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Introduction

1. Introduction
1.1. RabiesVirus

Rabies virugRABYV) i®ne of the deadliest viruses known to humanity that causes tens of
thousands of human deaths annualprimarily in Africa and Asid]. Theancient virus has

been around for an estimate of 4000 yef2$ It is usually transmitted to humans through the

bite of a rabid animal, most commonly a dog, through which the virus present in the saliva
enters into the tissug[2]. The neurotrophic RABV targets mainly neuroh&eurons can be
remarkably longmore thanl meter, with their cellular machinery located at one end dhd
terminal at the other[3]. As a result, the site whertle virus enters plays a crucial role in
determining how quickly it reaches the brai®nce the virus reaches the brain stetne
infection progresses until it includes the whole brd#j. Unlike other viruses that cause
cellular damage by multiplying rapidly and triggering a massive immune response that results
in a lot of damage, RABNfected brain tissues show minimal to undetectable damage. After
RABYV infects the braiand caugs encephalitis, the virus migrates away from the brain
through neurons where it spreads in the salivary glands and causes organ shut down leading
to coma and deatljl,2]. There is no treatment forabiesafter the onset of symptoms and
therefore understanding virubost interactiors is crucial for the development of antiviral

therapy.

1.1.1.RABV Tansmission

In 1546, Girolamo Fracastoro attributed the onset of rabies to seeds existing in salrkang

one of the earliest attempts to explain disease transmissieanwhile, his contemporary
fellows observed that théransmission of the rabies varied according to several factors such
as theanatomical site of the bite and the capability of théichanimal to spread the disease.

By the 19" century, the scientific approaches improved the understanding of the
epidemiology of rabieg4d]® Ly wmynnX | DSNXIYy &AO0OASydGAail
conducted the first transmission experiment by injecting saliva from a rabid dog into a healthy
one, then to a rabbit and a hen proving the infectious nature of the disease. Victor Galtier
obtained similar results by transmitting the infection from a dog to rabditowever, the
intravenous inoculation of rabid saliva did not initiate the disease in sheep but immunized the
animal instead. Such variable species susceptibility was further investipgtéhe French

microbiologist Louis Pasteur (182895). He found that the virulence of the pathogen was

y
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attenuated when passed from one species to another; whereas the transmission among
animals of the same species serially increased the virulence. Moreover, he demonstrated the
neurotropic nature of the disease. In 1885, Pasteur developedfirst inactivated Rabies
vaccine from the emulsion of the spinal cord from a rabbit that died of rabiedgsuccessfully

treated a boy who was bitten by a rabid di&g.

Inside the infected host, the virus reagdthe salivary gland via the cranial nerve and shad
saliva(Figurel). Animalbites are the predominant mode of rabies transmission to humans
(90%), whereas licks and scratches are less common routed%).[6]. The success of
transmission depends on the genotypes and tissue tropism of the lyssavirus introditesd.

in face or upper limbs bearhigher risk of infection andshorter incubation period compared

to lower limbs. Individuals bitten on bare skin, and not through clothes, are also more likely
to contract rabieg7]. Nonbite exposure to RABV present in saliva and subsequent viral entry
may occur via open wounds or mucous membranes such as conjunctiva. In very rare occasions,
the disease can be transmitted by inhalation of aerosolized RABV in bat caves or aerosolized
infected tissues in laboratorig8]. Humanto-human transmission of rabies through organ
transplantation (mostly corneal transplants) from an undiagnosed patient have been reported

in several countrief7].
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transmission by bite / transport

carnivore reservoir ‘ ,\ {
< \N

maintenance in wildlife carnivores /
and domestic dogs ¢ A

c

spillover to non-reservoir mammals

. replication in muscle and/or entry \
in peripheral neurons via axon ends

2. dynein dependent retrograde axonal
— transport along microtubules

3. transsynaptic spread to higher order
neurons

@ distance to brain determines time
\ to clinical disease /

centrifugal spread in brain

4. replication and centrifugal spread

5. neuronal dysfunction and disease

6. spread to peripheral organs
(incl. salivary gland)

4a», human-to-human transmission
& unlikely

Figurel: RABV TransmissioA schematic diagram showing the transmission of RABMddyihanimal from the

site of entry until reaching theentralnervoussystem(CN$and causingencephalitis followed by a centrifugal
spread of the virus to all organsfectionof mouse hippocampal neurons with a street RABV is shown by staining
for RABV Nred), along withthe neuronalmarker(i dzo dz(r&d); antl nuclear stairHoechst 33342blue)

1.1.2.Rabies virus@axonomy

RABVsare zoonotic neuroinvasiveviruses that belong to ordeMononegaviralesgmona:
single; neganegative) family Rhabdoviridag(rhabdos mearsrod in Greek)genusLyssavirus
[9]. The order Mononegaviralesincludes 11 virus families Artoviridag Bornaviridae
Filoviridae Lispiviridag Mymonaviridae Nyamiviridag Paramyxoviridag Pneumoviridag
Rhabdoviridag Sunviridae and Xinmoviridae[10]. They areenvelopedviruseswith a non-
segmentedhegative senséNNSkingle strandedibonucleic aciqRNA genome[11,12] They
infect a wide range of species including humans, animals and pBote ofthe deadliest
virusesthat frequently cross species and induce severe infections ighfatality ratessuch
asRABVEDola virus (EBQ¥re memberof this order[12]. TheRhabdoviridag¢amilyis highly
diverse.lt includes20 genera and 148irusspecies. Of the 20 generajriclude viruses that
exclusively infect vertebrates Seven include arthropode born viruses infecting also
vertebrates Others comprise invertebrate and plant virudgebabdoviruses include important

pathogens of humans, livestock, fish or agricultural cfag$ Knowledge of the fundamental

3
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molecular biology and development of diseases has mostly come from research using
vesicular stomatitisgenusVesiculovirusand rabies virugenusLyssavirusBoth viruses have
numerous similarities in terms of structure, genomic organization, and replication mechanism.

However, they greatly diverge in their pathogenic featytey.

RABYV is the prototypérus ofthe genud.yssavirusnamed afterLyssdhe ancient Greek spirit
of mad rageThere are1 speciesn the genud.yssavirusf which7 are associated with rabies
like encephalomyelitis ihumans(Tablel) [13¢16]. Bats arethe primary reservoir hosts for
the majority of lyssaviruseand bothbats and carnivores playmajorrole in the continuous
circulation of RAB\Specief the genudyssavirusare dividedinto two phylogroupshased

on phylogeneticanalysis Three divergent species lkoma lyssavirus (IKOV), Lleida bat
lyssavirus (LLEBV) and West Caucasian bat lyssavirus (WHUBX®t been assigned to a
phylogroup whereasfour other lyssavirusesemainunclassified(Tablel) [17¢21]. With the
exception of RABV, which is transmitted by carnivores, all lyssaviruses in phylogroup 1 are
transmittedby bats.Phylogenetic analysasdicated that all lyssaviruses have originated from
a precursor bat virus. However, the evolutionary relationship betweentfaaismitted and

carnivoretransmitted lyssaviruses remains uncl¢as,22].
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Tablel: Lyssaviruspecies and their host reservoir§hemostrecentrevisionof the genusLyssavirus
by the internationalcommittee on taxonomyof viruses(ICTY comprisesatotal of 21 speciesAmong
them, 3 specieshave not been assigneda phylogroup *, while 4 are categorizedas unclassified *.

Speciesighlightedin bold, alongwith a humancharacter(a), denoteinstancesof humanfatalities.

Species Commonreservoir
Phylogroupl

RabiedyssavirusSRABV) =& Mammals
Aravanlyssairus(ARAV) Bats
Australianbat lyssavirugABLV) & Bats
Bokelohbat lyssavirugBBLV) Bats
DuvenhagdyssavirusDUVV) = Bats
Europearbat 1 lyssavirusEBLY]) & Bats
Europearbat 2 lyssavirusEBLY?) & Bats
Gannoruwabat lyssavirugGBLV) Bats

Irkut lyssavirus (IRKV) & Bats
Khujandlyssavirus(KHUV) Bats
Taiwanbat lyssavirugTWBW) Bats
Phylogroupll

Lagodsbat lyssavirus(LBV) Bats

Mokola lyssavirugMOKYV) & Rodents& domesticanimals
Shimonbat lyssavirugSHIBV) Bats
Phylogroup?

IkomalyssavirugIKOW Africancivets
Lleidabat lyssavirugLLEBY) Bats
WestCaucasiatat lyssaviruWCBV*  Bats
Unclassified

Divaeabat lyssaviruDBLVY Bats
Kotalahtibat lyssavirugKBLV} Bats
Phalabat lyssavirugPBLV} Bats
Taiwanbat lyssaviru® (TWBLVZ2) Bats

1.1.3.Rabies virustsucture and genome organization

RABVsare enveloped with a distinct bullethapemorphologyand an average size of 198 nm

in length and 86 nm in diametdgFigure2A) [13,23] The 12 kilobase (kb) RNA genorse
located in enveloped rod or bullet shaped particles. Members of the Vesiculovirus and
Lyssavirus genera encode 5 genes for the structural proteins nucleoprotein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G) and RNA dependent RNA polymerase
(L; large protein)Figure2A). However, many otherhabdoviruses have accessory genes or
alternative open readingrames (ORFs) within the structural gen&ge virionlipid bilayer
envelopeis acquired from the host cdlly budding from the cell membran&he surface of

the envelopharbors a trimericG [13,24] Beneath the envelope lies thigl protein, which

5
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interacts from one side with the cytoplasmic tail of t8eThe other side of th& protein is

associated with the ribonucleoprotein (RNP) complex to: (a) form the skeletal structure and

(b) connect the capsid and virion membrg2®]. TheN encapsulateshe NNSRNA genome.
Inside the virionthe N together with theP, L, and the RNA forma helical RNBomplex.The
organization ofthe RABVgenome is strictly conserved, beginning with agxtragenic
NB 3 dzf I G2 WB)sequencdF 8t RSBB R 08 (KS -NFIVNGIEZD DdzN)
are separated by untranslated regioidTRs)and ending witha trailer sequence (T(Figure
2B). Each of the five genes has a single OR&nscription initiation (T|)and transcription
termination polyadenylation (TTP) sequencssrround each ORRNd coordinate the
sequential transcriptionof five capped and polyadenylatethessenger RNAGMRNAJ
resulting inthe formation of a typical transcription gradie(figure2C) TheUTR of the virus
genesare generallyshort, with the exception of the 3JTR of theG mRNA, whicltan span
440to 700 nucleotide$26].

(A)

—
Large RNA polymerase (L)

Phosphoprotein (P) > Ribonucleoprotein

Nucleoprotein (N) complex (RNP)

-(ss) RNA _

Matrix protein (M)

Glycoprotein (G)

Lipid bilayer

Transcription gradient

Figure2: RAB\structure and genomeorganization (A) Schematic overview odbiesvirion. (B) RABV genome
organization TheNNSRNAgenomeencodes five proteins: th&l (blue), P (red), M (yellow), G (green) andL

6 KIANDK

(orang@. (C)Transcription restarts at each gene junction, with efficiency gradually decreasing from the 3' end to

the 5' end
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1.1.4.Proteins

Within the RABWRNP are three proteins: N, P, and L, all of which participate in the virion's
RNAsynthesisBoth N and P undergo phosphorylatiohhe other two structural proteins, G
and M, areassociated with the lipid bilayeiTheGis integratedin the lipid bilayer envelope
that encases the RNP corevhile the M protein lies on the inner side of the envelope

associating closely with (Figure2A)[13].

Nucleopmotein (N): The amino acidaa)sequence othe N is the most conserved among the
lyssavirugproteins, due to its critical functioas a nucleocapsid proteiflowever, despite the
conservation, there isignificant genetic variation within short segments of the N gene among
the genotypeg13]. The 5%kilodalton kDg N consists of two globular domains: the@&minal
domain NTD and the @erminal domain CTD. It interacts with both thdRNAbackbone and
specifically with som&NAbaseq13,27] enwrappingthe virusgenome intothe helicalRNP
complex The RNPserves as ra essentiakemplate for theRNRdependent RNA polymerase
complex(RdR) for both mRNA transcription and genomic RNA replicgd28,29] Replication
generates dull-length positive sensecopy of the viral RNA (VRNA), whicltagreplicatively
packagedby Nin anantigenomicRNPand serves as a template for negatisgand RNP
formation. The switch from transcription to replication is in part regulated by the abundance
of free N in the cytoplasni28]. Moreover,the N acts as an exogenous superantigangd
exhibits several properties and responses in both humans and mice. These include its ability
to activate peripheral blood lymphocytes, elicit a fast and robust uieigtralizing antibody
response, initiate early-gell activation and expansiaof cluster of differentiation 4CD4)

Vi 8 T cellsand bind tchuman leukocyte antige(HLA class Il antigens on cell surfa¢a8].

Phosphoprotein(P} P isinvolved in multiple roles in the viréfe cycle.lt forms a dimef31],
andis composed of three main domains: tidTD the oligomerization(OD)or dimerization
domain PD), also known as the central domaiand theCTD(Figure3). These domains are

connected byntrinsically disordered regiorsand 2 (IDD1 and IDDAR,27,31,32]

P-NTDcontains a binding site for L within the first 3@ residues(Figure3) to serve asa
noncatalytic cofactor ithe viral polymeras¢l3]. Additionally,P-NTDbinds the monomeric
RNAfree N(N°) within its first 60 aaresiduesto keep it solubléby inhibiting aggregation of N
and blocking its bindingto cellular RNA27]. SubsequentlyP recruitsNC to the site of viral
replication whereit encapsidateshe newlysynthesized/RNA13,29,32] P-DDis responsible

7
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for the multimerization of P27]. P-CTD is crucial for viral replicatiommune evasiofi27,33]

andis essential for théunction of Pas the main interferon (IFN) antagon[84¢37]. TheP-
CTDbinds theRNR facilitating the recruitment othe polymerase to itdemplate [27], thus
significantly contributing to'RNA synthesisAdditionally, the FCTD interacts with several
host-cell proteins, including signal transducers and activators of transcription (STAT) proteins,
importins, exportins, and microtubulegVT) [33]. These interactions are essential for
counteracting innate immune responses and evading the host's immune system. The P
functions as the primary IFN antagonist, with ;€ TDcontaining binding sites for STAT1 and
promyelocytic leukemia protein (PMyhich areinvolved in the interferoAnduced antiviral
response[32]. Moreover, P includes a binding site (aa ¢BB2) for the cytoplasmic dynein

light chain (LC8).

Phosphorylation oP occursat S63 and S64 by an unidentified kinase, ang8162, S210, and
S271 byisomersof protein kinase CThesephosphorylationeventsmodulate the activity of

the viral polymerasd27,38]

In addition to the fulllength P(P1, aa 1297), there are additional N-terminally truncated
isoforms:P2, aa 26297; P3, aa 5297; P4, aa 6297; and P5, aa 83297. Theseisoforms
are producedby ribosomal leaky scanning of the P mRJ88], andhave beendetectedin
viruses infected cells, andcells transfected with a plasmiccontaining the full P gene
[32,40,41] P1 and P2 are located in the cytoplag#i], while the other isoforms (P®5)are
located in the nucleus. The subcelluldistribution of the P isdforms is controlled by a
chromosome region maintenance(CRMJ-dependentN-terminal nuclear export signalN-
NES)which isabsentin isoforms P3P4 andP5,anda second export signaG(NE$in the R
CTD, inclos association with the nuclear localization signal (NIB3. has aunique
characteristic, which involves a mechanism where it antagoniyges-| interferon (IFNI)
throughits association with M3 Dependingon the integrity of the M§, P3 suppresses the

IFNH inducednuclear accumulation of STAT1 and the activationtefferon stimulated genes

(1SG [39].
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STAT1
N-NES C-NESW265G M287V
L N( % NN
P1 IDD1 DD IDD2
L-binding
53 89 131 182 C-NLS 297
LC8 binding
*
P1 N-NLS l
1 53 174 211 260 297
P2
20 297
P3
53 297
69 297
P5
83 297

Figure3: Pdomain map.Thelinear mapof RABV Rvasgeneratedusing DOG softwargl2]. The RABV P gene
encodes full length BRIvhich is shown in two magP1 and P1); along withN-terminally truncated isoforms R2
P5. P1 contains residuesl® required for association with the viralpkotein. All P isoforms contain the CTD,
whichhasbinding sites foboth theviral genomeassociatedNand STATIlhe NNLS, and-GlLSlomainscontain
key residues that are associated withRRWA bindingTwo red aa substitutions represemRABV DogA IFN
mutant substitutions(in this thesis)The mapwascreatedbased orreferences[41,43]

Matrix protein (M): Aside fromthe N-terminally truncated P-isoforms the M protein is the
smallestfull-length protein encoded by the RABVhe 25 kDaprotein plays a crucial role in
virus assembly and morphogenesdtanteracts with the newly produceBNPand condenses

it into a helical structure, leadg to the formation ofthe bullet-shaped structure of the
releasedvirionsby joining the turns of th&NRcore in a stringike pattern[13]. TheM protein
inhibits viral transcription while enhancing replication. This regulati@intainsthe balance
between these two processes, which is crucial for efficient virus assembly and prodoiction
progeny virug44,45] It alsoinitiates virus budding by facilitating the interaction between the
viralRNPRand the host cell membran&he first motifto be correlated with the process of virus
budding from the cell membrane surfawes theproline-rich motif (PPEYat residues 3538

of the conserved 14aaregionclose tothe Nterminus of the RABV M prote[ti3,46,47]
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Glyoprotein (G) The Gs a trimeriantegral transmembrang@rotein that protrudes as spikes
from the viral envelope and playskay rolein binding to receptors on host cell48]. It is
recognizedas a main determinann the neuroinvasivenessnd pathogenesisf RAB\{34],
and isthe only RABV protein thatimulates the production ofvirusneutralizing antibodies

(VNAs)which are the primary immunological agents combating a deadly rabies inf¢48gn

The 524 aprotein consists of @ N-terminal 19 aa signgbeptide §H that is cleaved from the
pre-mature G followed byan ectodomain (EQfpa 1439), a transmembrane domain (TM) (aa
440461), and a cytoplasmdomain (CD) (aa 46205) (Figure4) [50]. The ED of the RABV G
consists of three primary domains: the fusion dom&x(), the pleckstrirnomology domain

(EBrHD, and the central domain&Qxp [51,52]

Fourcell receptors were reported to mediafRAB\tell entry.The F' reported receptorwas
the nicotinic acetylcholine receptor (nAchR)]. The othetthree receptors are the neuronal
cell adhesionmolecule (NCAM)[53], p75 neurotrophin (p75NTRp4], and metabotropic
glutamate receptor subtype 2 (MGIURPB5]. Some studies indicad that the p75NTR
contributes significantly to the clinical manifestations lihot mandatory for virus binding
and cell entry[56]. Additionally, entry factors such asransferrin receptor 1 (TfR1p7],
Ay (i S 3[B8N ahd APRassociated protein kinase(AAK1)]59,60]supportRABV entrynto
cells According to its essential function in receptor binding and entrglags a predominant
role in thetrans-neuronaland transsynapticspread of RBVs. Intracranial (i.c.)noculation
with recombinant Ggene deleted RABV resultedinfection of the neurons at the site of the
inoculation without furtherinter-neuronalspread[49,61] Furthemore, asingleaamutation
in position333from arginine to glutamindR333Q)endered RABV ERA strain unable to carry

out cell fusion in vitrand reduced celtto-cell spreadn infected micg49,62]

Fieldand laboratoryadapted RABVshow majordifferences in replication,the quantity of G
expression andhe cell tropism.FieldRAB¥replicatepoorlyin cell culture systemexpress a

lower amount of Gand infectastrocytesin vivg in contrastto laboratoryadapted viruses
[50,51,63] During the process oRABVcell culture adaptation by serial passagings
commorly develop additional N-glycosylation sites. This results in a more effective
expression of G, leading to the hypothesis that increased expression of the G may be a key
factor in the adaptation of the virus to cell cultuf®l,64] Anexampleof cell culturerelated

adaptivemutations is theaa replacemenD247N(Figure4) which occurredin the course of
10
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serial passaging @f fieldRAB\&trainon neuroblastoma cells (N§§1,65] Likewise, the 2 aa
exchange®400T and K425(Figured), s KA OK R2y Qi NI kghdssyl&ignisites, RR A (1 A
occurredin the course of serial passagiog baby hamster kidne{BHHK cells.Improved cell

culture replication and G cell surface expression of respective virus mutants led to the
hypothesis that the main bottleneck in RABV cell culture adaptation isawefptor usage by

G, but rather the efficient presentation of G at the plasma membrane. Vice versa it was
speculated, that G retention in the ER and specific transport to synaptic membranes in
neurons is a hallmark of trarsynaptically spreading field BX[51]. Accordingly, the effect

of such mutations is addressed in this thesissults 5.1.3).

(A)
N- ED ™| cD [ ¢
! D247N* A400T K425N 505
(B)
FD PHD CD ED
1 61 141 201 281 31 419 439

© |//{S-S\ ]
D ED

I | n 1 v i

439

Figure4: Schematic diagram of RABV G domains and antigsitgs after SPcleavage RABV G linear map was
created using DOG softwaf42]. (A) RABV G main domains; the ED, TMGIJ(B) The ED consists of Higp
EDrnp and Elon The 3 red aa substitutions represent cell culture adaptive aa substitiyidhghe asterisk (*)
indicates acquisition of a glycosylation site in D24N.The ED contains the antigenic sites | (aa2329, Il (aa
34-42, and aa 19200, where both regions are linked with a disulfide bond), Il (aa33%), and a (aa 34243)
[66].

Large RNA polymeragé) TheRdRp consists of two subunits, th2, 127 ad. protein andthe
cofactorP [40]. Lis a multifunctional proteirthat performsall enzymatic activities, including

the RARp MRNA capping, and mRNA polyadenylafgh40]

Since alhon-segmentednegativestrand RNAvirusegNSV}are assumed to replicate similarly

in infected cells, it is generally considered that their L proteins have comparaidézular

activities. A comparative analysisa@sequences of L proteins from different specie®d&Vs

revealed the presence of six highly conserved reg{@#®gligned along the L protein. These

conserved regions are an important characteristic of the L Pr¢1&16769]. CR 1l contains
11
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four conservednotifs (A to D)which are characteristin allVRNAdependentRNA andDNA
polymeraseswith the Cmotif involved in forming the protein's catalytic cen{é3,40,70] As
in alINSVsthe virionassociation withyRNA polymerases essential for the onset g@rimary

transcription of the genorne RNA afterelease othe RNRinto the cytoplasni13].

1.1.5.Replication cyclend transportin neurons
The viral genomés the template for transcription of the five viral mMRNAsd replication to
produce a fullength positive sensantigenomicRNAtemplate for the synthesis of new

negativestrand RNA genomgg1].

The RABMife cycle involves a series of phases. The first phase includes binding to specific
receptors on the host cell surface to facilitate entry througbeptormediatedendocytosis.
Followinginternalization, fusion of the viral and endosomal membrane $gadthe release
(uncoating)of the viral RNPinto the cytoplasm Once released, the RNiRdergoesprimary
transcriptionandtranslationto synthesisviral proteinsfollowed byRNAreplication(Figureb,
steps 1 to 5) Newly synthesized virions are assemblatl cellular membranes and

subsequentlyeleasedrom the host cell membran® infectneighboringcells[72].

RABYV transcription and replication occur in viral factories, which are cytoplasmic spherical
liquid organelles, known as Negri bodies (NBs) in the cytop[@8in The vVRNAsynthesis
requires three proteins (N, P, and [[Z}4]. Transcription involves the synthesis of a positive
stranded leader RN#&f 47 nucleotidesandfive capped and polyadenylatedRNAg40]. The
polymerase complex pauses at specific signal sequences (U/ACUUUUUU) before resuming
transcription at the transcription start signal (UUGURRNGA). It bypassa®rgenic region

of 2¢24 nucleotides during this procedacompletere-initiation of transcription athe gene

junctions causes a transcription gradient frolnK S toe p gegh@meend [75].

While entering neuron byeceptor mediated endocytosishe virus is transported inside of
endosomes to the cell soma ldynein dependent retrograde axonal transpofigureb)
[76,77] After accumulation of val proteins in NBs anthe replication of novel RNHZ8], the
RNPs arexported from the NBs and transported to the budding si#&hough anterograde
axonal transport of RNPs in neurites has been demonstrft@fiand anterograde axonal

spread in infected mice has been shoa], detaiksof the RNPgransport to synaptic budding
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sites are unknown. For trarsy/naptic transmission to connected neurons, the virus buds at

pre-synaptic membranedollowed by infection of the next neurofigureb, step 7).

Entry ‘
s ./ Replication

# ( 1 Axonal transport o
3/ - ‘\. 2) Neuron = - :
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Figure5: Replication and transport of RABV in vivo. Entry to the host cellsoccursby receptor mediated

endocytosis. RABMs transported in endosomeswards the neuron soma via retrograde axonal transport.
Uncoating occurdy membrane fusion angeleaseof the M protein layein the cytoplasm  Transcription

takes place resulting in thproduction of p-capped and polyadenylated viral mRNAs. Viral proteins are

translated on ribosomes in the cytoplasm, except for the G protein, which is translated through the endoplasmic

reticulum (ER) Golgietwork. With the accumulation of vl proteins RNAreplication and further mRNA

transcription occur  Assembly and budding of viriotesad to ther release imo the synaptic cleftwherethey

can infectthe next order neuronsFigure is adapted fron®], and eproduced with permission from Springer

Nature, license number: 5863771270493.

1.1.6.Pathogenesis

RABVsre typically categorized into two groups: street or figlcduses(alsodubbedaswild
type (wt)), which are isolated from the field, and fixenluses, which are laadapted viruses,
usually produced by serial passaging in cells or lab anifRjare6). Field virusesisually
exhibit higher virulence after peripheral infectionFixed viruses typically are capable of
causing more constant course of disease in animals. However, in comptrigeld viruses,

fixed viruses can be still virulent but usually more infectious \dnseis required to establish
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disease. By extensive cell culture passaging, highly attenuated vaccine strains such as SAD B19
have been developed, which have lost the ability to cause clinical disease after peripheral
intramuscular(i.m.) inoculation, whereas lethal infection occurs after direct instillation
(Figure6) [80]. Overal] fixed viruses differ from street viruses by a more predictable and
shortened incubation period, a stable level of virulence, and a decdsaseomplete loss of

infectivity when introduced into the periphefy31].

RABV pathogenesis is primarily characterized by neuroinvasiveness and neurottogism

of whichareaffected ly viral proteins and norcoding genomic sequencf&?]. Nevertheless,

the G is the primary pathogenesis determinant, influencing the rate of virus uptake; trans
synaptic spread to and in the CNS, and replicajd®83] Its expression level can influence
pathogenicity of the virus through induction of cellular apoptd§i4]. Recent work also
suggesed limited cell surface expression of field viesss in infected cell cultures and thus
limited release of infectious virions in the cell cultssipernatants. Limited release of virus
particles could limit immune recognition of field viruses and thus contribute to the high
virulence ofthese viruse$51]. Another main pathogenesis factor is innate immune escape by
RABVP (1.1.7). The detailed rolef those escape functions and their contribution to the
different steps of virus replication and spread in the infected orgamesmain elusive. Overall

it is assumed that field virus infections express a delayed innate and adaptive immune
responss, whereas attenuated strains induce earlier inflammatory responses and, in some

cases, are restricted to a subclinical infection of peripheral and central nervegigfje

rRABV Dog
rRABV Fox SAD
rRABV Rac L16
field fixed fixed
highly still attenuated
virulent virulent vaccine

i.m. i.m. i.c.

Figure6: Schematiaepresentationof different strains offield RABVs and fixe@aboratory-adapted) RABVs
highlightingdifferencesin virulence and the ability toreach the brairbased orthe inoculationroute.
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1.1.7.Immune Respons& RABYV infection

Eachof the five proteins of RABV can interfere with the immune respaasarying extents

via different mechanism$85¢88], with the P being the primary interferon antagoni$89].
Theprimaryinnate antiviral response of cells to viral infection is the activation ofl [PN].
Infected cells produce and release ENvhich then signals back to the same cell (autocrine
signaling) or to neighboring cells (paracrine signaling) by binding to thel t\fi¢ receptor
(IFNAR thusactivating theJanus kinassignal transducer and activator of transcription (JAK
STAT) pathway37]. Thisbinding triggers the phosphorylation of STAT1 and STAT2 at
conservedtyrosine residuegorming phosphorylated STATs {§YATs)35,39,89,91] These
pY-STAT1/2 then form a complex wititerferon regulation factor 9IRF9 and migrate to the
nucleusfor bindingto IFNstimulated response elements (ISREBIFN stimulating gene (ISG)
promoters leading to the activation of numerous Hrégulated genes (IRGs), including
antiviral geneg[35,89] This process establishes a cellular antivgi@te and aids in the

development of an adaptive immumesponse.

Viruses employ several tactics to undermine the IFN respbgdENantagonist proteinsa
crucial aspect of infection and disease developm@&. This response progresses through
three stages: IFN induction, IFN signaling, and IRG effector activities, all of which can be

affected by the RABV[B5,36,89,92]

RABVP counteractspY-STAS by interaction with pY-STATASTATZ2 heterodimersvhich
prevents dephosphorylation, leading to thaccumulation of pY¥:STAT4STAT2in the
cytoplasm.The R.rpbinds to STAThomodimersdirectly, but has no effect onts expression
or the tyrosine phosphorylation Conversely, the P is involved in the removal of STAT1 from
the nucleughroughthe N-NES of the Pprotein, thereby preventing its interaction witthe
DNA[89]. Various studieshowed that the P utilizedifferent binding sitesin the CTD to
facilitate interactions with both the N and the STAT protdb8. Theinteractions between
Pcroand STATSs, as well as their antagonisakes place through a complex binding site
consisting of three region®, B and LA and B directlynteracts withSTAT1 region containing
coiled-coil domain (CCD) and DN#ding domain (DBOBTATACCEDBD)while Cinteracts
with N- and Gterminal domaing35,93]

Another interface in the E&pthat affects STAT1 binding and antagonism is a hydrophobic
L2 O1 S 1y 2 Ky {[=04ivkcB hawors key residuednsisting of C261, W265,
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and M287[33]. Introducing 2 aa mutations (W265G/ M287V) in thed¥®-hole was shown
to impact the stability of the protein foldinfg5]. Although mutations in the Whole impair
STAT1 binding and antagonif§®d], further studies showed that this interactiahd not occur
throughadirect physicatontactbetween the Whole and STAT[B5,93] Additionally,the 2
aamutations(W265G/M287Y were found tosubstantially reduce the pathogenicity RABV

in vivg, demonstratingts major impacton the virulence[56].

1.1.8.RABV Tropism

Although RABYare widely reputed for their strong neurotropism in vivo, several studies have
reported strainspecificinfection of norneuronal cells in the periphery and also in the brain
[63,79] It was previougl shown that a wt RABV straimoiculated in skunks, has the ability to
infect muscle cells at the site of inoculatif80,95,96] In line with the previous findingnice
inoculatedi.m. with 2 different RABV strains, one that causdsthal infection(Nishigahara
strain) and the other causesa subclinical infection(Ni-CE strain), showed stableviral
replicaton in muscle cells only the case ofinfection with theNishigahara straif84,97] The
study demonstrated that the Nishigahara RABV strain infects muscle cells and enters
peripheral nerves by utilizing thE-Nantagonisic activity in its P. This process is primarily
facilitated by the Nlerminally truncated isoforms of th€. These findings indicadethat the
ability of a RABV strain to infect muscle cells is directly linked to its pathogemdiiynmune

response antagonistic activityd4,80,97,98]

Besides potential initial replication in nereuronal muscle cells, infection of dlells in the
brain and peripheral nerves may play important rolesthe outcome of RABV infection
[63,79] During viral infection, astrocytes are major producers of -ilFNcontributing
significantly to the brain'snnate immune responsf9]. Additionally,neurons play a critical

role, predominantly generating IFNilongside astrocytefd 00].

The variation in tropism between RABVs can mainly be attributed to whether the virus is
directly isolated from the fieldor lab adapted Moreover, the route of virus introduction into
the hostcan bea critical factor influencing tropism for some virus strains. For instance, RABV
rCV&l1l is unable to infect astrocytes when inoculated i.m., but it successfully infects
astrocytes when inoculated i.§63]. Althoughthe factors determirng differences in the in
vivo cell tropism of RABV straihgwve not yet been fully elucidatedbortive infection of

astrocytes by attenuated lab strains has been attributed to a poi&iNI response[99].
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Whether field strains efficiently infect astroglia in the brédure toa more efficient IFMescape

mechanismpr whether other factorare involvedremainsunknown[63].

1.2. SAR8&C0\2

Severe acute respiratory syndrome coronavirus 2 (S2R&), the virus responsible for the
coronavirus disease 2019 (COM®) pandemic, was first identified in Wuhan, China, in late
2019[101]. It is a member of the coronavirus family which includes a group of enveloped
viruses with positive sense singganded RNA (ssRNA) genome that infect a wide variety of
vertebrates [102,103] Coronaviruses (CoVs) share some characteristics including high
mutation rates, broad tissue tropism and cresg®ecies infections. Since 1960s to date, seven
different human CoVs were identified including three highly pathogenic strains: Middle East
respratory syndrome coronavirus (MER®V), severe acute respiratory syndrome
coronavirus (SARSoV) and SARSV2. Both SARSnd MERE0Vs caused outbreaks in
20022003 and 2012 respectively04,105] SAR€0V2 is a novel coronavirwgtrain that was

first reported in late 2019 at the Huanan seafood market in Wuhan, China. The virus spreads
primarily by droplets and causes a highly transmissible form of pneumonia. It affects
individuals differently, from asymptomatic cases to sevespmatory illnes$106,107] It was

first isolated from bronchoalveolar lavage fluid samples (BALF) of patients who had visited the
market and exhibited symptoms such as fever, dyspnea, cough and lung patchy infiltrates. The
genomic sequence and phylogenetic analysis confirmed thatatriovel CoV that originated
from an animal sourc€l06,108] The transmission of the virus among individuals occurs by
respiratory droplets or fecal/oral routl 09]. Following the World Health Organization (WHO)
declaration of COVHD9 as a global pandemic in March 2020, SBB®& became the main
research focus worldwidgl01,110] Mutations in SARSo0V2 have resulted in variants with
varying transmissibility and vaccine efficacy. Moreover, spillovers have been detected in over
31domestic and wild animal species such as dogs, cats, minks and tigers. This wide host range
increases the risk of new variants emergeft&l]. So far, the WHO declared five SARS

2 variants of concern (VOCs) with enhanced transmissibility and/or immune escape: Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.[11.B3R3he
pandemic has triggered worldwide public health measures such as lockdowns and rapid
vaccine development and the global response continues to adapt as understanding of the virus

evolves.
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1.2.1. Taxonomy
Covsbelongto the order Nidovirales suborderCornidovirineagfamily Coronaviridaeand
genus Betacoronavirus The ICTV first introducg the order Nidoviralesin 1996 to

accommodate bothArteriviridaeand Coronaviridagamilies[113]. The nameNidoviralesis

derived franthe Latin worchidusY ST yAy 3 WQySaiQQ gKAOK NBFf SO

member viruses that transcribe a nested set of subgenomic mRNAs during gene expression
[114]. This order currently contains eight suborders among w@iciidovirinea@volves the

most epidemic viral strainfl15,116] The Coronaviridaestudy group (CSG) of ICTV aims to
place any newly emerged CoV within tGeronaviridad¢amily. At the beginning of COVID
pandemic, the WHO provisionally named the causative virus as20a¥V By February2020,
following phylogenetic analysis of the viral genome, the CSG renamed the virus aSSARS

2, and assigned it to subfamifyrthocoronavirinag genusBetacoronavirusand subgenus
SarbecovirusConventionally, CoVs were classified based on the serological reactivity of the
spike (S) proteins. Currentlyréther depends on comparing the genome sequences encoding
the most conserved and replicatieassociated viral proteins. This provides a more detailed
understanding of the genetic relationship and evolutionary history of the viruBes.
domains conserved in all coronavirusesre selectedo quantify the variation and determine

the taxonomic position of SAR\2 accordingly117]. These conserved domains are critical

for the virus replication and function and they include:I8@ protease (3C[P), RdRp, Zinc
Binding Domain (ZBD), nidovirus RdRpociated nucleotidyltransferase (NiRAN) and
superfamily 1 helicase (HEL[118]. Some of these sequences were previously used, with
additional domains to classify MERSV[119]. Based on the pairwise patristic distance
estimated, the SARG0V2 is classified as a member of the species Severe acute respiratory
syndromerelated coronavirus (SARSDV)[117]. This demarcation was confirmed by the
construction of a phylogenetic tree with neighbor joining method using the whole genome
sequence®f genusBetacoronavirusin this tree, SARSoVf2 clusteed with four horseshoe

bat coronaviruses and another two strains isolated from pangolins in a clade parallel to SARS
CoVs and other bat SARSoV[105].

1.2.2. Epidemiology
In the 1930sinfectious bronchitis virus (IBWasidentifiedin chickens marking the discovery
of the first animal CoY120,121p L 0O ¢l ay Qd dzyGAf on he8stNBE f
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humanCoVgB814 & 229E isolates)ere identified [122]. Interestingy, dectron microscopy
inspection revealed that the two human respiratory viruses, 229E and ,B@&de
morphologically identical tthe avianIlBV[122]. So far there are 7identified CoVs tlat can

infect humans Among them4 which are known as common human G¢229E, NL63, OC43

and HKU1,)while the remainin@ (SAR® 0V, MERE0V and SARS0\,2) are known for their

ability to cross species barriers, causing varying degrees of impact on public health, ranging
from localized epidemics ithe case of SARSoV and MERSoV to a global pandemic as in

the case ofSAREC0V2 [123].

The initial identification of SARS\2 occurred in December in Wuhan, China. €hdiest
identified case was a worker at the Huanan seafaodrket who presented with severe
respiratory illnes$124,125] Thiscasemarked the beginning of what would become a global

health crisis ashe virus spreadapidlyworldwide.

Up until this point the debateoverthe origin of SARS0V2 remains unresolvedwith 2 major
circulating hypothesesThe first suggests thahe virusoriginated froma zoonoticspill over
event (Figure7), potentially linked tothe Huanan seafood markeivhich notablyincluded

other live animalssuch ascivetswhichwere previouslyassociated with SARSV[126]. This
hypothesissin generaimore plausibly acceptedithin the scientific communit. The second
theory, on the other handproposesthe possibility ofa laboratory leak from the Wuhan
institute of virology (WIM)L27]. Comparative genomic analysis has demonstrated a significant
similarity between SARS0V2 and bat SARI&e coronaviruses. Specifically, SARM2
shares 96.2% full genomic sequence identity with bat CoV RaTG13, making the latter the
closest known relative to SARSoV2 with respect to RdRp and S gene sequences.
Furthermore both viruses possess a longer S gene sequence than other-SARSwith
93.1% sequence identityOther bat CoV strains (e.g. ZXC21 and ZC45) showed less but
considerable homology witbARE0V2 [128]. While these sequence comparisons support
the theory of a zoonotic origin for SARSV2, they refuted its emergence as a result of
recombination event$129]. Pangolirassociated CoV strains similar to SARY2 have also

been detected and added to its related lineagaggesting pangolins as possible intermediate
hosts, but not natural reservoir§l30¢132]. SAR&0V2 also shares 79.6% nucleotide
sequence similarity with SAR®Vand both utilize angiotensin converting enzyme 2 (ACE2)

as a cell entry receptor. The S gene of SBR& harbors the most detected variations.
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Compared to SARS0V, SARSoV2 S protein has three insertions in thet&tminal domain
in addition to four substitutions of key residues in the receptor binding dorfiiB]. It also
contains a unique furiiike cleavage site, absent in other SAIRS CoVs, that potentially
enhances the pathogenicity of SAR&\2 [133].

Reservoir host Intermediate hosts Spillover to humans Human-to-human

transmission
Virus is Virus jumps from Virus jumps to Virus spreads
maintained in bats to susceptible humans through from person to
bats species close contact with person
infected animals
/—--\ /_\
3 / ‘m [ ] [ ]
] 25-60 years %
of mutations
’Sg | —- J —_— —_—
~— " ~—_
(% &) &8 (3
Bat coronavirus SARS-CoV-2 SARS-CoV-2 variants

Figure7: Zoonotic transmission of SARS0\2. Schematic overview of theoonotic spill ovetheory regarding

the origin of the SARG0V2 pandemic, withprevailingevidence pointing towards a zoonotic sourdde first

box from the left showsbats (Chiropetra)which are commonly recognized as thatural reservoir of CoVs.
Zoonotic pathoges mustadapt to human environment$o transmit to humans, a processten driven by
random mutations accumulating over generations in the viral genoriibe secondox shows from top to

bottom, the masked palm civet (Paguma larvata), the raccoon dog (Nyctereutes procyonoides), and the European
mink (Mustela lutreola)These animalsare consideredpotential intermediate hosts that the virus migltave

pas®d through during this evolutionary proces$¥he third and fourth boxes indicate the successful zoonotic
transmission of the virued humansandsubsequenpersonto-person spread.

As of 19 November 2023, the pandemic has resulted in over 772 million confirmed cases
worldwide, spanning all continents, with the global death toll surpassimgilén. (Figure8)
[125].
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Figure8: Number of COVIEL9 cases reported weekly by WHO Region, and global deaths-thgy28tervals, as
of 19 November 202R125].
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In 2022, the éderal statistical office in Germanyin 2022,reported a total of1.06 million
deaths with COVIBEL9 beinga significant contributor to mortalitgpccounting for 4.9% of all
deaths(Figure9). This equateso approximately 51.940 death attributed to COMIB This

figure uncerscores the profound impact of the COMID pandemic on public health and

mortality within the country.

Leading Causes of Death
in Germany

Diseases of circulatory system 33.6

Malignant neoplasma (cancer) 21.7
Mental or behavioral disorders 6.4

Diseases of the respiratory system 6.3

CovID-19 4.9

Injuries and poisoning 45
Diseases of the digestive system 43

Other 18.2

Causes of death by type of disease in %, 2022

Source: Statistisches Bundesamt (Destatis), 2023

Figure9: Leading causes of death in Germany in 20R22022,COVIBEL9 wasthe fifth leading cause of death in

Germany The dataprovided bythe Federal Statistical Offiagffers a crucial perspective on the extent of the
LI Yy RSYA Ol GermanyLd O

1.2.3. Structure,genome andproteins

Thegenomesize of common CoVs exhibibnsiderable variability, ranging from 24.5 to 31.8

kb across different generaith the averagegenome size of betaCo\&bout 30 kb[134].

HR 5 SOSNE it [/ 2+xa | A 3adesUTRréplicaBeSEM-N-A-OTR & { NHzO (
poly )i Af Ff2y3 gAGK | 0O0S&aaz2NE [135 yiegendmx Ol ( SR
architecture compriseseveral ORFs: (a) ORFla @RF1b, which encode for natructural
polyproteins; (b) genes responsible for the synthesis of viral structural proteins; and (c)
interspersed accesspigenes, such as ORK3RF1la and ORF1b occupy approximately two

thirds of the viral genomeand encode two polyproteins by ribosomal frameshifting mode

[136]. These polyprotein precursors are subsequently cleaved by viral proteases into-16 non

structural proteins (nsg, whichplay pivotal roles in CoV replication and immune evasion
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mechanisms. The four primary structural protesymke protein (S), nucleocapsid (N),
membrane (M), and envelope (Hollectively constitute the virion structure. While the
functional roles of some accessory proteins remain incompletely understood, theritpa
interferes with the host immune responses through diverse mechani$8¥d. TheSARSC oV

2 particle is pleomorphic and ranges from-680 nm indiameter Figurel0) [138,139]

Spike (S)

Nucleocapsid (N)

Membrane (M)

Envelope (E)

RNA viral genome

Figure10: SARSCoM2 virus particle. (Left) a full spherical virion (Right) a cross section showing the spike
proteins (S) which are protruding on the virus surface, the nucleocapsid proteins (N) that are boundRiNthe
the membrane proteins (Mbhat spans the viral envelope and tle@velope proteins (E) which are embedded
within the viral envelope.

The genome of SARBV-2 is approximately 29.9bk as indicated by the NCBI reference
sequence (NC_045512.2/GenBamkiN908947.3. This genome encodes a polyprotein of

about 7096aa residues responsible for the formation of both the structural and-sibactural
proteins[124,140,141]1t has 14 ORFs, that encodes a total of 31 profeiret are organized

Ay GKS alyYS aSljdzSyoO0S 2NRSN) FNRY Fowellj[237]0 Q Sy R
Thepolyprotein 1a (ppla) is produced by direct translation of ORF1a, wbilgrotein 1ab

(pplab) is produced when the reading frame translatioshigted at the junction of ORFla

and ORF1b. Within all SARSRyVs, the process et ribosomal frameshift is facilitated by a
frameshift stimulation element (FSE). This FSE is characterized by astémaaed
LJASdzR21y 20 &aidNUzOG dzNB { ke dlippdrydRNABCRUBGEGIIRIAAAG) (1 K S
[142]. Both ppla and pplab polyproteihsive multiplepapainlike proteases (PI°) and main

proteases (M) cleavage sites, facilitating viral proteolytic procegsivhich results in the
generation of16 nsps[143]. Additionally, the remaining ORFs in the S&R82 genome

encode a total of 4 structural proteins and 11 accessory pro{éidg|.
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Nonstructural proteins (nsp) Structural and accessory proteins
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Figurell: Genome organization of SARS\2 reference sequence (NC_045512.Zhe genome begins with
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ORF1b, span thaitial part of the genome and encode for polyprotethat are processed into 16 nonstructural

proteins (nsps) which are critical for viral replicatidine ppla includes nspl to nspll, while pplab, which is

produced when the ribosome bypasses the stop codon at ORF1l1a by a ribosomal frameshift, extends to include
nspl2 to nspl6. The structural proteins includ&3W, andN, which are essential for viral particle assembly and

host cell entry. Interspersed among these are ORFs for accessory proteins ($,7&h 7b, 8, 99c and

potentially 10, whose functions range from virdsst interactions to modulating the host immune response.
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Acknowledgementsthis figure has beemodified froman originalcreatedby Jessica M Tucker, JuHge Lee

and Britt A Glaunsingeas depicted orBiorender.

1.2.4.SARSC0\2 structural proteins
SAREC0V2 possesses four major structural proteins: S, Mynd E each essential for virus

replication

The S protein is pivotal for host cell entry, comprising 1273 amino acids, including a signal
peptide at the Nterminus (aa 113). It is organized into two main subunits: the S1 subunit (aa
14-685) and the S2 subunit (aa 6&8873). The S1 subunit, contaigian Nterminal domain

(aa 14305) and a receptebinding domain (RBD) (aa 3%21), binds to ACE2 receptors on
host cells to initiate infection. Notablga substitutions at the binding interface, such as F486
instead of 1472 and E484 instead of P470,arde SARS0V2's affinity for ACE2 compared

to SARE0V. The S2 subunit facilitates membrane fusion through its components: the fusion
peptide (FP) (aa 78806), heptapeptide repeat sequenc@dR) (aa 912984) and HR2 (aa
11631213), a transmembrane (TM) domain (aa 12237), and a cytoplasmic tail (CT) (aa
12371273)[144]. The FRonserved segmentsomprise primarily hydrophobic residues that
disrupt lipid bilayers oftarget membraneg145]. HR1 and HRare short repeat sequences
consistingof hydrophobic(H), polar(P) and chargedC)aa residues arrangkas: HPPHCRC
Theyform a sixhelical bundle (61B) that brings the viral envelope close to the host cell

membrane, enabling viral fusion and enfty44,146] The TM domain anchors the S protein
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to the viral membrane, whereas the CT regulates viral packd@#). The S protein trimers
appear as bulbous crowshaped structures surrounding the viral particles (hence the name
corona= crown). CoV S protein remains intact in the native state until being activated by host
proteases via S1/S2 cleavaffel4]. SARE 02 features a uniquepolybasic S1/S2 furin

cleavage site which causes increased infedtiat8].

The SARE0V2 M glycoprotein, approximately 222 amino acids long, is the most abundant
structural protein in the virus envelopgl49]. It comprisesthe following domains: an N
terminal ectodomain three transmembrane domains mostly embedded within the viral
envelope, a flexible juxtamembrane hinge segment, and-ia NI A-shéef sanidwich
domain inside the virion, followed by at€minal intravirion tail [150]. It plays a crucial role

in the virus's lifecycle, primarily in viral assembly and particle formation. Additionally, M
protein forms a mushroomike homodimeric structure that is mediated via the interaction of
transmembrane and BD domains, whereas juxtamembrane hinge region controls the
conformational transition of M protein using three key residues (Y47, K50, and Y95) that are
highly conserved among BetaCoWserall, the M protein's structure and interactions are vital

for maintaining the structural irggrity of the virus and its replication cygles1].

SARE0V2 N protein is B RNAbinding protein composed of 419 aa that form NTD (aa 44
174), CTD (aa 25%4) and three IDRs. The IDRs involvarm (aa 143), central linking region
(LKR) (aa 17854) and Qail (aa 365419). The flexible structure of these IDRs allows for the
essential biological macromolecular interactiofi2]. Nuclear magnetic resonanc@&lfR
structure of the NTD reveadl a right handshaped fold with a prominent fingdr A th&irpin

rich in alkaline aa residues. TBisucture formsa strong positivehcharged canyon between

0 K haifpin and the core of NTD thus providing a potential Ri#ing site[153]. The self
dimerization of CTD confers additional ssRNA binding sites and overall structural stability of
SAREC0V2 N protein[154]. Moreover, theCTD also mediates liquidjuid phase separation
(LLPS) to recruit kinase complexes that induce hggévation of nuclear facte . -6 b ©
and subsequent inflammatidid 55]. The LKR involves highly conserved leudrieislands (aa
218¢231) with a potential role in LLP8dditionally, a overlapping sequence spanning
residues 21835 form a helix that promotes tetramerization of N protein enhancing its co

assembly with nucleic acids. Near the NTD, the linker sequence also containsrisérine
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regions (aa 17206) to serve as phosphorylation sitd$6]. As with all CoVs, thet&il of
SARE0V2 N protein enables its interaction with M protein for virion packadirsy].

The SARE0V2 E protein, a small structural component consisting of odlamino acids,
includes a central hydrophobic transmembrane domain (TMD) flanked by hydrophaitdN
Gterminal domaing158,159] It plays a critical role in the viral lifecycle, notably by forming
pentameric viroporins through its TMD, which facilitate ion channel activity that regulates the
AYGONI OStfdzft I NI A2yAO YR LI O2yRAGAZ2YEAS AYLI (
ability to oligomerize is essential for its function in altering the transmembrane voltage and
cell membrane permeabilitjl60]. Additionally, at the Ef&olgi intermediate compartment,
specific residues such as GLU 8 and ASN 15 contribute to the stabilization of the protein
through hydrogen bonds, enhancing its ion channeling actjti]. The @erminal end of

the E protein interacts with other viral proteins and Golgi scaffold proteins, playing a pivotal
role in promoting viral budding and assembly by recruiting necessary components to the Golgi

apparatug162].

1.2.5.Replication cycle

The life cycle of SAR®V2 begins when the wis particles ivadethe host cells. ACEthe

main SARE0V2 entry receptoris expressed in type | and Il pneumocytes, blood vessels and
alveolar macrophage$igurel2, step 1) However, its ubiquitous distribution in other organs
(e.g. heart, kidney and liver) expands SARS2 tropism beyond respiratory system
[163,164] Additionally, SARE0V2 has a unique polybasic S1/88n cleavage site (FCtBat
amplifies its abilityo enter into the lung and airway epithelial cell$65]. Initially, the RBDof
GANI £ {m NBO23IyAT Sa IyR oAyRa (2 !/ 9nd | LRY
serine 2 (TMPRSSZ2) hydroly#tee S protein athe S1/S2 cleavage sitallowingS2to insert

the fusion peptideinto the cell membrane causing conformational rearrangements for viral
fusion and entryj166,167] Depending on TMPRSS2 availability, S2R& can alternatively
enter host cells via endocytosis at low pH using catheddi68]. Once inside the cell, N
protein releases theviral genomeinto the cytoplasm(Figurel12, step 2) The full length
positivesense genomic RNA strand serves as a template to synthesize neggtsae copies

for genome replication.

As describedibove the translation of positive strand SARSV2 RNA genome yields ppla
and pplabthat undergo proteolytic cleavagey PIP°and MP™© into Nspt11l and Nspl26

25



Introduction

NEALISOGAGSEt &d ballv tranlaidh] Nspd Kadlitatk 2iral (re@lizationpNE G S A
and Nspl1216 includethe main enzymes needed for RNA synthesis and modific&Eiguire

12, step 3]152]. CoVs reshape cellular endomembratefrm replication organelles, mainly
double membrane vesicleeDMV9, which are tethered to ER to ensure a favorable
environment forvRNA sgthesis(Figurel?2, step 45)[169]. The DMVs have a transmembrane

pore complex to allow the exit of nascent RNA molecules for translation or pacKagilg
Meanwhile, N protein aggregates around DMVs to encapsulate newly emerging genomic RNA
strands before they reach the assembly site. The assembly with S, M and E takes place at the
ERto-Golgi intermediate compartment (ERGIE)jgure 12, step 67) [171]. Unlike other
enveloped viruses, the mature viral particles of betaCoVs utilize exocytic lysosomes to leave
the infected cells(Figure 12, step 89). This unconventional egress acidifies lysosomes,

inactivates the lysosome degradation enzymes himtflersantigen presentation172].
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Figurel2: SARSCoV2 replication cyclewithin host cells 9 vy iinthidhe host cells bynembrane fusion or
NBOSLIi 2 NI YSRA I (iThRvird gemomei réléasedl itdthe cytoplasm and translated by the host
ribosomes® The production of polyproteinavhichare cleaved by viral proteases into functional components

of the RdRp complex The RdRp complex uses the genomic RNA as a template to synthesize complementary
negativesense RNA intermediates. Theseintermediatesserve as templates for the production of positive
sense genomic RNA and subgenomic mRNAsThe subgenomic mRNAs are translated into structural and
accessory proteins, including the S, E, and M proteinsThe newly synthesized positigense genomic RNA is
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encapsulated by N proteins and buds into the@®&®tgi intermediate compartment (ERGIghere itacquiresits
envelope decorated with the structural proteins.~  Finally, the assembled virions are transported to the
cell surface and released via exocytogisknowledgemento: Jessica M Tucker, JuHge Lee and BritA
Glaunsinger, as depicted on Biorender.

1.2.6. Golden Syrian hamsteas an animal model for SARS0\ 2

Although Golden Syrian hamstédésocricetus auratyss a commonly used species in disease
research, it has only recentained attention asn animal model for infectious diseases. It

has been used to investigate over seventy different viruses at present such as Ebola, Marburg
and NipahCompared to other murine models, the Syrian hamster shares greater similarity to
human with respect to viral pathogenesis, clinical manifestations and immune resfatge

For instance, human cytokinesich aslL-2, I:12 and 121 are immunologically active in
hamsters[174]. Additionally, he macrophage migration inhibitory factoM({F) of Syrian
hamster shows structural and functional resemblance to that of huwnd5]. These
advantages, together withheir rapid reproduction rate and easy handling, make golden
Syrian hamster an ideal animal model to study human viral diseases and test new vaccines and

antiviral drugq173].

The ideal animal model for COVID should be susceptible to SAB&\2 infection, express
the same viral entry receptoyand replicate the full range of the disease manifestations as in
humans[176,177] SARSC0oV2 shows weak binding affinity to murine ACEZ2; therefore, the
use of inbred mice in COVI research is diminishgd78]. Although the virus successfully
infected human ACE2 transgenic mice and recapitulated the CT®/phenotypes observed

in patients, the high cost and long breeding time of the animal model are limiting fdt#&9%
Meanwhile, ferrets inoculated with SARR®V2 show mild clinical signs and relatively low viral
load in lungg180,181] Both cynomolgus and rhesus macaques have been also infected with
SAR&0V2 and showed pneumonia and viral sheddii$2,183] However, the difficult
operation with nonhuman primates and their small sample sizgosea research challenge
[181].

Chan et al. suggested golden Syrian hamster as a readily available animal model feL€OVID
given the high binding potential of its cellular ACE2 to SB&R& S protein. They found that
this model can simulate the clinical, histopathological and immugiold features of COWAD

19 in humas. The SARGSoV2 infected hamsters showed weight loss, lethargy and rapid
breathing in addition to viral shedding with specifically high viral load in nasal turbinate,

trachea and lung tissues. The histopathological changes involved nasal submucasaidnfilt
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tracheal cilia loss and severe pulmonary hemorrhage. The -exiraonary manifestations
also align with those reported in COVIB patients autopsies such as intestinal mucosal
infection and myocardial degenerative changes. The chemokine/cytokine prdfiteo
infected animals was induced corresponding to the viral replication kingli@4]. These
hamster models also have a remarkably low infectious dti3g), since only five infectious
particles are sufficient to produce SAR8\V2 infection in half of the animal group. Unlike
other animal models, they can replicate severe COGMDN the form of acute broncho
interstitial pneumonia and prolonged viral sheddin ¥ 2 NJ {4861 MoRebv@rithey can
demonstrate acute lung injuryAL) as a result of severe SARBV2 infection with the
following key features: acute inflammation, increased alveolar permeability, hypoxemia and
lung histologic abnormalities (e.g. thick alveolar membranes and accumulated debris in the
alveolar space)186]. Compared to other hamster species, several human CQ¥I§igns
were exclusively described in Syrian hamster such as agébsiacomplete loss of taste
function of the tongué anosmigthe complete loss of sense of smeali)d olfactory infection
[187]. These consistenand measurable outcomes make golden Syrian hamster an

appropriate SARS0V2 experimental mode]185].

During the early months of the pandemic, basal SBR®2 strains isolated from different
global regions showed comparable effects among hamster infection models. Even after the
emergence of VOCs, little pathogenic differences were repofie&¥]. Syrian hamsters
challenged with Alpha variant had higher nas&®NA levels and lower functional titers
compared to B.dnfected counterparts; whereas both showed similar lung pathology.
Hamsters previously infected with B.1 variant were resistant to B.1.1cha#engeg188]. In
another study, both Alpha and Beta variants caused comparable signs in hamsters with
respect to histopathology and lung infectious titelonetheless, B.1.1.7 infection triggered a
broader antibody response and neutralization actijityy9]. Hamsters infected with Delta
variant replicated similaclinical outcomes as in humans with respect to increased illness
severity and prolonged viral shedding, where the animal models showed high viral genome
levels in the respiratory tract for 14 day$90]. Also, Omicron caused similar degree of
pathogenicity, virulence and immune evasion in experimental Golden Syrian hamsters and
human patients. The B.1.1.52%allenged hamsters show less severe signs of infection in

terms of weight loss, clinical scoresral burden and immune dysregulation as compared to
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B.1.617.2infected hamsters. Both variants were comparably transmissible among those
animal models via close contact; however, hamsters contracting Omicron variant were more

resistant to neutralizing antibodig491].

Humanto-human SARE0oVf2 transmissibility greatly contributed to the rapid spread of
COVIBL9 worldwide[192]. However, the zoonotic transmission involving humans in close
contact with domestic animals represents an additional risk fa&aoren their high SARSOV

2 susceptibility, golden Syrian hamsters kept as house pets are potential source of virus
infection for humang193]. Two events of zoonotic transmission from imported pet Syrian
hamsters to humans followed by perstm-person transmission led to the 4iatroduction of

Delta VOC in Hong Kofg93]. Alternatively, naive hamsters contracted the infection via
aerosols 6/ days postontact with SARE0V2 inoculated counterparts. Transmission via
fomite contact was less likely compared to aerogaB4]. Therefore, golden Syrian hamster
was utilized to develop a natural transmission model, as an alternative to intranasal challenge,
to mimic the human airborne SAR®V2 infection route. The recipient animals who were
adjacent to infected ones showed variable clinical readouts but compargRNA and
histological changes in the nasal cavity as well as pneumonia. Although these transmission
studies are influenced by biological, physical and environmental confounders (e.g. host
immunity, virion aerosolizatiorgirflow, temperature and humidity), they remain essential to

test COVIEL9 countermeasures in vi\j@95].

1.3. Tissue optical clearing (TOC)

Biological tissues comprise heterogeneous structures with diverse densities and sizes ranging
from cells and cellular organelles downnmacromolecules. Although all these components
exist in a watetased matrix with uniform refractive index (RI) of 1.33, each one of them has

a variable Rl valu¢196,197] The RI mismatch between the tissue constituents and the
surrounding medium causes strong scattering of incident light. Therefore, deep imaging of any
tissue specimen initially requires the manipulation of its optical properfie38]. The
cumulative attempts to adjust the RI differences led to the development of TOC by late
twentieth century[198,199] This approach uses optical clearing agents (OCAs) to render
tissues transparenfl99]. The fundamental physical principles of TOC are the reduction of
light scattering and light absorption by Rl matching and removal of tissue pigments. OCAs have

versatile molecular structures including sugars, alcohols, organic acids or solVéats
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chemical interaction between OCAs and biomolecules affects the clearing potential. OCAs
with higher RI usually induce better TOC by gradually substituting the water molecules via
hyperosmolarity thus increasing the tissue background RI. The removal &R ltigimponents
(e.g.lipid) can further reduce the RI mismatch and light scattefl®$,200] TOC allowed for
gathering macroscopic and microscopic structural and functional information from large and

intact mammalian specimerj200].

Basically,TOCmethodsare classified into three major categoriesydrophobi¢ hydrophilic

and hydrogebased approachef01]. Hydrophobic TO@nethodusd in this thesis useR}
matching organic solvents which usually shrink the tissltemvolves three major steps:
dehydration, delipidation and Rhatching. Antibody staining is sometimes conducted as an
optional stepin case of absence of aendogenousfluorescent protein[201]. The main
challenges of organic solvebhdised clearing methods are: tissue transparency,
immunolabeling and stability of fluorescen§202)]. Incubation of tissues with alcohol for
dehydration followed by benzyl alcohol/benzyl benzoate (BABB) foraRihing successfully
cleared smailkized specimens. Although BABB enables antibody staining, it rapidly quenches
the fluorescent signals. Therefqra refined fluorescenc&iendly method named 3D imaging

of solventcleared organs (3DISCO) was developed. This protocol subdtaldehol with
tetrahydrofurane (THF) to preserve the fluorescence for a longer period of time.
Dichloromethane (DCM), a delipidating agent, can be briefly added to clear small tissues. It
also uses dibenzyl ether (DBE) as clearing agent which significaptiyves the clearance in

large tissues compared to BAB®3]. However, 3DISCO causes up to 50% tissue shrinkage
and dissolve its lipid structure impeding further scanning with electron microscopy. Moreover,
the antibody penetration of large tissues is limited and the endogenous fluorescence signals
fade away withirfew days. Therefore, 3DISCO variants have been applied to overcome these
limitations [202,203] For instance, ultimate 3DISCO (uDISCO) shrinks the entire mouse body
to only one third of its original size and permits its volumetric imaging. DISCO with superior
fluorescence preserving capabilitffDISCO) uses alkaline agents to adjust the pH of the
clearing medium and ultimately maintain the stability of fluorescent proteins for months.
Stabilized DISCO (sDISCO) achieve a similar effect for >1 year by adding antioxidants to the
immersion solutio. Immunolabelingenabled DISCO (iDISCO) treat largsug specimens

with a chemical mixture to increase their permeability to antibodies. Similarly, nanobody
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(VHH)boosted DISCO (vDISCO) enhances the signal intensity of endogenous fluorescent by
targeting fluorescent proteins with nanobodies under high pres$2@d]. The development

of a safe solvenbased technique was prompted by Klingberg et al. due to the high toxicity of
organic solventf205]. The authors selected ethyl cinnamate (ECi) as a clearing agent because
it is a Food and Drug Administration (F2fproved additive with RI>1.5. Hrased TOC
encompasses two main steps: dehydration and delipidation. For the dehydration step, an
ethanolseries (pH 9.0) was usedelipidationis particularly crucial for organs with high lipid
content, such as the brain. The ethasteCi protocol effectively cleared both soft as well as
hard tissues in rodents while preserving fluoresceraght sheet fluogscence microscopy
(LSFNM data showed that ethaneECi method is comparable to the best alternative method
with respect to organ shrinkag@05]. Subsequentlya secondgenerationethyl cinnamate

based clearing (2ECi) poaol was introducedo clear a broader range of tissue typ&sross
various species including human cerebral organoids. For the dehydration phase, the efficiency
of different alcohols at pH 9 for optimal results was tested, argrdpanol (pH 9.0) in
combination with Ei was selectedThe 2ECi clearing techniqgue shows compatibility with
severafluorophoressuch agreen fluorescent protein (GFP), mCherry, and Atexgugated
fluorophores[206]. Another refined E&@ased TOC methodology employed a cationic near
infrared dye (MHI14&EI) with deep penetration capability that exclusively stains blood
vessels. The organ harvesting/staining and dehydration/clearing steps were performed using
retrograde perfusion and automated tissue processor respectively. Unlike the ECi and 2ECi
TOC methods, this whole procedure requires only 5 hours to comfé#§. SalamandeECi
combined both iDISCO and Eci to study the limb regeneration phenomena in &issiatls.

It causes minimal tissue distortion with only 27% average shrinkagés amenable to click
chemistry which detects cell proliferation byebhynyt2'-deoxyuridine (EdUlabelled DNA.

For archiving purposes, SalamandigCi can preserve the fluorescence signals for up to 6
months. However, background fluorescence may increass time because samples fairly
lose their transparency when harden¢2i08]. Interestingly, the E@iased method optically
cleared 20 years old specimens embedded in paraffin blocks. The autofluorescence of the
recovered norabelled samples was sufficient to image their morphological structure. The
initial deparaffinization stepnitigated the nonspecific signals and subsequent background
noise. Afterwards, ECi removal by descending ethanol gradient edlov@D

immunohistochemistry. This step is crucial because (a) the hydrophobidti@i may interfere
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with the aqueous environment of immunohistochemistry and (b) the rehydration of tissues
readjusts the RI and enables the addition of hydrophilic mounting medium such as glycerol.
This procedurealso allowsmmunolabeling after tissue clearing and uses specific and no
generic antibodies to detect fine details (e.g. nuclei). Nonetheless, the main pitfall of the
technique is the consumption of large amounts of buffers and time. Overaihds€d TOC

provides a reliable, safe and cost effective alternativehod [209].

Hydrophilic TOQelieson aqueous solutionsuch as sugars, urea, aathino alcoholss the
Rimatching agents.These agentsmaintain the tissue 3D structure and the signal of
fluorescent proteinghrough hydrogen bonéhg, and iteither involvessimple immersioror
initial delipidation[198,199] Examples of thdaydrophilic clearingnclude see deep brain
(seeDB) whiclisesfructose as a OCA210], ScdeSwhich employsa mixture of sorbitol and
urea[211], andclearunobstructed brain or body imaging cocktails and computational analysis
(CUBIC}Yhat employs amino alcoholso improve the tissue clearing efficacy. Although
hydrophilic TOC provides high biocompatibility and biosafety, sometimesqgttireslong
incubation times. Therefore, hydrophobic tissue clearing represents an alternative time

effective approach201].

The use of highly concentrated detergents in hydrophilic methods may remove some proteins
from the tissue. Hydrogel embedding has been developed to preserve those proteins. The first
hydrogetbasedTOGmethod was introduced by Deisseroth and his team, known as clear lipid
exchanged acrylamideybridized rigid imaging/immunostaining/in  stybridizatior
compatible tissue hydrogel (CLARITY). In this metiigglies were infused with monomers,
formaldehyde and thermallnduced initiators to forma tissuehydrogel hybridthrough
polymerization.Hectrophoresisis then usedo transport ionic detergent micelles (sodium
dodecyl sulfate [SDS]) into the tissues to remove the lifiZd®]. The lack of spealized
electrophoresis chambem@nd potential structuratistortion caused by strong electric fields

led to the development of improved techniqud=or instance, the passive CLARITY technique
(PACT) eliminates the need for electrophoresis, reducing these complic§2b8f Other
protocols were developed, such as systemle control of interaction time and kinetics of
chemicals (SWITCH) thatoritizes the sample integrity by preparing denser andre rigid
tissue/hydrogel hybrid§214].
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1.4.3D imagingand image analysis

Microscopic examination of infection processes in tissues and organs reveals a distinct
connection between the distribution of pathogens and the structural characteristics of the
organ. While conventional 2D imaging methods provide limited insights, cqugeary
immunostainingcompatible tissue clearing techniques facilitate seamless 3D visualization of
infection sites[200,215] 3D imaging surpasses the constraints associated witlhéded,
includingthe laborious and erreprone process of preparing samples, the deterioration of
specimens caused by excessive use of reagents, and inadequate spatial resolution due to
reliance on thin 2D slices. By utilizing TOC and modern microscopy techhikgueSFM 3D
imaging met the requirement to examine the structure and dynamic behavior of entire
organisms and organ3 herefore ited to abetter comprehension ofhe intricate architectue

of tissues andbiological systems, which is crucial for advancing our understanding of infection
biology[216].

Widefield fluorescence microscopy fundamentally altered imagingigblinga larger field

of view (FOV) measuable in centimeters. However, achieving this laig®Vcomes at the
expenseof the 3D optical resolution. Modifications have been made to improve the resolving
power of wide field microscopes, such as the utilization of structured laser b1 Wide

field microscopy continues to be widely utilized as a @dfdctive and easily accessible
method for 3D imaging. It usually obtains a series of 2D images that are saagptestthe
axialz-dimensioncalled the zstack.These data can then be processedasoftwareto create

z-projected image$218].

Specialized fluorescence microscopy techniques, particuladgfocal laser scanning
microscopy(CLSM)are widely used for virus visualization in large volumes, providing high
resolution images of infected tissue regiof)0]. This is achieved bthe acquisition of
precisely aligned stacks of thin sequential optical sections within thick spec[@ENSCLSM
offers superioraxial and lateral resolution compared to conventional wide fraidroscopes

by using a focused laser beam thltiminatesone point at a time The emitted light ighen
detected through a pinhole which filters out-of-focus light, reducing blurriness and high
background noise. As a result, a full 3D image of the entire samptgtructedpoint by
point [220].
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LSFM provides an alternative ndestructive method for 3D imaging. It uses a selective
illumination source that excites fluorophores within a limited focal volutimes scanning each

spot of the sample only once per 3D imd@21]. Initially, LSFMwas used forinherently
transparentand small organismdyut faced limitations due to tissue heterogeneignd light
scattering caused byRI mismatch.However, the integraton of TOC techniques has
significantly enhanced 3D imaging. This allowed for optical sectioning, rather than physical
sectioning, of entire tissue volumes with high resolution, even down to the sowdildevel

[200].

After overcoming the obstacles involved in imaging largeime samples, including sample
processing (i.e TOC), the final hurdle is quantification, or more specifically, bioimage analysis.
The primary challenge has shifted from the limitations of imagewhmnology in capturing
intricate events to the difficulty of extracting meaningful information from the vast amounts
of imaging data generated. This transition highlights the critical need for advanced bioimage
analysis tools, which are now essential f@arislating raw imaging data into valuable biological
insights[222]. As a result, over the past few years there have been advancements in image
analysis solutions. These incluttee opensource options like-iji [223], and commercial
software packages, such as Arivis Visian¥hile proficiency in image analysis and
bioinformatics is necessary to effectively utilize most platforms, some are designed to offer
comprehensive image analysis that has a user friendly interface specifically for bideggsts
adept at employing computational techniqug¢®24]. Nevertheless, using either software

packages for 3D bioimage aysik requires high computational power such as a workstation.

In this thesis, twopipelines wee implemented For SARSo0V,2 analysis random forest
machine learning algorithm for image segmentat{@&5] (Figurel3) was usedwhereasfor
analysis of RABV infected brain tissues a more classical approach for segmentation by intensity

thresholding was usedr{gure21 andFigure22).
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Figure 13: Image segmentation and 3D reconstruction of SAB®/2 infected hamster lung tissue using
machine learning.(A) Test images were manually annotated to define several object classes based on their
fluorescence propertiemcluding tissue, airways, blood vessdisprotein, MHC 1l and macrophages (Msing

a random forest machine learning algorithm, probability maps for each class were generated to assess
segmentation quality(B) 3D visualization of lung autofluorescence (green) and -EAR3 N protein staining
(magenta) based on fluorescence intensity at 488 and 561nm. The records were acquiredSKEhgth 2x
magnification. (C) 3D reconstruction of lung tissue volume and -EAR3 N protein (left), and SARSoV2 N
proteinalone (right) based on machine learning image segmentatior @@pmedin 3D reconstructiorshowing
SARE0V2 N protein (magenta)ylongsidehe airways (olive)dentified from tissue autofluorescee signal. (E)

A heatmap displaying the cluster sizeSERSC0oV 2 N proteinin 3D Scale bar 508 Y Figure is Reprinted from
Publication[200] with permission from Elsevier license number: 5863790283623
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2. Objectives

With advanced TOC and 3iaging techniques, visualizing and quantifying pathogens within
biological systemsvith spatiotemporal analysis can reveal valuable data on their precise
location and interaction witim the host. Here, TOC and 3@aging were employed to study
viralinfections in two biological systems: the CNS, and the respiratory frhis.investigation
aimed toaddress keyesearch questions related to thestpathogeninteraction, inorderto

contribute to a deeper understanding tifese dynamics

RABY Although RABVhas been documented as féack asthe 4" century BJ9], many
aspectsof its life cycle and pathogenesis in the infected orgargsramain isufficiently
understood. This includes the detailed cell tropism of the virus, how the host immune
response is affected by the vird how this together leads to different pathology outcomes
of highly virulent field RAB&nd attenuatedRABV lab and vaccine virus strai@msice recent
work hasdemonstrated differences in astroglia infection between field and attenuated virus
strains, dong withlimited field virus glycoproteicell surfaceexpressionthis work followed

the hypothesis that a) limited G protein expression froetdfiRABV is a strategy to avoid non
synaptic release and spread of the virus in the bramd b) the innate immune response to
RABV infection in the brain is affected by thé. NidaisQydaptic spread. The latter includes
a model wherdFNI responsesn infected astrocytes lead to the elimination of attenuated
RABYV from these cel(§igurel4), while field viruses establispersistentinfection in these
cells[63].Here, highvolume lightsheet and higfresolution confocal laser scanning microcopy
analysis was intended to further investigate the RABV cell tropism in vivo and its consequences
for virus pathogenicity. Since previous wdfd] was focused on later timepoints of RABV
infection and it remained unsolved whether astrocyte infection is just a consequence of
massive replication and uncontrolled virus releagralysis of early timepoints prior to the
onset of clinical signs should reveal whether astroggifection alsospecificallyhappens at

the beginning of brain invasiodnce the lack of astrocyte infection by laboratory or vaccine
strain RABV is believed to depend on a stronglIFdéponse in astrocytes, wasaimed to
invesigate whetherastrocyteinfection by IFNescapedefective field RABV depends on its
ability to evade a potent IFNresponseFinally, as field viruses are considered to be limited
in release by budding at the plasma membrane in infected cell cul{éidsinvestigation of

G distributionin infected brain neurons was intended to clarify whether intracellular retention
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of field RABV G proteinare reproducible in the infected brain and whether this could

contribute to the high virulence and their ability to infect astrocytes.

attenuation

virus clearance
in astroglia

Astrocyte mediated
type | IFN response

elimination of RABV o

from infected S

astrocytes % LF
type-1IFN pZiY P f
activation Uz =

transport
de-regulation

Ge=

att-RABV
virion and G-protein
(cell culture adapted)
)

virulence

specific transport
to synapse

wt-RABV
virion and G-protein

Figurel4: Schematic diagram illustrating the hypothesized modes of transport of attenuated and field viruses
within the brain andtheir effect cellular tropism. On the left side of the neuroran attenuated RABWhat
spreads transsynapticallyand is also releasesktracellulaly, leading to itgecogrition by astrocyteswhich elicit
atype 1 interferon responsaltimately resulting irvirus elimination. On the right sideafield RAB\that spreac
trans-synapticaly and infects astrocytethat are presentin the tripartite synaps, without the release of virions

at non-synapticmembranes.

SARS 0V 2: Understanding the dynamics of SARS -2oMfection in the lungs and the

resulting immune rgponse is ancial foreffectiveinfection management. Accordihyg in this

thesis TOC irombination with 3D imaging techniquessused to investigateirus infection

and its accompanying dynamics in the lungs of experimentally infected hamsters over a time

course of7 days.Besides spatibemporal resolution of the SARS GYVhfection the aim was

to characterize spatially confined antiviral responses by infiltration of macrophages and cell

type dependent upregulation of antigen presentation markers such as MHZrielation

between virus clearance and postfection endothelial damage wasvaluatedto reveal a

deeper insight in early onset of tissue repair in SBR82 infections occurring alongside

inflammatory and necrotizing processes as a foundation of loteyen alterations in lung

tissue.
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3. Materials

3.1. Consumables

Material Company
Cell culture flask, 2pm vent cap (75 cm2) Corning
Costar® Cell culture plate-i@ll) Corning
Costar® Stripette (serological pipbtnL Corning
Costar® Stripette (serological pip&€mL Corning
Costar® Stripette (serological pip2® mL Corning
Cover slip, square (20 x 20 mm) #1 Thermo Scientific
Coverslip, Circular (g 228m) #1 Epredia
Coverslip, Circular (g 30 mm) #1 Marienfeld
Eppendorf tube (1 1 Sarstedt
Eppendorf tube (5 i Eppendorf
Falcon tube (15 iy 50 ) Sarstedt

| 8LR2 RSNY¥AO ySSRfS outT D B.Braun

Immersion Oil foMicroscopes Leica Microsystems
Isoflurane CP Pharma, Germar
Microscope slides VWR

Parafilm® M Laboratory Film Bemis

Petri dish Sarstedt

ProLongt Glass AntiFade Mountant Invitrogen
PolyL-lysin solution 0.1% (w/v) in.B Sigma

Pipette tipboxes Nerbe plus

Pipette tip filtered (1000 | 200 |L, 100 L, 20 |L, 10 ) Nerbe plus

Pipette tip unfiltered (i 10 W) Starlab
Pipette tip unfiltered (100 1000 (L) Greiner
Pipette tip unfiltered (2@; 200 () Starlab
Pipette tipfiltered (0.1-2-5 1) Biosphere
RNA/DNA free reaction tubes (Ind, 2.0mL) Starlab
RTV1 silicone rubber Wacker
Scalpel #10 B. Braun
Ultimaker CPE 2.85 mm transparéitdment Ultimaker
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3.2.Cell culture media

All cell culture media were obtained from the biobank of the FriedtiobfflerInstitut (FLI),

Greifswald including f & S @S NNerserie WEH\W)IE A Y

Table2: Abbreviations and composition of cell culture media obtained from th@bank of the FLI.

l0ONBOALFGA2YY C/{Y CSilf

Medium; MEM: Minimal Essential Medium.

OFfF &aSNMHMzYT b/ {Y

No. Basemedium Serum Supplements

ZB5 for Na MEMHanksMEMEarle 10%FCS/ Nonessential amino acids, sodium
42/13 cells 2.5%FCS pyruvate,NaHC®

ZB2%orBSRDf | a MEM Qa 10%NCS TryptosePhosphate

T7/5cells

ATV NaCl(8.59),KCI(0.49),dextrose(1g),

NaHC® (0.58 g), Trypsin1:250 (0.5 g),
EDTAO0.29),ultrapurewater (ad1 1), pH

7.2
3.3. Tissue optical clearingnaterials
Reagent Company PO number
Aqua ad iniectab#i, Ecoflac® plus Braun 08609338
DMSO (Dimethyl sulfoxide) Carl Roth 4720
Ethanol CarlRoth 9065
Ethyl cinnamate Alfa Aesar A12906
Glycine Carl Roth 3908
Goat serum Merck S26100ML
Heparin sodium salt Carl Roth 7692
Hydrogen peroxide Carl Roth 8070
n-hexane Alfa Aesar 43263
Normal donkey serum Bio-Rad C06SBZ
Phytagel SigmaAldrich P8169100G
Triton X100 Carl Roth 3051
Tween20 AppliChem A4974

3.4. Buffers and solutions

PBS (phosphate buffere 8 g NaCl, 1.15 g bdPQ x 2 HO, 0.2 g KCL, 0.2 g2aRi, pH 7.4jn

saline): 1L4H20

10% Sodium azide (NgN 10 g NaMdissolvedn 4dH0, stored in a place protected from ligh

stocksolution

Methanol gradient(v/v):

20%, 40%, 60%, 80¥ethanolin ¢gH20O and 100% methanol
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Bleaching solution

Prepermeabilization

Permeabilization

Blockingsolution

PTwH

Washing solution

1" antibodysolution

2" antibodysolution

1% Phyta gdWw/v):

Ethanol gradient 30%,
50% and 70%

3.5. Antibiotics

5% HO,/100% methanol
0.2% TritonX-100/PBS (0.02% NaN
0.2% Triton X.00/20% DMSO0/0.3 M glycine/PBS (0.02%3NaN

For Lung samples: 0.5% Tritori00/10% DMSO/10%v/v) donkey
serum /PBS (0.02% NgN

For brain sample€.2% Triton XL.00/10%DMSO/6%V/v) (Qoat or
donkey serum)1% (w/v) BSAZBS (0.02% NaN

For brain samples0.2% Tweet20/0.1% heparin sodium sa
solution/PBS (0.02% NaN

For lung sample®.5% Triton X.00/2%(w/v) BSAPB3.02% NaB)

For lung samples:0.5% TritorX-100/2% (w/v) BSA/109
DMSO/PBS/0.02% NaN

For brain sampleg% (v/v) (goat or donkey) serum/5% DMSO/PT

For lung samples: 0.5% Tritd#L00/2% (v/v) donkey serum/10¢
DMSO/PBS/0.02% NaN

For brain samples: 3% (goat or donkey) serum/PTwH
Prepared in PBS solution

Prepared imMqua ad iniectabiliavith PH adjustment between 9 an
9.4

If not describal otherwise, antibiotics were used with the following concentrations:

Antibiotic Concentration Company
Ampicillin 100 pg/mL Carl Roth
Geneticind18 1 mg/mL Corning
3.6.Cell lines

All cell lines were obtained from thELIbiobank (Collection of Cell Lines in Veterinary

Medicine (CCLV)).

BSRI'7/5: Geneticinresistant baby hamster kidney cells derived from EHKells (clone BSR

CL13) stably expressing the T7 RNA polymerase from the T7 bacteri¢pR@pe

Na 42/13 Neuroblastoma cells derived fromus musculus
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3.7.Viruses

Table3: Viruses used in this study. All viruses were provided by the [&vadfDr. Stefan Finke (FLI,

Island of Riems).

Virus

Origin

rRABVDoOgA
rRABVSAD L16
rRABVCVS11

rRABVDOGA-NTN

rRABVDogA IFNI mutant
(IFNmutant)

recombinant RABV originating from Dog AzerbdgA7].

recombinant RABV derived from the vaccine virus (SAD[BA8)

recombinant Challenge Virus Stredtl; sequence accession r

LT83961663].

recombinant RABV originating frarRABVDogAwith (D247N, A4001
and K425 aasubstitutionsin the glycoprotein51].

recombinant RABV originating frorRABYDogAwith aa exchanges
W265G and M287V iphosphoprotein

3.8. Serologic reagents

3.8.1.Primary antibodies

Table4: Primary antibodies and applicatiospecific dilutions.lF: Indirect immunofluorescenc&Ci
immunostaining according tmodified ECITOQorotocal [205].

Target Host Clonality  Source RRID Dilution
species
h-NeuN Guneapig Polyclonal SynapticSystems AB_266004 ECil:800
h-GFAP Chicken  Polyclonal ThermoFisher AB_107462C ECi1:1500
h-MHGCII Rat Monoclonal Biolegend AB 313316 ECi1:400
h-CD68 Mouse Monoclonal Invitrogen AB 1098721: ECi1:400
h-CD68 Rat Monoclonal Biolegend AB 2044003 ECi1:400
h-Ki67 Rat Monoclonal Biolegend AB 1120353: ECi1:200
h-vWF Rabbit Polyclonal Dako AB_ 2315602 ECi1:1000
h-Cleaved Rabbit Polyclonal CellSignaling AB_2341188 ECi1:200
Caspass
h-Uteroglobin Rabbit Polyclonal Abcam AB 778766 ECil1:500
h-RabbitlgG Rabbit Polyclonal Biolegend AB 2722735 Equivalent to
1Y Abconc.
h-RatlgG2bf Rat Monoclonal Biolegend AB 400602 Equivalent to
1Y Abconc.
h-Mouse Mouse Monoclonal Biolegend AB 2801451 Equivalent to
(BALB/ClgG1f 1ry Abconc.
h-RABWG (E559) Mouse Monoclonal Schneidegetal.,1985 N/A ilF:1:10
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h-RABWG (E559) Human Monoclonal AlexandeD.Douglas N/A ECil:500

h-RABW 161-5 Rabbit Polyclonal Orbanz& Finke,2010 N/A ilF:1:3000;
ECi1:500

h-RABW 1605 Rabbit Polyclonal Orbanz& Finke, 2010 N/A ilIF:1:5000

h-SARE0oVNP  Rabbit Polyclonal Rockland ABN129544 ECi1:500

Immunochemicals

h-SARE0VNP mouse Monoclonal SinoBiological AB 2827977 ECil:400

3.8.2. Secondary antibodies

Table5: Fluorophore conjugated secondamntibodies with dilutions in working solution

Target Host Conjugate Source RRID Dilution
species

h-chickenlgG Donkey Alexa Fluor® Jackson AB 2340375 ECil1:375
488 ImmunoResearch

h-rabbitlgG  Goat Alexa Fluor® Invitrogen AB_2576217 ECi1:500
488

h-rabbitlgG  Donkey Alexa Fluor® Invitrogen AB 2762833 ECi1:500
488

h-rabbitigG  Donkey Alexa Fluor® Invitrogen AB_2534017 ilF:1:1000;
568 ECi1:500

h-rabbitlgG  Goat Alexa Fluor® Invitrogen AB_ 10563566 ECil:500
568

h-guniea pig Goat Alexa  Fluor® Invitrogen AB 2735091 ECi1:500

lgG 568

h-guniea pig Donkey Alexa Fluor® Jackson AB 2340476 ECil:375

IgG 647 ImmunoResearch

h-rabbitigG  Donkey Alexa Fluor® Jackson AB_2340578 ECi1:375
647 ImmunoResearch

3.9. Oligonucleotides

Table6: Oligonucleotides used foreverse transcription quantitative polymerase chain reactigR
qPCR.

Name Sequence

RVN-196-F GAT CCT GAT GAY GTATGT TCC TA
RVN-283-R R GATTC CGT AGCTRGTCCA
RabGTB-FAM FAMCAG CAATGGT TYT TTG AGG G&BAIQ1

*The symbols R designates purine (A or G).
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3.10.Kits

Commercially available kits were acquired frilacherey& Nagel, German{NucleoMagVet
and Thermo Fisher Scientific, Ug¥gPathlD Onestep RTPCR ik).

3.11. Software

ArivisConverter
ArivisVision 4D
Biorender

Citavi 6

DOG
GeneiousPrime
GraphPad Prism
ImageJ

LAS AF

LAS X

Microsoft Word/Excel

File converter; v3.1.4 (Build6978)

Image processing software4.t.0 (Build16702202303249)
Visualization program; web application

Reference management software; v6

DOG \2.0.1; windows 20130330

Sequence analysis software; v2021.0.1

Graphing and statistics software.0.2

Image processing software; v1.53c

QLM software; v.2.7.3.9723

LM softwarey3.7.423463

Microsoft Office Professional Plus 2019

All schematic presentations and pictures wereated with Biorender
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3.12. Technical equipment

Name Company Catalog Number
3D printer Ultimaker Ultimaker 3
Benchtop orbital shaker Elmi DOS20M

Benchtop orbital shaker, heating (37°C) New Brunswick  Innova 42

Benchtop orbital shaker, Cooling (6°C) New Brunswick  Innova 42

Confocal laser scanning microscope Leica DMI 6000 TCS SP5
Inverted microscope Nikon Eclipse TS100
Long distance water immersion objecti' Leica 15506360

(HC PL APO 40x/1.10 W motCORR CS:
Long distance oil immersiarbjective Leica 11506350
(HC PL APO 63x/1.40 Oil motCORR CS

Light sheet fluorescence microscope Miltenyi Biotech  UltraMicroscope |l

Sereomicroscope Zeiss Stemi 2000 zoom
Cold ight source for stereomicroscope  Zeiss CL 1500 ECO
Vibratome Leica VT1200S
Workstation Dell Precision 7920
BioRad Realime System BioRad, USA CFX96
TissuelLyser Qiagen, Germany 9003240

KingFisher/BioSprint 96 magnetic partic Qiagen, Germany 710-230

processor
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4. Methods

4.1. Cell culture

BSRT7/5and Na 42/13 cells were maintained ir/% flasks in growth medium according to
(Table2) in a cell culture incubator at 37°C and 5% @Ca humid environmentTosplit the
cells, the medium was discarded and the cells were washed witbe5 mL ATV and then
incubated in2 mLATVat 37°An the cell culture incubator for-3 minutesor until all the cells
were detached. Afterwards, the cells were diluted in 4 gnowth medium Table2) and
seeded into a new-T5 flaskat asplitting ratioof 1:6 for both cell line. BSRT7/5 cells were
supplemented with 1 mg/mD Sy S (i A O A ¥/5)at ewsrysezandaSsage to maintain the

T7 polymerase transgene.

Forthe preparation ofFslides, 18 x 18 mm coverslips were placedived cell culture plates

and coated by incubation in 2InbJ2 £ @ m[ M[ @ AA Y 6 N ® MikLO)fas at @ast RA £ dzi
20 minutesat room temperature RT). Afterwards, theoly-L-Lysin solution was discarded and

the slides were washed twice with sterijH.O. Cells werethen diluted according to the

splitting factor mentioned above ia total volume ofL8 m_Lgrowth medium Table2) then, 3

mL of the cellsuspension was addad eachwell and incubated in the cell culture inculoat

overnightaccording tahe conditions mentioned above.

4.2.Infection of BSRT7/5 and Na 42/13ellswith different strain of rRABV

BSRT7/5 and Na 42/13 cellsere seededon 6well cell culture plates with coverslipss
mentionedearlier (see 4.1) In the next daythe growth medium was discarded and the cells
were washedonce withPBSSubsequentlythe cells were inculatedwith different strains of
RABVsTable 3) usinga multiplicity of infectivity(MOI) of 0.01and incubatedfor 1 hour.
Following that, he viral inoculum wasdiscardedand the cells were washeahcewith PBS
Eachwell then received 3 maf therespective cell culture mediulfTable2) andplacedin the
cell culture incubatarAt 24- and 48dayspost inoculation (dpi)the cells werdixed with 4%
paraformaldehyde (PFA) in PBS for a duration of 2Qutegnat RT After fixation,the PFA
solutionwas discardedand thecells were washed 3 times with PBS. Following, thatplates

weresealed with parafilm and stored at@ untilusedfor immunofluorescence assayaining
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4.3. Immunofluorescencassay(IFA)

Immunofluorescence staining is a technique that enables the visualization of various
components withircells. Itis classified into two categoriesirect immunofluorescence
stainingand indirect immunofluorescence staining. In directed immunofluorescence staining,
the fluorophore is conjugated with the primary antibqdywhereas in indirect
immunofluorescencstainingthe fluorophore is conjugated with the secondamgtibody.

In order to examine the subcellular distributiontbe glycoproteinof different RAB\&trains,

cells were cultured on-@vell cell culture plates with coverslips of 18 mm x 18 ifs@e 4.1)

In the next day, the cells weredoulatedwith different strains of RAB\($able3) and fixedat

24 and 48 dpwith 4% PFA in PBS for a duration of 20utgs at RT All of the subsequent
stepswere carried out atRT After fixation, he cells were washe@ timeswith PBS and
then subsequently permeabilizeay 20 minutesincubation with0.2% Triton XL00in PBSTo
prevent nonspecificantibodybinding, a blockingolution containing 10% donkey serum and
0.3 M glycine in PB5(0.1% Tween 20 in PBS) was added duration of 30 miates.
Theprimaryantibodies diluted in a solution of 1% donkey serum in PB®vere applied for 2
hours, followed by8 PBS washdsr 5 miruteseachand a thour incubation with fluorophae
conjugatedsecondaryantibodies diluted in the previously mentionedprimary antibody
solution Follawing that, the coverslips were washed 3 times with RBSlescribed previously.
Thecellnuclei were stained with Hoechst 33342 at a dilution of 1020 in PBS for a duration

of 10 minutes. The coverslips were washetite with PBS and once wighiH.O thenmounted

on an object slide with 11 A of ProLongTM Glass AntiFade Mountakfter curing for at least

18 hours toreach a refractive index of 1.52, the samples were imaged w@h &M

4.4. RNAExtractionfrom brain samples

Brain sample®f mice were tested for the presence oRABV RNAriefly,F0.5 g of ogan
sampleswas homogenized in 1000 Luof cell culture media using a TissueLyser (Qiagen,
Germany) with a 3 mm steel bead. The homogenates were centrifug8@5&t x gor a
duration of 10 mimtes. Total RNA was extracted from the supernatant (100 psing the
NucleoMagVet kit (Macherey&Nagel, Germany) accordingthéo manufacturer's

instructionsusing a KingFisher/BioSprint 96 magnetic particle processor (Qiagen, Germany).
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4.5.RFgPCR

VRNA was detected by angPCR targeting the-iyene using the Rtdssay (RABYJ29,230]
The PCR master mix was prepared using the AgPa@nestep RTPCR kit (Thermo Fisher
Scientific, USA) in a volume of 1Dipcluding 0.5 L2 F-Actinmix2-HEX as internal control
and 2.5 |L of extracted RNAThe reaction cycle was done according to the following

conditions:

Temperaturecycles

Reversdranscription 45°C 10min

Activation 95°C 10min

Denaturation 95°C 15sec 45cycles
Annealing 56°C 20sec

Elongation 72°C 30sec

Hold 4°C K

Fluorescence was measured during the annealing phasePRRs were performed on a
BioRad CFX96 Rdaime System (BiRad, USA).

4.6. ECi Tissue Optical Clearing (TOC)

TOCis a techniqudor achieungtissue transparency in biological systems so that they can be
examined more thoroughly while maintaining their integrity and preserving their intricate
details. Tissues and organstire majority of living organisms are not transparent because
they are made up of a wide variety complexbiomolecules, each of which hadifferentRI.
There are several approaches for obtaining TOC, all of which aim to matéti thighin the
tissue and therefore render it transparefit98,199] Here, an organic solvebiased method
that primarily involved the following steps was applied: dehydration and lisgolution
immunostaining, additiondipid dissolution(for some organs that contain high lipid content

such as the brainandRImatchingusingeCiFigurel5).
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Figurel5: Schematic diagram of TOC protocol, and the imagieghniquesused in this thesisThe details of
each stepreexplained in the methodésectiors 4.6.1, and 4.6.2)

4.6.1.ECi TOOGf hamsterlung tissues

The caudal lung lobes AR 0VV2 experimentally infectethamsters were fixed im 5 mL

4% PFA solution for a minimum of 21 day®r to being transferredrom the animal facility

to the Biosafety Level 2 (BSL2) laboratory. Subsequently, the lung lobesvagted Iimes
dailywith PBS containing 0.02% Ngbr a duration of 3 days. The lung lobes were then sliced
into 350um sectionsusing the vibratome (VT1200S, Leica Biosystems, Germany). These
sections were then preserved &solution 0f0.02% Nablin PBSt 4°C until they were used.
The immunolabelling and clearing protocols were conducted in accordance with previous
studies[215,231] with minor modifications. All subsequent procedures were conducted with
agitation at a speed of 120 revolutions per minute (rpm) using a temperaggelated orbital
shaker (New Brunswick Innova 42R, Eppendorf, Germa@mg)ung slices were dehydrated in

3 consecutivestepsin a5 mLmethanol gradien{v/v = 50%, 80%, and 100%achmethanol
dehydrationstepwasfor an incubation period ot hour. The methanol in the 100% stepas

replenished after 30 mimes of incubation. Subsequently, the samples wee
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incubatedovernight in 5 mL bleaching solution containing® hydrogen peroxide in 100%
methanol. Thefollowing day, the samples were rehydrated80% and 50%methanol
solutionsfor 1 hour each. During the 50% methanol step, the solution repgenishedafter
30 mirutes of the incubationperiod. Afterwards, the samples wergashed3 times in5 mL
PBSor a duration of20 minutes eachat RT The samples were then ppermeabilizedn a
two-step washing process in a S.rsolution of 0.2% Triton-X00in PB$0.02% Nablfor a
duration of one hour eacht 37°C.For permeabilizatiorthe samplesvere placed in & mL
solutionof 0.2% Triton XL00, 20%DMSO, B M glycine irPB$0.02% Nahlfor a duration of
48 hours at 37°C. The samples were then blocked in & $ohation of 10% donkey serum,
10% DMSO, 0.5% Tritonr1BO, inPB%0.02% Nabl at37°C for aduration of 48 hours.
Following that, the primary antibodies were addada volume of 1.5 inin a solutionof 2%
BSA, 10% DMSO and 0.5% TriXetD0 inPB$0.02% Nahklfor 3 days at 37°C. Isotype and
mock antibodyfree staining were used as negative contrdfter that, the samplesvere
washed for3-hoursin a5 mLsolution 0f2% BSA an@d.5% Triton X.00in PB$0.02% Nail In
the first hour, the washing solution waschanged4 times, each taking place at 4Binute
intervals. Following that, the washing solutiamas exchanged! times throughout the
subsequent2-hour period, with eachexchange taking place at 3f@inute ntervals. The
secondary antibody wathen added at a volume of 1.5 Imin a solution 0f2% v/v donkey
serum, 10% DMSO and 0.5% TritebOR in PB®.02% Nablfor a duration of 3 days at 37°C.
Then, the samples wemgashed as described foine primary antibodyand embedded in1%
phytagel(prepared inPB$, in Cryomold embedding dishésaborversand, CMM Intermediate
4566). Following that, the samples watehydratedina 5 ni ethanol gradient solution,
diluted in Aquaad iniectabilia(pH 99.5). Theethanol concentrations used werg/v =30%,
50%, 70%100%and 100% Each dehydration step wagrformedfor a minimum duration of
6 hours, and the finaflehydrationstepin 100% ethanoWwith wasrepeatedtwice. In order to
clear the samples for imaging, 3of ECi was added and then replaced after 30 minles
another 5 mL fresh ECThe samples were then incubated until they acquired a transparent

appearanceThe cleared samplagere stored in closed containers in the darkR{T

4.6.2.ECi TOGf brain tissues
The ECi TOC protocol for brain tissues is comparable to that for lung tissues, with the exception

of few alterations in somef the buffers (listed insection 3.4)and the following steps:
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1.In the initial methanol dehydration process, samples were incubated in a methanol gradient
that included a wider range of dilutions (v/v = 20%, 40%, 60%, 80%, 100%, and 100%) for 1
hour eachandthe 100% step waepeated twice.Similarly, the samples were rehydrated in
amethanol gradientith the same dilutions rang@s/v =80%,60%,40%,20%and 20%)for 1

hour each andhe 20% step wasepeated twice.

2.To reduce the occurrence of high background, the staining procedure for RABV glycoprotein
using the("-RABV G (E599ntibody was performed in a sequential mann€heh -RABV G
(E559) antibody was diluted in thimary antibody solution (3% v/v donkey serum and 5%
DMSO in PTwH) aratldedto the samples foa duration of 3 days at 37 °C. T¢emples were

then washed8 times in PTwH solution with increasing intervals (for instance, twice for 30
minutes, twice for an hour, and twice for two hours), ané tast washing step wascubated
overnight. After that, the samples were incubated with the secondary antibody solution (3%
v/v donkey serum in PTwH) for 3 days at 37TH&n the samples were washedllowing

the procedure describetbr the primaryantibody washig, followed by an additional blocking
step to further decrease background interference. FRYABVP ¢ ‘RABWP 160-5) and
astrocytes("-GFAR staining of the same samples, the primary antibodies were added in
combination, and the aforementioned steps were repeated until the completion of washing
steps

3. The high lipid content of the brain tissues required extradelipidation procedure after

the ethanol dehydration, which involved applying 7 mL dfexane solution twice for two
hours each timeFollowing that, the substitution of-hexane with ECi was carried out in a
carefully monitored manner, ensuring that the samplesre not exposed to the surrounding

air. The volume of dmexane was then decreased fomL, while ensuring that the sample
remained fully submerged. Afterwards, approximately 6 mLEGfiwasadded and the
samplesvere mixed byinversionat least3 times. The aforementioned pragsswas repeated

three timesand the samples were incubated ECi until they werepticallytransparent.

4.6.3.Chamber assembly andample mounting

Assembly of imaging chambers and samp@intingwere performed as previouslgescribed
in [215]. The imaging chamber parts were printed with a 3D printer (ultimaker3) using the
following parametersco-polyester [CPHjlaments nozzles dimensiond).25 mmwith alayer

heightof 0.06 mm, wall thicknes3.88 mm, wall cound, infill 100%, and no support structure.
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The imaging chambers were assembledrimunting ©verslips o0 mm in diameteron the
imaging chamber using RIV (onecomponent roomtemperaturevulcanizing)silicone
rubber, while coverslips of diameter 22 mm were fix@dthe lid. The extra silicone rubber

was removed with a cotton swab dipped in water and the chamber and lid owees
overnight. On the subsequent day, the specimen was loaded into the igagiamber,
followed by the addition of a small quantity of ECi, after which the lid was inserted.
Subsequently, the chamber was filletth ECi by means of an inlet, using a hypodermic needle
(27 G x 3/4 inch [0.40 mm x 20 mm]). The inlet of the imaging chamber was then sealed using
RTV1 silicone rubber, and the entire setup was left overnight for curing in a-ligbt

environment.

4.7.Light Sheet Fluorescence Microscopy (LSFM)

Volumetric 3Bimaging of he brain andlung sectionsvas acquiredising theMiltenyi Biotech
LaVision UltraMicroscope Il, equipped with an Andor Zyla 5.5 sCMOS Camera, an Olympus
MVX10 Zoom Body with a magnification range of @&3x, and an Olympus MVPLAPO 2x
objective with a numerical aperturetNA)of 0.5. The Atacks were acquired in a 46t TIFF

picture format using the LaVision Bi@c ImSpector Software (v7.0.127.0) witktep size of

H >Inrfa@ing was performed either at 1x/1.2Bagnification © obtain an overview of the

entire sample or at 4x magnification for highesolution imaging of specific regions. The light
sheet was configured tan (NA) of 0.156 and a light sheet width of 100%. Chromatic

correction was adjustetbr each fluorescence channel.

4.8. ConfocalLaser Scanning MicroscopyL($/)

To examinanonolayercell cultures on glass slidesingCLSMa drop of immersion oivas
appliedon the cover slip and the slideas then placel over the oil objective lens (63x)
ensuring thatthe cover slip with the oil drdpt is in direct contact with the lens.The

immersionoil is appliedto increase the resolving power and aperture of the objective lens.

Forexaminng tissue slics, the samples were extracted from phytagel using a scaipde

being examired under the stereomicroscope andhen placed in chambergreviously
described in(4.5) The laser lines for imagecquisitionsvere selected based on the specific
secondary antibody fluorophores used in the immunostaining process. To avoid signal overlap
between channelsthe different channels were detected sequentialljheTdetection range

were adjustedto 500¢550 nm, 59@620 nm, and 64&700 nmfor Alexa Fluor 488, Alexa Fluor
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568, and Alexa 64fgespectively To obtain a -stack, the boundaries of the-stack were
determined by defining the upper and lower bounds according to the specific region of
interest within the observed field of view. The parameters for obtaining teagk using the
(40x) water immesion and (63x) oil immersion objectives were configured as follows:
sequential scan with a pixel size of80 nm, aZ-step size of 0.5 prfor (40x) and 0.3%m for

(63x) a line average of 1, a scan speed of 400 Hz, amthalp size of 1 Airy unit.

4.9. Widefield fluorescencamnicroscopy

Brain sections overvies(Figure34, A, C, and=H) were acquiredusinga motorized Leica
THUNDER imager DM&gjuipped withLAS Xsoftware (v3.7.423463)The overviews were
acquired for single planegsinga 10x/0.12 dry NPLANobjective. For scanning the brain
sections, the LasX navigator's tile scan feature, also known as mosaic imaging, was employed.
This &ature allows for the comprehensive scanning of large areas by stitching together
multiple images, or "tiles." After the scanning was completed, these tiles were merged using
the software's builin merge functionTo improvethe imagesquality by reducing background
noise and enhancinthe contrast, the instant computational clearing mode, also known as
THUNDER, was liged. This mode employs a sophisticated background subtraction
technique, effectively isolating the signal of interest from the surrounding noise, resulting in
clearer and more defined images. This approach is particularly useful in fluorescence
microscopy, where the clarity of the signal can significantly impact the interpretation of the

results.

4.10.Image analysis pipeline

Laige image data sgtrocessing, analysind quantificatiorwas performed by using th&rivis
Vision4D 4.1 software platfornkaw Tiff image stacksom the light sheet microscopar from
confocal laser scanning microscopgre converted tdhe sis format using Arivis SIS Converter

3.5.1 (Arivis AGpr further analysis.

4.10.1.SARSC0VF2 samplesanalysis pipeline

Arivis VisiondD machine learning trainer module was used to implement an image
segmentation analysis pipeline. In order to conduct model training, a total of eight object
classes were manually annotated for the purpose of identifying stromal tissue, béssels,

viral infection, and specific cellular markers. The model was trained using a 2D feature set that

consisted of intensity and edge parameters, with a probability threshold of 20%. For each
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class, probability maps were used to estimate the training outcomes. For segmentation and
classification of image stacks, 3D object connectivity and object feature filtersapplied.
The resulted segmented image stacks were volumetrically renderedthendjuantitative

object feature data was exported in table format.

4.10.2.RABV sampleanalysis pipeline

(LS records of RABV samples were processed and quantified using a different pipeline
generated also in arivis. The raw lif image stacks were first convertasl flarmat using Arivis

SIS Converter 3.5.1 (Arivis AG). Then the images were analyzed and quantified according to
the following operations: The first operation involved image processing through denoising,
enhancement filter and normalization. Following thamage segmentation was applied using

an intensity threshold segmenter that was applied &xch channel separately in order to
generate the objects required for the analysis. In this case, the objects generated
corresponded tothe total number of neuronsthe total number of astrocytesthe total

number of infected neurons andhe total number of infected astrocytes. Finally, the

generated quantitative object feature data was exported in table format.

4.11. Statistical analysis

Statistical significancef infected astrocytes and neurongas determined using twaay
ANOVA followed by Bonferroni multiple comparison test with 95% confidence interval
Survival of mice was displayed in Kapheier curves and statistically analyzed by-tagk

(MantelCox) test. All statistical analyses were performed uGrgphPad Prism 8.0.2.
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4.12. Animal experiments

All animalstudieswere conducted at the FLI in accordance with the ethics committee of the
State Office for Agriculture, Food Safety, and Fishery in Mecklefllesiern Pomerania
(LALFF W) and gained approval with permissions 7222¢901/18.

To minimize animal testing, archivagsue samples preserved in PFA were used when
available. Unless otherwise specifiedg-weekold female BALB/amice (CharleRiver,

Germany)were used in the animal studies.

Micewereassigned int@roups(6 animals per group, unless otherwise indicatadyl housed

in labelled cagegrovided with water and foodad libitum Afterwards, the mice were
anesthetized with isoflurane for inoculationth rabies virus either.m. in the upper left hind
limb musclesmimicking the natural way of RABV infectiam,i.c. as a positive contras
previously described63,232] The assessment of disease development was carried out by
monitoring theclinical symptoms.Immediately after euthanasia, the mice brains were
extractedand stored in 4% PFA farminimum of 21 days priorottransferfrom the animal
facility to the BSL2aboratory. Subsequently, the samples weseibjected to3 times daily
washing with PBS containing 0.02% bl& a duration of3 daysand then stored inPBS
containing 0.02%laNs at 4°C until they were usednimal experimens (4.10.1, 2 and 3yere
conducted prior to this thesis the frame of studies on rabies virus pathogenesis and cell
tropism.Here, raw pathogenicity data weenalyzedand information were used for selection
of samples for imaging analysis. For betterceability, details of the animal experimeatre

describedbelow.
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4.12.1.Rabies aimal experimentl: Field rRABV DogA astrocyte tropism in mice
before andafter the onset of clinical signs of rabiesncephalitis

Grouplwasinoculated i.m. with 30 pl (3xX@issue culture infectious dose 50CIBo)) rRABV
DogAper mouseandeuthanized prior to the manifestation of any clinical sign8 @pi (Figure
16), with a clinical score dfaccording taTable7). Similarly group 2 wasinoculatedi.m. but
with a higher virus dosef 30 pl (3x1C* TClBg) and likewise euthanized prior to the
manifestation of anyclinical signs at @lpi, with a clinical scoreof 0. Group 3 wasi.m.
inoculated with 30 pl (3xX0TCIBo) and euthanized during the clinical phase at the humane
end point with clinical score-2 by cervical dislocation under isoflurane anesthesia. Grbup
wasi.m. inoculated with a higher virus dose 30 pl (3XICIBg) and euthanized during the
clinical phase at the humane end point as previousgcribed Group5 wasi.c. inoculated
with 30 pl (X1 TCIBo). At 6 dpi, 3mice wereeuthanizedwith a clinical scoreof 0, and the
remaining3 mice were euthanized during the clinical phase at the humane end @sint

previously described.

i
O
»
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(6x 1.m.) 4 e

rRABV DogA o* o S Group 3
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o> ® Group 4 |
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Figurel6: Schematic overview of rRABV DogA astrocyte tropism animal experim@&imheline of rRABV DogA
animal experimentndicating infection routesdoses, mice groups and euthanasia time poined and orange
colored mice are assigned for those thethibited clinical signs, whereashite colored mice are assigned for
thosell K I (i @ARaptacal @bstractepicting the processf the brain sections preparatigrin whichone
hemisphere is cut into 500 um coronal sections using the vibratdrhethree numberedsectionsshownare
those selected fodownstreamprocessing.
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Table7: Clinical score sheet for mice.

Score Clinical Signs Instructions Hutane9 y R LI2WR y (i ¢

0 Healthy / Normal Daily monitoring

1 Ruffled fur Monitoring intervals up to 12h
Hunched back

2 Slow movements Euthanasia within the next 8 houl
Circlingbehavior maximum
2 SAIKG %23aa

3 Tremor Should be avoidedinstant Euthanasia
Unsteady gait
Seizures

2 SAIAKG %233

4 Signs of paralysis ¢ Should be avoidedinstant Euthanasia
spasms
2 SAIKG %233

5 Coma / Death Should beavoided- Instant Euthanasia

4.12.2.Rabies animal experimest2 and 3 (IFNmutant)

Sixweekold mice group 1, were inoculated i.m. with 30 pl (3x10Cl3g) rRABV DogA IFN
mutant (IFNmutant) per mouse Group 2was inoculated i.m. witha higher dose o080 ul
(3x1C TCIy) (Figurel7A). Group 3consisted othree mice that were i.c. inoculated witB0
ul (1x1G TCIRo). The mice were euthanizeat the endof the animal experimenat 21 post

infection dpior after reaching the humanendpoint.

In a furtherexperimentrRABV DogAFNmutant was used toinoculate 4-weekold mice
Group 1 was inoculated i.m. with 30 pl (3x20TCIRy) (Figure 17B). These mice were
euthanized prior to the manifestation of any clinical signs at 8 dpi, with a clinical scbre of
Group 2 wasinoculated i.m. with 30 ul (3x£0rCiBo). These mice were euthanized at the
onset of the clinical signs at 10 dpi, with a clinical score-bf @roup3 wasinoculated i.m.

with (3x1® TCIBo) and these mice were euthanized during the clinical phase at the humane
end point with clinical score-2. Group4d wasi.m. inoculated with a higher virus dosé30 pll
(3x1CG TClIRw) and euthanized during the clinical phase as previousbgried. Group5
consisted ofhree mice that were i.c. inocutad with 30 pl (1x18TClI3g) and these mice were
euthanized at the onset of clinical signs at 6 dpi with a clinical scoreloa® previously

described.
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Figure 17: Schematicrepresentation of rRABV DogA IFMut astrocyte tropism animal experiment(A)
Timeline of(group 2 6-week-old i.m. inoculate mice witl(3x1G TCIB3g). Theorangecolored mouse indicates

the initial appearance oflinical signs, the red colored mouse with crossed eyes is the euthanized mouse and the
green colored mouse indicates tis¢art point of mice recoveryat which(by 18 dp) all the mice hd regained

their lost weight. (B) Timeline of-weekold i.m. inoculate mice with (3x18 TClBo). Redcolored mice with
crossed eyes mice are assigned for euthanized mice that displayed clinical signs, whereas white colored mice are
F4&aA3y SR F2N (K2 a8nicalkignd. RARY Qi SEKAOAG | yeé
4.12.3.Rabies animal experiment ((RABVDOgANTN

Groupl were inoculated i.m. with 30 ul (3x10CIBo). These mice were euthanized prior to
the manifestation of any clinical signs at 8 dpi, with a clinical scdeldakewise, grou@were
inoculated (i.m.) with a higher virus dose 30 pl (3XICGIBo) andalso euthanized prior to the
manifestation of any clinical signs at 8 dpi, with a clinical scor@. @&roup3 were i.m.
inoculated with 30 pl (3xZATClBg) and euthanized at the end dfe animal experiment at 21
dpias previously describe@roup4 were i.m. inoculated with a higher virus dose 30 pl (3x10
TCIR) and euthanized during the clinical phase as previoustgrdeed. Groupb were i.c.
inoculated with 30 pI3x10t TCIRo). At 6 dpi,two mice wereeuthanizedwith a clinical score

of 0, and the 3 mousewas euthanized during the clinical phase as previously described.
Likewise, grous consisted othree mice that were i.c. inoculated with a higher virus dose 30
ul (3x1G TCl). At 6 (dpi), o mice wereeuthanizedwith a clinical score dd, and the3'™

mouse was euthanized during the clinical phase as previously described.

58



Methods

4.12.4.SARSCoV 2 experimental infection in Syrian hamsters

This animal experiment was carried outthg laboratoryof PDDr. Anne BalkemBuschmann

Male Golden Syrian hamsteffslesocricetus auratus, bred by Janvier Labs, France), aged 5 to
7 weekswere housed in groups of three four. They were provided with water and rodent
pellets ad libitum, with fresh hay provided daily. The clinical score and weight of the animals
were monitored daily. For the study, the hamsters were inoculated via orotracheal route with
10° TClIx of the ancestral strain of SAR®V2 (isolate 2019 _nCoV MdMB-1). To assess

viral shedding, nasal wash samples were collected daily under anesthesia induced by
Ad2Ff dzNF yST dzaAy3d wnn x[ 2F t.{ G2 FtdzaK GKS
At predetermined intervals poshfection (days 1, 2, and 3), four hamsters were euthanized
using deep isoflurane anesthesia followed by cardiac exsanguination and cervical dislocation,
with an additional three animals sacrificed on each day from day daip 7. To further
evaluate the progression of the disease, eight more animals were euthanized at 14 dpi). For
control comparison, three hamsters that received a mock infection were also euthanized on
the 7th day of the experiment. During the autopsy, sa@sgrom the respiratory and digestive
tracts, along with the heart, liver, skeletal muscles, and brain, were collected. These samples
were then divided, with portions immediately frozen for viral analysis and the remainder fixed
in 4% neutrabuffered formalin for later histological examination.

The detection of SARS0\V2 RNA was conducted on both nasal wash and tissue samples using
G 9y @S t-gehdSSarbbeBosbarboxyfluorescein Rt / wé > | a 2dzif AYSR Ay
[233,234]
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5. Results
5.1. Rabies virus tropism

5.1.1.Field rRABV DogAstrocyte tropism in mice in an early and late phase of
infection

Previous work demonstrating a pronounced astrocyte tropism of field RABVs in late phases of
rabies encephalitifs3] raised the question whether astrocyte tropism is a result of abundant
replication and uncontrolled virus release from neurons, or whether it also occurs in early
phases of RABYV infection, where only limited numbers of CNS cells are infezténs end,

brain tissue samples of-week-old female BALB/c mice inoculated i.m. ard with rRABV

DogA were analyzed he samples were taken at an early phase of RABV infection, i.e. before

the onset of clinical signs (6 dpi) and at a very late phase of clinsegls® (humane endpoint

4 RSGSNNYAYSR 0@ XHUE: 02Re saeiPa Rable?), Figuie | y R 2
18A). While body weights of animals euthanized at 6 dpi remained st&lpglementl), i.m.
Ay20dzZ | SR YAOS Ay (GKS Ot AYyAOlFf LKIF&S SEKAOG)
accordingly Figurel8, Band C). For each time point, one brain hemisphere from each mouse

wascut into 500 um sectionsThe analyzed brain sections were selected ftonee different

regions according to published guideling35] including (i) the optic chiasm with basal

ganglia, septum, cortex, and anterior hypothalamus, (ii) the hippocampus with cortex and

brain stem at theransition of diencephalon to mesencephalon, and (iii) the cerebellum (CB)

along with brain stem (medulla oblongata (Mo)Figure 18A). The sections were
immunostained with antibodies again&FAPRABW, andNeuNto detect astrocytes, RABV

infected cells and neurons, respectively. After immunostaining, the samples aptically

cleared Each brain section was imaged using two different microscopy techniques, one record

was obtainedusing LSFM foldarge volume 3D overview, and at ledktee records were

obtained using CIMbfor higher resolution3Dimages
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Figure18: Experimental infection of rRABV DogA inwgeek-old mice. (A) Schematic overview diie animal
experiment timeline indicating the number of animalsthanized for downstream processirtte sectioning of

the brain samples collected, and the location of the three brain regions inspected in each mouse. Six mice, four
inoculated i.m. (group 2and two inoculated i.c. (group 5), were euthanized at 6 dpi before the onset of clinical
signs. Three mice, two inoculated i.m. (groupad)d one inoculated i.c. (group 5), were euthanized at 7, 10, and

17 dpi at the humane end point after the onset dihical signs. Clinically diseased mice are indicated by red
colo 6 KAfS YAOS GKIG RARYQU 4&K2 g (BEapkyei® kifvivaiplotafyri. I NS
and i.c. inoculated micenot euthanized at day.§C)Body weights of i.m. inoculated mice in the clinical phase
(the weight at the day of inoculation = 100%) mice selected for downstream imaging analysis are indicated by
red line colors.
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During the early phase of RABV infection at 6 dpi, 12 brain sectives,sections per mouse
(Figure 18A), were examined from four i.m. inoculated mic&mong these, three mice
exhibited no signs of infection in either neuronal or Aweuronal cells, with the latter
referring to astrocytes in this context. However, the fourth moaghibiteddistinctindividual
neuronalcellinfectionin the CB(Figurel8A, section 3). This was specifically observed in the
cerebellar nuclei regioCBN) of the CE-igure19C yellowarrow) and Mo Figurel9C white
arrow). The identification of these regions was based d¢me alignment of
morphological/anatomical landmarks with the Allen brain at{8sipplement5) [236]. The
infection was detected by the presence of accumulated RABV P protein in both neuronal cell
bodies and neurites. Ithe other two sectionsno RABV P protein watetected (Figurel9 A-

C). Interestinglya limited number of infected astrocytes in close vicinity to infected neurons
were revealedin higher resolution imaging of the CB brain section using CLSM, shown by the
accumulation of RABV P protein in GipaBitive cell{Figurel9 D-F).

In the late phase of infectignLSFM overviewsF{gure 19 GJ) of brain sections of.m.
inoculated micerevealed extensive RABV infection across multiple regions in the brain.
Infection foci within crucial neural relay and processing networks were observed by virus
detectionin the cerebral cortex (CT)8nd cerebral nuclei (CNBgions(Figurel9G) Further
analysis showedhat the virusspreadto other central regions of the braifFigure 19H),
includingareascorrespondngto the limbic systemsuch agshe amygdala and hippocampus,
and extending tather subcortical structures such tee basal ganglia and thalamuspatrtial
sectionof the CBalso showed/iral dispersalFigurel9l), indicating that the virus had spread
throughout the brain, which is a common feature of virulent RABVs during the clinical phase.
As observedreviously astrocytesvere alsoinfected (Figurel9, JL). This was confirmety
examining single planes and 3D renderimndpich ruled out any potential confusion from

overlapping structures.
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Figurel9: Comprehensive overview dfrain celsinfected with rRABYV Dog# 6-week-old i.m. inoculated mice,

at early and late phase of infectiofA-C)Early phasef infectionLSFM overviews of thé"4nspected mouse at

6 dpi [1x magnification; z= 894116 YR mMc dpn >Y F2NJ !'Z . FyR / NBaLISOlGAgs
GFAP (green), RAB\(red), and NeuN (blue). The records were rendered with 3D maximum intensity, displaying

I 2L OASs Ay Ee& LXIlySa 6AGK ad0ltS 6 NIpnn >Yd 6! .0
(C) CB section showing individual neuronal inéecfoci indicated by the white arrows. (D, Erly phase of

infection CLSM higher resolution records of infected neurons and astrocytes in the CB-i(eérmm C). The

white rectangles andhe A y 4 S0 KAIKE AIKG Ay TFSOGSR FadylpNBeodinf&tion ¢ A (1 K 3
[ {Ca NBO2NR O2NNBalLRyRAYy3a (2 GKS gKAGS NBOGIy3ItS Ay
F'yR &aOl t S -platdphmsef infextionL$FD! overviews of RABV infection [1x magnification; z= 1196,

MMHN YR mMunn >Y F2NJ DX | |y RILLCLBNBrachadsOairas@olding ®I G A (1 K a C
respectively, showing infected neurons and astrocytes. Whiée arrows indicate infected astrocyteScale bar

pn >YOo

When brain sections from i.c. inoculated miosefore the onset of clinical sigr{6 dpi) were
analyzed for viral tropism, in contrast to i.m. inoculated miesale spread viral infection of
brain cells was observed in various brain ar@@gure 20). Both neuron and astrocyte
infections were observe@Figure20, E and-U white arrows) The dynamics of virus spread
following i.c. inoculation was faster as a result of direct introduction of the virus to the cerebral
milieu and thereby circumventing the peripheral transport phase inherent to i.m. inoculation
routes. Interestinglya discernibleincrease in rabies virus infectivity over the course of one
day was observedn thefirst sections Figure20, Aand P, the infection density at 7 dpi was
significantly elevated compared to 6 dpi, with widespread and intense virus $igliehting
robust viral activity across multiple areas, possibly involving both primary sensory and-higher
order association areas. Brain sections including parts of the cortex and hippocafigure (

20, B andG), showed notable progression and denser infection in the hippocanfggsire
20G), indicating rapid viral spread within this critical region for memory and spatial navigation.
Finally, in theCBsections Figure20, C andH), a substantial increase in virus signal at 7 dpi
was also observed, indicating that the infection has spread to multiple cerebellar lobules,
affecting both the fine motor control and possibly cognitive functions linked to Giige
Moreover, CLSM images confirmed the previous findings at a cellular resolution and provided
finer details. In thdirst sectiongFigure20, D andl, therewas a notable transition in the virus
distribution pattern: from spreading in patche&igure 20D) to a morewidespread and
pervasivepresence inFigure20l). Furthermore, in the hippocampdFigure20, EandJ) and
cerebellar regionfFigure20, F andK), the increase in virus signatlicateda critical escalation

in viral replication and spread.d A Y RA Ol ( SR (Fagare2d K<\ auBipld infissit®ds a

astrocytes were observed at 7 dpi.
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Figure20: Comprehensive overviews dirain cells infeced with rRABV Dog#n 6-week-old i.c. inoculated mice

before and after the onset ofclinical signs.(A-C) LSFM overviewbefore the onset of clinical sigii6 dd) [1x
YFIYAFAOLGAZ2YT 1T ycHIZI wmmyn | yBrRinsections were\staife@ WO GFAP . | VR
(green), RABY (red), and NeuN (blue). The records were rendered with 3D maximum intensity, displaying a top

view in xy planes witlt OF £ S 6 | NJF)pOLSM higheresol®ion records that correspond tC)A

respectively of infected neurons and astrocytes. The white rectangles and inset highlight infected astrocytes
gAGK aol f S-)asFNloywemiewsfiedthe @ii3et otlinicalsigns (7dpi)showing the widespread of

iKS AyFTSOlAz2y oME YIFIYAFAOLIGAZ2YT 1T mcncZ MmHe YR wmn
L) CLSM records corresponding telYGespectively, showing infected neurons and astrocyté® white arrows

indicate infected astrocytse { OF £ S 6F NJ pn >Y®

While conventional CLSMrecord provided a detailed visualization of rRABV Degfected

brain cells(Figure21A), thisrecordwasfurther processedo generatea digital object maf
segmented neurons and astrocyt@sigure21B). The map represents the results of a newly
developed segmentation and quantification pipeline, as detaile@aterials and Mthods

4.9). Generally, this new pipelin@rovides a clear visualization of the distribution and
clustering of theclassifiedcells within the tissueeombining qualitative insightand allowing

for quantitative assessmentsor examplethe raw CLSM imadg€igure21C) and segmented
image (Figure21D) provide a dual perspective on the interaction between astrocytes and
RABMnNfected neurons within the braihy offeringa detailed view of the cellular morphology
and the spatial distribution of the infectiodransformation into a discrete, colopded map

of individual cells, enabled precise quantification and analysis of the extent and pattern of the
infection by displaying uninfected and infected astrocytes after having been digitally isolated
and identifiedfrom the original CLSM data. For improved comparative analysisinfected

and infected astrocytes were seleatly colorcoded in green and magenta, respectively, in
the segmented imagé€Figure21D). Raw CLSM images of a zooredD view of an infected
astrocyte (Figure 21, E and J and a single plane view(Figure 21G), along with the
correspondingsegmentgtion results (Figure 21, H-J), showed that infectedastrocyte vas

correctly identified
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Figure21: Segmentation and quantification of astrocytes and neurons in context of rRABV infec(idpEarly
phase of infection (6lpi) CLSM record of a brain section from a rRABV DogA i.c. inoculated rfiouse
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Y 3y ATAOI (i ATRefetord wasermered with 8@pmaximum intensity, displaying a top view in xy planes
gAGK al0FtS o6IFN pn >Yd® 6.0 { Sa¥xiased oniGFAP/and2NeuNI-stiditgR O& (i S 3
respectivelyusing anintensity threshold througtthe Arivisanalysispipeline The multicolor objects displayed
here are random color mode. 82furonsand 158 astrocyteswere identified in a volume of 66 nm x 66 nm x
500 nm. (C) CLSM record showing Gpéditive astrocytes and RABMositive neurons. (D) The segmented
image of (C) showg GFAP positive objects in green and Gpésitiveandinfectedobjectsin magenta. Infected
astrocyteswere identified by celocalization with the RABW positive signal, with white rectangle highlighting

an infected astrocyte. (5) Images corregmding to the white rectangle in (C). (E, F) The infected astrocyte in
3D rendering mode(G) A single plane view of the infected astrocyte with RABVaccumulation. (H)
Segmentationresult corresponding to (i) respectively, with (1) showing the infected astrocyte recognized by
the pipeline in magenta. (Begmentation of the infected astrocyte in a single plane is shown with a magenta
highlight, indicatinghat this object is identified as an infected astrocyfeOl £ S 6. NJ pn >Y

Segmentation of neurons from the same CLSM imdggure22) revealeda comprehensive
view of neuron distribution (Figure 22A). After conversioninto a segmented object map,
uninfected and infected neurons were individually delineated and colaroded, thus
facilitating the spatial and quantitative analysis of neuronal populatiofigufe 22B).
Magnified CLSM views displayed the detailed morphology of an infected neuron in the vicinity
of uninfected onesKigure22, GE)with 180° rotated view for a better visualizatioRigure
22D)and a singlgplane view of the infected neuron, indicating the intracellular accumulation
of RABW protein in the soma and the neuritgsigure22E).Correspondingly, in segmented
versions isolating neurons to allow focused morphometric assessmenmégentaneuron
(enclosedwithin the cubg wasdenoted as an infected neuron objecFigure22F), while a
180° rotated view revealed the full dimensionality of its structurey(re22G) In a single
plane view(Figure22H), the pink highlight around the celoma of the neurornndicated the
identification of this object as an infected neurbythe pipeline, whereas the light blumnes

wereidentified as uninfected neurons.
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Figure22: Segmentation and quantification of neurons in context of rRABYV infecti¢®).CLSM record showing
NeuNpositive neurons and RABYpositive infected neurons. (B) The corresponding segmented image of (A)
shows NeuN positive objects in cyan and NeuN positifected neurons in purple. Infected neurons are
identified by celocalization with the RABYP positive signal, with white rectangles highlighting an infected
neuron. (GE) Images correspond to the white rectangle in (A). (C, D) The infected neuron in 3D rendering mode.
(D) is a 180° of (C) for a better visualization, while (Gjvste single plane view of the infected neuron with
RABWP accumulation in the soma and neuritesHFSegmentation corresponding to-EJ respectively, with (G)
showing the infected astrocyte recognizied the pipeline in purple. (H) The segmentation of the infected neuron

in a single plane is shown, with a purple highlight and a box, indicating that this object is identified as an infected
neuron{ OF £ S o6FNJ pn >Y
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Using the aboveleveloped segmentation pipeline, the percentageirdected neurons and
astrocytes was quantifieth early and late phases of RABV infeciiomm. inoculated mice.

In the early phase of infection (6 dpi) rRABV Daeg#igen Pwas only detected in brain cells

of the CB sectiorat a rather low levelKigure23A) with a mean infection rate in neurons of
2.3% (SD = 2.6) and in astrocytes of 0.3% (SD = 0.6). In contrast, mean infection rates in
neurons and astrocytes in the same brain regiothalate phase (117 dpi) were 5.5 [12.8%

(SD = 7.7)] and 16.6 times [5.0% (SD * 4.0)] higher, respectively. While there was almost no
difference in the percentage of astrocytes in clinically diseased mice in the frontal lobe (3.9%;
SD + 2.8;) and mesencepbia (3.8%; SD * 3.0), neuron infection rates in the respective regions
differed by more than 4% (9.2%, SD = 4.3 frontal Mdrses 5.0%, SD * 4rfhesencephalohp
Whenthe data from thethree regions were compiled to capture the overall infection pieofi

in the early and late phaseof RABV infection, analysis revealed a statistically significant
temporal increasén RABV positivastrocytes (P< 05) and neurons (P8.001) after theonset

of clinical signs (£Q7 dpi) as compared to 6 dpiowever, the magnitude in astrocytes was

less pronounced than in neurorisigure23B). This suggests a differential progressioRéBV
infection in these cell types, with neurons demonstrating a higher susceptibility to the virus
over the observed periodAnalyses of samples from a&arly time point demonstrated that
astrocytesinfedonA & y 204 | WQf I S LI Isd SyQ@imeSpsift & Ordin 6 dzi

infectionalbeit very sparséue togenerally limitecheuronal infection.
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Figure23: Mean percentage of rRABNhfected neurons and astrocytes ithe early and late phase of infection
following i.m. inoculation.(A) Comparison dhe meanpercentage ofinfected astrocytes and neuroracross
three brain regions ithe early phasg6 dpi) and late phase (107 dpi) d RABYV infection. In the early phase
(from one anima), a total of 4104 neurons and 2536 astrocytes were counted acrimesindependent confocal
z-stackscovering all three brain region$-ouradditional data points(value =0, no infectionfor neurons and
astrocyteswere addedin the mesencephaloat 6 dpibased onLSFMrather than CLSManalysis for a better
visual comparisonin the late phaseftom two animalg, a total of 17795 neurons and 5418 astrocytes were
counted across 19 independent confocatacks. (B) Comparison of meaercentage ofnfected astrocytes and
neuronsacrossall three brain regions cohined. Each dot represents the percentage of infected astrocytes or
neurons in asingleanalyzed stack with mean values indicated by horizontal lines. Statistical significance is
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tested negative for RABV infection.
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Brain sectiongrom i.c. inoculated micebefore (6 dpi) and after(7dpi) the onset of clinical
signs were analyzed to assess whether the observed increase in astrocyte intextidrbe
attributed to ongoingneuropathogenicityprocesses. At 6 dpthe mean rate of astrocyte
infection was 6.3% (SD #09in the frontal lobe and 6.4% (SD % 5.5) in the cerebe{kigure
24A), comparedto 9.6% (SD * 3.0) and 15% (SD = 5.0), respectiely dpi.The temporal
increasein neuronal infectionvasmore pronouncedyith a mean infection rate of 6.8% (SD
* 4.8) in the frontal lobe and 5.5% (SD 1) tnGthe cerebellum at 6 dpand 10.7% (SD  6.0)
and 29.8% (SD + 18.3) respectively by 7 bipisummary, n the i.c. inoculated mice a
significant difference was observed in the rate of neuronal infection across the examined
regionsd LJ K, withdamimcrea® notedtowards day 7where the infection rate wa$8.0%
(SD #13.0), compared to 0% (SD #.7) at 6 dpi In contrast, tle astrocyte infection ratelid
not exhibit a significant difference between the two time points, with 12.7% (S22 5
infection rate at 7 dpi, and.4% (SD $.2) at 6dpi (Figure24B).
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Figure24: Mean percentage of rRABNhfected neurons and astrocytes following i.c. inoculation before and

after the onset of clinical signgA)Before theonset of clinical signs (& dpi), a total of 6922 neurons and 3705

astrocytes were counted across 12 independent confoeaiheks covering 2 brain regions: Lobus frontalis, and
CerebellumAfter the onset of clinical signs (at 7dpi), a totallé75 neurons and 3235 astrocytes were counted

across 9 independent confocabktacks. (B) A compilation of the total infected astrosyéed neuronsEach dot

represents the percentage of infected astrocytes or neurona singleanalyzed stack with mean values
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A compilation of alldata Figure 25) indicated that at 6 dpithe infection ratesin i.m.
inoculated mice were relatively low, with 2.4% of neurons and 0.3% of astrocytes showing
infection. A notable increase in infection rates was observed during the period from 10 to 17
dpi, with neuron infection rate rising to 9.9% and astrocytes to 318%c. inoculated micet

6 dpi, the infection rates werhigher,with 6.3% of neurons and 7.1% of astrocytes infected

increasing tdl1.9% and 10.9%espectively, by day gostinfection (pi) (Figure25).
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Figure25: Percentage of infected neurons and astrocytes before (6 dpi) aftdra(10-17 i.m. and 7 i.c.;he

onset of clinical signs context ofdifferent inoculation routes.At 6 dpi, there is a lower percentage of infection

in both cell types compared to later time points. The percentage of infection in both cell types increases in a late
phase of infection (1617 dpi). There was a notable difference in the percentage of infected cells between the
i.m. and i.c. routes of infection at the observed time points.
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5.1.2.Astrocyte tropism dependency on interferoescape
Previous studies have established that astrocytes are primaryt IfNhe brain, and that
laboratory strains of RABV tend to infect astrocytes abowidele to the strong cell type
specific IFN respond89]. In contrast, field strains of RABV, such as rRABV DogA, exhibit a
strong astrocyte tropism (see 5.1.1), suggesting that unlike laboratory strains, these viruses
can escape IFNmediated restriction and replicate in astrocyt@&3]. To substantiate the
hypothesis that astrocyte tropism of field RABVs is contingent on their ability to inhibit the
potent IFNI response, a rRABV DogA interferon typmeutant (IFNmutant) was employed, in
which 2 aa substitutions were introduced at pasits 265 (W265G) and 287 (M287V) in the
Gterminus of the RFigure3) to impede STAT1 and STAT2 binding, thereby preventing JAK
STAT dependent IHNresponse $upplement3 and Supplement4). In addition, this IFN
mutant was also used to study its impact on CNS invasion from peripheral inoculations sites,
as the IFNescape capacity is reducedo this end, two consecutive animal trials were
conducted, using 6 andweekold mice. In both trials, mice were inoculated with RABV IFN
mutant by i.m. and i.c. routes. Brain sections fromo different brain regions, 1 and 3 (see
5.1.1, Figure 18) were examined These sections, each 500 um thick, wemdlected at
different time points, before and after the onset of clinical signs. The sections were then

processed through immunolabeling, clearing and imaging as described pre(seesly.1.1).

5.1.2.1.Attenuation of rRABV IFMnut afteri.c. and i.m. inoculation

In aninitial animal trial immune competent &veek-old micewere selected Figure26A) and
inoculated both i.m. and i.c. witthe rRABV IFMhutant. After i.c. inoculatiorwith both the
rRABV IFMutant and rRABV DogAresults from part5.1.1) all animals died0% survival
rate). However,jn rRABV IFNhutant infected mice a slower progression of the diseaseas
evident(Figure26B). In contrast, anoticeabledifference was observeid i.m.inoculatedmice,
with rRABV Dogahowinga 50% survival rat€80 TCIEy), compared to 100% survival rate in
miceinoaulated with therRABV IFMhutant (Figure260).

The attenuating effect of the introduced mutations was further confirmed by a higher
infection dose When 3000 TCIE) were inoculated i.m..all rRABV Dao§ infected mice
succumbed to rabiesvhile about 83% (5 out of G)f therRABV Dog IFMutant infected mice
survived(Figure260).
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Interestingly,5 out of 6 RABV IFMhutant infected mice showed weight loss ranging from
11.54% to 15.38% starting frondpi (Figure26, AandD). These mice subsequently regained
the lost weight starting from 18pi, and by 21dpi, they had surpassed their initial weights

recorded on day 0. However, one mouse was euthanizedidilin accordance with the
humane endpoint criteria (see 4.10.Table7).
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Figure26: Experimental inoculation (i.m.) of &veek-old mice with the rRABV IFsutant (3000 TCIE). (A)
Schematic overview dhe study design and dynamics of the transient infectiorafige onset of weight loss,
green onset of weight gain and recovemed; the clinically diseased mousgB, CKaplanMeier survival plog

of i.c. and i.minoculated mice with rRABV DogA and the rRABVEtdnt. (D) Development of body weights
pi (body weights at day of inoculation were set to 100%).
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5.1.2.2.CNS invasion by the rRABV HalNitant in 6-week-old mice

Mice thathad shown transientinfection Figure26D) were euthanized at 21dpi and tested

for the presenceof RABV RNAOokr different brain regions (Lobus frontalis, Mesencephalon,
Cerebellum, and Truncus encephalgre subjected to RNA extraction aRFgPCR analysis
which revealedpositive results, wittcyclethreshold (Cf)-valuesrangng from 28.65 to 33.13

in the Lobus frontalis27.90 to 32.06 in the mesencephalon, 27.39 to 32.19 in the cerebellum
and25.56to 3285in the Truncus encephdlrigure27?).
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Figure27: Detection ofrRABV Dog INFutant infiltration in multiple brain regions vVRNAwasdetectedby RF
gPCR@-values)acrosdour brain regionsn mice that exhibited transient clinical signs and recoverg@1 dpi.

LSFM imaging of brain sectioftem a clinically diseased ause inoculated i.c. with rRABV
IFNmutant at 11 dpi showed pronouncedeuronal infectionFigure28), but noticeablyless
extensive than in mice inoculated with th rRABV DogA straat 7 dpi(Figure20). Distinct

regions ofviral infection were evidenin the cerebrum sectioifFigure28A), includingparts of

the CTX, anterior cingulate area (ACA), nucleus accumbens (ACB), and the basal forebrain area
(CLA) Inthe CB(Figure28B), viral infection was also found in different regions includimg
cerebellar cortex (CB)fjotentially withinthe granule cell layer (GRM)hdthe inferior olivary

nucleus (I0). CLSMages demonstrated astrocyte infection in both cerebramdCBsections

(Figure28, C and »
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Figure28: Detection of the rRABV IFMutant in the brain of a 8week-old mouse inoculated i.c. at 11 dpfA,

B) LSFM overviews of the cerebrum @Bsections respectivelyBrainsections were stained for GFAP (green),

RABWP (red), and NeuN (bluejC, D) CLSM images corresponding to a single FOV in A and B, respectively,
displaying the infection of the neurons and astrocytes on the cellular level. Astrocytes infection is indicated by
GKAGS INNRgad {OFfS 6FNIAY m FyR . [ pnn >Y FyR Ay |/

Among the i.m. inoculated mice withe higher dose3000 TCIE) of rRABV IFNnhutant, one
mouse didnot display clinical signs and §PCR analysis at 21 dpi was negativesRXA in
all four brain regions analyzed previously. LSFM and CLSM imaging of the cerEigura (
18A, brain section Jshowed no signs of infectiddata not shown)However, in brain secti@n
2 (Figure29A), and 3 Figure290), individual neuronal infectigwere detected In section 2,
the infection was located in the thalamugFigure29, A and B), whereasin section 3was
located inMo (Figure29, GE).
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