyaviruses while phleboviral
particles have been described using UUKV and RVIRdeed, electron microscopy pictures of
phlebo- and orthobunyaviruses show pleomorphidgastwith a diameter mentioned above and
spikes projections’3%59-61 Recent advanced microscopy data confirmed theredegf
pleomorphism previously observed for bunyavirusadigles. While UUKV and RVFV exhibit
icosahedral arrangement of glycoproteins (with iangulation of T=12), Bunyamwera virus
(BUNV — Orthobunyaviru$ glycoproteins form tripod-like arrangemefisDespite the biological
significance of the glycoproteins in the bunyavilitescycle, their function during viral entry, tine
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biogenesis and their role during assembly of newns are not completely understood. They are

however critical steps and further discussed irféHewing sections.

b. Reverse Genetics System

Relatively few tools were initially available tausly bunyaviruses. Within the last 10 years,
many reverse genetics systems (RGS) have emergedaeer bunyavirus isolates from cDNAs.
RGS allows the genome manipulation of segmenteghtie strand RNA viruses. This technology
was first described for influenza virflswhose the 8 segments were entirely recovered ¢iDRA
in 1999 by Neumann and colleag§ésSince then, a lot of systems have been develdpedirst
of the Bunyaviridaemembers being Bunyamwera virus (BUNV). It is ailgyaa major advance
for bunyavirus research, which has revolutionized knowledge and understanding of these
viruses. Indeed, it has been a useful tool to itgat® the molecular biology of infection,
replication and pathogenicity of these virus8$® while it remains under used to study

transmission and entry.

Whereas several orthobunyaviruses have been rebfrem cDNA®’-%9 such system are
still missing for numerous phleboviruses and naituses. First attempts to develop a reverse
genetics system for UUKV was done by Ramon Flictt Ralf F. Petterssoff. Authors used the
strategy based on the polymerase | promoter tltaessfully rescued influenza virfs™. Using
this technique, they showed that reporter genegdid by the 5’ and 3’ ends of the M segment of
UUKYV were synthesized in mammalian cells and tracesied to the cytoplasm. Some years later,
Billecocq et al., followed the work of Flick and tRegsson to establish a full five plasmid system
for RVFV 2. Many bunyavirus RGS have been added to theridtjding SFTSV that can be now

rescued from double stranded DRA
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c. Entry into mammalian cells
i. Receptor for tick-borne bunyaviruses

The first step that a virus accomplishes to ingetarget cell is to enter this cell to deliver
its viral genome. The receptors, cellular partndestors or pathways used by tick-borne
bunyaviruses are largely uncharacterized. Howefesv, of them have been described in the
literature. Interestingly, interactions betweeniras and the host factors or receptors are mainly
glycan-protein interactions. For instance, the mdaseporne phlebovirus RVFV has been shown
to make use of heparan sulfate for efficient calukentry 7374 Heparan sulfate is a
glycosaminoglycan, a polysaccharide containing tiepe of disaccharide units, which can be
linked to proteins, thus forming a proteoglycanisiglycosaminoglycan is found on a wide variety
of cell types and tissues. Other arbo-bunyavirlisgesCCHFV and Toscana virus (TOSV) seem
to also use heparan sulfate for viral erifry® Recently, SFTSV has been shown to depend on the
non-muscle myosin heavy chain IIA and CCHFV to iegaell surface nucleoliff-’8 Whether
these macromolecules are attachment factors opta@ses unclear. Their interactions with viral

proteins is also not well understood.

In 2011, the dendritic cell-specific intercelluladhesion molecule 3-grabbin nonintegrin
(DC-SIGN) was identified as an authentic viral igoe for UUKV 7° (figure 3). DC-SIGN has
first been described to bind HIV gp12®L Since then, numerous unrelated arboviruses (dengu
virus, Japanese encephalitis, West Nile virusristance) were shown to make use of this lectin to
enter target cell8-8 DC-SIGN is a calcium dependent lectin that iscHimally expressed on
immature dermal dendritic cells (DC%¥) which are located at the anatomical site of airbgv
transmissiongee 3.p. DC-SIGN is specialized in the capture of foreatigens withN-linked

mannosylated glycans, typical of insect-derivedisés®,

DC-SIGN is also required for entry of the phleboses RVFV, Punta Toro virus (PTV),
TOSV 7, and SFTSV®. More specifically, in addition to high mannosgains, DC-SIGN also
recognizes terminal fucose groups and thus coveringle variety of ligands expressed by lots of
pathogens. Evidences also confirmed the lectinibped liver endothelial cells (L-SIGN) as a
receptor for RVFV, UUKV, and TOSV phlebovirus€sL-SIGN shares 77% homology with DC-

SIGN, binds to the same ligands, but is expresstteeaurface of liver endothelial cells. Together,

10
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the different localizations of these receptors mipplain the large tropism of arbo-bunyaviruses

and their spread throughout the organism.

ii. Uptake of tick-borne bunyaviruses

As discussed previously, few viral receptors ofamors for attachment and internalization
have been described for bunyaviruses. After binthrg receptor, phlebo- and other bunyaviruses
are physically taken up by endocytic cellular maehy figure 3). This process is referred as
receptor-mediated endocyto8isand leads to the internalization of viral particl&ttachment of
UUKV to DC-SIGN has been shown to induce intradalisignaling pathway® and endocytosis
of the virus via the di-leucine motif (LL) in thgtosolic tail of the lectine. When DC-SIGN mutant
that does not contain the di-leucine motif is espesl, UUKV binds the receptor but is no longer
able to enter the cell8%2 This was not the case for L-SIGN whose endoajéifective LL mutant
does not impact infectiolf. Together these results indicate that DC-SIGN asts true endocytic
receptor for UUKV and other phleboviruses whereg8IGN rather acts as an attachment factor.
In addition to the LL motif, DC-SIGN carries seviemaotifs involved in signaling, recycling and
internalization of ligands. The nature of glycan amtigens recognized by DC-SIGN has been
shown to trigger different signaling pathwa¥§8* highlighting the importance of the glycosylation

on viral glycoproteins and the impact on innate umenresponse.

Several endocytic pathways have been proposedhiaiaoed viruses to enter their host
cells such as clathrin-mediated endocytosis (CMBEgcropinocytosis, and lipid raft-mediated
endocytosi€’?° Silencing of clathrin does not result in a sigr@Ent decrease of UUKYV infection
and the virus was rarely observed in clathrin-cbgii¢és at the plasma membrane and in clathrin-
coated vesicles after internalization. It is, thagher unclear whether the virus relies on clathri
(Lozach et al., 2010). The situation remains uncedor most phlebo and arbo-bunyaviruses.
RVFV has been proposed to use the C¥I¥ like the nairo CCHFV and the orthobunya LACV
98,99 Qverall, the endocytic pathways used by arbo-buinyses to enter host cells remain to be

clarified.

11
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Figure 3: Replication cycle of bunyaviruses in mammlian cells.

(1) Viral particles bind to a receptor and (2) arernalized by endocytosis. Viruses travel throtigé endocytic
machinery and (3) the genome is released intoyttuplasm via fusion between the viral and endosamehbranes.
(4) The primary transcription of viral-complementanRNA occurs using cap snhatching mechanisms agwl tthe
replication of genomic RNA (RNA -) into anti-gen@nRNA (RNA +) takes place. (5) MRNA are translateid
proteins in the ER proximity where the glycoprotei@d and G dimerize. (6) Viral proteins, viral genomes, and
dimers of glycoproteins are transported to the Gadgplex where (7) they assemble into viral péatic(8) Virions
travel to the plasma membrane, likely inside largsicles, from the Golgi complex and (9) are prdpadleased in
the extracellular space via exocytosis. Schemetaddmpm?’.
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Introduction I

iii. The Journey of tick-borne phleboviruses in the endoytic pathway:
from EE to the ER

After attachment and uptake, arbo-bunyaviruses rieednter into the cytoplasm to
replicate. Like a large majority of enveloped vessthey travel through the endocytic machinery

to reach the appropriate endosomal compartment Whare they penetrate cells.

Early endosomes (EE) are a prerequisite for thengu of bunyaviruses. Indeed, the
inhibition of endogenous Rab5a, a small GTPaser#dutlates trafficking and maturation of EE,
by expressing dominant negative or constitutivedfive mutants, blocks UUKV, CCHFV and
LACV infection 9-191 Most bunyaviruses belong to the group of lateepmiing viruses that
require late endosomal maturation for membraneofu$. While Rab5a is a hallmark for EE,
Rab7a decorate multivesicular bodies (MVBs) aneé labhdosomes (LE). Not all tick-borne
bunyaviruses rely on Rab7a for viral infection. Fmtance, the transient expression of dominant
negative mutant of Rab7 has no impact on CCH#¥\t Although a dominant negative form of
Rab7a was not deleterious for UUKV infection, astdatively active form of Rab7a resulted in
the increase of UUKV infectiof®. Disrupting microtubules network, which is impantéor
maturation of endosomes, also impaired UUKYV infacfi°C. These results suggest that UUKV
relies on intact cell cytoskeleton and might alsach MVBs to deliver its RNA into the cytoplasm
as CCHFW10L, So far, early steps of SFTSV infection have restrbcharacterized.

The last step for productive viral infection is thesion between viral envelope and
endosomal membrane that results in the releaseabigpenome into the cytoplasrigure 3). For
instance, UUKV and RVFV infectious entry occurgpbt below 6 and takes place after 20 to 40
minutes intracellular trafficking®19%19% The vacuolar H+ -ATPase (V-ATPases) are essential
pumps that regulate the pH in intracellular vesickemmonium chloride and bafilomycine Al are
two weak bases that inhibit V-ATPas@4 resulting in the neutralization of endosomal fiHe
low pH in endosomal compartments has been docuchémtee critical for the infection by several
bunyaviruses. The use of ammonium chloride or dafyicine Al results in a block in UUKYV,
CCHFV and SFTSV infectior?®1009.10> While the pH decreases with the maturation of the
endosomes, the glycoproteings @nd G undergo conformational modifications. Phlebovirus

membrane fusion is most likely mediated by the tpeglycoprotein G,
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Viral fusion proteins are classified into threesslas (classes I-11l) based on their structural
and functional feature9’-1%? In 2004, Garry & Garry postulated that the glymapin G- of the
bunyavirus Sandfly fever virus could be a clagsglon protein base on proteomics computational
analyses?C Followed by computational modeling analysis of/RVglycoproteins, the role of &
in the fusion mechanism was reinforéétl More recently, the crystal structure of the eotodin
of RVFV G¢ was solved in the pre-fusion stépas well as the post-fusion step of SFTSY&

supporting the hypothesis thag Gf bunyaviruses is a class Il fusion protein.

Class Il fusion proteins are typically composedloEe domains, namely domain | (DlI),
domain Il (DIl) and domain 1l (DIII). As shown fdRVFV and SFTSV, Dl is the central domain
that links DIl via a flexible hinge, or stem regjaand DIII with a linker regionfigure 4) 112113
While DIl has a hydrophobic fusion loop that is on@ant for the membrane fusion, DIIl makes
numerous protein-protein contacts with'®®#12 Interestingly, it has been shown that synthesized
peptides that correspond to the DIl or to the stegion of alpha- and flavivirusesc@hibited
infection of those viruseS4112 Similarly, exogenous peptides against stem regfidRVFV Gc
was recently observed for inhibiting RVFV infectiaa well as infection of Andes virus (class Il
fusion protein), Ebola virus (class | fusion pradeiand Vesicular stomatitis virus (class Il fusio

protein)!6. This suggests a conserved stem region amongddtisiral fusion proteins.

The optimal pH that determines the viral fusiorrekated to specific histidine residues.
Indeed, exposed histidine residues of alpha- andvifuses are protonated during maturation of
endosomes, which leads to the fusiéft''8 Essential histidine residues have also been ithescr
for RVFV Gc and SFTSV @proteins. Interestingly, such residues are noseored among RVFV
and SFTSV glycoproteins C. While the low pH (5,3,6) triggers the fusion of UUKV and RVFV
97,100 recent data showed that other factors such aspiiospholipid bis(monoacylglycero)
phosphate enhanced UUKV fusion to liposont¥s Altogether, the results tend to present the
endosomal pH as the major cue for phlebovirus fusiechanisms although it is not the only
element implicated. Though our understanding o¢pbvirus fusion mechanisms has significantly
increased in recent years, our knowledge of thege®remains largely to be elucidated for other
tick-borne bunyaviruses such as CCHFV or UUKV, Wdrich crystal structures of &are still
missing. In addition, the structure ok@nd its potential role in fusion remains unknown dll

bunyaviruses.
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Figure 4: Structure of phleboviral glycoprotein Gc.

Domain lisin red (Dom 1), domain Il is in yellog@om II) with the fusion loop in orange, domain iglin blue (Dom
Il1), and glycans are shown in green. The scarsh(dimes) in the domain | highlights the changeseen pre- and
post-fusion steps with two strands (pink and pyrpfehep-barrel that are reoriented. Adapted fréh

d. Replication cycle
I. Transcription and replication

Once the viral envelope and the endosomal membrave fused, the RNPs are released
into the cytoplasm. Like all negative sense virugadebo- and bunyaviruses carry all the
components they require for their replication cy¢ttee RNPs. Together with the N protein, the
phlebovirus polymerase starts the transcriptiomegative-strand genomic RNA (gRNA) into
MRNA by a cap snatching mechanisththat was first described for the influenza vifi$?*122
Briefly, the 5’cap of host cellular mMRNA is cleaveg the endonuclease activity of the bunya-
RdRp, translocated to the viral RNP to prime thattsgsis of the viral mRNA. 12 to 18 nucleotides
are needed to prime the transcription, which prgbadcurs via a “prime and realign” mechanism
proposed for orthobuny&?3. The transcription of gRNA into functional mMRNAskaeen described
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to require on-going translation. This phenomenos sf@wn for the S segments of RV and
LACV 125126 A common feature of bunyaviruses is that mMRNAX ka polyadenylated tail and are

shorter than viral RNA by about 100 nucleotidé%, therefore preventing 5’ and 3’ base pairing
128

While transcription results in shorter mRN#g(re 3), replication of the negative sense
gRNA (RNA -) involves a full-length positive senR&A copy (RNA+) that is used by the RdRp
as a template in a primer-independent manfiguré 3). The difference probably comes from
different termination signals for the transcriptamd the replicatio#f® The replication mechanism
has been recently elucidated by crystallization ang-electron microscopy of the LACV L
protein together with viral RNA. The authors propdbkat the polymerase of, most probably, all
bunyaviruses has different entry and exit tunneidtie RNA template (i.e, negative sense RNA)
and product (i.e, the positive sense genothéjowever they do not comment on the switch from

transcription to replication.

il. Assembly and release of viral particles

In mammalian cells, the assembly of tick-borne pbigrion progenies takes place in the
Golgi compartmentfigure 3). It is driven by the folding and maturation oétglycoproteins and
has been intensively characterized using UUKV aystem model. The following section is
therefore mainly focused on UUKV since only few gdp are available for other tick-borne
bunyaviruses (CCHFV or SFTSV).

The two phleboviral glycoproteins are synthesizea arecursor of 110 kD&’ that is co-
translationally inserted in the membrane of theviiiere it is cleaved into zand G by the host
ER signal peptidas&®132 The protein are then glycosylated and maturedléBy is folded in
less than 10 min, &requires an additional 35 to 50 niif§. Both glycoproteins are consider as a
type | transmembrane protein, the N-terminal pace$ the lumen of the ER while the C-terminal
part is in the cytoplasA?*132 The mature glycoproteins quickly heterodimerizethe ER, in less
than 5 min for RVF\A32, UUKYV Gy carries a targeting & retention signal for the gb@lpparatus
located between amino acid (aa) 10 and 40 of thead8ng cytosolic tai*>*3¢ Due to this signal,

the heterodimer is transported to and accumulatieeiGolgit3>137.138
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The cytosolic tail of @ appears relatively small compare to that @f @ith only 5 aa, but
both of them are important for interaction with RiN#hd for budding in the Golgi membra§é’.
Indeed, Uukuniemi viral glycoproteins accumulatehe Golgi from where newly particles are
assembled3®. More recently, the glycoproteins have been pregoto initiate budding by
themselves, suggesting that a high concentrati@@ind G in the Golgi complex is requirél
Though it remains matter of debate, it has beegestgd that the particles reach then the plasma
membrane within exocytic vesicles to exit céfi$!4(figure 3). These steps of the life cycle of

bunyaviruses remain to be thoroughly investigated.

iii. Post-translastional modifications

Both Gy and G are subjected to post-translational modificatithrad are important for the
proper folding of the proteins. Cysteine residugsr@sent approximately 4 to 7% of the amino
acids in bunyavirus M segment. The number and ¢iséipn of these residues are highly conserved
among phleboviruses The number of disulfide-bond is therefore expadtebe important and
the formation of disulfide-bonds crucial for theoper folding of G and G. Both were found to
precipitate with the disulfide isomerase, an enzyha controls whether protein in the ER are
correctly folded*®3 Furthermore, the two glycoproteins have been shtwinteract with the
chaperone biding immunoglobulin protein (BiP), t&nexin, and the calreticulin proteins, two
proteins involved in protein folding in the ER®14L These interactions highlight the importance

of the folding quality control machinery in they@nd G trafficking through the Golgi.

N-glycosylation occurs in the lumen of the ER, tghig on asparagine residues of
glycoproteins within a specific motif, i.e. Asn —XSer/Tht42. A number of reports demonstrated
that N-glycosylations are important for both folding afwshction of phlebovirus glycoproteins
54,79,143-145N.-glycosylation sites are found along the M segnoéarbo-bunyaviruses although the
number varies among bunyavirus isolates. SFTSVdhates 20% identity sequence with the M
segment of UUKV?, is predicted to harbor twi-linked glycosylation sites onxGand three on
Gc 8113while four are found in both UUKYV Gand G 54130145 The glycoprotein & of CCHFV
carriesN-linked glycans on a single asparagine resittieFurthermore, the M segment of tick-
borne nairoviruses encodes a mucin like domainithahriched irO-glycosylation through the

Golgi#’. Overall it appears that the type of glycan isama@nt for several steps of the phlebovirus
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life cycle, including among others folding ok@nd G, particle assembly and interactions with
receptors (e.g. DC-SIGN and L-SIGN).

3. The vector-host switch in the context of tick-bornéounyaviruses

The continuous expansion of CCHFV to new geograblacea, together with the newly
discovered human pathogen SFTSV, has raised thiesttto use UUKV as a model for studying
tick-borne bunyaviruses. Tick-borne viruses (TB¥&) unique in the sense they replicate in both
their vector ticks and their vertebrate hosts. THeyeloped strategies to take advantage of the
cellular machinery of two different systems witlvelise consequences for the vector and the host.
This section will bring further knowledge to undarsd the alternation of organisms that a tick-

borne virus will infect during its entire life cyel

a. Ticks and tick-borne viruses
i. Biology and ecology of ticks

Ticks are not insects. They are arthropods (phyRrthropodg classified as arachnids
(classArachnida subclas#\cari). They belong to the ordéxodidathat comprise three families:
Argasiadeor “soft ticks” andixodidaealso referred as “hard ticks” because of theisdb¢hard)
plate. The third familyNuttalliellidae is composed of a unique specilsittalliella namaquéa*2.
Ticks are obligate hematophagous parasites presatost every region of the world. Their life
cycle is composed of several stages. After thenegigy hard ticks undergo a three-stage life cycle
- larvae, nymph and adult. Each stage requiresadhineal on host followed by the molt on the
ground figure 5) 148-151 While some ticks are host specific, i.e., thetg bhe same host species
for each blood meal, others can feed on distinst Bpecies during their life time. The time of the

tick life cycle is highly variable between ticksesjes'®2
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Ixodes ricinugl. ricinus) is the most important vector of diseases in Eetépandixodes
scapularis (I. scapularig the most important in North Americ&* Their large distribution
throughout the world, their ability to feed on niplé hosts and the variety of hosts make these

parasites/vectors a main threat for humans andasim

Mammals

N

» g
Small mammals ©

and birds

Humans

Figure 5: Biological tick life cycle and transmissin of a tick-borne viruses.

The tick life cycle (light blue arrows) and tick#m@ virus transmission based on CCHFV (dark blueves) are
schematized. Tick-borne viruses can be transmitteay stage of the tick life cycle. Larva and nirppeferably feed
on small and adults on larger mammals. Virusesbmtransmitted from the ticks to the mammals oewiersa.
Humans are infected by pathogens transmitted dtickdpite or under specific circumstances by expedo infected
animals. In rare cases, human-to-human transmig¢sardepicted) is possible.

ii. Tick-borne diseases

Ticks are arthropods that transmit the largesetanf human pathogens such as parasites,
bacteria or viruses®>'% most of them threatening people and causing iveigr loss.
Approximately 90 species of ticks are of medicaleterinary importance. These arthropods are
distributed worldwide and cause a wide range okafies'®’. Among them is the human
granulocytic anaplasmosis, which is emerging in Wméted States of Americdigure 6). The
disease is caused by the obligate intracellular n@magative bacteriumAnaplasma
phagocytophilun{A. phagocytophilui It is also transmitted to diverse domestic atsmnand

infects mainly neutrophil®”1% The most infamous human disease is probably yheeldisease,
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also identified as borreliosis. It is caused by teeteriumBorrelia burgdorferi which is
transmitted by tick nymphs or larvae since ther@dstransovarial transmissidf®. Following
transmission to humans, which usually occurs aftleng blood meal (>72hours), bacteria either
remain at the bite site proximity or disseminate different parts of the host body. The
dissemination can concern many organs, causingeseoenplicationd®°. Ticks also transmit the
protozoaBabesiassp. that infect livestock in the tropical and-$udpical areas causing a drastic
reduction of milk productionBabesia bovisand Babesia bigeminawhich are transmitted by
Ricephalustick species, are the main specieBabesiaresponsible for an important negative
economic impact in the cattle industfy:1%¢ TBVs and their transmission are further descriibed

the next section.

Diseases
Pathogens Main tick vector

1 Human granulocytic anaplasmosis

$ X% w« s
2 Lyme disease

e B

Jiaabusiois Distribution
2
® A3 3
4
N2
4 Crimean-congo hemorrhagic fever m2,4
2,5
8 m2,3
ol n3,a
v 2,3,4
5 Tick-borne encephalitis N23,5
w245
m23,4,5

¢ 3

Figure 6: Distribution of representative human andveterinary diseases transmitted by ticks.
BacteriaAnaplasmahagocytophilunandBoreliaburgdorferiare responsible of the human granulocytic anapasn
and the lyme disease, respectively. Babesiosissimdted by the protozoBabesiaspp., and viral diseases such as
Crimean-Congo hemorrhagic fever and tick-borne phalitis are represented on the map as well asnthia tick
vectors. Map published By".

iii. Tick-borne virus transmission

TBVs are found in six virus familiesAsfarviridae Bunyaviridag Flaviviridae,
Orthomyxoiridae ReoviridaeandRhabdoviridae Except the African Swine fever virus (ASFV -
reovirus), which is a double stranded DNA virusisaitted by soft ticks, all other TBVs are RNA
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viruses transmitted by hard tick8®151 The most characterized TBVs are those within the
Flaviviridae (Tick-borne encephalitis virus: TBEV, Langat viri&STV, Louping ill virus: LIV)
and Bunyaviridae(CCHFV, Nairobi sheep disease virus) families wixtedly because of their

medical and veterinary relevance.

In one hand, viruses are transmitted verticallyeyTban infect ticks independently on the
stage of the tick development, i.e. larvae, nyngpladult. Once infected, viruses remain in the tick
animal for life meaning that the virus is transeitfrom one stage to the othéggre 5). In the
other hand, viruses can either be transmitted frdected ticks to uninfected vertebrates hosts or

from infected vertebrates to naive ticks. Thisalezl horizontal transmissidf! (figure 5).

Viruses, such as TBEV notably, have a preferregigra for salivary glands and oocytes.
This preference results in transovarial transmissibthe virus to the next progeny. Because the
virus is present in the entire tick body it is gutéorm on stage to the other. Evidences also stippo
a co-feeding transmission of viruses during bloahi1161 This mode of transmission, within a

same tick species, is poorly characterized.

In general, TBVs amplify in non-human vertebratéfuman-to-human horizontal
transmission was thought to be rare but exists udeain circumstances like nosocomial
transmission, which has been often reported for ECHor instance!®?2 However, an
accumulation of data suggests that human-to-huraasrission of SFTSV is possible via aerosol
or through contact with infected blod%-162 Transmission of TBVs from livestock to human has
also been observed. This mostly happens duringinatg procedures or manipulation of dead
animals contaminated by CCHFV or RVFV.

iv. Viral development cycle in ticks

It is commonly accepted that ticks, unlike mammeéésnot show any sign of sickness or
pathology following infection. This could be, at$t in part, related to the inhibition of the tick
apoptotic pathway in midgut and salivary glandsal shown foA. phagocytophilunnfection
in 1. scapularisticks '8, The inhibition of apoptosis has also been shawnscapularisISE6 tick
cells infected withA. phagocytophilunand inl. ricinus IRE/CTVMZ20 tick cells infected with
TBEV, LIV, or A. phagocytophilum®/:158.167 The apoptotic inhibition was demonstrated by
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proteomic and/or transcriptomic analysis coupletthwi vitro experiments. It has been suggested
that TBVs use it as a strategy to enhance infedtidine tick, thus survival of the pathogen. Intaepi
of the absence of pathology in the vector, somdissuhave shown that the behavior of infected
mosquitoes (both feeding and flying) was changedeumlengue virus infectiotf®16? To my
knowledge, whether the behavior of a tick chanderanfection by a pathogen has never been

reported.

How a tick-borne virus replicates inside the tiskniot clear, a lot need to be achieve to
understand the replication cycle in tick cells amémals. The mechanisms involved, the proteins
required or the pathways that viruses used to rérechalivary glands are still poorly characterized
Most of the information available so far on pathogevelopment cycle in ticks are coming from
studies on the bacteriAnaplasmaand Borrelia. The known proteins, the role of the tick
cytoskeleton and tick endosymbionts as well asrthibition of cell apoptosis during bacterial tick
infections are reviewed it?’. In line with the results obtained for anaplasmasid borreliosis,
one study on CCHFV suggested that after ingestidheovirus, the latter migrates to the midgut
of ticks where it replicates. It subsequently dissmtes in the hemolymph from where it infects
several tissue¥C The tick salivary gland protein (salp) 15, sale2d salp16 have been described
as important proteins for infection of the salivagiands byBorrelia and Anaplsma ssp
respectively!’L It remains unknown whether such proteins are mgolved for virus spread in
ticks. However, salivary glands are highly infedbgdlBVs. This seems to ensure the transmission

and spread of the pathog®n (figure 7).
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Figure 7: The journey of tick-borne pathogens insié the tick: from acquisition to release inside thekin.
1-Viruses and other pathogens are acquired dutogdlmeal. 2- They replicate in the midgut (MG)tttteey cross
to go to the hemolymph and 3- reach the salivaandg from where they are transmitted 4- to the Hoshg the
blood meal. The proteins Salp15, Salp20 and Sghpdiiote bacteria entry into salivary glands. Addgtem57.17%

b. Release of the tick-borne bunyavirus into mammaliarskin dermis

Humans are usually dead-end hosts for arboviftlisés mentioned previously, TBVs, like
all arboviruses, have established a global lifdecy@ased on host alternation in which they are
maintained in their arthropod vectors and trangditb vertebrate hosts. Viruses reach different
organs in ticks, including the salivary glands frarhere they are injected into the mammalian

skin.

The tick cell biology differs from that of mammalizells by growing temperature, for
instance. Mammalian cells grow at 37°C whereas mob#gte tick cells grow at 28°C, with some
tolerating 32°C. Just this difference in tempermati@r cell culturing can impact a lot of biological
processes. Unfortunately, the tick physiology aeltllmology are poorly characterized. However,
viruses critically depend on the cell biology o tiick to replicate, assemble the viral particied a
bud from the cells. These events might leave imipoim the virions. Those characteristics are
important for the infection of subsequent humageacells. One can easily imagine that different

types of glycans on virion glycoproteins can regulihe use of alternative human receptors, thus
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changing the tropism of the virus. Similarly, thetabolism and composition in lipids and glycans
may differ in ticks and mammals. This warrants éttdr understand the cell biology of tick-borne

viruses and the host switch.

Concerning the glycosylation, “the viral particmming from insect cells are well known
to be essentially composed of mannose residtiesihereas those produced in tick cells remain
unknown. Yet, the glycosylation might impact agkathe early steps of infection by vector-derived
viruses in vertebrate hosts. A recent study omthrerelated bunyavirus DENV has shown that
depending on the producer cells (insect cellsmioncell lines), the glycan patterns were different
which changed also the identity of targeted cellssilbsequent rounds of infectidff. This
highlights the gap between our knowledge of the mahan-derived and vector-derived

arboviruses and reinforce the need to charactdrese viruses in their vector species.

Ticks parasite their host for a much longer peobdime than mosquitoes. They remain
attached to the skin of vertebrate hosts for séwdags by firmly anchoring their mouthparts into
the skin and producing a cement like structdigute 8) 1’3 During this event, two different
organisms with their own characteristics enterantact, the parasite and the host. In one hand the
parasite, which creates skin damage and inflammdtyanvading the skin and injecting saliva; in
the other hand the host that fights against itagsttvates immune responses. In order to complete

their blood meal, ticks have developed strategientounter host defensé$

Tick saliva is composed of pharmacologically acBubstances that have anticoagulants,
immunosuppressors or anti-inflammatory effé¢ts’¢ Next generation sequencing on tick saliva
have suggested that the proteome changes duriridetiegcle of the tick and the feeding process
176 The naive saliva of different tick specibsoflesor Richepalusssp) has been shown to inhibit
couple of immune system mechanisms. It inhibitsifigstance the phagocytosis of pathogens by
macrophage¥’’1"8 natural killer and T cell¥’8-182 A recent study showed that naive tick saliva
inhibited DC maturation and migratiam vivo 1’8, The maturation of DC leads to their migration
to the lymph node where the immune system getgaeti*®™. Inhibition of the maturation and the
migration of DCs by tick saliva suggest that spegihmune responses are altered upon feeding

of ticks.
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Figure 8: Release of tick-borne viruses into the &b skin dermis.

Ticks insert their chelicerae into the skin anddume a cement like structure to firmly attach t® tiost. The steps 1
to 4 are described in figure 6. Viruses are detidanto the skin dermis during blood feeding whidrey encounter
host immune cells. OV: ovaries, MG: midgut, SGiveal gland, DC: dendritic cells, NK: natural killeells. Adapted

from 157,182

While taking a blood meal, the tick does not cambimsly inject saliva. Yet, infected ticks
introduce viruses along with saliva. TBEV has bseown to be preferentially transmitted within
one hourt® and Powassan virus (unrelated flavivirus) withie first three hours of feeding’.
Viruses are released at the bite site in the deohithe skin where immune cells like DCs,
macrophages and T cells are locdfédThese cells are most likely to be the first cllencounter
the incoming virusesfigure 8). CCHFV has been reported to productively infecnocyte-
derived DCs and monocyte-derived macrophages kunataral killers, T and B celf$6:187 |n
addition, the tick-borne phlebovirus SFTSV migtenst macrophages and monocyte-derived DCs,
but the study has been conducted with rhabdovadigbes pseudotyped with the glycoproteins of
the virus and not with a relevant wild type virtis 8. Phleboviruses such as UUKV and RVFV
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infect human monocyte-derived D&%s'°:188.189 Finally, macrophages and DCs were involved in
RVFV dissemination in mice but the animals werddieft for the interferon receptdi®. Finally,
studies on mosquito-borne flaviviruses DENV and Wa&l§6 support the role of DCs in the spread
of arboviruses throughout the hé$t Together these observations suggest a role ofimensells

in arbo-bunyavirus spread throughout vertebratéshétowever, the identity of the skin dermal
cells and whether MPs or DCs are the first targgs dollowing transmission remains to be

clarifiedin vivo.

4. Tick-borne phlebovirus and the host-cell antiviralresponse: the role of NSs protein

Many arbo-bunyaviruses have developed strategies/aole host immune system. The
arbo-bunyavirus nonstructural protein NSs has hestribed to interact with the vector /host
immune system and to contribute to the pathogenesisammals. The best characterized NSs
protein is that of RVFV. The NSs of tick-borne fdideiruses like UUKV has not been, yet,

characterized and only few reports are availali&rSVv NSs.

Upon infection, NSs of SFTSV forms “inclusion boslt€1°?in the cytoplasm of infected
cells, and that of BUNV was also found as aggreggatethe nucleus®® In contrast, NSs of the
mosquito-borne RVFV is found in the cytoplasm andhe nucleus where it forms filaments in
both mammalian and mosquito céi$ To my knowledge, this phenotype has not beenritbest
for any other bunyaviruses. The function and foromabf the RVFV NSs filaments remain unclear.
The amino acid sequences similarity of NSs is lemoag phleboviruses, ranging from 7,5 to
28,6% when comparing the amino acid sequence tglenitithe Sicilian, Naples, Punta Toro,
Icoaraci, and Frijoles serocomplexes with RVF®2%6 However, it seems that they all play a role

in the virus escape of antiviral host cell resparibat are briefly discussed in the following s&cti

a. Interferon signaling pathway upon viral infection

The mechanisms that regulate mammalian host deéggaest viral infection are complex
and involve hundreds of cellular factors and pagsv®ne of the first line of defense against viral

infection is the type | interferon response, thievation of which results in production of cytokme

26



Introduction I

such as IFN and IFNB that in turn promote the expression of IFN-stinedigenes (ISGs). Briefly,
type | IFN antiviral response is initiated upon aguition of pathogen-associated molecular
patterns (PAMPS), which are typically foreign astig originating from bacteria, parasites, and
viruses. They include among others bacterial lipggaccharides or viral DNA and RNA, such as
double stranded RNAs (dsRNAs) that are producednguvirus replication. PAMPs are
recognized by cells via pattern-recognition recept@RR). There are two type of PRR: the
membrane associated and the cytosolic PRR. Famiost the Toll-like receptors (TLR) are PRRs
associated with plasma and organelle membranestwthi protein kinase R (PKR), a serine-
threonine kinase that senses dsRNAs, and the ietiead-induced gene 1 (RIG-1)-like receptor
(RLR) are cytosolic PRRs. RIG-1 and the melanonfiedintiation-associated protein 5 (MDAS)
are arguably the best documented cytosolic PRRRE Membrane-associated and cytosolic PRRs
together trigger the innate immune response agaings infections. The signaling cascade
involves the recognition of the IFM/B receptor (IFNAR) 1 and IFNAR 2 that subsequently
activates the phosphorylation of STAT1 and STAT®t@ns. This step is critical for the
transcription of 1ISG$%-2% An illustration of antiviral process initiated BY.R3, RIG-I and PKR
and resulting in the IFN response is showfigare 9. For a more complete picture on host defense
mechanisms and IFN response, | recommend the belild& and Molecular Immunologi?™.
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Figure 9: Representation of type | interferon respase in mammalian host cells.

RNA viruses produce double stranded RNA (dsRNA)inéermediate of the virus replication process. SehdsRNA
are recognized by different receptors such as tidike receptors (TLR), RIG-I-like receptor (RLRand the protein
kinase R (PKR). The recognition by the receptorR Bind RLR activates adaptor proteins such as theriferleukin
1 receptor domain-containing adapter-inducing F-NFRIF) or the mitochondrial antiviral signaling &¥s). Both
TRIF and MAVs activate the Tank-binding kinase BKIL) and the inhibitor of kappa B kinase epsildiKk). These
kinases mediate activation of the IFN regulatogtda 3 (IRF3) while PKR mediates activation of theclear factor
kappa-light-chain-enhancer of activated B cells{##. These two transcription factors induce the patidn of IFN
that bind to the IFN receptor (IFNAR). Then thehaation of STAT1 and STAT2 follows and results in iacrease
of IFN and ISG expression. Altogether the typesipense aims to inhibit viral infection.

b. NSs antagonizes interferon response in mammalian Itz

While RVFV innate immune response has been extelysstudied, a limited number of
information is available for tick-borne bunyavirgsélevertheless, several groups have shown that
SFTSV NSs inhibits INFB- promotert®?199.202.203SETSV NSs forms “viroplasm-like structures”
44 in which multiple components of the RIG-I signglipathway are sequestered. Indeed, TBK1
and IKKe were shown to interact with NSs and relocate @fuision bodied®22%2first described as
“viroplasm-like structures®*4. Others showed that NSs also interacts with TRIMREs-I, and
IRF3 to inhibit the INF respons®3 Moreover, SFTSV NSs has been shown to hijack the
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transcription factors STAT1 and STAT2 that are alslocated in inclusion bodies. In turn this
inhibits the entire signaling pathway of IFN respeff“ While any biological function has thus
far been reported for HRTV NSs, UUKV NSs might alsaibit IFN response, though this remains
a matter of debaté®. It is apparent that many bunyaviruses interfavéh the IFN response
targeting and blocking the activity of PKR. Whetivaated, PKR phosphorylates thesubunit of
the eukaryotic initiation factor 2 (elF-2), therebseventing the translation of mRNA8 Unlike
PTV, RVFV and TOSV induce the degradation of PRRThe degradation of the kinase was first
shown to be NSs dependétit Recently, the F-box protein 11 FBXW11 was idéatifas a cellular
partner of NSs that mediates PKR degradaiién

RVFV NSs protein is the best documented among bthraviruses. NSs is believed to be
the main viral determinant of RVFV virulence. RVBlone 13, a naturally-attenuated strain that
has a deletion of approximately 70% of the NSs OREsents a strong attenuation for the
virulence. This mutant induced IN#S production whereas wild-type RVFV (e.g. strain Zi8%
was shown to block #%°210 In agreements with these results, mice infectitd WSs Clone 13
strain survive to infection but not those injectgith RVFV strain ZH54897.211 Although it was
shown in this study that NSs repressed the typ&lidromoter, transcription factors that regulates
IFN production (including IRF-3, NkB and AP-1) were not inhibited® (figure 10). In addition
other studies have demonstrated that RVFV, throiss, modulates the general host transcription
machinery*31%¢ Indeed, NSs prevents the formation of the trapson factor Il H (TFIIH)
complexe through interactions with the subunit p#Hdich leads to a decrease of cellular mMRNA
synthesig!2

RVFV NSs also targets and binds to the p62 suloiditiie TFIIH complex, through@XaV
motif located in the C terminal region of the noustural protein. This interaction, together with
the F-box protein FBXO3, results in the proteasodejradation of p62 and consequently in a
general block of cellular transcriptid®-212The NSs protein of RVFV has also been shown (1) to
inhibit IFN B promoter by interacting with a transcriptional ptgssor complex [that contains
Sin3A associated protein 30 (SAP38] and (2) to block nuclear mRNA export in infecteslls
198 1t has been proposed that other dipteran-bortebphiruses, PTV and sandfly fever Scicilian

virus, are able to inhibit host transcription bt tmechanisms still remain to be uncovefédin
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contrast, the NSs protein of TOSV, which also amtézes INF response, has not been shown to

perturbe host transcriptich’-218
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Figure 10: Schematic representation of type | IFNnhibition by the nonstructural protein NSs of phleboviruses
NSs acts at different levels both in the cytoplasmd in the nucleus. It binds to receptors, kinasedirectly on the
IFN promoter to inhibit the production of cytokinasd signaling.

Despite a low conservation of its amino acid segaerthe overall function of the
nonstructural protein NSs remains similar amongelpbViruses, i.e. mainly consisting in

antagonizing the IFN response.

c. RNA interference in vector cells

In stark contrast to mammalian hosts, arthropodovealo not have IFN-based immune
response. Mosquitoes and flies mainly rely on RN#&iference (RNAI) as antiviral resporfde

However, vertebrates also use RNAIi as a defenséhanessm. RNAI is a regulatory process
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conserved among eukaryotes, which has first beattified in plants [recent revie#“] and well

characterized in Drosophifa.

i. RNAI mechanism

RNAI is, in fact, a mechanism that involves 3 patlye; all mediated by small RNAs (20
to 30 nucleotides in lengtiR¥2. The best characterized pathway relies on smiifering RNAs
(siRNA), the two others rely on microRNA (miRNA) dupiwi-interacting RNA (piRNA)?22,
Mosquitoes and other insects suclDassophilamake use of all the three pathways. In ticks, only
siRNA-mediated silencing of viral genes have bessessed. While this suggests that RNAI exists

in tick cells, the details of the mechanisms arltlilze players behind remain to be uncovered.

Briefly, RNAI targets dsRNA structures that are gi&ted by secondary structures of viral
RNA genome or intermediates of replication, fotamee. InDrosophilaand mosquitoes, dsRNA
are recognized by the dsRNA-specific endoribonsgdd, Dicer-2, that cleaves them into virus-
derived small interfering RNA (ViRNA) of 21 nucledés in lengthfigure 11). ViRNA are then
taken up by the RNA-induced silencing complex (Ri8@ose the Ago-2 protein initiate mMRNA
degradation and protein downregulatiéh?2>-22¢ A deletion of RNAi pathway has been shown to
increase viral production in mosquito ce#8 and lethality rate in mosquitoé¥. To counteract
this pathway, plant-infecting viruses express arARMNencing suppressor (RSS) proteins. Insect-
specific viruses have developed similar stratelggugh the viral protein responsible for silencing
suppressor are not well characterizéd For more details about the molecular mechanismis a

cellular factors that regulates and promotes RNAgcommend recent reviei®?.

In 2016, Gulia-Nuss and colleagues have identidied annotated a number of genes in
scapularis with functions related to immune defense mechasig@ulia-Nuss et al. 2016,
supplementary table 17). A recent study indicdtes RNAi-mediated response exists in ticks but
shows differences with that in mosquitéés Hazara virus, a tick-borne nairovirus closelyatet!
to CCHFV, induces a RNAI responselinscapularisderived cells??®. However it appears that
SiRNAs in mosquitoes and ticks differ in length,\&tsus 22 nucleotides respectivdlgire 11).

Others studies suggest that RNAi mechanisms areeceed in tick cells, involving proteins
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analogous to those previously described in inseeidebrates, and plamt®2%¢ The molecular

mechanisms of RNAI remain to be firmly uncovered.

Our knowledge of bunyavirus-arthropod immune systaeractions is better documented
for non-tick-borne bunyaviruses. RVFV has been shdavtrigger mosquito immune response
through the RNAI pathway. Indeed, in mosquito te# that are competent for RNAI, NSs protein
is targeted and lead to the clearance of nuclea f8nents. However, in incompetent RNAI
mosquito cell line (C6/36 cell$f* NSs is still expressed and filaments visible i@ tlucleus®4
That NSs is targeted by arthropod RNAiI immune raspamost likely allows the virus to develop
persistent infection in arthropod cells as suggkbteLéger et alt®%. Similarly, BUNV and SBV

have been shown to induce a RNAI response in mtasgonCulicoidesderived cellg32

il. Viruses counteract arthropod immune system

Though arthropods possess antiviral response mischant is established that arbovirus
infection in arthropods is persistent and nonpagheg Thus, arboviruses must have built a
strategy to replicate in the vector without killitgoy developing tools to evade vector immune

system; as a balance between arthropod survivahdombirus replicatiod??:224

A recent report suggests that LIV infection, but RBEV infection in IRE/CTVM20 cells
(I. ricinus species), induces the upregulation of genes engadlde FK506 binding proteins (FKBP)
and the X-box binding protein 1 (XBP1)". FKBP are a large family of proteins that trigger
immunosuppression; their detailed functions arelesd in the following review®3 XBP1 is a
transcription factor that regulates the transasiptof multiple genes and is involved in B cells
differentiation of antibody-secreted plasma céifs$3> Together this supports the view that LIV
infection might trigger an antiviral response itktiRE/CTVM20 cells'®’. Moreover, silencing of
the tick heat-shock protein HSP70 and HSP90 inecehsth the mRNA level and the production
of LGTV particles in IDE8 cell$, suggesting that HSP70 and HSP90 could be impticiat the
siRNA pathway and are restriction factors of LGTeiction in tick cells**6. The silencing of

these proteins was however not efficient in anotic&rcell line (IRE/CTVM19).

While few is known about the RNAIi antiviral mechsmis in tick cells, more and more

reports use the power of siRNA or short hairpin R{SARNA) to study the role of proteins during
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viral infection in tick cells??”23” and correlate the phenotype with the sequencanotate the
genome of tick$’1237.238 \Whether bunyaviral proteins, such as NSs, plagl@in the antiviral

mechanism in ticks is still an open question; tokmgwledge, it has never been mentioned.
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Figure 11: Proposed RNA interference mechanism iridks.

Viral dsRNA are processed in siRNA of 22 nucleddida length by a Dicer homologue protein. siRNA are
incorporated into the RISC complex that mediateawhge of the two strands. The guide strand alteasgnition of
cytoplasmic mRNA that are then degraded. This Iéadise downregulation of encoded proteins. Adafiteah 232,
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Aim of the project

Bunyaviruses are emerging viruses causing worldwidbreaks in humans and livestock.
In 2009, new tick-borne viruses related to Uukunigimus were discovered in the United States
of America and China, namely Heartland virus angeséever with thrombocytopenia syndrome
virus (SFTSV). The latter is highly pathogenic fbumans, causing thrombocytopenia,
gastrointestinal symptom or central nervous systaanifestation. The fatality rate reaches 30%,
and, during outbreaks, human-to-human transmidssrbeen reported. No vaccines are available
and no treatment allow the cure of the associaisghbdes. Transmission, cell entry as well as
tropism and propagation within human hosts are Igooharacterized and remain largely

uncovered.

Previous studies on early tick-borne bunyavirus-hel interactions have been carried out
with viruses produced in mammalian cells. The makccharacteristics of arthropod-derived
viruses are, so far, still missing to understargfitst interactions between vector-derived viruses
and mammalian host cellBgure 12). Dendritic cells are believed to be the firsgtrcells after
arbovirus infection, albeit it has not been formaistablishedh vivo. Most of the studies are based
onin vitro models, out of the physiological context. Moregike biology of tick and tick cells is

poorly characterized although it can impact atddige lipidome and glycome of viruses.

The overall goal of my PhD project is to understaeatly tick cell-derived virus-
mammalian host-cell interactions. My central hygsik is that mammalian host cells are more
sensitive to infection by viruses originating fraick cells than those produced in mammalian cells.
To this end, | used the tick-borne phlebovirus UUKY a model system to 1) investigate the
molecular differences between tick and mammalidirdezived viruses and to 2) recapitulate the

tick-mammal switchin vitro presented ifigure 12.
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Figure 12: Alternation of hosts during a tick-bornevirus life cycle.
Tick-borne viruses are amplified in ticks (1) iniafinthey acquire specific molecular features betbestransmission

to mammals (2). Viruses then replicate in mamm@)sa(d acquire new features. They are eventualhstitted to
ticks (4). The diversity and differences acquinechithropod vectors and mammalian hosts are repegbdy blue

and red colors respectively. Adapted frém
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Results
1. Reverse genetics system of UUKV
a. The system used for this study

The UUKYV used in our laboratory is derived from theototype tick isolate UUKV
strain 23 (UUKV S23), a virus isolated in 1959 frahe tick Ixodes ricinus UUKV S23 was
plague-purified five times in chicken embryo fiblagts and then amplified in BHK-21 celf§240
The S, M, and L segments of UUKV were sequencedr fio the development of the reverse
genetics system. The nucleotide sequences of thd &)d L segments were then compared
between the lab stain UUKV and UUKV S23 (NCBI refece sequences NC_005221.1,
NC_005220.1, and NC_005214.1 respectively). Fewatiurts were found in the L and M
segments of UUKV; none in the S segment. The onliation that was conserved over the entire
genome is a non-silenced substitution (A2386G)tkxtan the M transcript of the viruBdure 13)

49,146,241

RNA dependent RNA polymerase

L segment  3» | 15
(6 423 nt) S50
Glycoprotcin precursor
l\él segrne)nt 3 l ]5
3229 nt
’ 20% 20%  100%
_ A2386G
N protein
o o | B
u01d sgN

[|Non-conding region
[ |Open reading frame
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Figure 13: Representation of mutations found in théaboratory strain UUKV compared to the reference

strain UUKV S23.
Clones of UUKV passaged several times in mammalgirculture were sequenced, and each segmentanasaced

to those of UUKV S23. Variants are shown as thegmage of the total clones analyzed.
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We took advantage of early studies on UUKV M segnaerd on RVFV reverse genetics
system to develop our system, which relies on dlellar polymerase | (pol 1) promoté?.’2242
Viral RNA was extracted from purified stock of UUKa&hd reverse transcribed using specific
primers for each segmenéble 16. After amplification, the anti-genomic full-lerfigsegments S,
M, and L from UUKV were cloned into the vector pRI8l which contains the murine pol |
promoter and terminator and allows the synthesigraftranscriptsfigure 14). From the plasmids
coding for the genome of UUKYV, it was possible tiain all the segments encoding the original
UUKYV S23 with only one point mutation (G2386A iretM segment). This reversion leads to the
addition of an arginine instead of a glutamine @ifoon 276 in the sequence of the glycoprotein

Gc. Hereafter, UUKV refers to our laboratory straas,described above.

Pol-I driven plasmids encoding antigenomic virus RNA segments

Pol I Poll Pol |
promotor promotor, promotor,
S| pRF108-S M pRF108-M L& pRF108-L
Pol I Pol I Pol I
terminator terminator terminator \ @
+ 0
Expression plasmids @ @
oMy cmv _— @
promotor pUUK-L promotor, pUUK-N
Infectious rescued
< & viral particles

Figure 14: Schematic representation of the polymes | driven reverse genetics used to rescue UUKVoim
plasmids.

Antigenomic full length segments were cloned inRFA80 vector and were co-transfected in BHK-21s¢étigether
with two expression plasmids, to allow transcriptand replication.

The plasmids that are delivered into the BHK-21llscebde for double stranded DNA
fragments, which correspond to the antigenomicitpessense RNA sequences of UUKV. Thus,
the viral polymerase is required to initiate reglion and produce genomic, negative-sense RNA
as well as to instigate transcription. The N proisialso required to protect the viral genome. As

it would not yet be synthesized, the nucleotideuseges encoding for the N and L proteins were
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cloned into an expression plasmid under the cyt@oegus (CMV) promoter and co-transfected

in BHK-21 cells. The complete system is depictetigare 14.

b. The recovery viruses from Pol-I driven plasmid DNA

As there was no evidence that tick cells would swppransfection and murine Pol |
activity, viruses were first rescued in BHK-21 eelthat are highly permissive to most
bunyaviruses. We first attempted to rescue UUKV &KV S23, referred as rUUKV and
rUUKYV S23, respectively, from plasmid DNA. Theseotwiruses differ by a single nucleotide that
we used as a genetic marker to confirm the spégifo¢ the rescued viruses with our RGS. The
pRF108-S, pRF108-M or pRF108-MS23, pRF108-L, pUUKaNd pUUK-L were all transfected
together in BHK-21 cellsfigure 14). A sample of the supernatant was harvested eleyyuntil
cytopathic effects (CPE) were observed, typicalhg fdays post transfection. Supernatants were
titrated using a foci-forming assay (FFA). Infectsoparticles were detected for both rUUKV and
rUUKV S23. The focus formation as well as the shafpthe foci were similar to those of UUKV,
as shown irigure 15A. Whereas no infectious progeny was detectable @ftesfection (D0), the
titer increased for both rUUKV S23 and rUUKYV aftedays, to a thousand or a hundred thousand
focus forming units (FFU) per milliliter, respecatly (figure 15B). These results indicated that

viruses can be recovered from plasmid DNA in BHKe21ls.
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Figure 15: Recovery of UUKV from plasmid DNA.

(A) Titration of UUKV lab strain, rUUKV, and rUUKV SR after five passages in BHK-21 cells by focus-fioign
assay (FFA). BHK-21 cells were infected with 0.8%C (similar to agar) for 3 days at 37°C and focirave
immunostained with the rabbit polyclonal antibodf.UB) rUUKV and rUUKV S23 production five days post
transfection of BHK-21 cells with the plasmids exgsing the S, M or M S23, and L segment underdh&a of the
Pol | promoter, together with the pUUK-L and pUUKthat express the N and L proteins of UUKV.

c. rUUKV and rUUKV S23 characterization

The genetic marker of our system (A2386G substitjtivas then used to assess the
genome stability of rescued viruses, and thereflarelemonstrate the reliability of our reverse
genetics system after passaging viruses in BHK&ls enultiple times. To this end, supernatant
of transfected cells (passage 0 = P0O) was usedfeéctiBHK-21 cells at an MOI of 0.01. The
supernatant of infected cells (passage 1 = P1) vaagested when CPE was observed. The
supernatant was next cleared and titrated by FIR&.H1 supernatant was used to infect BHK-21
cells again, and the process was repeated 5 timkpassage 5 (P5) was achieved. Both rUUKV
and rUUKV S23 produce thousands of infectious plsi after transfection (P0O), but titers
significantly increased after two passages to reaphoduction plateau of 1G-FU.mL? (figure
16A), which is typical for UUKV79:100
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Using the genetic marker, sequences of rUUKV andKM S23 were aligned. Total
MRNA was extracted from purified viruses, passaged!5, through a 25% sucrose cushion. The
M segment was reverse transcribed using the spgxifner RT-M-segmentdble 16). A 391 bp
DNA fragment was amplified by PCR using primersttHank the reversion site, and was
sequenced and aligned. Aligned sequences, as sdgjurie 16B, showed that after the fifth
passage, rUUKV has a G nucleotide at position 2@88@&reas rUUKV S23 has an A nucleotide.
This sequence matches the sequence of our UUK\&tiain and the prototype UUKV S23,
respectively. These results show that our reveesetics system is reliable and can be used to
rescue UUKYV. Additionally, it shows that rescued KNJand UUKV S23 are genetically stable
in BHK-21 cells after 5 passages.

A
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Figure 16: Genetic stability of rescued viruses.

(A) Titration of supernatant of transfected (pasdagePO0) or infected BHK-21 cells after several pges (Px =
passage x) with rUUKYV or rUUKV S23 using FFA, asdegbed in figure 15 K) Sequence alignment of rUUKV S23
M segment compared to that of rUUKV and the refegestrain UUKV S23 (NC005220.1 accession nhumbexjalT
RNA was extracted from purified viruses through&@sucrose cushion after five passages in BHK-2% eed
reverse transcribed before amplification of a 3pLbing primers spanning the reversion site (held).
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d. rUUKYV behave like UUKYV in mammalian cells

The BHK-21 cells allowed the replication and praditut of viruses recovered from
plasmid DNA. However, these results raised sometoues: are the replication, the production,
and the viral proteins of rUUKV and rUUKV S23 sianilto those of UUKV? To answer these
guestions, | performed kinetics of replication @ndduction and further analyzed viral proteins by

immunoblotting.

Rescued viruses were purified through a 25% suaeskion and were subjected to SDS-
PAGE under non-reducing conditions and Western hlwmlysis with the rabbit polyclonal
antibodies U2. These antibodies recognize all thrar structural proteins, namely NyGnd
Gc. As shown irfigure 17A, three structural proteins are observed at theesapiecular weight
for both rUUKV and UUKYV. Specific mouse monocloradtibodies against N,NGand G were
then used to confirm the specificity of each pmotdis indicated ifigure 17B, these viral proteins
were observed for both rUUKV and UUKYV at the san@eauular weight. These results show that
three of the four structural proteins of the rescvieuses seem to be similar in terms of molecular
weight and antigenicity. The viral RNA-dependentRpblymerase L is poorly immunogenic and

no antibodies are available, and thus was not tetec this experiment.

We next studied viral infection using the same neomsnoclonal antibodies in a flow
cytometry based assay. The three structural potascribed before were detectable for both
viruses after 24 hours of infectiofigure 17C). The N protein was the most abundant viral protei
in infected cells. Consequently, it was then used eeadout to analyze viral replication in BHK-
21 cells. To this end, cells were infected at Mfddsn 0.1 to 10, harvested at different time points,
and immunostained for the N protein after perméadiibn of the cell membranes. The kinetics
are presented ifigure 17D. As expected, rUUKV and UUKYV replications are dani and
independent on the MOI. A plateau is reached adrours for the higher MOI and after 48 hours
for the lowest MOI. At an MOI of 0.1, 50% of celigere infected after 24 hours, whereas at an
MOI of 10, 6 hours are needed. Input virus was nedoafter exposure to the cells, and the
proportion of infected cells over time increasedich emphasized that viral replication was

quantifiable.
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To monitor production of viral particles, BHK-21lisewere infected at an MOI of 0.1 for
one hour. The medium was then replaced by freshiumetb allow the quantification of newly
synthesized infectious particles. After 24 houtsout 13 FFU per milliliter were produced for
both UUKV and rUUKYV, and increased significantly teach a plateau of 1GFFU.mL* at 48
hours post infection. The titers underwent a furtb@fold increase from 48 to 72 hours post-
infection, correlating with a strong CPHg(re 17E). These results show that UUKV and rUUKV
present a similar production kinetic.

Altogether, these results indicate that the resouagses in mammalian cells behave
similarly to the lab strain in terms of infectiamplication, and progeny production. The reverse
genetics system we implemented for UUKV can beidently use to assess the viral life cycle of

tick-borne phleboviruses in vector tick cells.
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Figure 17: Characterization of UUKV rescued from phasmids.

The UUKV lab strain and rUUKV were analyzed by SBSGE and Western blot undéd) reducing conditions
using the rabbit polyclonal antibody U2 against titmee structural viral proteins NnGand G, or (B) under non-
reducing conditions with the mouse monoclonal amties 8B11A3, 6G9E5, and 3D8B3 that recognize @hdthe
structural proteins N, ; and G, respectively.€) BHK-21 cells were exposed to the UUKYV lab straimrUUKYV at
a MOI of 0.1 for 24 hours. After fixation and peratdization, infected cells were immuno-stainedXprGy, and G
with the mouse monoclonal antibodies 8B11A3, 6G%tR], 3D8B3, respectively, and analyzed by flow mgtry.
(D) Infection of BHK-21 cells by UUKV and rUUKV was onitored over 64 hours using the flow cytometrydshs
assay used in C. Infection is given as the pergend& N protein-positive cellsE]j Supernatants collected from cells
infected at a MOI of 0.1 at indicated times werseased for the production of infectious viral progéy focus-
forming assay.
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2. Tickcell lines IRE/CTVM19 and IRE/CTVM20: the proof of concept

This part of the work is focused on the charaction of UUK viral particles produced from

vector tick cells with the ultimate goal to recapdte the host switch transition.

a. Tick cells are persistently infected

We characterized tick cell-derived rUUKV S23 be@we wanted to mimic what naturally
happens when the virus is transmitted from thestickmammals with a virus that is genetically
closer to those circulating. This ensures we arel@e as possible to the natural life cycle of a

tick-borne phleboviruses.

IRE/CTVM19 and IRE/CTVM20(?* were obtained from the Tick Cell Biobank at the
Pirbright Institute, United Kingdom. They are ndoxal cells produced from crushed embryos of
I. ricinus ticks, the species from which UUKV strain 23 wastfisolated. First, we assessed
whether tick cells support infection. To this erldey were infected with the BHK-derived
rUUKV S23 for 48 hours at various MOIs. After imnastaining with mouse monoclonal
antibodies against the N protein of UUKYV, infecteells were analyzed by flow cytometry.
Independent of the tick cell line, nearly 50% of tells were infected at an MOI of 5, and about
20% at the lowest MOI (1.25), as indicatedigure 18A. Following a similar method, tick cells
were infected with rUUKV S23 on poly-L lysine codteoverslips for 24 hours and immunostained
for newly synthesized N protein. The number of aée cells increased accordingly to the MO,
although no quantification was performed. The nesymthesized N protein is present in the
cytoplasm, which is expected for bunyaviruses taate a cytoplasmic life cycldigure 18B).
Using these two techniques, we showed that tidk eedre susceptible to mammalian cell-derived

virus infection.

To gain more insight into the production of virioimsthe tick cells, both cell lines were
infected with either rUUKYV or rUUKV S23 in 10 glassbes of 3 mL, as the cells do not grow in
standard plastic dishegure 44). Supernatant was harvested at different timetpand titrated.
The production of both rUUKV S23igure 18C) and rUUKYV (igure 18D) increased rapidly over

the first 10 days, and reached a plateau aftera$8.dick cells were persistently infected after 3
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months without any sign of CPE, and the infectdls ggew similar to non-infected cells (data not
shown). The arrows ifigures 18Cand18D indicate sub-culturing of cells at day 34, 54, @dd
post-infection. For this, half of the cell suspemsivas removed and fresh culture medium was
added. The sub-culture did not affect the produactionetheless the dilution is low. 74 days post-
infection, supernatant of infected cells was haaesind total RNA extracted. RNA of the M
segment was reverse transcribed and amplifieddoesee a 391 bp fragment that contains the
genetic marker of the RGS. The sequence resultweshthat the reversion G/A introduced at
position 2386 in the M segment was still preserthengenome of rUUKV S23 but not in that of
rUUKYV (table 2). Tick cells can, therefore, be confidently usedstudy the UUKYV life cycle in

its vector, meaning that we successfully develapasgistem to study tick-borne viruses in vector

cell line.

Altogether these results show that both cell laesved froml. ricinus support a persistent
mammalian cell-derived rUUKV S23 infection. It themsed the question whether or not rUUKV
S23 derived from tick cells was able to infect maatiam cells. To answer this question, BHK-21
cells were exposed to viral progeny produced in/GRE/M19 cells. After 18 hours of infection,
mammalian cells were stained for the M,, @nd G proteins using mouse monoclonal antibodies
and analyzed by flow cytometry. More than 50% @f tlells were positive for the viral N protein
and about 60% were positive fon®@r Gc, suggesting viral replication from tick cell-desiV
virions into mammalian celldigure 19). Therefore, the tick cell system that | developedbles
to reproduce the host switahvitro, and appears as an excellent model to study toeah&ector-

host alternation of tick-borne phleboviruses.
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Figure 18: Infection of IRE/CTVM19 cells by rUUKV and rUUKV S23 is persistent.

(A) Tick cell lines IRE/CTVM19 and IRE/CTVM20 were gosed to BHK-21 cell-derived rUUKV S23 at the
indicated MOIs for 48 hours. Infection was analyzeg flow cytometry after immuno-staining againse th
nucleoprotein N.B) IRE/CTVM19 and IRE/CTVM20 cells were exposed trigus MOIs of rUUKV S23 derived
from BHK-21 cells. The next day, infected cells ewé@mmuno-stained for the intracellular UUKV nucleof@in N
using the anti-N primary mouse monoclonal antib@&B11A3 and an AF488-coupled anti-mouse secondary
monoclonal antibody (green). Nuclei were stainedhwHoescht (blue) and samples analyzed by wide-fiel
microscopy. C) and D) IRE/CTVM19 and IRE/CTVM20 cells were exposed UKV S23 (C) and rUUKV D).

200 pL of supernatant of infected cells was harcedhily during the first ten days, and every taystthereafter. The
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production of infectious viral particles in the supatant was determined by focus-forming assays. CEfis were
subcultured in fresh complete medium (1:1) aften@éng of the parent cells on days 34, 54, andbldck arrows)

242

W . w o
w'

No virus

BHK-21 cells (SSC-H)
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v
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N Gy
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Figure 19: Tick-cell derived rUUKV S23 infect BHK-21 cells.

Mammalian cells were infected with supernatantREACTVM19 cells infected cells for one hour. Suggamt was
removed and fresh medium without FBS added. Aféehdurs of infection, BHK-21 cells were fixed, pexatilized,
and immunostained for the N,nGor Gc proteins using monoclonal antibodies 8B11A3, 6G9&ad 3D8B3,

respectively.

Table 2: Sequences of tick cell-derived rescued uses.

Virus Cell type (day)

Sequence ?

rUUKV BHK-21

M-UUKV-NC005220.1  BHK-21

rUUKV IRE/CTVMI9 (74)
rUUKV IRE/CTVM20 (74)
rUUKVS23 IRE/CTVMI9 (74)
rUUKVS23 IRE/CTVM20 (74)

TGGATTGTCGATCATCAATCATAGATCCC

TGGATTGTCAATCATCAATCATAGATCCC

TGGATTGTCGATCATCAATCATAGATCCC

TGGATTGTCGATCATCAATCATAGATCCC

TGGATTGTCAATCATCAATCATAGATCCC

TGGATTGTCAATCATCAATCATAGATCCC

ared bold letters indicate the reversion A/G in liesegment at the position 2386 compared to theofyqoe strain

UUKYV S23 (NC005220.1 accession number)
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b. The glycosylation profile of tick cell-derived rUUKV S23 is unique

Glycoproteins are essential for triggering attachime the receptor via the glycosylation.
UUKYV has four sites oN-glycosylation on both envelope glycoproteifigfre 20A). To gain
further insight into thé\-glycosylation pattern of tick cell derived virdbe glycoproteins and
Gc of rUUKYV S23 were treated with different glycossgs. Viruses purified through 25% sucrose
cushions were treated with the peptealycosidase (PNGase F) under denaturing conditions
before SDS-PAGE and Western blot analysis. Protegre denatured, and thus conformational
epitopes were damaged, meaning that monoclonabaahiéis could not be used. Instead the
polyclonal antibody U2 was used for immunostainifige PNGase F cleavétlinked glycans
independent on the nature of glycafigure 20B).
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AUG 1 Gn HE [ Ty
AMA X AKX AA i
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Figure 20: N-linked glycosylation on UUKYV glycoproteins.

(A) M segment of UUKV is translated as a precursotein that is cleaved (arrows) into two glycoproge{Gs and
Gc). N-linked glycans on Gand G are depicted underneath the precursor. This hexs dggapted from Spiegel et
al’s. (B) Cleavage site of the endoglycosidase H (Endorid)the peptide-N-glycosidase F (PNGase F). This has
been adapted from Promega.

While the four sites ofN-glycosylation of the ¢ protein are cleaved for rUUKV S23
produced in BHK-21 cells, only one seems to be siagkfor the tick cell-derived virusigure
21A). In contrast, both mammalian and tick cell-dediv@&: proteins are entirely sensitive to
PNGase Ffigure 21B). Glycoproteins & and & of the mammalian-derived UUKV are known
to be sensitive to PNGase F; the enzyme digestsualkites olN-glycosylation of &G and G. To
further examineN-glycans, the glycoproteins were subjected to elydogidase H (Endo H),
which specifically digests glycans that displayhhigannose structure but not complex glycans
(figure 20B). Glycoproteins processed in mammalian systemengedmaturation and folding in
the ER and Golgi complexes. During these procedbey, acquire different types of glycans.
Bunyaviruses bud in the Golgi, thus preventingfthlenaturation of glycans on glycoproteins. As
expected for the mammalian derived rUUKV S23 (Ldz&2011), glycoprotein (Gis partially
sensitive to Endo H and exhibits several typeslytamns, namely complex, non-digested forms
and high mannose structurdgre 21C). On the other hand, glycoproteir G mainly sensitive
to Endo H, suggesting that@arries high mannod¢-glycans figure 21D). When rUUKV S23
is produced in IRE/CTVM19, bothxJfigure 21A & C, right panels) and &figure 21B & D,
right panels) show sensitivity for Endo H with afile identical to that of PNGase F. These results
show that tick cell-derived rUUKV glycoproteins leai-linked glycans with high mannose
structure only. It also highlights that there idiierence in maturation of glycoproteins between

mammalian and vector tick cell system.

The glycoprotein ¢ of rUUKV S23 produced in IRE/CTVM19, as comparedBHK-21
cells, exhibits a different pattern, and therefather glycosidases were tested to investigate the
glycosylation profile in more detail. \Gwvas then exposed to Neuraminidg$4,4-galactosidase
and B-N-acetylglucosaminidase. As shownfigure 22A, Neuraminidase cleaves and releases
neuraminic acids residues arfdl,4 linked galactose from oligosaccharides whild ,4-

galactosidase an@-N-acetylglucosaminidase dige$tlinked N-acetylglucosamine and N-
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acetylgalactosamine, respectively. We found thy tive glycoprotein N derived from tick cells

was sensitive t@-N acetylglucosaminidasédure 22B).

Altogether, these results suggest a distinct pafi@rthe glycoprotein N of rUUKV S23

when produced in the vector tick cells.
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Figure 21: N-linked glycosylation harbored by the envelop protis Gy and Ge on virions produced in tick or
mammalian cells.

IRE/CTVM19 or BHK-21 cell-derived rUUKV S23 purifie through a 25% sucrose cushion was reduced and
denatured before digestion by PNGase F (A, B) alol (C, D). Proteins were analyzed by SDS-PAGEWedtern

blot using polyclonal antibodies K1224 or K5 agaihe glycoprotein & (A, C) or G (B, D), respectively.
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Figure 22: Glycosylation specificity of tick-cell @&rived rUUKV S23.

(A) Scheme adapted from the New England Biolab. Tlhekbarrow shows digestion sites by the neuramseda
(purple),p-1,4-galactosidase( yellow), afieN-acetylglucosaminidase (blue). rUUKV S23 produitetRE/CTVM19

(B) or BHK-21 (C) cells and purified through a 25% sucrose cushias reduced and denatured before digestion by
PNGase F (F), neuraminidase (I§)1,4-galactosidasp¢l,4), or B-N-acetylglucosaminidases{\). Proteins were
analyzed by SDS-PAGE and Western blot using pohallantibody K1224 against the glycoproteif G

c. A distinct pattern for the tick cell-derived Gy

The previous results highlight differences of glggation pattern. In addition, SDS-PAGE
analysis showed that\&loes not have the same molecular weight whennattigig from tick cells
or mammalian celldigure 21A, untreated samples). The difference in the sizkeoprotein could
either be due to the glycosylation pattern or tocitiral differences. To further assess the paknti

conformational differences of the glycoprotein Nemhproduced in tick cells, viruses purified
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through a 25% sucrose cushion were subjected to-FRSE under non-reducing conditions
before staining with mouse monoclonal antibodieat trecognize conformational epitopes.
Interestingly, the mobility of on tick cell derived rUUKV S23 also appears tddster than that

of mammalian cell-derived proteingure 23A). The mobility of G is similar for both tick and
mammalian backgroundigure 23B). Afterwards, virions were exposedfianercaptoethanol to
denature proteins and to assess the cleavageutfidiésbonds in . When viruses are produced
in BHK-21 cells, the mobility of reducednGoroteins was slower than the non-reduced proteins,
suggesting that disulfide bonds were cleavieglife 23C). This is not observed for the proteins

that originated from tick cells, suggesting tharthare less or no disulfide bonds cleaved.

To understand whether this discrepancy could betdua deletion in the nucleotide
sequence, | sequenced the full-length M segmentJafKV and rUUKV S23 derived from
IRE/CTVM19. The complete nucleotide sequences waose published and expected (data not
shown). There was no deletion in the M segmentdbald explain the lower molecular weight of
the glycoprotein & when coming from tick cells. Moreover, we also lgpa@d the amino acid
sequences by mass spectrometry to investigateogmhlity of an alternative ORF. Although the
sequences obtained were not complete, it is uglikelt there is a difference between mammalian

and tick cell-derived glycoproteins at the aminmldevel Supplementary material 1).

Together, these findings suggest that the numbelisoiifide bonds differs whether the
virus is produced in tick or mammalian system. Tesults presented here show that the
glycoprotein G may undergo a distinct maturation and folding pescwhen the virus is produced
in tick cells. This might have consequences for glabal structure of the particles and their

interaction with the first target cells in mammaliaost skin dermis.
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Figure 23: rUUKV S23 glycoproteins Gy and G¢ from IRE/CTVM19 and BHK-21 cells.

BHK-21 or IRE/CTVM19-derived viruses were purifigttough a 25% sucrose cushion and analyzed by SAS=P

and Western blot under non-reducing conditions gisitonoclonal antibodies 6G9E5 and 3D8B3 that reizegn
conformation epitopes in5A) and G (B), respectively. €) Purified BHK-21 or IRE/CTVM19-derived rUUKV
S23 were analyzed by SDS-PAGE and Western blotruratereducing (-) or reducing (+) conditions, usthe rabbit

polyclonal antibody K1224 for the detection of.G

d. Tick cell-derived rUUKV S23 is more infectious thanmammalian cell-derived

rUUKV S23

| first investigated whether the differences inogly composition and folding of the viral

glycoprotein G may affect the infectivity. To this end, the saamount of infectious units
produced either in tick cells (IRE/TCVM19 or IRE/ZW20) or in BHK-21 cells was analyzed
by SDS-PAGE and Western blot using the polyclonéibadies U2 against UUKYV to visualize all
three major structural proteins (NnyGand G). Viral particles produced in either tick cells or
mammalian cells were titrated in BHK-21 cells afperification through a 25% sucrose cushion.
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For 10 FFU, the amount of N, & and G differs from tick versus mammalian cell-derived.igies
(figure 24A). The difference was also visible when mouse miomad antibodies were used to
detect the glycoproteins. While the amount of pratéx and G from virions produced in BHK-
21 cells appeared to be high (although no quaatibo being possible), that of glycoproteins on
tick cell-derived viruses were barely or not dedbtt €igure 24B). Antibodies used in the
laboratory were produced in either rabbit or micghwnammalian virus stocks. Thus, these
antibodies recognize specific antigens from the mahan cell-derived viruses and could not

recognize antigens from tick cell-derived viruses.

To exclude this possibility, IRE/CTVM19 and mamnaaliderived rUUKYV were purified
through a 25% sucrose cushion and analyzed by Csmenataining. For a similar amount of
infectious units, the N protein of mammalian cedliged viruses is more abundant than that of tick
cell-derived virusesfigure 24C). To confirm this result, multiple infectious usnibf rUUKV S23
were analyzed using an Odyssey imaging systematlmats quantitative Western blot analysis.
Interestingly, the amount of glycoproteins was kigh tick cell-derived viral particles than in
mammalian cell-derived particles, while the N prmotevas remarkably more expressed when
virions were produced in mammalian cefigre 24D). The ratio of the amount of N protein per
viral infectious unit is significantly lower fordk cell-derived virusfigure 25), while the ratio of
the amount of glycoproteins per FFU is highfegure 25B). The N protein is also expressed in a
linear range in the tick cell system, comparedhtorhammalian system, suggesting that more viral
particles are infectious when produced in ticksdll also appears that the ratios of glycoproteins
per N protein and of FFU per N protein are higheiRE/CTVM19-derived virusedigure 25C
& D). The N protein surrounds viral genome requiredifdection inside the particles. With
different amounts of N and glycoproteins per infaes units, these results suggest a difference in
the overall structural organization that dependsvbether virions are produced in tick cells or

mammalian cells.
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Figure 24: Tick and mammalian cell-derived structural viral proteins.

Tick or mammalian cell-derived semi-purified UUKW,(B) were analyzed under non-reducing SDS-PAGE and
Western blot analysis using polyclonal antibodigaiast UUKV @) or monoclonal antibodies against & Gy (B).

Red boxes indicate where the glycoproteins shougptate. C) UUKV from lab strain stocks produced in BHK-21
cells or rUUKYV produced in IRE/CTVM19 cells, botemi purified through a 25% sucrose cushion, weedyaed

by SDS-PAGE and Coomassie staining. The N,dhd G proteins of UUKV lab strain stock were detected tre

N protein of both viruses was highlighted in redcés forming units (FFU) are indicated on top & tel. D) The
amount of viral G, G, and N for 16, 1, and 5x10 FFU of semi-purified rUUKV S23, either producedick cells

or mammalian cells, were analyzed by SDS-PAGE amsté/n blot using the rabbit polyclonal antibodigginst
UUKV.
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Figure 25: Quantification of the structural rUUKV S23 proteins Gy, Gc, and N in infectious viral particles.
Tick or mammalian cell-derived rUUKV S23 was puadithrough a 25% sucrose cushion and were analyzeer
non-reducing SDS-PAGE and Western blot using pohal anti-UUKV antibody U2 and an anti-rabbit infed
fluorescence secondary antibody. The amount of pirateins for identical purified infectious rUUK®23 was
determined by quantitative Western blot analysidy&3ey Imaging System). Ratios of the amount ofdigin @A)
or glycoproteinsB) per FFU and ratios of glycoproteirS)(or FFU Q) per relative unit of N protein are shown.

e. Genetic evolution of wild-type UUKV originating from Swedish ticks

UUKY strain 23 was isolated in 1959, but the vijahome sequences were only available
in the 1980s for viruses adapted in mammalian @dture. Compared to those sequences, our
laboratory strain showed few mutations in the M ars@gments nucleotide sequendagife 13).

Because ARN viruses are known to rapidly evolveegeally, we determined whether the wild-
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type UUKYV that circulates in tick populations novagd showed genetic differences with our lab
strain and rescued viruses. The ultimate goal wdgmonstrate that UUVK produced in tick cells
can be used as a tick-borne virus model that isesgmtative of the circulating virus. Through our
collaborators, Janne Chirico and Sara Moutailleranalyzed 16 pools of 25 nymphs of the ticks
I. ricinus that have been collected in Ramsvik and Hindens riegions (Sweden, 2013). Total
RNA was extracted from nymphal homogenates withammetic bead-based protodéf and
reverse transcribed to obtain cDNA correspondinthéoM segment. The full-length M segment
was synthetized by a single PCR and sequencednddenates out of 16 were positive, and it was
possible to obtain the full-length M sequencedbfath of them, one pool came from Ramsvik and
one from Hindsen Rev region. Hence isolates weraedaRVS (Ramsvik Sweden) and HRS
(Hindsen_Rev_Sweden). They are now referenced inB@ek as KX219593 and KX219594,
respectively. Nucleotide sequence analysis shodextity greater than 93% between the UUKV
S23 and the strains circulating currently (datastaiwn). At the amino acid level, we showed that
the percentage of identity was greater than 97%o Ahe intergenic region of RSV was conserved
and G was the less affected by the evolution with a minn of 99.2% identity corresponding to
2 (RVS) to 4 (HRS) variationgable 3). Gy showed 7 (RVS) to 11 (HRS) amino acid variations
with 5 positive substitutions for both RVS and H@&ble 3). Together, these results demonstrate
that the M segment of UUKV has not significantlyaolged over the past 20 years.
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Table 3: Analysis of the M amino acid sequence frordUKV-infected field I. ricinus ticks.

Substitution(s) relative

Region Isolate Identity Positive sequence to the UUKV $23

a 0 b 0 c
(a2) e) ) polypeptide precursor ¢
Gx RSV 98.5 99.6 LSL 1291, S124T,
(18-496) T167S,L207V,A219T,
T237A
HRS 97.6 98.7 L291, T44A, S124T,
T167S, L207V, A219T,
S282T, T287A, N476K,
N477Q,A479C
Intraregion ~ RSV 100 100
(497-513)  HRS 97.1 97.1 AS08T
Gc RSV 99.6 100 S695T, Q790R
(514-1008)  pRrs 992 99.8 K577R, Q790R, T841S,
L1003F

2 Amino acid (aa) position. ? Percent identity relative to the sequence of tleeymsor peptide.

¢Values represent the percent identity of the secpi@fi interest augmented by the substitutions shiowsoldface
relative to the sequence of the precursor peptid@otal RNA was extracted from 16 pools of 25 nympbbected
in the region of Ramsvik and Hindens Rev, SwedéA Rorresponding to the M segment was reverse ¢riresd
and cDNA amplified as a single PCR. Four samplesvpositive, one could not be sequenced, one ey
sequenced, and two others were sequenced enfifedylist shows amino acids found to be mutatedénfall length
amino acid sequences of isolate RVS and HRS (Gdn8ecession number KX219593 and KX219394, respelghiv
relative to the sequence of the polypeptide precwfkthe glycoproteins Gand G of UKV S23 (GenBank accession
number NC_005220.1). The point mutations in boldfaclicate positive substitutions.

3. Towards the characterization of tick cell-derived WKYV viral particles
a. |Ixodesscapularis cell lines are persistently infected by UUKV

The RGS was developed to recover infectious UUKl\particles and to infect tick cells.
The tick cell line IRE/CTVM19 has been used as a@hdo characterize virions, but production
had to be done in small glass tubes. Thereforeygheme of infectious supernatant was too small
and did not allow for proper purification. This pemted a deep characterization of viral particles
using, for instance, electron microscopy or massspmetry. With a concern towards continuous
improvement, other methods of rUUKV production gnaification were developed to produce
tick cell-derived virus stocks highly purified andncentrated. They are described in the following

sections.
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IDE8 and ISE18 cells were both derived from cruskeabryos ofixodes scapularisUUKV has
not been yet reported to be isolated from thisiggeaf hard ticks. Since rUUKV S23 refers to the
strain 23 that was isolated from the tidksicinus, we used rUUKYV to develop a new tick cell
culture model. In contrast to IRE/CTVM19 and IRENM20 cells, the genomes afscapularis
(strain Wikel — vectorbase.org) had been sequercet lately partially annotatetf. This
represents an advantage to investigate the UUK\Lltle in tick cells.
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Figure 26: 1. scapularis cell lines are persistently infected by rUUKV.

ISE18 cells A) or IDES cells A, B) were exposed to rUUKYV for 2 hours at 28°C. Suptant of infected cells were
harvested at different times post infection anatitd by focus-forming assay.
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b. IDES cells as tick cell culture model

IDE8 and ISE18 are mainly adherent cells, but gteav in suspension when they are over
confluent. Compared to IRE/CTVM cells, they areiea® handle. IDE8 and ISE18 cells were
infected with rUUKYV in small glass tubes. After Bdurs, the viral supernatant was removed and
exchanged with fresh medium to analyze viral préidac Over the 30 days of experimentation,
titers slowly increased from 1@ 1@ infectious units per milliliter, suggesting thattb cell lines
supported rUUKV infectionfigure 26A). IDE8 cells grow faster than ISE18 (subculturg 1:
possible instead of 1:2 every 14 days). For thessans, an improved production system was

developed based on the use of IDE8 cells.

First, a medium scale production of rUUKV in IDE&ls was evaluated. Cells were seeded
in T75 flasks and infected with rUUKV derived frof@E8 (from the production in small glass
tube). As shown iffigure 26B, IDES tick cells were able to produce rUUKV for reahan 3
months at a high titer. The drop of the titer 2@dpost-infection most probably resulted from
changing medium. Afterwards, the titer remainedriyeatable for 60 days and increased
significantly in the last 20 days. Moreover, no GR&S observed in infected cells. They were sub-
cultured or the medium was changed every weekagitthe non-infected stocks of cells. The cells
(infected or non-infected) attached on the pladisb very well. No difference of growth properties
was observed, although cells tended to elongatel@a confluence for both infected and mock

infected cells.

To then stretch the limits of the IDE8 productigstem, the cells were grown without FBS
for a week in order to plan a large scale produactind to more easily purify viral particles. The
cells did not show any difficulties in growing, ndid they change their morphology, but they did
require a high density (data not shown). In regatrithis, a production of rUUKV in IDE8 with no
FBS was tested. Surprisingly, the cells produckih titrated rUUKYV after one month in culture
(figure 27A). The drop from 10to 1@ of the titer (day 15) is due to an exchange ofitinal
supernatant. The removal of the supernatant waseeed in few days, which indicates that IDE8
cells can produce new virions, at a high titeraimedium that do not contain FBfgjgre 27A).
Furthermore, more than 80% of the cells were iefigetfter 22 days post-infection when stained

for the intracellular N protein, showing that IDB& persistently infectedigure 27B).
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Each of the results presented here is made ofglesaxperiment. However, these results
were a major progress that moved the project fatwaard opened new perspectives for the
characterization of tick cell-derived viral parésl Indeed, to elucidate the shape, size,
glycosylation pattern, or the lipid compositiontbé particles, a high amount and highly purified

material was required. As a consequence, a high poaduction process was engineered.
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Figure 27: rUUKYV production in IDES8 cells without FBS.

(A) IDES cells were infected with rUUKYV in the absenaf serum for 2 hours at 28°C. Medium was hareeate
different time points to titrate infectious viraanicles by focus-forming assay)(Infected cells were analyzed by
flow cytometry after immunostaining of the intrdoédr N protein after 22 days of infection.

c. Development of a high scale virus production in IDB cells and purification

Based on the hypothesis that IDES8 cells can groaninkind of plastic dish that are sealed,
tolerate the absence of serum for viral productiurt,need time to produce rUUKYV, the protocol
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used for the production of UUKYV in BHK-21 cells widmis tested with IDES tick cells. Instead of
3 mL glass tubes, 175 érflasks were seeded with IDES8 cells in the presefiédBS to allow cells

to adhere. The day after, cells were washed to verk®S prior to infection with rUUKV at an
MOI of 0.01 and maintained in medium free of FB®uU¥ supernatant was removed and 30 mL
of completed medium without FBS was added per fl@s&duction of virions was monitored by
FFA at days 10 and 15 post-infection. We obsernetthé previous experimerfiqure 26A & B
andfigure 27A) that 20 days was sufficient to produce a high amh®f infectious particles.
Therefore, the medium was harvested 20 days ptesttion, and was cleared before purification

procedure.

The purification steps were improved using a protopreviously established to
characterize lipids composition of HIV-1 partické4 Briefly, rescued virus from BHK cells was
semi-purified through a 30% sucrose cushion, anslla@ded on top of an OptiPrep Gradient. A
band was seen after centrifugation between the dt@@nd 30% of OptiPrep. After collecting the
virus band, particles were pelleted by ultraceagi@tion in PBS and analyzed by SDS-PAGE and
silver staining (detailed protocols supplementary material 2. BHK-derived rUUKV was
successfully purified and the NyGand G proteins were detectetigure 28A). Using the virus
production in mammalian cells as a control, theessamathod was then applied to tick cells. Purified
IDE8-derived rUUKV remained mainly in fractions A8, whereas mammalian cell derived-
viruses were found in fraction 8dure 28B, lines 1 to 8 right and left panel). Unfortunatelye
majority of tick cell-derived viruses was lost tgi the last step of purification, whereas
mammalian cell-derived viruses were pelleted in P@8ure 28B, line 9 right panel).
Nevertheless, titers were determined by FFA fohbdtal productions and reached 6.4X10

FFU.mL*for the tick cell production and 1.2xBFU.mL* for the mammalian production.
Based on these results, it can be concluded tegtribtocol developed for the high scale

production from tick cells is now working, althoutere is still place for improvemerfigure

29, flowchart). To our knowledge, this is the firshé that such a high viral production is reached
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for tick cells. This could have a large impact be production of tick-borne viruses and could lead
to faster characterization and understanding cfettveruses.
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Figure 28: Purification of viral particles through an OptiPrep gradient.

(A) rUUKV produced in BHK-21 cells was semi purifi€¢d.P) through a 30% sucrose cushion and loadedmaft
an OptiPrep gradient. Fraction (F) of the gradibat contained rUUKV and the purified (P) virusesrevanalyzed by
SDS-PAGE and silver stainingB) rUUKV was produced either in IDE8 (left panel) BIHK (right panel) cells for
20 days or 48 hours, respectively. Supernatantcleesed, semi purified through a 30% sucrose cuslkzind loaded

on an OptiPrep gradient. Fractions (columns 1 tof8)e gradient and purified viruses were analyzg&DS-PAGE
and silver staining.
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The flowchart figure 29, represents the procedure implemented that will he used in
our laboratory, although an upgrade is requiredHerpurification steps. Essentially, a supernatant
titration (before purification) lower than 1ihfectious particles per milliliter at day 15 pdistk
cell infection will lead to a failed procedure (NGJs well as a titration lower than >18fter
purification. Indeed, a high titer is required besa a large fraction of viruses is lost during the

purification procedure.

Seeding 175 cm?
Infection at an ! Ells are
i )
MOl of 0.01 . NOT fine Discard
Follow tick cell
production (FFA)
Cells are
Incubation WES NO —-— fine
<
<
Harvest
supernatant
Purification Mass
through a gradient ——>»  spectrometry
LIPIDS
Mass
_ ——»  spectrometry
FFA and SDS-PAGE GLYCANS
NO YES
‘ »  Tomography

Figure 29: High scale production of rUUKYV in vectortick cells.

The flowchart represents the protocol to followifdfiection, purification, and characterization afa particles. Two
check points provide quality insurance, one befiarwesting the supernatant to follow the produdtickicell derived
viruses and one after purification. If the titethigh (YES), supernatant will be harvested at day@st-infection. If
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it is not high enough (NO), cells are either indelalonger or discarded, depending on their shéyieen the
production passes the last check point (YES), viatticles can be analyzed or used to infect cells for a new
production. Whenever the last check point is nateasful, a new production is required.

d. Tick cell-derived rUUKV: a unique fingerprint

Tick cell biology is poorly understood, althougtplays a central role in the life cycle of
the virus. Indeed, the virus will acquire featutieat are specific from these cells. In particular,
during budding events, viral particles are formathvthe membrane of the host cells, and are
composed of different lipids. Therefore, we furtirarestigate the lipid composition of the viral
particles. IRE/CTVM19 derived rUUKV or mock-infectecells were purified through a 25%
sucrose cushion, and were lysed in methanol poiandss spectrometry analysis (in collaboration
with Prof. Dr. Britta Briigger, BZH, University Hestberg). The preliminary results showed that
viral particles from the tick IRE/CTVM19 cells arieh in cholesterol (Chol) with 5.66 pMidure
30A) or 24.36 mol% f{gure 30B) of lipids. Virions also seemed to be enrichedaayl-linked
phosphatydil choline (aPC), sphingomyelin (SM), awgl-linked phosphoester (aPE) with 3.81,
2.81 and 3.25 uM, respectivelfigure 30A). They represent more than 30% of lipids measured
(figure 30B).

The mass spectrometry of the BHK-21 cell-deriveduseés were analyzed in an
independent experiment. Mammalian cells were iefééctvith rUUKV. After 48 hours,
supernatants of infected and mock infected cellewerified through an OptiPrep gradient and
the cells, infected or mock infected, were lyselge Viral particles and cell lysates were subjected
to lipidomic analysis by mass spectrometry. Theambgpid found in the mammalian cell-derived
viral particles are the diacyglycerol (DAG), theotdsterol, the phosphatidylserine (PS), the
ceramide (Cer), the SM and the aRiGure 31A). Interestingly, it appears that the moleculaiorat
of lipids changed upon rUUKV infection. Indeed, ttagio of aPC and triacylglycerol (TAG)
slightly decreased in the lysate of infected cetisipared to the lysate of uninfected celiigure
31B). Interestingly, the mol % of Hexosyl Ceramide ¥@er), but not the mol % of Ceramide
(Cer) and Hexosyl 2 ceramide (Hex2Cer), signifibaimmcreased in BHK-21 infected cellsgure
31B). Together, this suggests that the envelope memlwhviruses derived from tick cells have

a specific lipid composition, different from thdtparticles produced in mammalian cells.
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Figure 30: Lipid composition of IRE/CTVM19 -derived Uukuniemi viral particles.

IRE/CTVM19 cells were mock infected or infectedwitV/UKV and supernatant was semi purified via a Zafidrose
cushion. Viral particles (blue) and mock infecteghernatant (red) were analyzed by mass spectronm@yyThe
concentration of respective lipids are expressechiiol.L2. (B) Molecular percentage of a lipid specie (relativéhe
total known lipids). These data represent a siaglalyze. aPC, acyl-linked phosphatidylcholine; eB@Ger-linked
phosphatidylcholine; SM, sphingomyelin; aPE, aaykéd phosphatidylethanolamine; ePE, ether-linked
phosphatidylethanolamine; PS, phosphatidylsering, Bhosphatidylglycerol; PIl, phosphatidylinositoRA,
phosphatidic acid; pl-PE, plasmalogen PE; Cer,migte; HexCer, hexosylceramide; CE, cholesterylre®aG,
diacylglycerol; TAG, triacylglycerol; Chol, cholesbl.
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Figure 31: Lipid composition of mammalian cell-derved Uukuniemi viral particles.

BHK-21 cells were infected with rUUKYV for 48 hour@\) Supernatant was purified via an OptiPrep gradaemt
viral particles analyzed by mass spectrometry. [Vparticles (blue) and mock infected supernataed)rare
represented as a concentration of lipid®) BHK-21 cells were lysed and analyzed by mass tsp@etry. The
molecular percentage of a lipid species are sholirese data represent a single analysis. aPC, iakgdl
phosphatidylcholine; ePC, ether-linked phosphatidgline; LPC, lysophosphatidylcholine; SM, sphingefin; aPE,
acyl-linked phosphatidylethanolamine; ePE, ethekdd phosphatidylethanolamine; PS, phosphatidylserPl,
phosphatidylinositol; PG, phosphatidylglycerol; Pghosphatidic acid; Cer, ceramide; HexCer, hexesgimide;
Chol, cholesterol; CE, cholesteryl ester; DAG, giglycerol; TAG, triacylglycerol;
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The tick cell-derived rUUKV present specific bioohieal and biophysical features, i.e.
glycosylation pattern and folding of the glycopinotdl (figures 21-23, ratio of infectivity higher
than mammalian cell-derived viral particldgygre 25), and lipid compositionfigure 30). We
make the hypothesis that all of these charactesistiost likely impact the overall structure of Vira
particles. Thus, we next aimed to analyze theamkthe shape of mammalian and tick cell-derived

viral particles by electron microscopy and tomogsap

Bunyaviruses are known to be pleomorphic, and Uidtuced in mammalian cells was
shown to have a diameter between 100 and 138 &t Whether the size and/or the shape of tick
cell-derived patrticles are the same as mammalidwdesved particles is unknown. To analyze the
size of the tick cell-derived viral particles, rUVMKwvas produced in either BHK-21 cells or IDE8
cells, purified through a step gradient of OptiRreped on carbon grids, and stained with uranyl
acetate for electron microscopy. Viral particlesrevenaged by the Electron Microscopy Core
Facility (EMCF) at Heidelberg University using aQE JEM 1400 microscope. As expected,
mammalian cell-derived viral particles are pleoniicpwith some particles spherical and others
more elongatedfigure 32A, left panel). Interestingly, tick cell-derived alrparticles were more
homogeneous in shapég(re 32A, right panel). However, some particles were lafghite
arrow), some were surrounded by a halo (yellowayrin addition small and electron dense spots
were visible in the backgrountigure 32A). We cannot exclude that these vesicles are haital
particles. They could be cellular vesicles with éswdensity that co-sediment in the OptiPrep
gradient. To circumvent this issue, | intend ta@ase the number of steps in the OptiPrep gradient,
i.e. the gradient will thus present a higher reotuand should allow for a better separation ef th

virus from the other vesicles.

While no structures could be distinguished in mairanacell-derived viruses, pentons of
glycoproteins were visible on IDE8-derived rUUKVrpeles figure 32B & C). The size of the
particles were directly analyzed by the softwareNiviue 4 (TVIPS, Gauting, Germany) or using
Fiji. The size of mammalian cell-derived viral peles look slightly bigger than those of tick cell-
derived viruses. Notably, the biggest particlesrapge often found for mammalian cell-derived
viral particles figure 32D).
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Meanwhile, IDE8-derived viruses were purified thgbwa 25% sucrose cushion and sent to
our collaborators at Oxford University, Division $fructural Biology, to assess the viral particles
by cryo-EM. Interestingly, our collaborators fouadnixed population of particles with different
sizes figure 33A). White arrows show the smallest particles (arobdechm in diameter) that are
fairly spherical and regular. The black arrows shgger particles that seem to have a lipid bilayer
and spikes on the surface, but are very heterogsnadoth size and shagde(re 33A). Lastly,
the yellow arrow indicates particles that seem ejgtectron dense and have a large size
distribution. According to our collaborators, thigoe of particles is the most abundant. The
particles highlighted in white where imaged sepmyaffigure 33B & C). These patrticles harbor
spikes inserted in the membrane bilayer and actretfedense, revealing the RNP density. They
most likely represent rUUKYV particles from vectaktcells, although the diameter is lower than

the expected size of mammalian-derived UUKV whekiog at the scale bar.
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Figure 32: Size of tick or mammalian cell-derived UUKV.

BHK-21 and IDES8 cells were infected with rUUKV at MOl of 0.01 for 1 or 2 hours, respectively. Supant of
infected BHK-21 or IDE8 cells was harvested aft8rhburs or 20 days, respectively, and purified kptiRrep
gradient. Viruses were then fixed on carbon graisif hour followed by uranyl acetate staining. lesgf BHK-21
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cell-derived viral particlesA, left panel) and IDE8 cell-derived patrticles, (right panel) were taken with a JEOL
JEM1400 microscope at the EMCF Heidelberg. Theavdiitow shows big particles of rUUKV and the yellamwow
shows medium size patrticle of not-yet describedcstire for phelboviruses. rUUKV derived from BHK-2élls B)

or IDE8 cells C) at a higher magnification. Pictures were acquiséith EM10 microscope, scale bar 100 ni) (
Diameters of purified particles were acquired witle JEOL JEM1400 microscope at the EMCF Heidellzarg
analyzed with EMMenue 4 or Fiji.

A B

100 nm

Figure 33: Tick cell-derived viral particle morphology.
Electron cryomicroscopy images of semi-purified KNJproduced in IDES8 cells. Images show an area gfi@ of
carbon support film with 2 micrometer hole&) Mixed population of particles: white and blackaavs show particles
with membrane bilayer and spikes that are eithbespal (white) or heterogenous in size (black)e Tillow arrow
points out a third type of particles that are etmttdense but without viral structure®) (Image of the particles
highlighted in white in A. Scale bars represent @@ (C) Zoom in of the particles from B. Scale bar 50 nm.
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4. Early steps of UUKV infection

UUKV has been shown to bind the C-type lectin DGISIbefore internalization by
endocytosis’®. Moreover, after internalization, UUKV has beerowh to require endosomal
acidification to infect host cell¥°. The high mannosi-glycans of the viral glycoproteins are
recognized by the carbohydrate recognition domaD®@-SIGN, allowing biding of the virug*.

The characterization of UUKV entry was done in eas mammalian cells, including human,
rodent, or monkey cell lines, with virus stocksguoed in mammalian cells (rodent). So far, such
characterizations are missing for virus stocks peed in tick cells, and in tick cells. The diffeten
glycosylation pattern observed previously with wefl-derived viral glycoprotein N could change
the binding process of tick cell-derived viruses.abdress these points, the dependency of rUUKV

produced in tick cells on DC-SIGN and a low pH wieneestigated.

a. DC-SIGN mediates infection by tick cell derived rUWKV S23

As shown previously, BHK-21 cells are sensitiveit& cell-derived viruses. However, in
a physiological context, dendritic cells are bed@uo be the first target of arboviruses after
introduction in the host skin dernfis Present at the bite site, they are indeed otieedfirst cells
to encounter the incoming viral particks® They are believed to participate to the spreati®f

virus throughout the organism.

To investigate whether the tick cell-derived rUUKYZ3 can bind to the receptor DC-SIGN,
human B cells (raji) or epithelial cells (HeLa) tlstably express the human C-type lectin DC-
SIGN (Raji DC-SIGN and HelLa DC-SIGN¥ were exposed to rUUKV S23 produced in
IRE/CTVM19. Raji and Hela cells are not sensitiwd XUKV infection. As expected, at an MOI
as high as 5, both raji and HeLa cells are nottefd by the tick cell-derived rUUKV S28dure
34A). However, upon expression of DC-SIGN, 40% of ea@ positive for the viral N protein at
an MOI of 1. Fluorescent immunostaining againstNherotein of rUUKV S23 showed that 50%
of HeLa DC-SIGN are infected at an MOI offig@re 34B & C). To confirm that the infection
was due to DC-SIGN, a mouse monoclonal antibodiy gpacifically blocks the lectin was used
(mAbs 1621). After treatment of raji DC-SIGN, infem is inhibited by 90%figure 34D). When

using EDTA, which binds calcium and therefore preasegood activity of the lectin, infection is
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also reduced by more than 80%. Similar results wbtained with HeLa DC-SIGN cells; the lectin
Is inhibited by the mAbs 1621, and the number &ated cells decreases significantfig(re
34E).

Altogether, the results show that tick cell-derivétlJKV can also use the receptor DC-
SIGN for entry. More specifically, it implies thdl UKV S23 produced in vector tick cells has

also, at least in part, high mannd$glycans on its glycoproteins that are recognizethk lectin.
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Figure 34: DC-SIGN is required for the tick cell-deived rUUKV S23 infection.

(A) BHK-21 cells were infected at an MOI of 0.1 WIRE/CTVM19-derived rUUKV S23 for 18 hours. Cells nge
immunostained for N, 3 G¢ proteins prior to flow cytometry analysi®)(Parental and DC-SIGN-expressing Raji
cells (Raji and Raji DC-SIGN+) were infected wifRE/CTVM19 cell-derived rUUKV S23 for 16 hours. Gelvere
immunostained for the N protein and analyzed by ftgtometry. C) Parental and DC-SIGN-expressing Hela cells
(HeLa and HelLa DC-SIGN+) were exposed to variousld@ IRE/CTVM19 cell-derived rUUKV S23. 24 hours
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later, infected cells were immuno-stained for thieacellular virus nucleoprotein N using the antphimary mouse
monoclonal antibody 8B11A3 and an AF488-coupledm@oiise secondary monoclonal antibody (green). éluatre
stained with Hoescht (blue) and samples analyzedibg-field microscopy.d) More than 100 infected or non-
infected cells described in (C) were counted iteast three different fieldsEj Raji DC-SIGN+ cells were exposed
to IRE/CTVM19 cell-derived rUUKV S23 (MOI ~1) in éhpresence of inhibitors blocking DC-SIGN, namelyTA

(5 mM) or the neutralizing mouse monoclonal antippmilAb1621 (25 pug.mt). Intracellular viral antigens were
detected by immuno-staining with an anti-UUKYV rabbolyclonal antibody followed by incubation withF&47-
conjugated secondary antibodies. Infection wasyaedlby flow-cytometry after 18 hours and normalizeinfection
of DC-SIGN-expressing Raji cells in the absencmbibitor (% of control).

b. pH dependency

To determine whether tick cell-derived viruses aspend on endosomal acidification for
infection, we assess the effect of ammonium chéor{tlH,Cl) on infection. NHCI is a
lysomotropic weak base that neutralizes the pHlieralosomal compartments, instantaneously
after addition to the celi&. Neutralization of endosomal pH results in an ition of infection

by viruses that rely on endosomal acidificationgenetration.

rUUKV S23 produced in IRE/CTVM19 cells was usedrfect human cells (either raji or
HelLa cells) expressing DC-SIGN. The cells weret&g@avith NHCI 30 minutes before infection
and the drug remains during the incubation timeh@d@s). Cells were analyzed by flow cytometry
after immunostaining of the UUKV protein N. The dysotropic weak base induced a dose
dependent inhibition of infection in both humanl dieles figure 35A & B). Similar results were
obtained when IRE/CTVM19 or IRE/CTVM20 were infettevith rUUKV S23 derived from
BHK-21 cells {igure 35C & D). Similar results were obtained with chloroquiaapther weak
basefigure 35E & F). To conclude, these results show that UUKV remdigpendent on vacuolar

acidification to trigger viral fusion, regardlesistioe host cell origin and the targeted cell type.
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Figure 35: rUUKV S23 requires low pH for infection.

Raji (A) and HeLaB) cells that stably express DC-SIGN were pre-tebatigh NH4Cl, a weak base that neutralizes
the endosomal pH, and then exposed to IRE/CTVMI1Ydeeived rUUKV S23 (MOI ~5) in the continuous gence
of the inhibitor. Infected cells were harvestedhtfurs later and immuno-stained for the UUKV nucleogin N.
Infection was analyzed by (A) flow cytometry or (B)de-field microscopy, counting at least 200 cellsnore than
three independent fields. Data were normalized @IIGN-expressing cells infected in the absendetubitor (%

of control). IRE/CTVM19 C, E) and IRE/CTVM20 D, F) cells were infected with BHK-21 cell-derived rUWKS23

at a MOI of 5 for 36 hours in the continuous preseof NH,CI (C, D) or chloroquine, F). Infection was analyzed
by flow cytometry and normalized against data otgdiin the absence of inhibitor (% of control).

5. Replication of rUUKV: the role of the nonstructural protein NSs

The nonstructural protein NSs is the main virul&dtor of RVFV. It counteracts the
general transcription of the host cells, includihg interferon respons&®-21 Recently, it has
been suggested that UUKV NSs protein could be &hdRitagonist, however with a much lower
extent?®®, Not much is known about the role of UUKV NSs,ther in mammalian cells nor tick
cells. To define the role of NSs in the replicatayele of UUKV, | took advantage of our RGS

to generate recombinant viruses that lack the nactsiral protein.

a. Generation of recombinant viruses

To visualize and monitor UUKV infection, | enginedrS segments with sequences coding
for different reporter genes. As all the viral stural proteins are critical for the production of
infectious particles, | replaced the sequence angadSs by one coding for either the enhancer
green fluorescent protein (eGFP), the renilla kreise (Ren), or the Gaussia luciferase (Gau). This
approach has been proved successful for R¥,Rlthough the growth of the recombinant viruses
was slightly attenuated compared to the wild-typesy | also generated recombinant viruses
depleted from the sequence encoding the nonstalqiustein NSs, which will be designated as
UUKV ANSs. The recombinant UUKV were named as follow iadétated in thdigure 36:

rUUKV ANSs is the rescue virus that lacks the NSs ORF
rUUKYV eGFP is the rescue virus that lacks the N8%®ut codes for the eGFP protein instead
rUUKV Ren is the rescue virus that lacks the NSgisace and encodes the Renilla luciferase

protein
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rUUKV Gau is the rescue virus that lacks the NSQfRt encodes the Gaussia luciferase

protein.

rUUKV

rUUKV ANSs
| I | rUUKV eGFP
rUUKV Ren

H?‘

2

]  Gau | rUUKV Gau

Figure 36: Schematic representation of the recovergf recombinant UUKV.

S, M and L segments cloned into the pRF108 wersteated into BHK-21 cells with the pUUK-L and pULNK The
S segment has been engineered to express thenpkoieid different reporter proteins. This includes enhancer
green fluorescent protein (eGFP, green), the eehiltiferase (Ren, blue), or the gaussia lucife(&sau, yellow).
Rescue of UUKV mutants were done by Julia Wegnestation student under my supervision.

As previously described, rUUKMNSs, rUUKV eGFP, rUUKV Ren, and rUUKV Gau
were recovered from plasmid DNA after transfecttdrBHK-21 cells. rUUKV was included in
the experiment as a positive control. The shaploffrom rUUKV ANSs, rUUKV eGFP, and
rUUKV Ren were similar to those of rUUKMigure 37A). As expected, no foci were detected
when BHK-21 cells were transfected without the pUNKnd pUUK-L (data not shown). Starting
from day 2 post-transfection, the titer of rUUK\Ereased over time from a hundred to a hundred
thousand FFU per milliliterfigure 37B). Similar results were obtained for rUUKANSSs, while
infectious progenies of rUUKV Ren and rUUKV Gau wetetected at day 3 post-transfection.
Moreover, titers for these recombinant viruses weveer, reaching only a thousand FFU per
milliliter. rUUKV eGFP was the last to be detectmad had significantly lower titer than others
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(figure 37B). BHK-21 cells that were transfected with the plads to recover rUUKV eGFP were
monitored under a wide-field microscope to visualire fluorescence associated with the viral
replication. As shown ifigure 37C, the number of cells that express eGFP increafied 48
hours, indicating an efficient replication and sanption of the S segment. Since the medium is
changed after 24 hours, the newly expressing e@HP at 48 hours are undoubtedly cells that
were infected by neighboring cells rather than gfacted cells with a slower expression of the
trans gene. Starting 4 days post-transfectionntimeber of cells that express the eGFP decreased
while the number of cells dying increased (datashaiwn). These results showed, first, that the N
and L proteins encoded by the pUUK vectors arentisddor the recovery of the virus. Second,
our RGS allows for the successful recovery of iifets recombinant UUKV viral particles
expressing different reporter genes. Togethergthesv tools will open the possibility to monitor

infection and replication of UUKV and ultimatelyase of the other tick-borne phleboviruses.
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Figure 37: Recovery of recombinant viruses.

(A) Foci formed in BHK-21 cells by rUUKV Ren, rUUKXNSs, and rUUKV eGFP, as described in figure Bj. (
BHK-21 cells were transfected with plasmids encgdiflUKV segments M and L in addition to recombin&nt
segments, together with helper plasmids codingtferN and RdRp proteins. The growth kinetic of uestviruses
rUUKV ANSs, rUUKV Ren, rUUKV Gau, and rUUKV eGFP were ntoréd over four days using FFACY BHK-
21 cells were transfected to recover rUUKV eGFP wisdalized under wide-field microscope 24, 48,78rhours
post-transfection.

b. Stability of recombinant viruses

Before using the recombinant viruses to work witle, first assess their stability after
several passages in BHK-21 cells. rUUKV eGFP wasaged 5 times in BHK-21 cells, using
rUUKYV as a control figure 38A). The titers were lower than 13BFU.mL* for the first four
passages. The supernatant was harvested when Qbdareg for rUUKV. After P5, the
supernatant was harvested when CPE appeared foellsenfected with rUUKV eGFP instead,
which was at days 5 post-infection, significantitelr than rUUKV. The titer increased to
10° FFU.mL?, and almost reached the titer of rUUKYigire 38A). rUUKV eGFP was then
passaged five more times and reached a maximunt &806FU.mL?* from P5 and higher, which
was overall lower than the expected titers for rQUKigure 38A). The delay in CPE and the
lower titers observed raised the question whetieedeletion of NSs or most likely the eGFP itself

impacts the viral amplification.

To answer this question, we used two other recoambiniruses expressing either the
reporter gene luciferase renilla or gaussia. AgaidKV ANSs and rUUKYV served as controls.
Recombinant viruses were passaged only three imBBIK-21 cells. The titers of rUUKV Ren
remained stable over the three passages, althtwayhwere ten to a hundred times lower than
rUUKV (figure 38B); nevertheless, the virus seems to infect andggaie after several rounds of
infection in BHK-21 cells. However, from the resullepicted irfigure 38B, it is obvious that
rUUKV Gau was not able to infect cells after sevecainds of infection, suggesting that this

recombinant virus was not stable in BHK-21 cells.

Interestingly, the titer of rUUKMANSSs was 10 times lower than rUUKYV at PO, but redche

a plateau of 10infectious particles produced per milliliters affél, which is similar to that of
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rUUKV (figure 38B). The titers at P2 and P3 remained similar toghaflsrtUUKV. From these
experiments, we concluded that rUUKNNSs and rUUKV Ren seem to be stable in mammalian
cells. Moreover, the NSs protein seems to be dsg#a for virus production, and thus for the
replication and assembly of virions in BHK-21 celowever, the difference in titers between
recombinant viruses and rUUKV shows that manipafaf the genome most likely interferes

with the replication and/or production of recomlmihairuses.

As these results were intriguing, we then focused UKV ANSs to better understand the
role of NSs in UUKYV replication. rtUUKMVANSS, which was passaged independently 5 times in
BHK-21 cells, was able to infect the cells aftevesal rounds of infection at a high titers, above
10° FFU.mL! from P3 figure 38C). This confirmed the previous results and showed tUUKV
ANSs was stable in mammalian cells. Altogether theselts indicate that NSs is dispensable for
UUKYV propagation, similarly to observations madeRYFV whose some reporter genes interfere
with the virus cyclé.

c. Further characterization of recombinant viruses

1-rUUKV Ren

The luciferase that is expressed by the cells weasnred after the first passage. The renilla
luciferase is not secreted in the supernatant.e€fbi, the infected cells were lysed and the level
of renilla was measured with a luminometer (seéhods). The renilla was detected for the rescue
virus rUUKV Ren and to a lesser extend for rUUKVUGagure 39A).

2-rUUKV ANSs

The titers observed for rUUKMINSs and the other recombinant viruses expressig th
different reporter genes show that recombinantsesucould be passaged several times in
mammalian cells. | then controlled the expressidh@NSs protein by immunoblotting. As shown
in figure 39B, the NSs protein is expressed only in cells irfedby rUUKV but not the other
viruses, which are all lacking the NSs ORF. The BG¥otein, was also only detected for the

rUUKV eGFP, confirming that the protein is expres&ipplementary material 3.
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Figure 38: Passaging of recombinant viruses in BHR1 cells.

(A) Titers of recombinant rUUKV eGFP obtained by sf&ction (passage 0) of BHK-21 cells with our fiplasmid
system. Supernatant of transfected cells was wssahtsequently infect BHK-21 cells, passage 1 @nt)the process
was repeated up to passage 10 (P10). From P5wmlsinfected at an MOI of 0.01. Titers were dwsieed using
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FFA. B) BHK-21 cells were transfected to rescue rUUKNSs, rUUKV Ren, and rUUKV Gau and supernatant was
used to infect BHk-21 cells up to P&)(BHK-21 cells were transfected to rescue rUUKNSs and supernatant was
used to infect BHK-21 cells at an MOI of 0.01 farbsequent passages. Abbreviations: rUUKV Ren, rUUKV
expressing renilla luciferase; rUUKV Gau, rUUKV egpsing gaussia luciferase; rUUKV eGFP, rUUKV ezgieg
enhancer green fluorescent protein; rUUKMSs, rUUKYV lacking the sequence coding for the matsural protein
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Figure 39: Characterization of recombinant rescuediruses.

(A) Activity of renilla or firefly luciferase. BHK-2Xkells were infected with rUUKV Ren or rUUKV Gaul(Pand
lysed. Renilla and firefly activity was measured.\R relative light unit. B) Lysates of BHK-21 cells infected with
recombinant viruses were analyzed by SDS-PAGE aedt®vh blot under reducing conditions using a gohal
antibodies against NSs (anti-NSs) or the polycloabbit antibody U2 (anti-UUKV) that recognizeseérstructural
proteins N, G, and G. Here, only the N protein is shown. The mouse notomal antibody againgt-actin (antip-
actin) was used for normalization. This work waselby Julia Wegner, a bachelor student | supervised

To conclude, these results demonstrate that thelB®§ the murine pol-I promotor allows

the recovery of genetically modified UUKV. Some nfmdtions were not always tolerated, e.g.
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the rUUKV Gau, and the titers often lower for redmnant viruses than rUUKV. This suggests
that NSs may help for the virus spread, thoughresults show that virus growth, replication, and
propagation can occur in the absence of the nartatal protein. In addition, the role of NSs in

tick cells remains entirely to be discovered.
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Figure 40: Infection of tick cells with rUUKV eGFP.

(A) IRE/CTVM19 or IRE/CTVM20 cells were infected wittJUKV eGFP P6 supernatanB)( IDE8 cells were
infected with rUUKV eGFP (P7 in BHK-21 cells) at 80l of 0.01. Inoculum was not washed away. Suprmta
of infected cells were harvested at various dayst-pdection. The production of infectious viral rieles was
determined by a focus-forming assay.

d. Growth properties of rescued recombinant viruses irtick cells

To determine the role of NSs in UUKV life cycle mrthropod vectors, tick cells
IRE/CTVM19 and IRE/TCVM20 were exposed to rUUKV e&FAfter 24 hours of infection,
fluorescence was observed but, unfortunately, IREAG cells had a very high auto-fluorescence
background (data not shown). It was, therefore pogsible to follow the EGFP signal in infected

tick cells.

To further study the role of NSs in production greisistence of infection in tick cells,
supernatants of IRE/CTVM19 and IRE/CTVM20 infectag rUUKV eGFP were tittered over
several days. After 15 days, rUUKV eGFP was conepjatlearedfigure 40A). IDES8 are adherent
and were shown to produce rUUKYV at a high titeeréfiore, they were also infected with rUUKV
eGFP at an MOI of 0.01. The auto-fluorescence &8Wvas lower than that of IRE/CTVM cells,
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but too high to monitor infection via microscopyhus, the replication and production were
followed by titration. The inoculum was not remoydulit a titration of the supernatant was

performed a few hours post-infection and at diffétene points post-infection.

The titer increased rapidly after day 5 and urai} d0 post-infection (from 1.2¢FU.mL
1to0 2.10 FFU.mL?Y). It reached a plateau after about 20 days pdstiion. The growth curve of
rUUKV eGFP in IDES8 cells is represented figure 40B. Although, it can be argued that no
rUUKV was used as a control for these experimehésdata suggest that rUUKV without the NSs
protein does not behave the same in mammalianiekdélls, and it also shows a discrepancy
between the two tick species. While UUKV has beafaited fronixodes ricinudicks, there is no
evidence thalxodes scapularigs a vector of UUKV. The loss of the virus in IRE/VM cell lines
and the low production in IDES8 cells indicates ta#her the NSs protein is important for UUKV

in the vector tick cells or that the eGFP negayivelpacts infection.

To further investigate the role of NSs in the itii@e of tick cells by UUKV, rUUKVANSs
was then used to infect IRE/CTVM19 and IDES8 ceil96 well plates and at different MOIs. After
2 hours at 28°C, virus supernatant was removeccaltsl were incubated for 24 or 48 hours and
subjected to flow cytometry analyses after immuaiogtg against the N protein. It is interesting
to note that rUUKVANSSs does not replicate in IRE/CTM19 cells afte8rs at an MOI of 5,
compared to rUUKVf{gure 41A). IDES cells show a better replication compareldRie/CTVM19
cells, though low. rUUKV infected more than 80%tbé cells after two days at an MOI of 5
(figure 41B) and rUUKV ANSs about 5% of the cells. This might explain witers of
rUUKV eGFP in IDES infected cells did not increasering the first 5 daysfiGure 40B). To
summarize, within the first two days following icteon by rUUKV ANSs, no or very low infection
was detected in tick cells.
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Figure 41: Early replication of rUUKV ANSs in tick cells.
IRE/CTVM19 cells A) and IDES8 cells B) were exposed to rUUK\MNSs at various MOIs for 24 or 48 hours.
Infection was analyzed by flow cytometry after immosgtaining against the N protein.

To investigate the involvement of the nonstructyraltein in the persistence of infection
in vector tick cells, 3 mL glass tubes of IRE/CTV8i&r IDE8 were infected at an MOI of 0.01
with rUUKV ANSs or rUUKV. Virus supernatant was removed andiomdvas added into the
tubes, which were then incubated for 20 days. Sigpent and cells were harvested at different

time points for titration and flow cytometry anadgs
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In IRE/CTVM19, the production of rUUKYV increaseai 1C to 1@ infectious units per
milliliter in 20 days, whereas the production of4kKIV ANSs increased from 2@ 1 infectious
units per milliliter, showing a major differencettveen the two rescued virusdig(re 42A). On
the contrary, the production of rUUKYNSSs in IDES8 cells is similar to that of rUUKVidure
42B). These results suggest that the production af particles is dependent on NSd.imicinus

cell lines but not in thé scapulariscell line.

To further investigate the replication of the viinghe two different cell species, infection
was monitored for 20 days. Cells were harvested staimhed for the intracellular N protein at
different time points. After more than 10 daysmdection, about 50% df ricinus IRE/CTVM19
cells were infected with rUUKV, whereas rUUKM\SSs infected only 5% of the cells. After 20
days, 80% of the cells were infected with rUUKYV,ilglthe percentage of infected cells slowly
increased to 12% with rUUKMNSSs (igure 42C). The picture is totally different when looking
at IDES8 infected cells, in which rUUKV and rUUKXNSs have similar replication curves. At 6
days post-infection, 20% of the cells were infectaud it increased up to 90% after 20 days for

both rescued virusefiqure 42D).

To summarize, these data show that NSs seems &sdmntial for the replication and
infection of UUKV in thel. ricinus cells, which are the cells from the original hostUUKV.
These results also show that NSs could play aimdllee production of new virion and might be
implicated in the replication of the virus inscapulariscell lines the first few days of infection,
but not after. Altogether, the results presentec Ip®int out significant distinctions in UUKV
replication dependently on the host cell species.
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Figure 42: Production and replication of rUUKV ANSs in tick cells.

IRE/CTVM19 cells A, C) or IDES8 cells B, D) were exposed to rUUK\MNSs for 2 hours at an MOI of 0.01.
Production of viral particles was monitored overd2ys by FFAA, B) and viral replication in flow cytometry-based
assay C, D) using a monoclonal antibody against N. Infeci®given as the percentage of N positive cells.
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Discussion

Ticks parasite a wide variety of vertebrates arel \a@ctor of a significant number of
pathogens, including bacteria, protozoa, parasited,viruses worldwidé®®. The diseases they
transmit are of huge economic impact for publicltheand agriculture. An estimation established
that approximately 100,000 humans are infecteddiyldorne pathogens in the world every year
156 However, our knowledge on tick molecular andudeH biology is restricted and need to be
expanded. During the last decade, new pathogetkebtirne viruses, such as SFTSV closely
related to UUKV, have emerged in different contitsé'4 This resulted in a renewed interest for
UUKYV as a tick-borne virus model.

Implementation of a reverse genetic system for UUKV

The reverse genetic system is a useful tool toystine molecular and cellular biology of
viruses in cells. The first RGS developed for buirgses was that of Bunyamwera virfig4’
The virus was successfully recovered from plasni¥AB, and since then other RGS have been
developed for members of the famiRp869.248243\We report here a RGS for UUKYV that relies on
the pol | promoter, and allows the manipulatiortted viral genome. The recovery viruses were
infectious in mammalian cells and had features lamtio our UUKV lab strain. Moreover,
recombinant viruses lacking NSs were successfattpvered from cDNAs. Their full replication
characteristic remain to be defined. Another apgnrpaased on the T7 polymerase, was recently
used to rescue UUKYP®, This approach involves the use of the S, M, amcibscripts in an anti-
genomic sense. This means that transcripts aretlgiggrocessed in the cytosol. Consequently,
authors did not co-transfect plasmid encoding tlRR and the N proteins. Under the Pol |

promoter regulation, the transcripts follow the mRiaturation through the nucleus.

UUKV S23 has been isolated in 1959 and adapteidsad culture prior to sequencing of
the genomeé®°251 |t was passaged in chicken embryo cells and dfierein BHK-21 cell$5:250.251
Surprisingly for a RNA virus the mutation rate waw, and the sequence of our UUKYV lab strain
did not exhibit major differences compared to tfd UKV S23. A substitution A2386G in UUKV
lab strain was found, which is located on the Mhs@ipt, in the glycoprotein & By a single site-

directed mutagenesis it was thus possible to olbtarfull-length M segment that corresponds to
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that of the original strain UUKV S23. This mutatidid not show any advantage or disadvantage

for the virus life cycle in both mammalian and taekls in terms of replication and viral production

In addition, we obtained the full-length M segmamtviruses circulating nowadays in tick
population in Sweden. We found that the genomiseoration was quite high for RNA viruses,
with a sequence identity of amino acids greaten ®8% compared to that of UUKV S23. The
reversion A2386G was also observed albeit moshe@fmutations were silent at the amino acid
level. Whether these differences show a genetidugwa of UUKV is unknown. The site of
collection in Sweden was different from where UUISZ3 was originally isolated, which could
also explain the diversity of sequences. Finallgannot be excluded that UUKV S23 has adapted
to tissue culture, and that the substitution thi$snot anymore relevant for circulating UUKYV in
tick population. Yet, to have a better overviewtltd RNA mutation rate in UUKV, the S and L
segments of these viruses should be also sequehcadhderstand whether viruses isolated in
Sweden benefit from the non-silent mutations inh&egment, our RGS and tick cell model could
be used to investigate the molecular featureseo¥ittal particles. It would help us to have a berad

overview of the glycoproteins displayed by sevefdick-borne UUKYV strains.

Tick cells are persistently infected with UUKYV infection

Few tick-borne bunyaviruses have been shown tairtiek cells, among them Crimean-
Congo hemorrhagic fever vird8% During my PhD, | succeeded to infect several tiek lines
with our rescued viruses. Namely, the tick cell&EARTVM19 and IRE/CTVM20 originate from
embryos ofxodes ricinugicks, while IDE8 and ISE18 derived from embrydé$xodes scapularis
cells. All cell lines supported replication and guced progeny production at a high titer suggesting
that the full virus life cycle was accomplishediese cells. That IRE/CTVM cells were infected
was rather expected since they derive from thegjpecies in which UUKV was isolated. Whether
I. scapulariscould be a vector for UUKV remains unclear, althotige tick cells IDE8 and ISE18

were sensitive to UUKYV infection.

Bunyaviruses are maintained in arthropods and diegblin nonhuman vertebrates. While

diseases can occur in vertebrates, there is nemsgdfor diseases or symptoms in arthropods. This
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is also what we observed vitro with infected tick cells: there is no cytopathiteet. This is in
line with previous observations made for tick catiected by CCHF\?52 Moreover, reports on
nonrelated arboviruses TBEA® and LGTV have established that tick cells do mespnt CPE
upon infection. Furthermore, tick cells were aligigtently infected by UUKV for several weeks
in the case of ISE18 cells and even months regaittim IRE/CTVM19, IRE/CTVM20, and IDES
cells. This reflect the asymptomatic infection dheopod cells by tick-borne phleboviruses, which
contrasts with infection of mammalian cells. Usyathammalian cells die within 24-48 hours

following infection, depending on the viral inpaiad.

Characterization of viral particles produced in vedor tick and host mammalian cells

Tick-borne viruses are very often studied with siatocks produced in mammalian cells.
One reason is certainly the difficulty to handiktcells. As a consequence, little is known about
the tick-virus interactions at the molecular antiutar level and viral particles derived from ticks

are poorly characterized.

Few years ago, the calcium dependent lectin DC-SHaN been identified as a true
endocytic receptor for UUKV derived from mammalaeils. The lectin recognizes high-mannose
residues on the virus glycoproteing @1d G and, mediates the internalization and sortindnef t
virus into the endocytic machinery. We demonstratetie present work that UUKV derived from
vector tick cells can also use DC-SIGN to enter &antells, indicating that glycans on
glycoproteins produced in tick cells present, astein part, high-mannose structures. It was
previously shown that BHK-21-derived glycoprotet@sried mainly high mannose glycans on the
N-glycosylation sites of (Gand G 79100254 Bunyaviruses produced in insect vectors harbbyr on
high mannosylated glycoproteins. In mammalian cgst-translational modifications, like-
glycosylation, occur in the ER and Golgi where glitases and glycosyltransferases transform
and mature glycoproteins with more complex glycahsis, thus, not expected that the
glycoproteins of BHK-21-derived viruses are highhannosylated. The reason may be that
bunyaviruses bud into the ERGIC or the cis-Golgil @xit cells within vesicles from these
compartments, without passing through the normatyosis pathway?®. Gy and G are then part

of viral particles and not accessible anymore wysres.

91



I Discussion

Using semi-purified viral particles through a sisg@ushion and Western blot analysis we
demonstrated that glycoproteiny@erived from tick cells was much less sensitivélGase F
and Endo H than the mammalian cell-derived. @dditionally, we showed that thp-N-
acetylglucosaminidase recognized glycans on tidkdegived Gy but not on mammalian-derived
Gn. It has been postulated that BUNW @ould be hidden by &in the heterodimer form, which
would inhibit its glycosylation in the Golgi app&wa in mammalian cell$** Though the
organelles in tick cells like Golgi compartment & structures are not characterized, our results
tend to indicate that glycosylation acquired irktells are different from those acquired in
mammalian cells. Moreover, it must be highlightedttmaturation and glycan composition of
glycoprotein in ticks/tick cells are unknown. Thigapsylation metabolism in tick cells is thus
virtually completely unknowrt®>:25¢ Senigl et al., postulated that the maturatiorcgss of the
TBEV envelope and nonstructural protein NS1 waterBht in mammalian and tick cells when
analyzing ultrastructure of ER and membranes isahtells?®>” suggesting that vector and host
cells have a different biology, which could impattarge the features of the viral particles. Hl wi
require further investigations to appreciate thabgl maturation event of glycoproteins in vector

cells and widen our knowledge on tick cell biology.

In the context of virus vector-host switch, the anpof the glycosylation may have a
critical importance. Especiallyy-glycosylation is important for recognition of aattachment to
the receptor®® as illustrated with the phlebovirus-DC-SIGN inttfans. The specific type of
glycans on tick-derived viruses may increase threrdity of potential receptors in the skin dermis
and/or the signalization by the receptors, thuseiasing the infectivity of these viruses. It is kmo
that DC-SIGN, according to carbohydrates that amgnized, activates different signalization
pathways?®>%4 When UUKYV is produced in mammalian cells, theusiis able to use different
lectin receptors to enter human céfislt is, therefore, important to elucidate the tydeglycan
that are synthesized in the vector ticks to undadsimechanisms involved in tick-derived virus
transmission and early steps of infection in humé@nree can easily imagine that tick cell-derived
viruses activate different signaling pathways insDi@an those triggered by mammalian cell-
derived viruses. Also, it cannot be excluded th&eknt lectin receptors may be recognized by
vector cell-derived viruses, which would impact theis tropism and the identity of first infected

cellsin vivo. In line with this, Shi et al, showed thHgtglycosylation on BUNV G in mammalian
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cells was essential for early steps of viral infact!4% Glycosylation also determines the
glycoprotein folding and trafficking, which conseupily allows the maturation and secretion of
viruses. For instance, a defect in TBEMglycosylation has been shown to reduce secretion o

viruses in mammalian cells, but not in tick céf%

PNGase F is an enzyme that cleaibnked glycans independently on their glycan
composition. In contrast, Endo H only removes maenoch structures of-linked glycans.
Interestingly, the glycoproteindgdrom both tick and mammalian cell-derived viruses sensitive
to PNGase F. &on virions derived from tick cells was entirelynsgive to Endo H, which
indicates that only mannose decorate the proteimrririons derived from mammalian cells was
partially sensitive, meaning that the glycoprotearbors hybrid and complex glycans. However,
UUKYV derived from tick cells can also use DC-SIGNinfect cells. Whether the carbohydrate
recognition domain (CRD) of DC-SIGN binds a singiannose residue onn@r/and several on

Gc remain to be clarified.

Although both glycoproteins showed differences whgpressed from tick cells culture,
the glycoprotein G exhibited the most differences between tick andimalian derived viruses.
Gn produced in tick cells had ledslinked glycans and a different type of oligosacdes. In
addition, the apparent molecular weight ofi @as lower for the protein expressed in both
IRE/CTVM and IDES tick cells compared to that prodd from BHK-21 cellsfigure 21A & C,
23,and28). To clarify whether a shorter version of the pitwas translated and could explain
the difference in molecular weight, the nucleotsguence of the M segment was sequenced.
Neither mutations nor deletions were found. Thenangicid sequence of the glycoproteins were
then analyzed by mass spectrometry. No alternatpem reading frames were found. Though the
sequences determined by mass spectrometry weoempiete, most likely because some peptide
could not be resolved, it is unlikely that theramother ORF that would result in an isoform versio
of Gn.

Besides the smaller size ok@n viruses derived from tick cells, which mightdeplained

by dissimilar glycosylations or a divergent matimatof the protein, the glycoprotein was not

sensitive tg3-mercaptoethanol. This suggests that the numbdisaffide bonds is not the same
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between mammalian host and vector cells. Overaliggests that the folding of the glycoprotein
Gn is different in mammalian and tick cells. So fidwe structure of (is not known, whether it
comes from mammalian or tick cells. These infororativould definitively help to provide new

insights into the biochemistry of this glycoprotein

In this report, we showed that the amount of stn@tprotein N, G, and G varies
according the origin of the cells used for virusquction, i.e. tick IRE/CTVM19 or BHK-21 cells.
Viral particles derived from tick cells carry lesscleoprotein N and more glycoproteing,@nd
Gc. The ratio of infectious to noninfectious partgleas been shown to be low for UUKV when
produced in mammalian cells, estimated to 1:5Mere we have showed that the ratio between
the number of foci forming units and N protein igter for tick cell-derived UUKV. This suggests
that the number of infectious viral particles proéd in tick cells is significantly higher compared
to those from mammalian productioms.fing, it is reasonable to postulate that the viralipkes

from vector tick cells are more infectious tharavarticles produced in the mammalian host cells.

To confirm our hypothesis, fluorescent labeling amdroscopy methods would be helpful.
Indeed, by labeling the glycoproteins of UUKV wiin Alexa Fluor dye, which form covalent
links by reaction with free amine groups (Hoffmaetral., under review), we could count the total
number of viral particles under wide field micropecand correlate this number with the number
of FFU. Alternatively, we could use light scatterifNanoSight machine) to measure the total
concentration of particles and the concentratidiuofescent particles to make a ratio of infecsiou
to noninfectious viral particles. Macrophages af@s@re believed to be critical for the recognition
of the virus after a tick bite. It would be intetiag to compare their sensitivity to tick and
mammalian cell-derived viruses, which could improue knowledge on the transmission of these
viruses to humans. In future perspectives, multiphonicroscopy will be of interest to assess the
transmission of arbo-bunyaviruses in live animaging. With these different approaches it might
be easier to conclude whether or not the tick d@etlved viruses are more infectious than those

produced in the mammalian host cells.

Bunyavirus particles do not have any matrix proten a capsid, thus the integrity of the

overall particle structure relies on RNPs, glycaents, and lipid bilayer. Although our results are
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preliminary, the lipid composition of viral partes produced in tick cells seems to present a high
amount of cholesterol and sphingomyelin (25 mol B@l€sterol and 12 mol % Sphingomyelin).
These two lipids are commonly found in lipid raftER membrane in eukaryotic cef®26*and

at the plasma membrane at this molat®fy It is then tempting to suggest a budding sitenfian
ER-like membrane in tick cells. Nothing is knowroablipid metabolism in such cells and it will
require much more work to understand the impadtpodomics on tick cell-derived viruses in

terms of virus structure and infectivity.

Concerning the mammalian cell-derived viruses, in@ned that the viral particles were
composed of a majority of the gangliosides DAG, IChad CE as well as the phospholipid PS,
and the sphingolipid SM and HexCer. The lipid & thral particles produced in mammalian cells
are typical of those that constitute the plasma brane. This, which has never been shown before
for bunyaviruses, suggests that UUKV buds fromdlasma membrane of mammalian cells. Our
results are in agreement with the lipidome of BHkderived vesicular stomatitis virus (VSV)
and Semliki Forest virus (SF\$3 These two unrelated virusé®habdoviridaeand Togaviridae
family respectively, have been shown to preserntrélas content of lipids found at the plasma
membrane of BHK-21 cell$®3 While the viruses in both these families bud frdme plasma
membrane, it addresses the question about thelareflite used by UUKV for assembly and
budding. It may be that UUKV and other phlebovigiseeate a local lipid environment for budding
in ER or Golgi that is similar to that of plasmamiwane. Moreover, our lipidomic analysis of
uninfected and infected BHK-21 cells revealed tiat mol % of DAG, and more importantly
HexCer, were enhanced in infected mammalian cellggesting a unique lipid biosynthesis

rearrangement during infection. Whether this i$ typle specific will have to be defined.

Furthermore, we cannot completely exclude thatl yeaticles are enriched in those two
lipids simply because the producer cells IRE/CTVM18 maintained in medium containing 20%
FBS. For a more reliable determination of the lipamposition of virus membranes, the viral
particles produced in IDE8 as well as in BHK-21llsalithout any additional lipids should be
analyzed by mass spectrometry. Not only the vieatigles but also infected cells should be
analyzed. Indeed, the lipid metabolism of infeatetis change upon arboviral infection, as shown

for flaviviruses infection in both mosquito and maalian cells%1264-266 Finally, the lipidome of
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ticks|. ricinus andl. scapularisat different stages of their animal developmeatvde, nymph and
adult) should also be analyzed by mass spectrortetympare with that of the tick cell lines and

viruses produced in those cells. This would avoig roblem with the FBS supplementation.

As other phleboviruses, UUKV is known to be pleoptoc in shape and size when
produced in mammalian celfS. This is also what we observed when analyzinglsimyal
particles from mammalian cells under electron ngcopy. However, the viral particles produced
in tick cells were found to be more homogeneoushizpe when analyzed by EM with a size that
appeared to be smaller. When using advanced cryadelhiques, we detected heterogenous
particles, those that mos likely represent UUKVwvatdiameter of approximately 60 nm. UUKYV,

when produced in mammalian cells, has a diameténtiries between 80 to 140 s

This difference in size may be explained by theulteswe obtained. We discussed
previously the difference in glycosylation, matuwatand folding of the glycoproteinssGWestern
blot analysis and the ratio we presented indidadethe amount of glycoproteins is higher on tick
cell-derived viral particles than that of mammalcati-derived particles. The amount of N protein
is also lower in tick cell-derived viral particles. addition, the lipidome of viral particles diffe
whether they are produced in tick or mammaliarscé&laken altogether, it is tempting to postulate
that arthropod vector-derived viruses packaged lgssomic material and express more
glycoproteins with a more efficient distribution tive surface of the particles, most likely because
of the high amount of cholesterol in the viral dope allows for a higher lipid bilayer curvature.
In turn, the overall structural organization oktiell-derived viruses, which arguably differs from

that of the mammalian cell-derived patrticles, waulake viral particles more stable and infectious.

Together my results participate to improve our usidading of the molecular features and
organization of tick-borne viral particles and thenpact on virus transmission and entry in
humans. Based on the sum of my data presented peopose a model of tick-borne viral particles

that differs from that of mammalian-derived virarpcles {igure 43).
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Figure 43: Proposed model of viral particles comindgrom vector tick cells and host mammalian cells.

Tick cell-derived viruses (green) are smaller araterspherical than mammalian cell-derived virugdse). Viruses
produced in tick cells are composed of less vimal@oproteins and more glycoproteins. In addittmase viruses have
an envelope with a specific composition in lipidela glycoprotein & with an original glycosylation pattern and a
reduced number of disulfide bunds.

The procedure of virus purification through Optigradient can still be improved. This
would allow us to exclude that exosomes, for instagontaminate our virus stocks for mass spec
analysis. Their size and density are similar te¢hof viruseg®”. It would be interesting to know
whether tick cells produce such vesicles. To coteflee set of our data, cryo-EM analysis of the
mammalian cell-derived viruses will reveal the agtructure and organization of viral particles

that may explain the higher infectivity observedvouses derived from arthropods.

Like other bunyaviruses, tick-borne viruses are lpenetrating viruses. They require
endosomal acidification to infect mammalian céll®°8.192 The weak base Ni&l that neutralizes
the pH was found to inhibit infection of human D@Es8I-expressing cells by tick cell-derived
UUKYV. Furthermore, IRE/CTVM19 and IRE/CTVM20 ceNgere not infected by mammalian-
derived viruses when treated with either 40H or bafilomycine Al, another component that
neutralizes the pH. In conclusion, UUKV dependdaw pH for infection, regardless of the cell

type it infects and from which it originates. Whitee pH drops, the conformation of the

97



I Discussion

glycoprotein G changes, which results in the fusion between esrdesand virus membranes
76.97.113,119 The role of G in the entry and fusion remains to be elucidaldwt Gc has a critical
role in viral genome uncoating may explain in painy Gc has conserved a similar biochemical
pattern between tick and mammalian cell-derivedsas, but also why&on circulating viruses

in the wild has nearly not evolved during the 6 kears.

The puzzling NSs protein

It was possible to develop several recombinantseisudeleted in the NSs ORF to study the
life cycle of UUKYV in both tick and mammalian celldnfortunately, the recombinant rUUKYV that
expresses the gaussia luciferase was not staBlEKa21 cells, meaning that the virus could not
replicate after three successive infection passiagemmmalian cells. rUUKV that expresses the
renilla luciferase is probably stable though furtp@ssages and sequencing are required to confirm
the genetic stability of the virus in mammalianl€elThe recombinant viruses that encodes the
eGFP, rUUKV eGFP, was struggling to obtain becanfsthe longer period of time the virus
required to be produced. That rUUKANSs show a similar production than rUUKV and a #itgtb
in BHK-21 cells suggest that the reporter gene esgion by itself affects the replication or the
assembly of UUKV. eGFP is known for its toxicityaells. Yet, only Rezelj et al. rescued UUKV
that encodes GFP protein instead of the NSs pratighna high titerr%®, It is questionable whether
this dichotomy comes from the system they usedghvtio not require the expression of the N and
L proteins. The related mosquito-borne RVFV was alsown to replicate without the NSs protein
replaced by the GFP protein but not with humaniiedy luciferase reporter gen@. The latter
work was performed with a RGS similar to the onedegeloped. Overall, it is noticeable that
RGS have still space for improvement in order tovallarger modifications of bunyavirus

genomes.

RNA segments of bunyaviruses are flanked by 3’ @nubntranslated region (NTR) that
are important for base pairifgand attachment to the RdRS. Therefore, it is possible that the
lower titer observed for rUUKV eGFP is due to tleemgmic sequence of the reporter gene. Indeed,
the nucleotide sequence by itself may form seconstanctures that are no longer recognized by

the N protein resulting in a misfolding RNP comm@exwhich would hamper the assembly and the
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subsequent release of viral particles. Alternagivdlring RNP assembly, the N protein interacts
with a precise number of nucleotides. This numbéifierent between the NSs, Gaussia luciferase,
and eGFP sequences. It is then possible that s$oeiason between the recombinant RNA segment
S and molecules of protein N is disrupted or imgft. This would results in a poor efficiency of

RNP assembly and virus packaging, and in turnpatianfectivity.

rUUKV eGFP was engineered to follow the viral lileycle using microscopy.
Unfortunately, high auto-fluorescence backgrounthégreen coming from tick cells did not allow
for monitoring rUUKYV eGFP in tick cells. In addingafter a couple of days of infection, no titter
was detected, suggesting that either the eGFPiprotehe absence of NSs was deleterious in
vector tick cells. To test the second assumptiamalyzed the UUK\MANSS replication in the tick
. ricinus cells using our FACS-based infection assay, wigainore sensitive than FFA. Indeed,
by staining the newly synthesized N protein, we destrated that in absence of NSs UUKYV did
not replicate in IRE/CTVM19 cells, the species frarhich the virus was originally isolated. In
contrast, irnl. scapulariscells, the absence of NSs did not affect the capbn of the virus. In line
with these results, the production of UUKV withdlié nonstructural protein NSs was much lower
in I. ricinus cells than in. scapulairscells. This is the first time that a tick-borneua deleted in
a nonstructural protein is shown to be unablephicate in its vector tick cells. Our results sugpo
the idea that NSs could play an important roldhehost switch and the adaptation of the virus to

its tissue environment.

Using our RGS, | have planned to generate new rbow@nt viruses that encodes for a NSs
or N protein either tagged with a Flag or tetraeiyst peptide. These tags are smaller than reporter
genes and may not disturb viral RNA. Therefore mfmmitoring of UUKV replication in tick cells
and mammalian cells, fixed (Flag tag) or aliveréeysteine tag) would be possible. Coupled with
immunostaining of cellular proteins, this wouldoa¥l the identification of cellular partners
important for the UUKV replication cycle. This walblso enable the localization of the site of
viral replication in the different tick species.tddugh UUKV replicates ih scapularisticks cells,
the virus has never been isolated from any andibkrspecies than that df ricinus. The
differences observed between the two cell lindecethat the virus can adapt to different tick and

host cell biology. It is paramount to elucidate thelecular mechanisms behind the adaptation of
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these viruses to their host in order to better tstdad the associated pathogenesis in humans and

other mammals.

Antiviral immune response in tick cells

In 2015, Weisheit et al. have shown that infecignLGTV (tick-borne flavivirus) of
IRE/CTVM19 (vector cells of LGTV) and IDES8 (not tlvector cell of LGTV) cells resulted in an
up and downregulation of diverse RNA transcripts protein expressiort8®. Additionally, when
silencing Ago 30 and Dcr 90 proteins, involvedhie RNAI antiviral response, LGTV RNA levels
and production increased significantly, demonsttathat both cell lines have an RNAIi based
antiviral response6. Recently, IRE/CTVM20 cells were shown to activit@ate immune
response via the Jak-STAT and toll pathways whéeciad with TBEV or LIV (tick-borne
flaviviruses) ¢7. Jak/STAT and toll proteins are part of the innamenune system ofxodes

scapularisticks 268,

UUKYV NSs has never been investigated and charaetkdeeply, and thus, our knowledge
on this protein is very limited. One study suggestat UUKV NSs is a weak IFN antagomt
while NSs of RVFV and SFTSV has been shown to tmngtIFN antagonist®%204.210 |t is thus
tempting to postulate that UUKV NSs in its vectBEYCTVM19 cells inhibits immune response
(mainly siRNA pathway) allowing the replication thie virus; whereas without NSs the tick cells
activate the mechanisms for immune response thalbainhibits the replication of the virus.
Future experiments should consist in silencing ginst involved in the RNAI pathway in
IRE/CTVM19 such as Ago, Dcr, and Toll proteins ss@ss the replication of UUKV and the role
of the NSs protein.

IDES8 cells, which has never been described askavector of UUKV, have arguably a
specific molecular biology compared to that of IREV¥M19 and probably rely on other cellular
factors and processes to control infection. It canme excluded that endogenous pathogens
influence immune response in IDES8 cells in a ddférmanner than in IRE/CTVM cells. The first
tick cells that have been shown to be persistanficted with an endogenous virus were IDE2

cells, also from. scapularisticks 2%, IDE2 cells were infected with St Croix River ar(SCRV).
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SCRYV is a member of th@rbivirus genus,Reoviridaefamily, and is approximately 60 nm in
diameter®®. More recently, a study that investigated endogermcteria and viruses in another
scapularistick cell lines showed that ISE18 were PCR neggditiv SCRV. However, reovirus like
particles have been seen by electron tomographyrinoinus IRE/CTVM19 and IRE/CTVM20
cells as well ad. scapularisIDE8 and ISE1&7° although these particles were not formally
identified. Other endogenous viruses, with diamb&ween 60 to 80 nm, have been described in
IRE/CTVM19 cells and IDES8 cells, such as those weduto produce tick cell-derived UUKV
271,272 This could also explain the diversity of partichnd vesicles observed by EM and cryo-EM.
Further investigations will require immunogold l&bg approaches to complete EM analysis and
confirm that the particles seen on EM picturestdgKV.
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Conclusion — Perspective

The aim of my PhD project was to recapitulsteitro the tick vector-to-mammalian host
transition of tick-borne viruses with the ultimajeal to provide new insights into the early steps
of infection by these arboviruses in humans andratlammals.

To this end, we developed and took advantage eV@se genetics system to recover the
original tick-borne UUKYV strain 23 from cDNA. Thescued virus was then used to develop a tick
cell model in which tick-borne phleboviruses carstaied. This model is based on IRE/CTVM19
and IRE/CTVM20 cells that derived from the tick sigslIxodesricinus from which UUKV was
originally isolated. IRE/CTVM cells were sensitite infection and persistently infected for
months without apparent cytopathic effect. We destrated that the structural, biochemical, and
biophysical properties of vector tick-cell virusglsow significant distinctions compared to the
mammalian host viruses. Moreover, viral progenydpoed in tick cells seem to have a higher
infectivity than those derived from mammalian celleese results highlight a possible difference
in the cell biology between mammalian host and aredick cells, which is still largely
uncharacterized.

This work has also resulted in the establishmeatméw method of virus production from
tick cells. Using IDES cells, derived from embryafd. scapularisticks, it was possible to produce
large volume of viruses without FBS. This achievetwall allow the analysis of viral particles by
all the techniques related to electron microscapy mass spectrometry approaches. This is the
first time that such a progress is made in thelfigl addition, a new method of virus purification
involving the use of OptiPrep gradient was suceglysfested. This also improves the quality of
samples prior to mass spectrometry analysis falamte. Though this method is still under
improvement with respect to the yield and purityiofis stocks, we could already show that viral
particles produced from tick cells differ from tieoderived from mammalian cells. They were
smaller, more homogeneous in shape, and more sph#dran mammalian cell-derived viruses.
Moreover, preliminary results pointed out a higmtemt in cholesterol and sphingomyelin. My
results, for the first time, emphasize the impartato work with viruses produced from arthropod

vector cells when studying arbovirus transmissmmammals.
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Finally, with the advantage of RGS to manipulategenome, we rescued viruses that lack
the nonstructural protein NSs sequence and enawtead, a reporter gene such as eGFP and the
renilla luciferase. The deleted NSs mutant wadetatBHK-21 cells and was used to monitor the
replication in tick cells IRE/CTVM19 and IDES8. Thglu the replication and the production of
rUUKV and rUUKV ANSs were similar in mammalian cells, the replicatamd the production
kinetics were dramatically different between thesases in IRE/CTVM19. NSs appeared to be
essential for the virus life cycle in its vectoldlseln contrast, IDE8 did not shown dissimilarity

between the two viruses, revealing a differentoasp to viral infection.

Our work brought new insights into the moleculad aellular interactions between tick-
borne viruses and the vector cells, and also betweleborne viruses and the host cells. The future
perspectives concern different aspects of tick-bowruses. We will further examine the
specificities of viral particles components frontigr and host cell types in terms of glycosylation
and lipid composition as well as size and shapgbefiral particles. The characterization needs to
be continued using advanced methods such as mestsaspetry to decipher glycome of viruses
produced in tick cells. The lipid composition ofkicell-derived and mammalian cell-derived
viruses also has to be further analyzed to haveadmverview of the viral production in the vector
tick cells. Finally, the shape and the size of pgaeticles will be analyzed by cryo-EM or
tomography to expend our knowledge on glycoproteitracture. Altogether, the characteristics
of arthropod-borne viruses will shed light on tirstfsteps of viral entry into vertebrate hosts. It
will be useful to identify the first target cell§ tick-borne phleboviruses in the skin dermis amd t
find new receptors, which could lead to a bettgrl@xation of the large tropism of those viruses

in mammalian hosts.

With UUKY, this project opened several questiond aaw avenues to study the life cycle
of tick-borne phleboviruses in their vector ticks vitro. The cell biology of tick cells is
insufficiently known given the central role it pkyn tick-borne diseases. Applying OMICS
techniques (lipidomics and glycomic for instanceyud give us the opportunity to shed light on
the cell biology of the vector tick. The knowledggined on tick-borne viruses will also be useful
to understand other tick-borne pathogens, su@oazlia burgdorferj the bacteria responsible of

Lyme disease.
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While few receptors for bunyaviruses, like DC-SIGiMe already known in mammalian
cells, none have been described in arthropods ddlkscritical role of DCn vitro will have to be
confirmedin vivo with regards to host-pathogen interactions. Fdhgvstudies will aim to define
the role of DCs or any other cells in the humam slérmis and the first-target cells of tick-borne
viruses following transmission. For this particufarrpose, live animal imaging represents the
future of analysis. Arboviruses usually persisaithropods but not in humans where the outcome
might be fatal. The molecular determinants and ggses that drive survival or death outcome of

infected cells will also have to be defined.
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1. Material

Table 4: Chemicals and reagents

Compounds/ Reagents

3M sodium acetate

Bovine Serum Albumin
Chloroquine diphosphate salt
Coomassie brilliant blue
Dithiotreitol (DTT)

Endo H

Hepes 1M

Hoechst 33258

Laemli Buffer 4X

Luciferase

NH4CI

NP-40

OptiPrep

Paraformaldehyde
Phosphate Buffer Saline (PBS) w/o Ca
w/o Mg?*

Pierce™ 16% Formaldehyde (w/v),
Methanol-free

PNGase F

Precast gel 4-12% bis tris
Precast gel 10% Bis tris
Prestained protein marker
Protease inhibitor cocktalil
Saponin from quillaja bark
Sucrose

See Blue Plus strand

Super signal West Femto Solution kit
Supersignal West Pico kit
Peroxidase solution

Luminol enhancer

Tween20

B-mercaptoethanol

Material and Methods I

Suppliers

Thermo Fisher Scientific
Roth

Sigma Aldrich

Biomol

Biomol

Promega

Thermo Fisher Scientific
Thermo Fisher Scientific
Invitrogen

Progema

Sigma

Merck Millipore

AXis shield POC AS
Merck

Merck Millipore

Thermo Fisher Scientific
Promeage
Thermo Fisher Scientific

Thermo Fisher Scientific
Roche

Sigma

MP biomedicals
Invitrogen

Thermo Fisher Scientific

Thermo Fisher Scientific

Roth
Sigma Aldrich
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Table 5: Components used for DNA analysis

DNA products

Cutsmart buffer

DNA ladder 1kb

DNA loading buffer 6X
DNA Restriction enzymes
dNTPs

Herculase Il polymerase
KOD polymerase

Pfu polymerase

RNAse OUT
SuperScript Il

Syber Safe marker

T4 DNA ligase

Taq polymerase
TOPO® cloning
Ultrapure agarose

Supplier

NEB

NEB

NEB

NEB

NEB

Agilent

Novagen

Promega

Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific
Fermentas

NEB

Thermo Fisher Scientific
Thermo Fisher Scientific

Table 6: Buffers and their composition

Buffers

Coomassie staining

FACS Permeabilization
buffer (FPB)

Fixative solution

Hepes NaCl EDTA (HNE)
10X

Lysis buffer

SDS running buffer
Sodium dodecylsulfate
(SDS)

Sodium phosphate buffer
TBS — Tween

TBS — Tween- Milk

Tris Acetate EDTA (TAE)
50 X stock solution

Tris Buffer Saline (TBS)
1X stock solution

Tris NaCl EDTA (TNE)

106

Composition

50% Methanol - 10% acetic acid - 40% H20 - 0.25%
coomassie brilliant blue

FCS 2% - EDTA 5mM -NaN3 0,02% - saponin 0,1% for 1L
PBS 1X

40% Methanol - 10% acetic acid

Hepes100mM - NaCl 1M - EDTA 20mM

Use 1X

TNE - 0,01% Triton 100X - antiproteases

NuPage Invitrogen

5% in H20

0,5M in H20
TBS 1X - 0,1% Tween20
TBS - Tween - 5%Milk

2M tris - 1M sodium acetate - 0,1 M EDTA pH 8,3

Tris base 24g - NaCl 88g for 1L
20mM tris - 50mM NaCl - 2mM EDTA pH 7,5



Table 7: Commercial kits
Kit

DAB peroxidase substrate kit
Deglycosydases kit

Dual-Luciferase® Reporter Assay System

NucleoBond PC 500
Nucleospin Gel and PCR clean-up

QIAamp Viral RNA extraction Mini Kit

QIAprep Spin Miniprep Kit
QIAquick Gel Extraction Kit
QIAquick PCR Purification Kit

Material and Methods I

Supplier

Vector Laboratories
Merck Millipore
Promega
Macherey-Nagel
Macherey-Nagel
Qiagen

Qiagen

Qiagen

Qiagen

Table 8: Compounds used for cellular culture

Name

Penicillin (100X stock solution)
Streptomycin (100X stock solution)
Glutamax™

Tryptose phosphate broth

Fetal bovine serum (FBS)

Fetal calf serum (FCS)
Trypsin/EDTA (0,5%/0,2% -w/v)
Poly — L —Lysine (0,01% solution)
EDTA 0,5M

Lipofectamine2000

Lipoprotein Cholesterol
concentrate

L-Proline

D-glucose

a-ketoglutaric acid

Aspartic acid

Glutamic acid

Glutathione (reduced)

Ascorbic acid

aminobenzoic acid
Cyanocobalamine (B12)

d- Biotin

Carboxymethyl cellulose sodium
Dimethyslfoxide (DMSO)

Company

Capricorn

Gibcd®

Sigma Aldrich

Gibcd® lot 41A0731K
Merck lot 1286C
Biochrom AG

Sigma Aldrich

Thermo Fisher Scientific
Invitrogen

MP Biomedicals

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Merck Millipore
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Table 9: Media used for mammalian cell culture

Medium

GMEM (Gibco®)
Ref: 11710-035

DMEM (Gibco ®)
Ref: 61965-026

RPMI (Gibco®)
Ref: 61870-010

Opti-MEM ©
(Gibco®)

Ref: 11058-021
Freezing medium

Supplementation

Glasgow’s minimal essential medium supplementet wit
10% tryptose phosphate broth

5% FBS

100 units.mt! penicillin and 100 pg.mt streptomycin
Dulbecco's Modified Eagle's Medium supplementedh wit
10% FCS

100 units.mt! penicillin and 100 pg.mt streptomycin
Roswell Park Memorial Institute supplemented with
10% FCS

100 units.mt! penicillin and 100 pg.mt streptomycin
Reduced Serum Medium without phenol red

No supplementation

90% (v/v) FBS — 10% DMSO

Table 10: Media used for tick cell culture

Medium

L-15 (Gibca®)
Ref: 11415-049
500 mL

L-15B (Gibca®)
Ref: 41300-021

L-15/L-15B

L-15B300

Supplementation

Leibovitz's L-15 Medium supplemented with

10% tryptose phosphate broth

20% FBS

1% GlutaMAX™

100 units.mt! penicillin and 100 pg.mt streptomycin.

Filtration through 0,22 or 0,33um

Leibovitz's L-15 Medium powder reconstituted in IRO with :
aspartic acid 299mg — glutamic acid 500mg — proi@@émg —a
ketoglutaric acid 299mg — D-glucose 2239mg — vitaamd mineral
stock solutions 1 mL eacBypplementary material 4.
supplemented with:

10% tryptose phosphate broth

5% FBS

1% Lipoprotein Cholesterol concentrate

1% GlutaMAX™ 100 units.mt penicillin and 100 pg.nikt
streptomycin. Filtration with 0,22 or 0,33uM filger

50% L-15 supplemented and filtered — 50% L-15B $aippnted and
filtered

Y2 HO and % of L-15B supplemented and filtered

Fetal bovine and calf serum used for mammaliaickmbhedia were heat inactivated (30 min

56°C) and filtered prior utilization.
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Table 11: Mammalian cell line and seeding

Cell line

BHK-21: Baby
Hamster Kidney

Human B Raji /
Raji DC-SIGN

Medium
GMEM

Epithelial HeLa/ DMEM

HelLa DC-SIGN

Table 12: Tick cells
Cell line

IRE/CTVM19
from Ixodesricinus

IRE/CTVM20
from Ixodesricinus

IDE8

Medium

L-15 based
medium

L-15/L-15B

L-15B based

from |xodes scapularis medium

ISE18

from |xodes scapularis

L-15B300

* flat-side tubes Nunc ref 156758

Seeding

1.10 cells in 24 well-plate
1,2.1Ccells in 24 well-plate
3.1C cells in 6 well-plate
2.1C cells T25 flask

5.1C cells T75 flask

16.1C cells T175 flask
3.10 cells in 96 well-plate

8.10 cells in LabTeck chamber

Seeding

3mL glass tube *

2.1 cells in 96 well-plate
3mL glass tube

2.1 cells in 96 well-plate
3mL glass tube

2.10C cells in 96 well-plate

22.1C cells in T175 flasks
3mL glass tube
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Assay
FACS

Titration
Transfection

Infection /
Production

Flow cytometry

Immuno-
fluorescence

Assay

Maintenance
Infection

FACS based assay
Maintenance
Infection

FACS based assay
Maintenance
Infection

FACS based assay
Production

Maintenance
Infection
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Table 13: Primary antibodies

Name Anti
8B11A3 N protein
3D8B3 Glycoprotein C
6G9ES Glycoprotein N

K5 Glycoprotein C
K1224 Glycoprotein N
Nonstructural
NSs protein
U2 UUKV
mAb1621 DC-SIGN

Species
Mouse
monoclonal
Mouse
monoclonal
Mouse
monoclonal
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
polyclonal

Rabbit
polyclonal

IgG2a Mouse

monoclonal

Dilution

1: 400
1: 100

1: 100

1: 100

1: 100

1: 100

1: 100

1:1 000

25 pg.mlt

Method Provider
FACS
WB
FACS
WB
FACS
WB __Anna
WB Overby
WB
WB
FFA Pierre-Yves
wB Lozach
FACS
FACS R&D
system

The mouse monoclonal antibodies 8B11A3, 6G9E5 ab8B3 33 The rabbit polyclonal
antibodies K1224 and KB were all a kind gift from Anna Overby and the Lugunstitute for
Cancer Research (Stockholm, Sweden). The rabbycloolal antibody U2 has been described
previously, and recognizes the UUKYV proteins N, &d G 7°

Table 14: Secondary antibodies

Name

Anti-rabbit HRP
Anti-mouse HRP
Anti-rabbit AF647
Anti-mouse AF647
Anti- rabbit IRDye®
800
Anti-rabbit HRP

110

Species

Goat
Goat
Goat
Goat

Goat
Goat

Dilution

1: 10 000
1: 10 000
1: 500
1: 500

1: 10 000
1: 400

Method

wWB

wWB
FACS
FACS

WB
FFA

Provider

Santa Cruz

Santa Cruz
Thermo Fisher Scientific
Thermo Fisher Scientific

Li-cor Odyssey®

Vector Laboratories
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Table 15: Plasmids list

Name Description Reporter  Promotor Provider
gene
Pierre-Yves
pRF108 Vector / Pol | Lozach
pRF108-S Full S segment of UUKV / Pol | Mazelier et al.,
pRF108-M Full M segment of UUKV / Pol | Mazelier et al.,
pRF108-MS23 Full M Se,\%lmsezrg of UUKV / Pol | Mazelier et al.,
pRF108-L Full L segment of UUKV / Pol | Mazelier et al.,
Pierre-Yves
pRF108-eGFP S segmenANSs eGFP Pol | Lozach
Renilla Pierre-Yves
pRF108-Ren S segmenANSs luciferase Pol | Lozach
Gaussia Pierre-Yves
pRF108-Gau S segmenANSs Luciferase Pol | Lozach
pRF108-deINSs S segmenANSs / Pol | This PhD thesis
pUUK-N Nucleoprotein of UUKV / CMV A. Overby
pUUK-L Polymerase of UUKV / CMV A. Overby

All plasmids code for an ampicillin resistance edtes pRF108 vector backbone is presented in

supplementary material 5

Table 16: Primers used to generate plasmids for theeverse genetics system

Primer Sense Sequence (5’ -> 3’} Purpose”®
TS Forward 2Cacaaagacctccaacttagetateg < ssg-;rment
RToM Forward 2Cacaaagacggctaacatggtaagg y ssg;rment
AT.L Forwarq cacaaagacgccaagatgcttttageg ] ssg-l;nent

UUKV-S-5NC  Forward AATCGTCTCTAGGTacacaaagacctccaactt  Cloning S

agctatcg segment into
pRF108
UUKV-S-3NC  Reverse AATCGTCTCTGGGacacaaagaccctcc (PRF108-S)

AATCGTCTCTAGGTacacaaagacggctaaca

UUKV-M-5NC  Forward tggtaagg
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AATCGTCTCGGGG@cacaaagacacggctaca Cloning M
tgg segment into
pRF108
(pPRF108-M)

UUKV-M-3NC Reverse

AATCGTCTCTAGGTacacaaagacgccaagat

UUKV-L-5NC  Forward Cloning L
gettttageg segment into
UUKV-L-3NC  Reverse AATCGTCTCGGG@cacaaagtccgccaagat %ii%gﬁ_
ggaagtaaagg (P L)
Mut-M-S Forward caaggattcagtggattgeatcatcaatcatagatccca Mutagenesis M
segment
Mut-M-AS Reverse tgggatctatgattgatgagjacaatccactgaatccttg (G2386A)

a The virus RNA sequence that is targeted is imcgaland the sequences introduced for cloning
are in capital letters. Underlined nucleotide seges indicate a BsmBI restriction site. Bold

nucleotides are the point mutations introducediéM segment sequence of the UUKYV lab strain.

b RT, reverse transcription.

Table 17: Primers used to sequence the M segment

Name of primer Sequence Position

5’ -> 3’ antigenomique 5’ -> 3’ antigenomique
For-98 acacaaagacggctaacatgg 1-21
Rev-110 gctcatgtcatgtcaatgttagggg 171-195
For-105 gcatctggtctatgacgacgccatttgcc 404-432
For-91 ggagggcagatgttctgg 683-700
Rev-106 ggcagacaggctctcagattcacacttcg 1037-1065
For-111 cctggaagaaggactgaataatgtgg 1397-1422
For-92 ggcatgctgtgtctggce 1524-1540
For-107 ggagttgatggctcagctaggctgg 1901-1925
For-80b* gggaggatctacacggcacaaagttcc 2206-2232
For-86 acggcacaaagttccacaca 2218-2237
Rev-112 ccataattttctccaaggtccacaagg 2344-2370
Rev-87 acttggcatctgccaccatg 2497-2516
Rev-81b* gcccaagattcttatcattatcagg 2572-2596
For-130 ccataaggacaatgcatttaaacg 2731-2754
For-113 ccctattccccatccccctctacc 3050-3073
Rev-99 gtagccgtgtctttgtg 3194-3218

* primers used to amplify a 391 DNA fragment thpans the reversion site in the & UUKV.
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Table 18: primers for S or SANSs segment amplification

Name of Sequence

primer 5 -> 3’ antigenomique

9 aatcgtctctaggtacacaaagacctccaacttagctatc

10 aatcgtctcggggacacaaagaccctccaacattaagc

76 ggactctaaaagggcttcggcccaaacagtcticgaattcgaagaatigttygagggtctttgtgtceec

gagacgatt

Table 19: Equipment
Equipement

Centrifuge Fresco 21

Centrifgue 5430R

Iblot

Incubator tick cell culture 28°C — IF260
Incubator mammalian cell culture 37°C —
Inkubator C200

Ultracentrifuge L8-60M or L8-70M
Rotor SW32 or SW60

J2HS or J2HC Centrifuge

Rotor JA-20 or JA10

Flow cytometer FACS Calibur
Multifuge 3S-R

Wide-field microscope iX70 or iX81 S1F-3
Thermocycler — MultiGene Optimax
EM10

Jeol JEM-1400 transmission electron
microscope (TEM)

Safety cabinet NU-543

Safety cabinet SterilGard Ill advance
Shaker 37° (bacteria) — Unitron
Incubator 37°C (bacteria) — B12
Nanophotometer

Company

Heraeus - Thermo Fisher Scientific
Eppendorf

Invitrogen (Thermo Fisher Scientific)
Memmert

Labotect
Beckman

Beckman Coulter

BD Bioscience

Heraeus — Thermo Fischer Scientific
Olympus

Axon Labortechnik

Zeiss
Jeol Ltd., Tokyo, Japan

ibs Tecnomara

The baker Company

INFORS HT

Heraeus — Thermo Fischer Scientific
Implen

Viruses. The prototype UUKV strain 23 (UUKV S23) was onglly isolated from the tick.

ricinus in the 1960s (i.e. the virus in tick suspensi$fi) The UUKYV strain used in this study

results from five successive plaque purificatiofdJJKV S23 in chicken embryo fibroblasts

(CEFs) and subsequent passages in BHK-21 &4 Virus multiplicity of infection is given

according to the titer determined in BHK-21 cells.
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Bacteria. For plasmids production, the chemically compekentoli DH5a (F ®80lacZAM15 A
(lacZYA-argF) U169recAl endAl hscR17 (k, mk*) phoA supE44thi-1 gyrA96 relAl 1) were
used (homemade).

For cloning procedure, the chemically competentoli DH10B™ from Invitrogen, One Shot®
TOP10 (F-mcrAA (mrr-hsdRMS-mciBC) ®80lacZAM15 A lacX74 recAl araD139 A (araleu)
7697galU galK rpsL (StrR)endAl nupG) were used.
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2. Methods
a. Cellular culture
i. Mammalian cell culture

BHK-21 were grown in GMEM supplemented as describedble 9273 Human B (Raji) and Raji
cells that stably express DC-SIGN were culturecating to ATCC recommendatiori%®? and
epithelial (HeLa) cells and HelLa cells that stabkpress DC-SIGN were grown in DMEM
supplemented as describedtable 9 All mammalian cell lines were grown in a humiddi
atmosphere of 5% COn air at 37°C. The seeding was done dependintdp®mexperimenttéble
11).

ii. Tick cell culture

IRE/CTVM19 and IRE/CTVM20 derived from embryosirbdes ricinudicks whereas ISE18 and
IDES8 derived from embryos dkodes scapularisAll tick cell lines were cultured in sealed, flat
side tubes for the maintenandayre 44) and IDES8 cells were adapted to tissue culturbetis
during this project, as describedtable 12 The medium was changed every week the cells were
not sub-cultured. For this, tubes are hold on & tatil cells pellet. 1.4 mL of the supernatant is
removed and 1.5 mL of fresh medium is added. THs w®re sub-cultured half every two weeks
maximum when the cells were confluent. They tokergi to two weeks without sub-culturing or
medium change. To subculture the cells, 1.5 mL etliom is removed and 3.7 mL of fresh
medium is added. Cells are re-suspended with a pipdite using a pipette rubber (pipette boy is

not strong enough). Then, 2.2 mL of cell suspensgamoved.

iii. Medium preparation for tick cells

The tick cell lines IRE/CTVM19 and IRE/CTVM20 weceltured in L- 15 based medium from
liguid commercial medium and IDE8 and ISE18 in IBlBased medium homemadt. L-15B
powder was resuspended in water, components listalle 10were added and the pH was adjust
to a “nice orange color”. After filtration, mediwvas stored at 4°C. Every week, media were warm

to RT and supplemented as indicatethinle 10prior to culturing.
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iv. Long term storage of cell lines

Tick cell lines cannot be stored for a long terrom@ cell lines can be stored for several weeks at
15°C or 4-6°C?>"427> Mammalian cell lines were cryopreserved in ligoittogen or frozen at -
80°C. Cells were washed with PBS 1X once, detaddyettypsinization and counted. After five
minutes of centrifugation at 1300 rpm they wersuspended in freezing medium to freeze 8.10
cells per cryotube. They were stored in a boxdilgth isopropanol for one night at-80°C, then

either transferred to liquid nitrogen tank or kapt80°C (only BHK-21 cells).

To thaw cells, one cryotube is heated in a 37°Gmaath and cell suspension is transferred to
5 mL warm complete medium. Cells are pelleted byrdegation at 1200 rpm for 5 min to remove
DMSO. The pellet is resuspended with complete waradium and transferred in a T-75 flask.

When necessary, medium is changed 24 hours later.

A

pg'f
| ——  — — ——
o

Flat side Round side

Figure 44: Culture of tick cells in 3 mL flat glasstubes.

(A) IRE/CTVML19 cells are cultured in 3 mL glass tub&key sediment on the flat side of the tube batprorly

adherent and they grow also in suspension in thed@art of the tube. Cells remain in the same arwe subcultred
(here passage 221), in L-15 based medium supplecherith 20% FBS. Cells pellet on the flat side &t mainly in

suspension. They are incubated at 28B}.Gells were infected with rUUKYV S23 or rUUKV.
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b. Molecular biology methods
i. RNA extraction

Total RNA was extracted either from 140 pL of supag¢ant of infected cells or from 20 pL of semi
purified virus using the QlAamp Viral RNA extraatid it following manufacturer’s protocol.

RNA were eluted in a maximum volume of 40 pkHand stored at -80°C.

ii. Reverse Transcription

Viral RNA (VRNA) was reverse transcribed using speprimers RT-S, RT-M or RT-L for each
segment (semble 16) and the SuperScript Il (SS 1lI) following manatarer’s protocol. Briefly,
VRNA was mixed with the specific primer (2 uM), dRF (10 mM each), and H20. After 5 min
in a warm water bath at 65°C, the mix is cool doWwmen, 0.1 M DTT, 5X buffer (both from the
kit) and RNase OUT are added and heated for 2 tM2C (in thermocycler). After addition of
the SS lll, the following amplification cycle wasad: 50 min 42°C, 15 min 70°C.

A very important step after the reverse transaiptis the purification of the cDNA with the
QIAquick PCR purification Kit.

iii. Polymerase chain reaction

The reversion of the single amino acid (G2386AthmM segment of the rUUKV was checked by
PCR. Amplification of a 391bp fragment in the Gucleotide sequence was performed with the
primers 80b and 81kable 17) using the KOD polymerase and following the mantifeer’s
protocol. Amplification cycles: 95°C 2 min, 30 ti;m@5°C 30 sec — 58°C 30 sec — 70°C 30 sec,
70°C 10 min.

For cloning procedure, DNA of the full-length S semt was synthesized using the KOD
polymerase with the primers 9 and 10 and thBISs segment was synthesized with the primers 9
and 76 (se¢éable 18. Amplification cycles: 95°C 2 min, 30 cycles &°€ 30 sec - 58°C 45 sec -
70°C 2 min and 70°C 10 min.
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In order to sequence the full-length M segment friicks, DNA corresponding to the RNA
sequence was synthetized with Bfe polymerase using primers PCR-M-S and PCR-M-ASgisin
the following amplification cycle: 95°C 2 min, 3@aes of 95°C 30 sec — 60°C 30 sec — 72°C 7

min and 72°C 5 min.

The full length S, M and L segments for the clongmgcedure (see below) were synthetized with

the Herculase Il fusion polymerase. Amplificatiogrcles:

Segment PCR amplification program
95°C, 1 min
95°C, 20 s
58.1°C, 20 s 30cycles
68°C, 2 min
68°C, 4 min.

Segment S

95°C, 1 min

95°C, 20 s

55.1°C, 20 s 30cycles
68°C, 3 min 30

68°C, 4 min.

Segment M

95°C, 1min

95°C, 20 s

62°C, 20 s 30cycles
68°C, 6 min 30

68°C, 4 min.

Segment L

iv. Gel extraction

After DNA amplification, DNA was loaded on a 1 t&2agarose gel and observed under UV light
after migration. The band that correspond to tke ef the expected fragment was cut and DNA
was extracted from the gel using the QIAquick Geré&ction Kit (Qiagen) or the Nucleospin Gel
and PCR clean-up (Macherey-Nagel).
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v. Cloning procedure

The expression plasmids pUUK-N and pUUK-L wereradkgift from Anna Overby and code for,
respectively, the UUKV nucleoprotein N and polynserd >>. The cDNAs corresponding to the
S, M, and L segments of UUKV were synthesized byFOR from VRNA extracts of purified-
virus stock produced in mammalian cells using tneerse transcriptase Superscript Ill. Their
amplification as a single PCR product was carrietl using the Herculase 1l fusion DNA
polymerase. The PCR products were then clonedanTtbPO vector for sequencing and then
between the murine Pol | RNA polymerase promotet @mminator sequences in the pRF108
vector, a kind gift from Ramon Flick, Bioprotecti@ystems Corporatioff. The resulting Pol |-
driven plasmids (pRF108-S, pRF108-M, and pRF108figoded each of the antigenomic UUKV
RNA molecules i.e. S, M, and L segments. The poiatation G2386A in the M segment was
obtained with the QuikChange XL site-directed metaggis kit (Agilent) using the plasmid
pRF108-M as a template. The reporter gene enhareen fluorescent protein (eGFP), renilla
luciferase (Ren) or gaussia luciferase (Gau) wergliied by PCR with primers that introduced a
BsmBI restriction site. They were ligate taA\BSs fragment DNA obtained from PCR of N from
the TOPO plasmids and cloned into the pRF108 vedtorgenerate an S segment delta NSs
(ANSs), the nucleotide sequence corresponding todlckeoprotein N was amplified using the
KOD polymerase together with the noncoding 5’ang ititergenic regions. The second primer
included the 3’ noncoding region and a BsmBlI restn site. The resulting fragment was cloned

into the pRF108 vector (a kind gift from Ramon KliBioprotection Systems Corporation).

The complete list of primers and restriction enzgmsed for cloning and mutagenesis is shown in
table 16

c. Production and purification of plasmids DNA

E. coliDH5 a or One shot Top10 competent cells were transforwitd10 to 20 ng of plasmids
and incubated for 1 hour at 37°C in LB medium wvatitibiotic at 15Gpm. 100 pL were seeded
on LB-agar plate containing antibiotic and inculdateernight at 37°C. In the case of plasmid
production, one colony was picked and bacteria vwggosvn overnight in 250 mL LB medium
supplemented with ampicillin. After pelleting baggéefor 30 min at 4°C 2500 rpm, plasmid DNA
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was purified using Nucleo Bond 500 kit (Machery BAgGlycerol stocks of the bacterial culture
were stored at -80°C and plasmids at -20°C. Ircése of cloning procedure, several colonies were
picked and seeded in 5 mL medium with antibiotiac®rial DNA was purified using a QlAgen

midi kit and sequenced as described below.

d. Sequencing
i. DNA for cloning procedure

In order to clone the proper DNA sequence in aarebackbone, each purified DNA (from
bacterial culture or PCR products) were first seged with a capillary sequencer by ABI

(Eurofins Scientific).

ii. Full-length S or M segment

The full-length S segment of UUKV, M segment of rkhdand rUUKV S23 were sequenced after
total RNA extraction, RT-PCR and purification asideed above. The DNA was analyzed with a

capillary sequencer by ABI (Eurofins Scientific).

iii. Full-length M segment isolated from UUKV-infected tcks

Questing nymphs of the tidk ricinus were collected in the region of Ramsvik and HirglBev
(Sweden; 2013). Pools of 25 nymphs were homogeraredhe total RNA was extracted with a
magnetic bead-based protocol as described elsewker@ gift of Janne Chirico, National
Veterinary Institute, Uppsala, Sweden, and Saratstber, ANSES, Maisons-Alfort, Francéy.
The DNA corresponding to the M segment of UUKV é$wsized by RT-PCR (see above) was
analyzed with a capillary sequencer by ABI (Eursfecientific). Sequences were aligned using

the Clustal-omega website and analyzed with Snap@ienver software.

All primers used for sequencing are foundahle 17.
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Nucleotide sequence accession numberBhe GenBank accession numbers for the nucleotide
sequences of the M segments of the tick isolateS BMI HRS are KX219593 and KX219594,

respectively.

e. Virus production and virology assay
i. Rescue of UUKYV from plasmid DNAs

UUKYV was rescued by transfecting BHK-21 cells (8.6%) with the expression plasmids pUUK-
L (1 pg) and pUUK-N (0.3 pg) together with 0.5 egle of pPRF108-S, pRF108-M, and pRF108-
L. Transfection was performed in the presence pbtactamine 2000 (Life Technologies) using a
ratio of 3.8 uL to 1 pg of plasmids in 400 puL ofttqEM (Life Technologies). One hour post-
transfection, complete GMEM medium containing 2%SHBas added to the cells. After 4 to 5

days supernatants were collected, clarified, aratéd as described below.

il. Passaging of rescued viruses

Supernatant of transfected BHK-21 cells (namedvwd) harvested, cleared and titrated. It was
then used to infect BHK-21 cells at a maximum M®Dd®1. Supernatant of infected cells was
collected when cytopathogenic effect (CPE) was feskor at day 5 post infection the latest,
cleared and titrated. This supernatant was namemhBlsed for a second round on infection in
BHK-21 cells, the passage 2 (P2). As for PO andsBfiernatant P2 was harvested, cleared and
titrated and used for the third passage, P3. Tlssggeng process was conducted until P3 for
rUUKV Ren and rUUKYV Gau; until passage 5(P5) fotdkV, rUUKV S23, rUUKV delNSs, and
until passagel0 (P10) for rUUKV eGFP.

iii. Virus production

BHK-21 cells were infected with UUKV (laboratoryrain) or rescued viruses at an MOI of 0.01
in medium without FBS at 37°C for one hour. Virugsrnatant was removed and replaced by
medium without FBS. Cells were incubated 48 howrsUUKYV lab strain or until CPE was
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detected IRE/CTVM19 or IRE/CTVM20 were infected with reselruses that was not removed
from the culture supernatant. Infection was cardatup to three months with rescued virus in 3
mL glass tubes with complete medium. ISE18 celt I®ES cells were, at a first place, infected
for 40 days in 3 mL glass tube with complete mediuithhout removing virus. IDE8 were then
infected following the same procedure for up to @ths. Supernatant of infected tick cells were
harvested at different time point for titrationdependently, IDE8 were infected with rUUKYV in
tissue culture dish for two hours at 28°C. Virupematant was removed and replace by medium
without FBS. Cells were incubated for 20 days witheBS and supernatant was harvested, cleared

and buffered with 20 mM hepes before storage &tG80

iv. Virus purification

Sucrose cushion

A small scale purification in Eppendorf tube wasealeped for IRE/CTVM-derived viruses. 800
pL of infected IRE/CTVM19 supernatant was loadedEppendorf tubes. 600 pL of 25% sucrose
cushion was carefully added in the bottom of theetiBupernatant was centrifuged for 4 hours at
4°C, 14 000 rpm. Supernatant and sucrose cushioa nreeoved with a pipette tip and 50 pL of
HNE 1X buffer was added. To allow virus pellet ®suspend, tubes were incubated on ice for

1h30. Then, pellet was re-suspended and stor&D et -

For supernatant of infected BHK-21 or IDES8 celldlexted from large flaks, supernatant was
collected, cleared by centrifugation at 1300 rpm2® min at room temperature (RT) and stored
at -80°C with 20 mM hepes. 30 mL was loaded orba for SW32 rotor and 3 mL of 25 or 30%
sucrose was carefully added on the bottom of tie o make a cushion. The tubes were
centrifuged for 2 hours at 4°C, 27 000 rpm. Supemtavas removed and sides of tube were wiped
off. 300uL of HNE 1X was added on the bottom oftilige and let for at least 1 hour on ice. Then,
semi purified virus was re-suspended by pipettahgared if any clamps was observed, aliquoted
and stored at -80°C.
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Gradient

As previously described elsewhéfé purified virus through 25%sucrose was added profan
OptiPregM step gradient in an SW60 tube and centrifuged1lfi@0 at 32 000 rpm, 4°C. The
gradient was composed of fractions containing 62—7m8.4 — 9.6 — 10.8 — 12 - 13.2 -14.4 - 15.6
— 16.8 — 18 and 35% of OptiPrép A ring of viruses was observed between the foastiof 35%
and 18% OptiPrefy. Fractions of 540 uL were collected and those ainittg the virus was
pipetted in a new SW60 tube to be pelleted for 45 ah 44 000 rpm, 4°C. Purified virus was
resuspended in PBS 1X and stored at -80°C.

UUKY virus lab stock and rescued virus were titdaite BHK-21 cells as described below.

f. Virus titration by focus-forming assay

BHK-21 cells were seeded the day before infectseat@ble 11) and infected with 10-fold dilution

of virus in FBS-free medium. After one hour of ibation at 37°C - 5% CO2 atmosphere, infected
cells were grown in the presence of medium comgifi% serum and supplemented with 0.8%
carboxymethyl-cellulose (CMC) to prevent virus sate3 days post infection, cells were washed
with medium to remove the CMC and subsequently WBE before fixation with a solution of
3.7% paraformaldehyde. To visualized eGPF, a swiudf 3.7% formaldehyde methanol free was
used. The cells were then permeabilized with a FA&#&eabilization buffer. Foci were revealed
with a diaminobenzidine solution kit (Vector Labtmaes) after a two-step immunostaining with
the antibody U2 and an anti-rabbit horseradish ydase-conjugated secondary antibodies (see
tables 13 & 14 199,

g. Infection assays

Mammalian cells were infected with virus at diffier&1Ols in medium without FBS at 37°C for
one hour. Virus supernatant was then replaced byptzie culture medium and cultures were
incubated for up to 64 hours before fixation. Toekls were exposed to viruses at different MOls
in culture medium containing FBS (IRE/CTVM19 ancElRTVM20 cells) or without FBS (IDE
cells) at 28°C for up to 48 hours. When used focrascopy, IRE/CTVM cells were seeded on
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poly-L-Lysin (0.01%)-coated coverslips at 28°C ba tay before infection. For inhibition assays,
IRE/CTVM cells were pretreated with inhibitors #ferent concentrations for 30 min and exposed
to UUKYV in the continuous presence of the inhikstdrhe infection was monitored by either wide-

field fluorescence microscopy or flow cytometry.

h. Biochemistry
i. Luciferase assay

Renilla luciferase activity was determined usingDaal-Luciferase Reporter Assay System
(Promega) following manufacturer’'s protocol. Théegted or mock infected cell pellets were
resuspended in 400 pl 1x passive lysis buffer (Pam) incubated for 30 min at RT. Cell debris
were pelleted by centrifugation at 10 000 rpm fom3n at 4°C and the supernatant was stored at
-20°C until the assay was performed. 20 ul of lsavere added per well of a white microplate
and 20 pl of 1x PLB was used for normalization.eAfiddition of 50 pl Luciferase Assay Reagent
(LAR 1I), Firefly luciferase activity was measuragsing a Luminoskan Ascent Microplate
Luminometer. For determination of Renilla lucifexaactivity, 50 pl of Stop&Glo Reagent was

added on top and bioluminescence was measured.

ii. Deglycosylation

To assess the glycosylation pattern of the UUK\tgproteins, virus stocks semi purified through
a 25%-sucrose cushion were denaturated and expmead of the five following treatments: 1,000
units of Endo H (Promega), 40 units of PNGase Br(féga) or 5 units of PNGase F (Merck
Millipore), 0.005 units 06-2(3,6,8,9)-neuraminidase, 0.003 unit§df,4-galactosidase, 0.05 units
of B -N-acetylglucosaminidase (all enzymes from Merckllipbre) according to the
manufacturer’'s recommendations, and then analyyesld$-PAGE on a 4-12% or 10% Bis-Tris
Nu-PAGE Novex gel (Life Technologies) and Westelothg.

124



Material and Methods I

Enzyme Manufacturer Treatment
Endo H Promega 16 hours 37°C
PNGase F Promega 3 hours 37°C
PNGase F Merck Millipore
a-2(3,6,8,9)-neuraminidase Merck Millipore

B-1,4-galactosidase Merck Millipore 4 hours 37°C

B-N-acetylglucosaminidase Merck Millipore

iii. Protein analysis by SDS-PAGE

Viral protein extracts from virus stocks purifigttaugh a 25% sucrose cushion were analyzed by
SDS-PAGE (Nu-PAGE Novex 4-12% Bis-Tris gel or Nu{R Novex 10% Bis-Tris gel) and
stained Coomassie. Viral protein extracts fromwipurified through an OptiPré&p step gradient
were analyzed by silver staining. After fixationr fb hour, the sucrose purified proteins were
stained with brilliant blue, whereas OptiPH¥purified proteins were analyzed by silver staining
Basically, after impregnation for 1min, silver stiaig was performed for 20 min at RT, which is

immediately followed by the development to buildthp silver metal image.

For western blot analysis, viral proteins were g¢farred to a Polyvinylidene difluoride (PVDF)
membrane using the iBlot systef!'®® When indicated, purified viruses were pre-treatgith
glycosidases op -mercaptoethanol (40%). The PVDF membranes wese $aturated in TBS
containing 0.1% Tween and 5% milk (TBS- Tween-Mil&) one hour at RT and incubated with
primary mouse monoclonal antibodies 8B11A3, 3D8BBGIEDS, or rabbit polyclonal antibodies
K5, 1224 or U2, all diluted in TBS-Tween-Milk. Aft8 washes of TBS-Tween, PVDF membranes
were incubated with an anti-mouse or anti-rabbitsbadish peroxidase-conjugated secondary
antibody, respectively. Bound antibodies were detec by exposure to enhanced
chemiluminescence reagents (ECL, GE Healthcare if& Technologies). For quantitative
detection of viral proteins, membranes were fimsubated with the rabbit polyclonal antibody U2
and then with an anti-rabbit infrared fluoresce(i®ye) secondary antibody and analyzed with

the Odyssey Imaging Systems and the software lIi8ag#o (Li-Cor Biosciences).
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i. Flow cytometry

The flow cytometry-based infection assay has besaribed previousl3fC. Briefly, after fixation
and permeabilization with 0.1% saponin, infectdtsagere incubated with the mouse monoclonal
antibodies 8B11A3, 6G9ES or 3D8B3 at room tempeedfior one hour, washed, and subsequently
exposed to Alexa Fluor (AF) 647-conjugated secondati-mouse antibodies at room temperature
for one hour. When the mouse monoclonal antibo@1 M@as used in infection assays to neutralize
DC-SIGN, UUKV-infected cells were immuno-stainediwtihe rabbit polyclonal antibody U2 and
AF647-conjugated secondary anti-rabbit antibodgwRytometry-based analysis involved the use
of a FACS Calibur cytometer and Flowjo softwaree@star).

J.  Microscopy
i. Wide-field fluorescence microscopy.

Infected cells were fixed and permeabilized withSP&ntaining 0.1% Triton X-100, incubated
with the mouse monoclonal antibody 8B11A3 (1:1,080pom temperature for one hour, washed,
and then exposed to AF488-conjugated secondaryranise (1:800) at room temperature in the
dark for one hour. Nuclei were subsequently staimighl Hoechst 33258 (0.5 pg.m). Infection
was quantified by counting cells in three indepenidields and cells were imaged with an Olympus

IX81 microscope.

ii. Electron Microspcopy.

9 uL of purified virus through 25% sucrose cuslooby gradient were used for negative staining.
Virus was loaded on carbon grids and fixed for drtwaith glutaraldehyde 3% diluted in cacodylate
buffer. Virus were stained with 1,8% uranyl acetat®,8% CMC for 10 min in the dark at RT,
washed in water and dry at RT. The staining andiaittpn of pictures were done by the Electron
Microscopy Core Facility (EMCF), university Heidelly. Viruses were imaged with either a Zeiss
EM10 or a Jeol JEM-1400 (Jeol Ltd., Tokyo, Japam) sizes of viral particles acquired either with
the EMMenue 4 (TVIPS, Gauting, Germany) or Fijitaafre.
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iii. Cryo- electron microscopy

Semi purified IDE8-derived rUUKV through 25% suceosushion were analyzed by our
collaborators, laboratory of Professor Juha T Hungh, (Division of structural biology,

University of Oxford). Samples were collected orcHmai T12 transmission electron microscope
equipped with an Eagle CCD camera (FEI, ThermodfiSitientific). Images were converted and

adjusted using ImageJ.

k. Mass spectrometry of lipids.

Lipid extractions were performed in the laboratofyProf. Dr. Britta Briigger (BZH, Haidelberg
University) using chloroform:methanol:37% HCI (5:0A5, vol:vol:vol,) except for
plasmalogens, which were extracted using chlorofothanol (5:10, vol:vol) as extraction
solvent. Lipid extractions were done in 10 ml Wioeatial with Teflon-screw caps as described
276 Typically, the following lipid standards were a&dito the solvent prior to extractions : 50 pmol
of PC (13:0/13:0, 14:0/14:0, 20:0/20:0; 21:0/21/%anti Polar Lipids), SM (d18:1 with N-
acylated 15:0, 17:0, 25:0, semi-synthesized asritbescin 2’9 and d6Chol (Cambrigde Isotope
Laboratory), 20 pmol PI (16:0/16:0, 17:0/20:4, AwiaRolar Lipids), 25 pmol PE and PS
(14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesiasdiescribed i#’®, DAG (17:0/17:0, Larodan)
and cholesterol ester (CE, 9:0, 19:0, 24:1, Sigh@apmol TAG (D5-TAG-Mix, LM-6000 / D5-
TAG 17:0,17:1,17:1 — Avanti Polar Lipids), 5 pmadiCGand GlcCer (d18:1 with N-acylated 15:0,
17:0, 25:0, semi-synthesized as described9nPA (PA 17:0/20:4, Avanti Polar Lipids) and PG
(14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesiasdlescribed iA’®). For lipid analysis,30 pL

of purified BHK-21 derived virions, 15 pL of purdd IDE8-derived virus, 35 pL of mock infected
cell supernatant, 15 pL of infected cell lysate 80duL of medium in which each cell type was
cultured and were subjected to extractions. Magstepmetric analysis was performed on a
QTRAP6500 (ABSciex) coupled to a Triversa NanoMigeice (Advion) as described3iff). Data

processing was performed using LipidView (ABSciaryl Microsoft Excel.

127



I Material and Methods

|. Statistical Analysis.

The results of electron microscopy and lipidomialgsis are based on a single experiment. The
other data shown are representative of at leas¢ tdependent experiments. Values are given as

the mean of at least duplicates + standard devid8®).
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Supplementary Material

A
rUUKV S23
IRE/
CTVMI19 BHEK
—— — 3
1 — le ‘ — O
g _ANSuiE
e I ‘7
B
Tick cell-derived virus Mammalian cell-derived virus
Protein extracted % amino acid Protein extracted % amino acid
from Western blot  sequence coverage  from Western blot  sequence coverage
1 5 5 47
Glycoproteins 2 30 6 32
3 15 - -
Nucleoprotein 4 48 7 86

Supplementary material I Protein analysis of tick and mammalian cell-derivedriruses (A)

IRE/CTVM19 and BHK-21 cells were infected with rUWKS23. Supernatants were purified

through a 25% sucrose cushion and analyzed by SHS=Pand coomassie stainindg)(Each

band on the gel were extracted and analyzed by sm@sstrometry. Corresponding coverage

sequence of the viral proteins were compared to VW33 glycoproteins and nucleoprotein.
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Uukuniemi viral particles purification

After the production of Uukuniemi virus in BHK-21 tDES8 cells, harvest supernatant, centrifuge
it for 20 min at 1200 rpm, 4°C. Keep the superniatath 20 mM hepes at -80°C for long storage
or proceed to the purification.

Purification through sucrose cushion
- Pipet 30 mL of supernatant in SW30 tubes. Addl3of 30% sucrose in the bottom carefully.
- Equilibrate tubes and centrifuge for 2 hour@&000 rpm, 4°C.
- Remove quickly the supernatant and wipe the tdrefully

- Add 300 pL of HNE buffer 1X in the tubes, inat on ice for at least 1 hour (or overnight at
4°C) with parafilm on the top of the tube

- Pipet up and down to resuspend viruses.

Load 2.5 pL of purified virus on gel to stain the®\, and G proteins with silver staining.

Purification via an OptiPrep gradient
- Prepare the dilutions and the gradient theadgyrification! Dilution are made in filtered PBS.
- The gradient of OptiPrep is prepared in SWéaietuas follow (from bottom to top):

500 pL35.0%
300 pl 18.0%
300 pl 16.8%
300 pl 15.6%
300 pl 14.4%
300 pl 13.2%
300 pl 12.0%
300 pl 10.8%

300 ul 9.6%
300 ul 8.4%
300 ul 7.2%
430 ul 6.0%
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Grey bands should be visible between each fracti@ptiPrep while preparing the gradient.

- Load 300 pL of purified virus through 30% swsg®n top of the gradient.

-Centrifuge at 32 000 rpm for 1 hour and 30 ntid°&C. The virus should be visible as a white
band between the fraction 35% and 18% of OptiPrep.

- Remove the fractions from 6% to 16.8% and ghbellast two fractions in a new SW60 tube.
Feel the tube up to 4 mL of PBS.

- Centrifuge for 45 min at 44 000 rpm, 4°C.

If the white band is not visible, pipet fractionstbe gradient of 500 pL and analyze them via
Western blot. Then, pool the fractions that contarases in an SW60 tube, fill the tube up to 4
mL and centrifuge as mentioned above.

- After the centrifugation, remove PBS, add 50qgfifresh PBS and let the virus on ice for 1 hour.

- Resuspend the virus, titrate via FFA, and arealgrus proteins by silver straining . Store vasis
at -80°C.

Silver staining protocol

Migration

Load a 10% Bis-Tris precast gel (Thermo Fisher 18ifie) with purified virus and 7 pL of
prestained SeeBlue protein ladder (Thermo Fishien8fic). Run at 120 V until the 28 kDa from
the ladder reach the bottom of the gel.

While the proteins migrate, prepare the solutiarstiie staining and proceed to the staining as
indicated below.

Solutions

All solutions should be freshly prepared (only fa@a solution could be stored).

Use distilled water for preparing the solutions.
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Solutions Composition How to prepare it
50 % Methanol 1 Liter:500 ml Methanol
Fixation 12 % acetic acid 120 ml acetic acid
0.0185 % Formaldehyde 0.5 ml 37 % Formaldehyde
Impregnation 8.6% Sodium Thiosulfate 100 ml: 150 pl Solution A in
Pentahydrate 100 ml water
Stain 0.2 % Silver nitrate 100 ml: 0.2 g silver nitrate
0,28 % Formaldehyde 75 pul Formaldehyde
6 % sodium carbonate 100 ml: 6 g sodium carbonate
Develop 0,185 % Formaldehyde 50 ul 37% Formaldehyde
solution A 5 pL solution A
5 mL: 430 mg sodium
Solution A 8.6 % Solution thiosulfate pentahydrate in 5
mL water
100 ml: 50 ml ethanol
Ethanol 50% ethanol absolute
50 ml water
Staining

The staining is done in autoclaved glass becheeusithking.

Fix the gel for 1 hour at RT

Wash 3 times 20 min with 50 % ethanol

Wash 3 times with distilled water

Impregnation for 1 min

Wash 3 times with distilled water

Stain for 20 min with the staining solution

Wash 3 times with distilled water

Develop for 5 to 10 min with the develop soluti@mown bands should appeared.
Wash 3 times with distilled water

To store the gel, keep it in the fixation solution.

Supplementary material 2 OptiPrep step gradient and silver staining protocad. Protocols
performed for the production and purification ot#KlV in IDE8 and BHK-21 cells. Viral particles
were then used for lipidomic and electron microgcapalysis.
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P5 P7 cell
Supernatant  lysate
i ni i n.i
Gy — o
oo — e
N e L
GFP — -
Actine — S

Supplementary material 3 rUUKV eGFP is functional in mammalian cells BHK-21 cells
were infected with rUUKV eGFP, supernatant was ésted, cleared and purified via a 25%
sucrose cushion. Cells were lysed and rUUKV eGFP avalyzed by SDS-PAGE and Western
blotting under reducing conditions. The rabbit ptiyal antibody U2 against the three structural
viral proteins N, G, and G; the rat polyclonal antibody against the GFP; dmel mouse
monoclonal antibody against actine were used. Abatiens: i, infected; n.i, non-infected.
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A
) Weight Volume

Ingredient (for 100 mL

9 ( ) | (mg) (mL)
Stock solution A
CoCl-6H0 20
CuSG 5H.0 20
MnSQy - H20 160
Zn SQy 7HO 200
Stock solution B
NaMoQy 2H,O 20
Stock solution C
NaSeGy 20
Stock solution D
Glutathione (reduced) 1000
Ascorbic acid 1000
FeSQ - 7H0O 50
Stock solution A 1
Stock solution B 1
Stock solution C 1
Vitamin stock solution
p-aminobenzoic acid 100
Cyanocobalamine (B) 50
d- Biotin 10

B

Ingredient for 1L of Weight Volume
L-15B (mg) (mL)
Aspartic acid 299
Glutamic acid 500
Proline 300
a-ketoglutaric acid 299
D-glucose 2239
Mineral stock D 1
Vitamin stock 1

Supplementary material 4 Preparation of L-15B medium for tick cell culture. (A) Ingredients

for the stock solutions should be dissolved iniltkst water in the order listed, and the volume of
each stock solution brought to 100 ml. Store aliguwd stock solution D and the vitamin stock in
1mL amounts at —20°C. Stock solutions A,B and Cliastored in universals at —20°C. Protocol
from Munderloh and Kurtt?’”. (B) L-15B powder should be dissolve in 1L of distilleater with

the components listed. The solution has to beditelt can be stored at at 4°C for up to 4 months,
or at —20°C.
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Supplementary material 5 pRF108 vector backboneMurine polymerase | promoter and
terminater are highlighted in orange. Some of @striction sites are indicated. UUKV segments
were inserted using the BsmBlI site.
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