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1. Introduction 

1.1. Rabies Virus 

Rabies virus (RABV) is one of the deadliest viruses known to humanity that causes tens of 

thousands of human deaths annually, primarily in Africa and Asia [1]. The ancient virus has 

been around for an estimate of 4000 years [2]. 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 tissues [2]. The neurotrophic RABV targets mainly neurons. Neurons can be 

remarkably long, more than 1 meter, with their cellular machinery located at one end and the 

terminal at the other [3]. As a result, the site where the virus enters plays a crucial role in 

determining how quickly it reaches the brain. Once the virus reaches the brain stem, the 

infection progresses until it includes the whole brain [2]. Unlike other viruses that cause 

cellular damage by multiplying rapidly and triggering a massive immune response that results 

in a lot of damage, RABV-infected brain tissues show minimal to undetectable damage. After 

RABV infects the brain and causes 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 death [1,2]. There is no treatment for rabies after the onset of symptoms and 

therefore understanding virus-host interactions is crucial for the development of antiviral 

therapy. 

1.1.1. RABV Transmission 

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

one of the earliest attempts to explain disease transmission. Meanwhile, his contemporary 

fellows observed that the transmission of the rabies varied according to several factors such 

as the anatomical site of the bite and the capability of the rabid animal to spread the disease. 

By the 19th century, the scientific approaches improved the understanding of the 

epidemiology of rabies [4]Φ Lƴ мулпΣ ŀ DŜǊƳŀƴ ǎŎƛŜƴǘƛǎǘ ƴŀƳŜŘ άDŜƻǊƎ DƻǘǘŦǊƛŜŘ ½ƛƴƪŜέ 

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 rabbits. However, the 

intravenous inoculation of rabid saliva did not initiate the disease in sheep but immunized the 

animal instead. Such variable species susceptibility was further investigated by the French 

microbiologist Louis Pasteur (1822-1895). He found that the virulence of the pathogen was 
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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 developed the first inactivated Rabies 

vaccine from the emulsion of the spinal cord from a rabbit that died of rabies, and successfully 

treated a boy who was bitten by a rabid dog [5]. 

Inside the infected host, the virus reaches the salivary gland via the cranial nerve and sheds in 

saliva (Figure 1). Animal bites are the predominant mode of rabies transmission to humans 

(90%), whereas licks and scratches are less common routes (0.1-1%) [6]. The success of 

transmission depends on the genotypes and tissue tropism of the lyssavirus introduced. Bites 

in face or upper limbs bear a higher risk of infection and a shorter incubation period compared 

to lower limbs. Individuals bitten on bare skin, and not through clothes, are also more likely 

to contract rabies [7]. Non-bite 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 laboratories [8]. Human-to-human transmission of rabies through organ 

transplantation (mostly corneal transplants) from an undiagnosed patient have been reported 

in several countries [7].  
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Figure 1: RABV Transmission. A schematic diagram showing the transmission of RABV by a rabid animal from the 
site of entry until reaching the central nervous system (CNS) and causing encephalitis followed by a centrifugal 
spread of the virus to all organs. Infection of mouse hippocampal neurons with a street RABV is shown by staining 
for RABV N (red), along with the neuronal marker ǘǳōǳƭƛƴ ʲо (red), and nuclear stain Hoechst 33342 (blue). 

1.1.2. Rabies virus taxonomy 

RABVs are zoonotic neuroinvasive viruses that belong to order Mononegavirales (mono: 

single; nega: negative), family Rhabdoviridae (rhabdos means rod in Greek), genus Lyssavirus 

[9]. The order Mononegavirales includes 11 virus families: Artoviridae, Bornaviridae, 

Filoviridae, Lispiviridae, Mymonaviridae, Nyamiviridae, Paramyxoviridae, Pneumoviridae, 

Rhabdoviridae, Sunviridae, and Xinmoviridae [10]. They are enveloped viruses with a non-

segmented negative sense (NNS) single stranded ribonucleic acid (RNA) genome [11,12]. They 

infect a wide range of species including humans, animals and plants. Some of the deadliest 

viruses that frequently cross species and induce severe infections with high fatality rates such 

as RABV, Ebola virus (EBOV) are members of this order [12]. The Rhabdoviridae family is highly 

diverse. It includes 20 genera and 143 virus species. Of the 20 genera, 5 include viruses that 

exclusively infect vertebrates. Seven include arthropode born viruses infecting also 

vertebrates. Others comprise invertebrate and plant viruses. Rhabdoviruses include important 

pathogens of humans, livestock, fish or agricultural crops [11]. Knowledge of the fundamental 
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molecular biology and development of diseases has mostly come from research using 

vesicular stomatitis, genus Vesiculovirus, and rabies virus, genus Lyssavirus. Both viruses have 

numerous similarities in terms of structure, genomic organization, and replication mechanism. 

However, they greatly diverge in their pathogenic features [11]. 

RABV is the prototype virus of the genus Lyssavirus, named after Lyssa the ancient Greek spirit 

of mad rage. There are 21 species in the genus Lyssavirus of which 7 are associated with rabies-

like encephalomyelitis in humans (Table 1) [13ς16]. Bats are the primary reservoir hosts for 

the majority of lyssaviruses, and both bats and carnivores play a major role in the continuous 

circulation of RABV. Species of the genus Lyssavirus are divided into two phylogroups based 

on phylogenetic analysis. Three divergent species: Ikoma lyssavirus (IKOV), Lleida bat 

lyssavirus (LLEBV) and West Caucasian bat lyssavirus (WCBV) have not been assigned to a 

phylogroup, whereas four other lyssaviruses remain unclassified (Table 1) [17ς21]. With the 

exception of RABV, which is transmitted by carnivores, all lyssaviruses in phylogroup 1 are 

transmitted by bats. Phylogenetic analyses indicated that all lyssaviruses have originated from 

a precursor bat virus. However, the evolutionary relationship between bat-transmitted and 

carnivore-transmitted lyssaviruses remains unclear [13,22] . 
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Table 1: Lyssavirus species and their host reservoirs. The most recent revision of the genus Lyssavirus 
by the international committee on taxonomy of viruses (ICTV) comprises a total of 21 species. Among 
them, 3 species have not been assigned a phylogroup: * , while 4 are categorized as unclassified: +. 

Species highlighted in bold, along with a human character ( ), denote instances of human fatalities. 

 Species  Common reservoir 

 Phylogroup I   

 Rabies lyssavirus (RABV)                 Mammals 
 Aravan lyssavirus (ARAV)  Bats 
 Australian bat lyssavirus (ABLV)       Bats 
 Bokeloh bat lyssavirus (BBLV)  Bats 
 Duvenhage lyssavirus (DUVV)           Bats 
 European bat 1 lyssavirus (EBLVȤ1)   Bats 
 European bat 2 lyssavirus (EBLVȤ2)   Bats 
 Gannoruwa bat lyssavirus (GBLV)  Bats 

 Irkut lyssavirus (IRKV)                                  Bats 
 Khujand lyssavirus (KHUV)  Bats 
 Taiwan bat lyssavirus (TWBLV)  Bats 

 Phylogroup II   

 Lagos bat lyssa virus (LBV)  Bats 

 Mokola lyssavirus (MOKV)                       Rodents & domestic animals 
 Shimoni bat lyssavirus (SHIBV)  Bats 
 Phylogroup?   

 Ikoma lyssavirus (IKOV)*   African civets 

 Lleida bat lyssavirus (LLEBV)*   Bats 

 West Caucasian bat lyssavirus (WCBV) *  Bats 

 Unclassified   

 Divaea bat lyssavirus (DBLV) +  Bats 

 Kotalahti bat lyssavirus (KBLV) +  Bats 

 Phala bat lyssavirus (PBLV) +  Bats 

 Taiwan bat lyssavirus 2 (TWBLV2) +  Bats 

1.1.3. Rabies virus structure and genome organization 

RABVs are enveloped with a distinct bullet-shape morphology and an average size of 198 nm 

in length and 86 nm in diameter (Figure 2A) [13,23]. The 12 kilobase (kb) RNA genome is 

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) (Figure 2A). However, many other rhabdoviruses have accessory genes or 

alternative open reading frames (ORFs) within the structural genes. The virion lipid bilayer 

envelope is acquired from the host cell by budding from the cell membrane. The surface of 

the envelop harbors a trimeric G [13,24]. Beneath the envelope lies the M protein, which 
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interacts from one side with the cytoplasmic tail of the G. The other side of the M protein is 

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

(b) connect the capsid and virion membrane [25]. The N encapsulates the NNS RNA genome. 

Inside the virion, the N together with the P, L, and the RNA forms a helical RNP complex. The 

organization of the RABV genome is strictly conserved, beginning with an extragenic 

ǊŜƎǳƭŀǘƻǊȅ оΩ ƭŜŀŘŜǊ (Le) sequence ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ǇǊƻǘŜƛƴǎ όоΩ-N-P-M-G-L-рΩύΣ ǿƘƛŎƘ 

are separated by untranslated regions (UTRs), and ending with a trailer sequence (Tr) (Figure 

2B). Each of the five genes has a single ORF. Transcription initiation (TI), and transcription 

termination polyadenylation (TTP) sequences surround each ORF and coordinate the 

sequential transcription of five capped and polyadenylated messenger RNAs (mRNAs), 

resulting in the formation of a typical transcription gradient (Figure 2C). The UTRs of the virus 

genes are generally short, with the exception of the 3'-UTR of the G mRNA, which can span 

440 to 700 nucleotides [26]. 

 

Figure 2: RABV structure and genome organization. (A) Schematic overview of rabies virion. (B) RABV genome 
organization. The NNS RNA genome encodes five proteins: the N (blue), P (red), M (yellow), G (green) and L 
(orange). (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 RABV RNP are three proteins: N, P, and L, all of which participate in the virion's 

RNA synthesis. Both N and P undergo phosphorylation. The other two structural proteins, G 

and M, are associated with the lipid bilayer. The G is integrated in the lipid bilayer envelope 

that encases the RNP core, while the M protein lies on the inner side of the envelope 

associating closely with it (Figure 2A) [13]. 

Nucleoprotein (N): The amino acid (aa) sequence of the N is the most conserved among the 

lyssavirus proteins, due to its critical function as a nucleocapsid protein. However, despite the 

conservation, there is significant genetic variation within short segments of the N gene among 

the genotypes [13]. The 57 kilodalton (kDa) N consists of two globular domains: the N-terminal 

domain (NTD) and the C-terminal domain (CTD). It interacts with both the RNA backbone and 

specifically with some RNA bases [13,27], enwrapping the virus genome into the helical RNP 

complex. The RNP serves as an essential template for the RNP-dependent RNA polymerase 

complex (RdRp) for both mRNA transcription and genomic RNA replication [28,29]. Replication 

generates a full-length positive sense copy of the viral RNA (vRNA), which is co-replicatively 

packaged by N in an antigenomic RNP and serves as a template for negative strand RNP 

formation. The switch from transcription to replication is in part regulated by the abundance 

of free N in the cytoplasm [28]. Moreover, the N acts as an exogenous superantigen, and 

exhibits several properties and responses in both humans and mice. These include its ability 

to activate peripheral blood lymphocytes, elicit a fast and robust virus-neutralizing antibody 

response, initiate early T-cell activation and expansion of cluster of differentiation 4 (CD4+) 

V 8̡ T cells, and bind to human leukocyte antigen (HLA) class II antigens on cell surfaces [30].  

Phosphoprotein (P): P is involved in multiple roles in the viral life cycle. It forms a dimer [31], 

and is composed of three main domains: the NTD, the oligomerization (OD) or dimerization 

domain (DD), also known as the central domain, and the CTD (Figure 3). These domains are 

connected by intrinsically disordered regions 1 and 2 (IDD1 and IDD2) [12,27,31,32].  

P-NTD contains a binding site for L within the first 19 aa residues (Figure 3) to serve as a 

noncatalytic cofactor in the viral polymerase [13].  Additionally, P-NTD binds the monomeric 

RNA-free N (N0) within its first 60 aa residues to keep it soluble by inhibiting aggregation of N 

and blocking its binding to cellular RNA [27]. Subsequently, P recruits N0 to the site of viral 

replication, where it encapsidates the newly synthesized vRNA [13,29,32]. P-DD is responsible 
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for the multimerization of P [27]. P-CTD is crucial for viral replication, immune evasion [27,33], 

and is essential for the function of P as the main interferon (IFN) antagonist [34ς37]. The P-

CTD binds the RNP, facilitating the recruitment of the polymerase to its template [27], thus 

significantly contributing to vRNA synthesis. Additionally, the P-CTD interacts with several 

host-cell proteins, including signal transducers and activators of transcription (STAT) proteins, 

importins, exportins, and microtubules (MT) [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 the P-CTD containing binding sites for STAT1 and 

promyelocytic leukemia protein (PML), which are involved in the interferon-induced antiviral 

response [32]. Moreover, P includes a binding site (aa 139ς172) for the cytoplasmic dynein 

light chain (LC8).  

Phosphorylation of P occurs at S63 and S64 by an unidentified kinase, and at S162, S210, and 

S271 by isomers of protein kinase C. These phosphorylation events modulate the activity of 

the viral polymerase [27,38]. 

In addition to the full-length P (P1, aa 1-297), there are additional N-terminally truncated 

isoforms: P2, aa 20ς297; P3, aa 53ς297; P4, aa 69ς297; and P5, aa 83ς 297. These isoforms 

are produced by ribosomal leaky scanning of the P mRNA [39], and have been detected in 

viruses, infected cells, and cells transfected with a plasmid containing the full P gene 

[32,40,41]. P1 and P2 are located in the cytoplasm [41], while the other isoforms (P3-P5) are 

located in the nucleus. The subcellular distribution of the P isoforms is controlled by a 

chromosome region maintenance 1 (CRM1)-dependent N-terminal nuclear export signal (N-

NES), which is absent in isoforms P3, P4 and P5, and a second export signal (C-NES) in the P-

CTD, in close association with the nuclear localization signal (NLS). P3 has a unique 

characteristic, which involves a mechanism where it antagonizes type-I interferon (IFN-I) 

through its association with MTs. Depending on the integrity of the MTs, P3 suppresses the 

IFN-I induced nuclear accumulation of STAT1 and the activation of interferon stimulated genes 

(ISG) [39].  
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Figure 3: P domain map. The linear map of RABV P was generated using DOG software [42]. The RABV P gene 
encodes full length P1, which is shown in two maps (P1 and P1*), along with N-terminally truncated isoforms P2-
P5. P1 contains residues 1-19 required for association with the viral L-protein. All P isoforms contain the CTD, 
which has binding sites for both the viral genome-associated N and STAT1. The N-NLS, and C-NLS domains contain 
key residues that are associated with N-RNA binding. Two red aa substitutions represent rRABV DogA IFN-I 
mutant substitutions (in this thesis). The map was created based on references [41,43].  

Matrix protein (M): Aside from the N-terminally truncated P-isoforms, the M protein is the 

smallest full-length protein encoded by the RABV. The 25 kDa protein plays a crucial role in 

virus assembly and morphogenesis. It interacts with the newly produced RNP and condenses 

it into a helical structure, leading to the formation of the bullet-shaped structure of the 

released virions by joining the turns of the RNP core in a string-like pattern [13]. The M protein 

inhibits viral transcription while enhancing replication. This regulation maintains the balance 

between these two processes, which is crucial for efficient virus assembly and production of 

progeny virus [44,45]. It also initiates virus budding by facilitating the interaction between the 

viral RNP and the host cell membrane. The first motif to be correlated with the process of virus 

budding from the cell membrane surface was the proline-rich motif (PPEY), at residues 35-38 

of the conserved 14-aa region close to the N-terminus of the RABV M protein [13,46,47]. 
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Glycoprotein (G): The G is a trimeric integral transmembrane protein that protrudes as spikes 

from the viral envelope and plays a key role in binding to receptors on host cells [48]. It is 

recognized as a main determinant in the neuroinvasiveness and pathogenesis of RABV [34], 

and is the only RABV protein that stimulates the production of virus-neutralizing antibodies 

(VNAs), which are the primary immunological agents combating a deadly rabies infection [49].  

The 524 aa protein consists of an N-terminal 19 aa signal peptide (SP) that is cleaved from the 

pre-mature G, followed by an ectodomain (ED) (aa 1-439), a transmembrane domain (TM) (aa 

440-461), and a cytoplasmic domain (CD) (aa 462-505) (Figure 4) [50]. The ED of the RABV G 

consists of three primary domains: the fusion domain (EDFD), the pleckstrin homology domain 

(EDPHD), and the central domains (EDCD) [51,52]. 

Four cell receptors were reported to mediate RABV cell entry. The 1st reported receptor was 

the nicotinic acetylcholine receptor (nAchR) [47]. The other three receptors are the neuronal 

cell adhesion molecule (NCAM) [53], p75 neurotrophin (p75NTR) [54], and metabotropic 

glutamate receptor subtype 2 (mGluR2) [55]. Some studies indicated that the p75NTR 

contributes significantly to the clinical manifestations but is not mandatory for virus binding 

and cell entry [56]. Additionally, entry factors such as transferrin receptor 1 (TfR1) [57], 

ƛƴǘŜƎǊƛƴ ʲм [58], and AP-2-associated protein kinase 1 (AAK1) [59,60] support RABV entry into 

cells. According to its essential function in receptor binding and entry, G plays a predominant 

role in the trans-neuronal and trans-synaptic spread of RABVs. Intracranial (i.c.) inoculation 

with recombinant G-gene deleted RABV resulted in infection of the neurons at the site of the 

inoculation without further inter-neuronal spread [49,61]. Furthermore, a single aa mutation 

in position 333 from arginine to glutamine (R333Q) rendered RABV ERA strain unable to carry 

out cell fusion in vitro and reduced cell-to-cell spread in infected mice [49,62]. 

Field and laboratory-adapted RABVs show major differences in replication, the quantity of G 

expression and the cell tropism. Field RABVs replicate poorly in cell culture system, express a 

lower amount of G and infect astrocytes in vivo, in contrast to laboratory-adapted viruses 

[50,51,63]. During the process of RABV cell culture adaptation by serial passaging, G 

commonly develops 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 culture [51,64]. An example of cell culture related 

adaptive mutations is the aa replacement D247N (Figure 4) which occurred in the course of 
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serial passaging of a field RABV strain on neuroblastoma cells (Na) [51,65]. Likewise, the 2 aa 

exchanges A400T and K425N (Figure 4), ǿƘƛŎƘ ŘƻƴΩǘ ǊŜǇǊŜǎŜƴǘ ŀŘŘƛǘƛƻƴŀƭ b-glycosylation sites, 

occurred in the course of serial passaging on baby hamster kidney (BHK) 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 is not receptor 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 trans-synaptically spreading field RABV [51]. Accordingly, the effect 

of such mutations is addressed in this thesis (Results 5.1.3).  

 

Figure 4: Schematic diagram of RABV G domains and antigenic sites after SP cleavage. RABV G linear map was 
created using DOG software [42]. (A) RABV G main domains; the ED, TM, and CD. (B) The ED consists of the EDFD, 
EDPHD, and EDCD. The 3 red aa substitutions represent cell culture adaptive aa substitutions [51], the asterisk (*) 
indicates acquisition of a glycosylation site in D247N. (C) The ED contains the antigenic sites I (aa 226-231), II (aa 
34-42, and aa 198-200, where both regions are linked with a disulfide bond), III (aa 330-338), and a (aa 342-343) 
[66]. 

Large RNA polymerase (L): The RdRp consists of two subunits, the 2,127 aa L protein, and the 

cofactor P [40]. L is a multifunctional protein that performs all enzymatic activities, including 

the RdRp, mRNA capping, and mRNA polyadenylation [29,40]. 

Since all non-segmented negative-strand RNA viruses (NSVs) are assumed to replicate similarly 

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

activities. A comparative analysis of aa sequences of L proteins from different species of NSVs 

revealed the presence of six highly conserved regions (CR) aligned along the L protein. These 

conserved regions are an important characteristic of the L Protein [13,67ς69]. CR III contains 
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four conserved motifs (A to D), which are characteristic in all vRNA-dependent RNA and DNA 

polymerases, with the C motif involved in forming the protein's catalytic center [13,40,70]. As 

in all NSVs, the virion association with vRNA polymerase is essential for the onset of primary 

transcription of the genomic RNA after release of the RNPs into the cytoplasm [13].  

1.1.5. Replication cycle and transport in neurons 

The viral genome is the template for transcription of the five viral mRNAs and replication to 

produce a full-length positive sense antigenomic RNA template for the synthesis of new 

negative-strand RNA genomes [71]. 

The RABV life cycle involves a series of phases. The first phase includes binding to specific 

receptors on the host cell surface to facilitate entry through receptor-mediated endocytosis. 

Following internalization, fusion of the viral and endosomal membrane leads to the release 

(uncoating) of the viral RNP into the cytoplasm. Once released, the RNP undergoes primary 

transcription and translation to synthesis viral proteins, followed by RNA replication (Figure 5, 

steps 1 to 5). Newly synthesized virions are assembled at cellular membranes, and 

subsequently released from the host cell membrane to infect neighboring cells [72].  

RABV transcription and replication occur in viral factories, which are cytoplasmic spherical 

liquid organelles, known as Negri bodies (NBs) in the cytoplasm [73]. The vRNA synthesis 

requires three proteins (N, P, and L) [74]. Transcription involves the synthesis of a positive 

stranded leader RNA of 47 nucleotides, and five capped and polyadenylated mRNAs [40]. The 

polymerase complex pauses at specific signal sequences (U/ACUUUUUU) before resuming 

transcription at the transcription start signal (UUGURRNGA). It bypasses an intergenic region 

of 2ς24 nucleotides during this process. Incomplete re-initiation of transcription at the gene 

junctions causes a transcription gradient from ǘƘŜ о  ǘƻ the р  genome end  [75].  

While entering neuron by receptor mediated endocytosis, the virus is transported inside of 

endosomes to the cell soma by dynein dependent retrograde axonal transport (Figure 5) 

[76,77]. After accumulation of viral proteins in NBs and the replication of novel RNPs [78], the 

RNPs are exported from the NBs and transported to the budding sites. Although anterograde 

axonal transport of RNPs in neurites has been demonstrated [77] and anterograde axonal 

spread in infected mice has been shown [79], details of the RNPs transport to synaptic budding 
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sites are unknown. For trans-synaptic transmission to connected neurons, the virus buds at 

pre-synaptic membranes, followed by infection of the next neuron (Figure 5, step 7). 

 
Figure 5: Replication and transport of RABV in vivo.  Entry to the host cells occurs by receptor mediated 
endocytosis.  RABV is transported in endosomes towards the neuron soma via retrograde axonal transport. 

 Uncoating occurs by membrane fusion and release of the M protein layer in the cytoplasm.  Transcription 
takes place resulting in the production of р-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) Golgi network.  With the accumulation of viral proteins, RNA replication and further mRNA 
transcription occur.  Assembly and budding of virions lead to their release into the synaptic cleft, where they 
can infect the next order neurons. Figure is adapted from [9], and reproduced with permission from Springer 
Nature, license number: 5863771270493. 

1.1.6. Pathogenesis  

RABVs are typically categorized into two groups: street or field viruses (also dubbed as wild 

type (wt)), which are isolated from the field, and fixed viruses, which are lab-adapted viruses, 

usually produced by serial passaging in cells or lab animals (Figure 6). Field viruses usually 

exhibit higher virulence after peripheral infection. Fixed viruses typically are capable of 

causing more constant course of disease in animals. However, in comparison to field viruses, 

fixed viruses can be still virulent but usually more infectious virus dose is 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 i.c. instillation 

(Figure 6) [80]. Overall, fixed viruses differ from street viruses by a more predictable and 

shortened incubation period, a stable level of virulence, and a decreased or complete loss of 

infectivity when introduced into the periphery [81]. 

RABV pathogenesis is primarily characterized by neuroinvasiveness and neurotropism, both 

of which are affected by viral proteins and non-coding genomic sequences [82]. Nevertheless, 

the G is the primary pathogenesis determinant, influencing the rate of virus uptake, trans-

synaptic spread to and in the CNS, and replication [49,83]. Its expression level can influence 

pathogenicity of the virus through induction of cellular apoptosis [84]. Recent work also 

suggested limited cell surface expression of field viruses G in infected cell cultures and thus 

limited release of infectious virions in the cell cultures supernatants. Limited release of virus 

particles could limit immune recognition of field viruses and thus contribute to the high 

virulence of these viruses [51]. Another main pathogenesis factor is innate immune escape by 

RABV P (1.1.7). The detailed role of those escape functions and their contribution to the 

different steps of virus replication and spread in the infected organism remain elusive. Overall 

it is assumed that field virus infections express a delayed innate and adaptive immune 

responses, whereas attenuated strains induce earlier inflammatory responses and, in some 

cases, are restricted to a subclinical infection of peripheral and central nerve tissues [80]. 

 

Figure 6: Schematic representation of different strains of field RABVs and fixed (laboratory-adapted) RABVs, 
highlighting differences in virulence, and the ability to reach the brain based on the inoculation route.  
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1.1.7. Immune Response to RABV infection 

Each of the five proteins of RABV can interfere with the immune response to varying extents, 

via different mechanisms [85ς88], with the P being the primary interferon antagonist [89]. 

The primary innate antiviral response of cells to viral infection is the activation of IFN-I [90]. 

Infected cells produce and release IFN-I, which then signals back to the same cell (autocrine 

signaling) or to neighboring cells (paracrine signaling) by binding to the type-I IFN receptor 

(IFNAR), thus activating the Janus kinase-signal transducer and activator of transcription (JAK-

STAT) pathway [37]. This binding triggers the phosphorylation of STAT1 and STAT2 at 

conserved tyrosine residues forming phosphorylated STATs (pY-STATs) [35,39,89,91]. These 

pY-STAT1/2 then form a complex with interferon regulation factor 9 (IRF9) and migrate to the 

nucleus for binding to IFN-stimulated response elements (ISREs) in IFN stimulating gene (ISG) 

promoters, leading to the activation of numerous IFN-regulated genes (IRGs), including 

antiviral genes [35,89]. This process establishes a cellular antiviral state and aids in the 

development of an adaptive immune response.  

Viruses employ several tactics to undermine the IFN response by IFN-antagonist proteins, a 

crucial aspect of infection and disease development [39]. This response progresses through 

three stages: IFN induction, IFN signaling, and IRG effector activities, all of which can be 

affected by the RABV P [35,36,89,92]. 

RABV P counteracts pY-STATs by interaction with pY-STAT1-STAT2 heterodimers which 

prevents dephosphorylation, leading to the accumulation of pY-STAT1-STAT2 in the 

cytoplasm. The PCTD binds to STAT1 homodimers directly, but has no effect on its expression 

or the tyrosine phosphorylation. Conversely, the P is involved in the removal of STAT1 from 

the nucleus through the N-NES of the P1 protein, thereby preventing its interaction with the 

DNA [89]. Various studies showed that the P utilizes different binding sites in the CTD to 

facilitate interactions with both the N and the STAT proteins [56]. The interactions between 

PCTD and STATs, as well as their antagonism, takes place through a complex binding site 

consisting of three regions (A, B and C). A and B directly interacts with STAT1 region containing 

coiled-coil domain (CCD) and DNA-binding domain (DBD) (STAT1-CCD-DBD), while C interacts 

with N- and C-terminal domains [35,93]. 

Another interface in the PCTD that affects STAT1 binding and antagonism is a hydrophobic 

ǇƻŎƪŜǘ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨΩ²-ƘƻƭŜΩΩ [93,94], which harbors key residues consisting of C261, W265, 
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and M287 [33]. Introducing 2 aa mutations (W265G/ M287V) in the PCTD W-hole was shown 

to impact the stability of the protein folding [35]. Although mutations in the W-hole impair 

STAT1 binding and antagonism [94], further studies showed that this interaction did not occur 

through a direct physical contact between the W-hole and STAT1 [35,93]. Additionally, the 2 

aa mutations (W265G/M287V) were found to substantially reduce the pathogenicity of RABV 

in vivo, demonstrating its major impact on the virulence [56].  

1.1.8. RABV Tropism 

Although RABVs are widely reputed for their strong neurotropism in vivo, several studies have 

reported strain-specific infection of non-neuronal cells in the periphery and also in the brain 

[63,79]. It was previously shown that a wt RABV strain inoculated in skunks, has the ability to 

infect muscle cells at the site of inoculation [80,95,96]. In line with the previous finding, mice 

inoculated i.m. with 2 different RABV strains, one that causes a lethal infection (Nishigahara 

strain) and the other causes a subclinical infection (Ni-CE strain), showed stable viral 

replication in muscle cells only in the case of infection with the Nishigahara strain [34,97]. The 

study demonstrated that the Nishigahara RABV strain infects muscle cells and enters 

peripheral nerves by utilizing the IFN antagonistic activity in its P. This process is primarily 

facilitated by the N-terminally truncated isoforms of the P. These findings indicated that the 

ability of a RABV strain to infect muscle cells is directly linked to its pathogenicity and immune 

response antagonistic activity [34,80,97,98]. 

Besides potential initial replication in non-neuronal muscle cells, infection of glial cells in the 

brain and peripheral nerves may play important roles in the outcome of RABV infection 

[63,79]. During viral infection, astrocytes are major producers of IFN- ,̡ contributing 

significantly to the brain's innate immune response [99]. Additionally, neurons play a critical 

role, predominantly generating IFN-I alongside astrocytes [100]. 

The variation in tropism between RABVs can mainly be attributed to whether the virus is 

directly isolated from the field, or lab adapted. Moreover, the route of virus introduction into 

the host can be a critical factor influencing tropism for some virus strains. For instance, RABV 

rCVS-11 is unable to infect astrocytes when inoculated i.m., but it successfully infects 

astrocytes when inoculated i.c. [63]. Although the factors determining differences in the in 

vivo cell tropism of RABV strains have not yet been fully elucidated, abortive infection of 

astrocytes by attenuated lab strains has been attributed to a potent IFN-I response [99]. 
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Whether field strains efficiently infect astroglia in the brain due to a more efficient IFN-escape 

mechanism, or whether other factors are involved, remains unknown [63]. 

1.2. SARS-CoV-2 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for the 

coronavirus disease 2019 (COVID-19) 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 single-stranded 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 cross-species infections. Since 1960s to date, seven 

different human CoVs were identified including three highly pathogenic strains: Middle East 

respiratory syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome 

coronavirus (SARS-CoV) and SARS-CoV-2. Both SARS- and MERS-CoVs caused outbreaks in 

2002-2003 and 2012 respectively [104,105]. SARS-CoV-2 is a novel coronavirus strain 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 severe respiratory illness [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 that it is a novel CoV that originated 

from an animal source [106,108]. The transmission of the virus among individuals occurs by 

respiratory droplets or fecal/oral route [109]. Following the World Health Organization (WHO) 

declaration of COVID-19 as a global pandemic in March 2020, SARS-CoV-2 became the main 

research focus worldwide [101,110]. Mutations in SARS-CoV-2 have resulted in variants with 

varying transmissibility and vaccine efficacy. Moreover, spillovers have been detected in over 

31 domestic and wild animal species such as dogs, cats, minks and tigers. This wide host range 

increases the risk of new variants emergence [111]. So far, the WHO declared five SARS-CoV-

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.1.1.529) [112]. The 

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 

CoVs belong to the order Nidovirales, suborder Cornidovirineae, family Coronaviridae and 

genus Betacoronavirus. The ICTV first introduced the order Nidovirales in 1996 to 

accommodate both Arteriviridae and Coronaviridae families [113]. The name Nidovirales is 

derived from the Latin word nidus ƳŜŀƴƛƴƎ ΨΩƴŜǎǘΩΩ ǿƘƛŎƘ ǊŜŦƭŜŎǘǎ ǘƘŜ ǳƴƛǉǳŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ƛǘǎ 

member viruses that transcribe a nested set of subgenomic mRNAs during gene expression 

[114]. This order currently contains eight suborders among which Cornidovirineae involves the 

most epidemic viral strains [115,116]. The Coronaviridae study group (CSG) of ICTV aims to 

place any newly emerged CoV within the Coronaviridae family. At the beginning of COVID-19 

pandemic, the WHO provisionally named the causative virus as 2019-nCoV. By February 2020, 

following phylogenetic analysis of the viral genome, the CSG renamed the virus as SARS-CoV-

2, and assigned it to subfamily Orthocoronavirinae, genus Betacoronavirus and subgenus 

Sarbecovirus. Conventionally, CoVs were classified based on the serological reactivity of the 

spike (S) proteins. Currently, it rather depends on comparing the genome sequences encoding 

the most conserved and replication-associated viral proteins. This provides a more detailed 

understanding of the genetic relationship and evolutionary history of the viruses. Five 

domains conserved in all coronaviruses  were selected to quantify the variation and determine 

the taxonomic position of SARS-CoV-2 accordingly [117]. These conserved domains are critical 

for the virus replication and function and they include: 3C-like protease (3CLpro), RdRp, Zinc 

Binding Domain (ZBD), nidovirus RdRp-associated nucleotidyltransferase (NiRAN) and 

superfamily 1 helicase (HEL 1) [118]. Some of these sequences were previously used, with 

additional domains to classify MERS-CoV [119]. Based on the pairwise patristic distance 

estimated, the SARS-CoV-2 is classified as a member of the species Severe acute respiratory 

syndrome-related coronavirus (SARSr-CoV) [117]. This demarcation was confirmed by the 

construction of a phylogenetic tree with neighbor joining method using the whole genome 

sequences of genus Betacoronavirus. In this tree, SARS-CoV-2 clustered with four horseshoe 

bat coronaviruses and another two strains isolated from pangolins in a clade parallel to SARS-

CoVs and other bat SARSr-CoV [105].  

1.2.2. Epidemiology 

In the 1930s, infectious bronchitis virus (IBV) was identified in chickens, marking the discovery 

of the first animal CoV [120,121]Φ Lǘ ǿŀǎƴΩǘ ǳƴǘƛƭ ол ȅŜŀǊǎ ƭŀǘŜǊΣ ƛƴ ǘƘŜ мфслǎΣ ǘƘŀǘ ǘhe first 
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human CoVs (B814 & 229E isolates) were identified [122]. Interestingly, electron microscopy 

inspection revealed that the two human respiratory viruses, 229E and B814, were 

morphologically  identical to the avian IBV [122]. So far, there are 7 identified CoVs that can 

infect humans. Among them, 4 which are known as common human CoVs (229E, NL63, OC43 

and HKU1 ), while the remaining 3 (SARS-CoV, MERS-CoV and SARS-CoV-2) are known for their 

ability to cross species barriers, causing varying degrees of impact on public health, ranging 

from localized epidemics in the case of SARS-CoV and MERS-CoV to a global pandemic as in 

the case of SARS-CoV-2 [123]. 

The initial identification of SARS-CoV-2 occurred in December in Wuhan, China. The earliest 

identified case was a worker at the Huanan seafood market who presented with severe 

respiratory illness [124,125]. This case marked the beginning of what would become a global 

health crisis as the virus spread rapidly worldwide.  

Up until this point, the debate over the origin of SARS-CoV-2 remains unresolved, with 2 major 

circulating hypotheses. The first suggests that the virus originated from a zoonotic spill over 

event (Figure 7), potentially linked to the Huanan seafood market, which notably included 

other live animals, such as  civets which were previously associated with SARS-CoV [126]. This 

hypothesis is in general more plausibly accepted within the scientific community. The second 

theory, on the other hand, proposes the possibility of a laboratory leak from the Wuhan 

institute of virology (WIV) [127]. Comparative genomic analysis has demonstrated a significant 

similarity between SARS-CoV-2 and bat SARS-like coronaviruses. Specifically, SARS-CoV-2 

shares 96.2% full genomic sequence identity with bat CoV RaTG13, making the latter the 

closest known relative to SARS-CoV-2 with respect to RdRp and S gene sequences. 

Furthermore, both viruses possess a longer S gene sequence than other SARSr-CoVs with 

93.1% sequence identity. Other bat CoV strains (e.g. ZXC21 and ZC45) showed less but 

considerable homology with SARS-CoV-2 [128]. While these sequence comparisons support 

the theory of a zoonotic origin for SARS-CoV-2, they refuted its emergence as a result of 

recombination events [129]. Pangolin-associated CoV strains similar to SARS-CoV-2 have also 

been detected and added to its related lineage, suggesting pangolins as possible intermediate 

hosts, but not natural reservoirs [130ς132]. SARS-CoV-2 also shares 79.6% nucleotide 

sequence similarity with SARS-CoV and both utilize angiotensin converting enzyme 2 (ACE2) 

as a cell entry receptor. The S gene of SARS-CoV-2 harbors the most detected variations. 
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Compared to SARS-CoV, SARS-CoV-2 S protein has three insertions in the N-terminal domain 

in addition to four substitutions of key residues in the receptor binding domain [128]. It also 

contains a unique furin-like cleavage site, absent in other SARS-like CoVs, that potentially 

enhances the pathogenicity of SARS-CoV-2 [133].  

 

Figure 7: Zoonotic transmission of SARS-CoV-2. Schematic overview of the zoonotic spill over theory regarding 
the origin of the SARS-CoV-2 pandemic, with prevailing evidence pointing towards a zoonotic source. The first 
box from the left shows bats (Chiropetra), which are commonly recognized as the natural reservoir of CoVs. 
Zoonotic pathogens must adapt to human environments to transmit to humans, a process often driven by 
random mutations accumulating over generations in the viral genome. The second box shows, from top to 
bottom, the masked palm civet (Paguma larvata), the raccoon dog (Nyctereutes procyonoides), and the European 
mink (Mustela lutreola). These animals are considered potential intermediate hosts that the virus might have 
passed through during this evolutionary process. The third and fourth boxes indicate the successful zoonotic 
transmission of the virus to humans and subsequent person-to-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 surpassing 6 million. (Figure 8) 

[125]. 

 

Figure 8: Number of COVID-19 cases reported weekly by WHO Region, and global deaths by 28-day intervals, as 
of 19 November 2023 [125]. 
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In 2022, the federal statistical office in Germany in 2022, reported a total of 1.06 million 

deaths, with COVID-19 being a significant contributor to mortality accounting for 4.9% of all 

deaths (Figure 9). This equates to approximately 51.940 death attributed to COVID-19. This 

figure underscores the profound impact of the COVID-19 pandemic on public health and 

mortality within the country.  

 

 

Figure 9: Leading causes of death in Germany in 2022. In 2022, COVID-19 was the fifth leading cause of death in 
Germany. The data provided by the Federal Statistical Office offers a crucial perspective on the extent of the 
ǇŀƴŘŜƳƛŎΩǎ ƛƳǇŀŎǘ in Germany. 

1.2.3.  Structure, genome and proteins 

The genome size of common CoVs exhibit considerable variability, ranging from 24.5 to 31.8 

kb across different genera with the average genome size of betaCoVs about 30 kb [134]. 

HƻǿŜǾŜǊΣ ŀƭƭ /ƻ±ǎ ŀƭƛƎƴ ǿƛǘƘ ƎŜƴƻƳƛŎ ǎǘǊǳŎǘǳǊŜ рΩ-leader-UTR-replicase-S-E-M-N-оΩ-UTR-

poly(A) ǘŀƛƭ ŀƭƻƴƎ ǿƛǘƘ ŀŎŎŜǎǎƻǊȅ ƎŜƴŜǎ ƭƻŎŀǘŜŘ ǘƻǿŀǊŘǎ ǘƘŜ оΩ ŜƴŘ [135]. The genomic 

architecture comprises several ORFs: (a) ORF1a and ORF1b, which encode for non-structural 

polyproteins; (b) genes responsible for the synthesis of viral structural proteins; and (c) 

interspersed accessory genes, such as ORF3. ORF1a and ORF1b occupy approximately two-

thirds of the viral genome and encode two polyproteins by ribosomal frameshifting mode 

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

structural proteins (nsps), which play pivotal roles in CoV replication and immune evasion 
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mechanisms. The four primary structural proteins-spike protein (S), nucleocapsid (N), 

membrane (M), and envelope (E)- collectively constitute the virion structure. While the 

functional roles of some accessory proteins remain incompletely understood, the majority 

interferes with the host immune responses through diverse mechanisms [137]. The SARS-CoV-

2 particle is pleomorphic and ranges from 60-140 nm in diameter (Figure 10) [138,139]. 

 

Figure 10: SARS-CoV-2 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 bound to the vRNA, 
the membrane proteins (M) that spans the viral envelope and the envelope proteins (E) which are embedded 
within the viral envelope. 

The genome of SARS-CoV-2 is approximately 29.9 kb, as indicated by the NCBI reference 

sequence (NC_045512.2/GenBank: MN908947.3). This genome encodes a polyprotein of 

about 7096 aa residues responsible for the formation of both the structural and non-structural 

proteins [124,140,141]. It has 14 ORFs, that encodes a total of 31 proteins, that are organized 

ƛƴ ǘƘŜ ǎŀƳŜ ǎŜǉǳŜƴŎŜ ƻǊŘŜǊ ŦǊƻƳ рΩ ǘƻ оΩ ŜƴŘΣ ǿƘƛŎƘ ƛǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ /ƻ±ǎ όFigure 11) [137]. 

The polyprotein 1a (pp1a) is produced by direct translation of ORF1a, while polyprotein 1ab 

(pp1ab) is produced when the reading frame translation is shifted at the junction of ORF1a 

and ORF1b. Within all SARSr-CoVs, the process of -1 ribosomal frameshift is facilitated by a 

frameshift stimulation element (FSE). This FSE is characterized by a three-stemmed 

ǇǎŜǳŘƻƪƴƻǘ ǎǘǊǳŎǘǳǊŜ ǘƘŀǘ ƛǎ ǇǊƻŘǳŎŜŘ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ the slippery RNA sequence (UUUAAAC) 

[142]. Both pp1a and pp1ab polyproteins have multiple papain-like proteases (PLpro) and main 

proteases (Mpro) cleavage sites, facilitating viral proteolytic processing which results in the 

generation of 16 nsps [143]. Additionally, the remaining ORFs in the SARS-CoV-2 genome 

encode a total of 4 structural proteins and 11 accessory proteins [137].   



Introduction 

23 
 

 

Figure 11: Genome organization of SARS-CoV-2 reference sequence (NC_045512.2). The genome begins with 
ǘƘŜ рΩ ŜƴŘ ƭŜŀŘŜǊ ǎŜǉǳŜƴŎŜ ό[ύΣ ǿƘƛŎƘ ƛǎ ŎǊǳŎƛŀƭ ŦƻǊ vRNA transcription. The primary coding regions, ORF1a and 
ORF1b, span the initial part of the genome and encode for polyproteins that are processed into 16 nonstructural 
proteins (nsps) which are critical for viral replication. The pp1a includes nsp1 to nsp11, while pp1ab, which is 
produced when the ribosome bypasses the stop codon at ORF1a by a ribosomal frameshift, extends to include 
nsp12 to nsp16. The structural proteins include S, E, M, and N, which are essential for viral particle assembly and 
host cell entry. Interspersed among these are ORFs for accessory proteins (3a, 3b, 6, 7a, 7b, 8, 9b,9c and 
potentially 10), whose functions range from virus-host interactions to modulating the host immune response. 
¢ƘŜ ƎŜƴƻƳŜ оΩ ŜƴŘ ŎƻƴŎƭǳŘŜǎ ǿƛǘƘ ŀƴ ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴ ǘƘŀǘ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘ ŦƻǊ wb! ǎǘŀōƛƭƛǘȅ ŀƴŘ ǊŜǇƭƛŎŀǘƛƻƴ. 
Acknowledgements: this figure has been modified from an original created by Jessica M Tucker, Jung-Hee Lee 
and Britt A Glaunsinger, as depicted on Biorender. 

1.2.4. SARS-CoV-2 structural proteins 

SARS-CoV-2 possesses four major structural proteins: S, M, N and 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 N-terminus (aa 1-13). It is organized into two main subunits: the S1 subunit (aa 

14-685) and the S2 subunit (aa 686-1273). The S1 subunit, containing an N-terminal domain 

(aa 14-305) and a receptor-binding domain (RBD) (aa 319-541), binds to ACE2 receptors on 

host cells to initiate infection. Notable aa substitutions at the binding interface, such as F486 

instead of I472 and E484 instead of P470, enhance SARS-CoV-2's affinity for ACE2 compared 

to SARS-CoV. The S2 subunit facilitates membrane fusion through its components: the fusion 

peptide (FP) (aa 788-806), heptapeptide repeat sequences (HR1) (aa 912-984) and HR2 (aa 

1163-1213), a transmembrane (TM) domain (aa 1213-1237), and a cytoplasmic tail (CT) (aa 

1237-1273) [144]. The FP conserved segments comprise primarily hydrophobic residues that 

disrupt lipid bilayers of target membranes [145]. HR1 and HR2 are short repeat sequences 

consisting of hydrophobic (H), polar (P), and charged (C) aa residues arranged as: HPPHCPC. 

They form a six-helical bundle (6-HB) that brings the viral envelope close to the host cell 

membrane, enabling viral fusion and entry [144,146]. The TM domain anchors the S protein 
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to the viral membrane, whereas the CT regulates viral packaging [147]. The S protein trimers 

appear as bulbous crown-shaped 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 cleavage [144]. SARS-CoV-2 features a unique polybasic S1/S2 furin 

cleavage site which causes increased infection [148]. 

The SARS-CoV-2 M glycoprotein, approximately 222 amino acids long, is the most abundant 

structural protein in the virus envelope [149]. It comprises the following domains: an N-

terminal ectodomain, three transmembrane domains mostly embedded within the viral 

envelope, a flexible juxtamembrane hinge segment, and a C-ǘŜǊƳƛƴŀƭ ʲ-sheet sandwich 

domain inside the virion, followed by a C-terminal 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 mushroom-like 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 BetaCoVs. Overall, the M protein's structure and interactions are vital 

for maintaining the structural integrity of the virus and its replication cycle [151]. 

SARS-CoV-2 N protein is an RNA-binding protein composed of 419 aa that form NTD (aa 44-

174), CTD (aa 255-364) and three IDRs. The IDRs involve: N-arm (aa 1-43), central linking region 

(LKR) (aa 175-254) and C-tail (aa 365-419). The flexible structure of these IDRs allows for the 

essential biological macromolecular interactions [152]. Nuclear magnetic resonance (NMR) 

structure of the NTD revealed a right hand-shaped fold with a prominent finger-ƭƛƪŜ ʲ-hairpin 

rich in alkaline aa residues. This structure forms a strong positively-charged canyon between 

ǘƘŜ ʲ-hairpin and the core of NTD thus providing a potential RNA-binding site [153]. The self-

dimerization of CTD confers additional ssRNA binding sites and overall structural stability of 

SARS-CoV-2 N protein [154]. Moreover, the CTD also mediates liquid-liquid phase separation 

(LLPS) to recruit kinase complexes that induce hyper-activation of nuclear factor- ˁ. όbC- ˁ.ύ 

and subsequent inflammation [155]. The LKR involves highly conserved leucine-rich islands (aa 

218ς231) with a potential role in LLPS. Additionally, an overlapping sequence spanning 

residues 215-235 form a helix that promotes tetramerization of N protein enhancing its co-

assembly with nucleic acids. Near the NTD, the linker sequence also contains serine-rich 
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regions (aa 176-206) to serve as phosphorylation sites [156]. As with all CoVs, the C-tail of 

SARS-CoV-2 N protein enables its interaction with M protein for virion packaging [157]. 

The SARS-CoV-2 E protein, a small structural component consisting of only 75 amino acids, 

includes a central hydrophobic transmembrane domain (TMD) flanked by hydrophilic N- and 

C-terminal domains [158,159]. 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 

ƛƴǘǊŀŎŜƭƭǳƭŀǊ ƛƻƴƛŎ ŀƴŘ ǇI ŎƻƴŘƛǘƛƻƴǎΣ ƛƳǇŀŎǘƛƴƎ ǾƛǊǳǎ ŀǎǎŜƳōƭȅ ŀƴŘ ǊŜƭŜŀǎŜΦ ¢ƘŜ 9 ǇǊƻǘŜƛƴΩǎ 

ability to oligomerize is essential for its function in altering the transmembrane voltage and 

cell membrane permeability [160]. Additionally, at the ER-Golgi 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 activity [161]. The C-terminal 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 

apparatus [162]. 

1.2.5. Replication cycle 

The life cycle of SARS-CoV-2 begins when the virus particles invade the host cells. ACE2, the 

main SARS-CoV-2 entry receptor, is expressed in type I and II pneumocytes, blood vessels and 

alveolar macrophages (Figure 12, step 1). However, its ubiquitous distribution in other organs 

(e.g. heart, kidney and liver) expands SARS-CoV-2 tropism beyond respiratory system 

[163,164]. Additionally, SARS-CoV-2 has a unique polybasic S1/S2 furin cleavage site (FCS) that 

amplifies its ability to enter into the lung and airway epithelial cells [165]. Initially, the RBD of 

ǾƛǊŀƭ {м ǊŜŎƻƎƴƛȊŜǎ ŀƴŘ ōƛƴŘǎ ǘƻ !/9нΦ ¦Ǉƻƴ ŀǘǘŀŎƘƳŜƴǘΣ ǘƘŜ ƘƻǎǘΩǎ ǘǊŀƴǎƳŜƳōǊŀƴŜ ǇǊƻǘŜŀǎŜ 

serine 2 (TMPRSS2) hydrolyzes the S protein at the S1/S2 cleavage site, allowing S2 to insert 

the fusion peptide into the cell membrane causing conformational rearrangements for viral 

fusion and entry [166,167]. Depending on TMPRSS2 availability, SARS-CoV-2 can alternatively 

enter host cells via endocytosis at low pH using cathepsins [168]. Once inside the cell, N 

protein releases the viral genome into the cytoplasm (Figure 12, step 2). The full length 

positive-sense genomic RNA strand serves as a template to synthesize negative-sense copies 

for genome replication.  

As described above, the translation of positive strand SARS-CoV-2 RNA genome yields pp1a 

and pp1ab, that undergo proteolytic cleavage by PLpro and Mpro into Nsp1-11 and Nsp12-16 
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ǊŜǎǇŜŎǘƛǾŜƭȅΦ bǎǇм ōƭƻŎƪǎ ǘƘŜ ƘƻǎǘΩǎ ǇǊƻǘŜƛƴ translation, Nsp2-11 facilitate viral replication, 

and Nsp12-16 include the main enzymes needed for RNA synthesis and modification (Figure 

12, step 3) [152]. CoVs reshape cellular endomembranes to form replication organelles, mainly 

double membrane vesicles (DMVs), which are tethered to ER to ensure a favorable 

environment for vRNA synthesis (Figure 12, step 4-5) [169]. The DMVs have a transmembrane 

pore complex to allow the exit of nascent RNA molecules for translation or packaging [170]. 

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 

ER-to-Golgi intermediate compartment (ERGIC) (Figure 12, step 6-7) [171]. Unlike other 

enveloped viruses, the mature viral particles of betaCoVs utilize exocytic lysosomes to leave 

the infected cells (Figure 12, step 8-9). This unconventional egress acidifies lysosomes, 

inactivates the lysosome degradation enzymes and hinders antigen presentation [172]. 

 

Figure 12: SARS-CoV-2 replication cycle within host cells.  9ƴǘǊȅ into the host cells by membrane fusion or 
ǊŜŎŜǇǘƻǊ ƳŜŘƛŀǘŜŘ ŜƴŘƻŎȅǘƻǎƛǎΦ The viral genome is released into the cytoplasm and translated by the host 
ribosomesΦ  The production of polyproteins, which are cleaved by viral proteases into functional components 
of the RdRp complex  The RdRp complex uses the genomic RNA as a template to synthesize complementary 
negative-sense RNA intermediates.  These intermediates serve as templates for the production of positive-
sense genomic RNA and subgenomic mRNAs.  The subgenomic mRNAs are translated into structural and 
accessory proteins, including the S, E, and M proteins.  The newly synthesized positive-sense genomic RNA is 
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encapsulated by N proteins and buds into the ER-Golgi intermediate compartment (ERGIC), where it acquires its 
envelope decorated with the structural proteins. Σ  Finally, the assembled virions are transported to the 
cell surface and released via exocytosis. Acknowledgement to: Jessica M Tucker, Jung-Hee Lee and Britt A 
Glaunsinger, as depicted on Biorender. 

1.2.6.  Golden Syrian hamster as an animal model for SARS-CoV-2  

Although Golden Syrian hamster (Mesocricetus auratus) is a commonly used species in disease 

research, it has only recently gained attention as an animal model for infectious diseases. It 

has been used to investigate over seventy different viruses at present such as Ebola, Marburg 

and Nipah. Compared to other murine models, the Syrian hamster shares greater similarity to 

human with respect to viral pathogenesis, clinical manifestations and immune response [173]. 

For instance, human cytokines such as IL-2, IL-12 and IL-21 are immunologically active in 

hamsters [174].  Additionally, the macrophage migration inhibitory factor (MIF) of Syrian 

hamster shows structural and functional resemblance to that of humans [175]. These 

advantages, together with their 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 drugs [173].  

The ideal animal model for COVID-19 should be susceptible to SARS-CoV-2 infection, express 

the same viral entry receptors, and replicate the full range of the disease manifestations as in 

humans [176,177]. SARS-CoV-2 shows weak binding affinity to murine ACE2; therefore, the 

use of inbred mice in COVID-19 research is diminished [178]. Although the virus successfully 

infected human ACE2 transgenic mice and recapitulated the COVID-19 phenotypes observed 

in patients, the high cost and long breeding time of the animal model are limiting factors [179]. 

Meanwhile, ferrets inoculated with SARS-CoV-2 show mild clinical signs and relatively low viral 

load in lungs [180,181]. Both cynomolgus and rhesus macaques have been also infected with 

SARS-CoV-2 and showed pneumonia and viral shedding [182,183]. However, the difficult 

operation with nonhuman primates and their small sample size impose a research challenge 

[181].  

Chan et al. suggested golden Syrian hamster as a readily available animal model for COVID-19 

given the high binding potential of its cellular ACE2 to SARS-CoV-2 S protein. They found that 

this model can simulate the clinical, histopathological and immunological features of COVID-

19 in humans. The SARS-CoV-2 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 submucosal infiltration, 
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tracheal cilia loss and severe pulmonary hemorrhage. The extra-pulmonary manifestations 

also align with those reported in COVID-19 patients autopsies such as intestinal mucosal 

infection and myocardial degenerative changes. The chemokine/cytokine profile of the 

infected animals was induced corresponding to the viral replication kinetics [184]. These 

hamster models also have a remarkably low infectious dose (ID50), since only five infectious 

particles are sufficient to produce SARS-CoV-2 infection in half of the animal group. Unlike 

other animal models, they can replicate severe COVID-19 in the form of acute broncho-

interstitial pneumonia and prolonged viral sheddinƎ ŦƻǊ җмл Řŀȅǎ [185]. Moreover, they can 

demonstrate acute lung injury (ALI) as a result of severe SARS-CoV-2 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 COVID-19 signs 

were exclusively described in Syrian hamster such as ageusia (the complete loss of taste 

function of the tongue), anosmia (the complete loss of sense of smell) and olfactory infection 

[187]. These consistent and measurable outcomes make golden Syrian hamster an 

appropriate SARS-CoV-2 experimental model [185].  

During the early months of the pandemic, basal SARS-CoV-2 strains isolated from different 

global regions showed comparable effects among hamster infection models. Even after the 

emergence of VOCs, little pathogenic differences were reported [187]. Syrian hamsters 

challenged with Alpha variant had higher nasal vRNA levels and lower functional titers 

compared to B.1-infected counterparts; whereas both showed similar lung pathology. 

Hamsters previously infected with B.1 variant were resistant to B.1.1.7 re-challenge [188]. In 

another study, both Alpha and Beta variants caused comparable signs in hamsters with 

respect to histopathology and lung infectious titers. Nonetheless, B.1.1.7 infection triggered a 

broader antibody response and neutralization activity [189]. Hamsters infected with Delta 

variant replicated similar clinical 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 days [190]. Also, Omicron caused similar degree of 

pathogenicity, virulence and immune evasion in experimental Golden Syrian hamsters and 

human patients. The B.1.1.529-challenged hamsters show less severe signs of infection in 

terms of weight loss, clinical scores, viral burden and immune dysregulation as compared to 
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B.1.617.2-infected hamsters. Both variants were comparably transmissible among those 

animal models via close contact; however, hamsters contracting Omicron variant were more 

resistant to neutralizing antibodies [191].  

Human-to-human SARS-CoV-2 transmissibility greatly contributed to the rapid spread of 

COVID-19 worldwide [192]. However, the zoonotic transmission involving humans in close 

contact with domestic animals represents an additional risk factor. Given their high SARS-CoV-

2 susceptibility, golden Syrian hamsters kept as house pets are potential source of virus 

infection for humans [193]. Two events of zoonotic transmission from imported pet Syrian 

hamsters to humans followed by person-to-person transmission led to the re-introduction of 

Delta VOC in Hong Kong [193]. Alternatively, naïve hamsters contracted the infection via 

aerosols 6-7 days post-contact with SARS-CoV-2 inoculated counterparts. Transmission via 

fomite contact was less likely compared to aerosols [194]. Therefore, golden Syrian hamster 

was utilized to develop a natural transmission model, as an alternative to intranasal challenge, 

to mimic the human airborne SARS-CoV-2 infection route. The recipient animals who were 

adjacent to infected ones showed variable clinical readouts but comparable vRNA 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 aerosolization, airflow, temperature and humidity), they remain essential to 

test COVID-19 countermeasures in vivo [195].  

1.3. Tissue optical clearing (TOC)  

Biological tissues comprise heterogeneous structures with diverse densities and sizes ranging 

from cells and cellular organelles down to macromolecules. Although all these components 

exist in a water-based matrix with uniform refractive index (RI) of 1.33, each one of them has 

a variable RI value [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 properties [198]. 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 transparent [199]. The fundamental physical principles of TOC are the reduction of 

light scattering and light absorption by RI matching and removal of tissue pigments. OCAs have 

versatile molecular structures including sugars, alcohols, organic acids or solvents. The 
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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 of high RI components 

(e.g. lipid) can further reduce the RI mismatch and light scattering [198,200]. TOC allowed for 

gathering macroscopic and microscopic structural and functional information from large and 

intact mammalian specimens [200].  

Basically, TOC methods are classified into three major categories: hydrophobic, hydrophilic 

and hydrogel-based approaches [201]. Hydrophobic TOC method used in this thesis uses RI-

matching organic solvents which usually shrink the tissues. It involves three major steps: 

dehydration, delipidation and RI-matching. Antibody staining is sometimes conducted as an 

optional step in case of absence of an endogenous fluorescent protein [201]. The main 

challenges of organic solvent-based clearing methods are: tissue transparency, 

immunolabeling and stability of fluorescence [202]. Incubation of tissues with alcohol for 

dehydration followed by benzyl alcohol/benzyl benzoate (BABB) for RI-matching successfully 

cleared small-sized specimens. Although BABB enables antibody staining, it rapidly quenches 

the fluorescent signals. Therefore, a refined fluorescence-friendly method named 3D imaging 

of solvent-cleared organs (3DISCO) was developed. This protocol substituted alcohol 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 significantly improves the clearance in 

large tissues compared to BABB [203]. 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 within few 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 capability, (fDISCO) 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 solution. Immunolabeling-enabled DISCO (iDISCO) treat large tissue 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 pressure [204]. The development 

of a safe solvent-based technique was prompted by Klingberg et al. due to the high toxicity of 

organic solvents [205]. The authors selected ethyl cinnamate (ECi) as a clearing agent because 

it is a Food and Drug Administration (FDA)-approved additive with RI>1.5. Eci-based TOC 

encompasses two main steps: dehydration and delipidation. For the dehydration step, an 

ethanol series (pH 9.0) was used. Delipidation is particularly crucial for organs with high lipid 

content, such as the brain. The ethanol-ECi protocol effectively cleared both soft as well as 

hard tissues in rodents while preserving fluorescence. Light sheet fluorescence microscopy 

(LSFM) data showed that ethanol-ECi method is comparable to the best alternative method 

with respect to organ shrinkage [205]. Subsequently, a second-generation ethyl cinnamate-

based clearing (2ECi) protocol was introduced to clear a broader range of tissue types across 

various species including human cerebral organoids. For the dehydration phase, the efficiency 

of different alcohols at pH 9 for optimal results was tested, and 1-propanol (pH 9.0) in 

combination with ECi was selected. The 2ECi clearing technique shows compatibility with 

several fluorophores, such as green fluorescent protein (GFP), mCherry, and Alexa-conjugated 

fluorophores [206]. Another refined ECi-based TOC methodology employed a cationic near 

infrared dye (MHI148-PEI) 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 complete [207]. Salamander-ECi 

combined both iDISCO and Eci to study the limb regeneration phenomena in axolotl tissues. 

It causes minimal tissue distortion with only 27% average shrinkage and is amenable to click 

chemistry which detects cell proliferation by 5-ethynyl-2'-deoxyuridine (EdU)-labelled DNA. 

For archiving purposes, Salamander-ECi can preserve the fluorescence signals for up to 6 

months. However, background fluorescence may increase over time because samples fairly 

lose their transparency when hardened [208]. Interestingly, the ECi-based method optically 

cleared 20 years old specimens embedded in paraffin blocks. The autofluorescence of the 

recovered non-labelled samples was sufficient to image their morphological structure. The 

initial deparaffinization step mitigated the non-specific signals and subsequent background 

noise. Afterwards, ECi removal by descending ethanol gradient allowed 3D 

immunohistochemistry. This step is crucial because (a) the hydrophobicity of ECi 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 procedure also allows immunolabeling after tissue clearing and uses specific and non-

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. Overall, ECi-based TOC 

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

Hydrophilic TOC relies on aqueous solutions such as sugars, urea, and amino alcohols as the 

RI-matching agents. These agents maintain the tissue 3D structure and the signal of 

fluorescent proteins through hydrogen bonding, and it either involves simple immersion or 

initial delipidation [198,199]. Examples of the hydrophilic clearing include see deep brain 

(seeDB) which uses fructose as an OCA [210], ScaleS which employs a mixture of sorbitol and 

urea [211], and clear unobstructed brain or body imaging cocktails and computational analysis 

(CUBIC) that employs amino alcohols to improve the tissue clearing efficacy. Although 

hydrophilic TOC provides high biocompatibility and biosafety, sometimes it requires long 

incubation times. Therefore, hydrophobic tissue clearing represents an alternative time-

effective approach [201].  

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 

hydrogel-based TOC method was introduced by Deisseroth and his team, known as clear lipid-

exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ-hybridization-

compatible tissue hydrogel (CLARITY). In this method, tissues were infused with monomers, 

formaldehyde and thermally-induced initiators to form a tissue-hydrogel hybrid through 

polymerization. Electrophoresis is then used to transport ionic detergent micelles (sodium 

dodecyl sulfate [SDS]) into the tissues to remove the lipids [212]. The lack of specialized 

electrophoresis chambers and potential structural distortion caused by strong electric fields 

led to the development of improved techniques. For instance, the passive CLARITY technique 

(PACT) eliminates the need for electrophoresis, reducing these complications [213]. Other 

protocols were developed, such as system-wide control of interaction time and kinetics of 

chemicals (SWITCH) that prioritizes the sample integrity by preparing denser and more rigid 

tissue/hydrogel hybrids [214]. 
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1.4. 3D imaging and 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, contemporary 

immunostaining-compatible tissue clearing techniques facilitate seamless 3D visualization of 

infection sites [200,215]. 3D imaging surpasses the constraints associated with 2D-based, 

including the laborious and error-prone 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 techniques like LSFM, 3D 

imaging met the requirement to examine the structure and dynamic behavior of entire 

organisms and organs. Therefore it led to a better comprehension of the intricate architecture 

of tissues and biological systems, which is crucial for advancing our understanding of infection 

biology [216].  

Wide field fluorescence microscopy fundamentally altered imaging by enabling a larger field 

of view (FOV), measurable in centimeters. However, achieving this large FOV comes at the 

expense of the 3D optical resolution. Modifications have been made to improve the resolving 

power of wide field microscopes, such as the utilization of structured laser beams [217]. Wide 

field microscopy continues to be widely utilized as a cost-effective and easily accessible 

method for 3D imaging. It usually obtains a series of 2D images that are sampled across the 

axial z-dimension called the z-stack. These data can then be processed by a software to create 

z-projected images [218].  

Specialized fluorescence microscopy techniques, particularly confocal laser scanning 

microscopy (CLSM), are widely used for virus visualization in large volumes, providing high-

resolution images of infected tissue regions [200]. This is achieved by the acquisition of 

precisely aligned stacks of thin sequential optical sections within thick specimens [219]. CLSM 

offers superior axial and lateral resolution compared to conventional wide field microscopes 

by using a focused laser beam that illuminates one point at a time. The emitted light is then 

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 sample is constructed point by 

point [220].  
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LSFM provides an alternative non-destructive method for 3D imaging. It uses a selective 

illumination source that excites fluorophores within a limited focal volume, thus scanning each 

spot of the sample only once per 3D image [221]. Initially, LSFM, was used for inherently 

transparent and small organisms, but faced limitations due to tissue heterogeneity and light 

scattering caused by RI mismatch. However, the integration 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 single-cell level 

[200]. 

After overcoming the obstacles involved in imaging large-volume 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 imaging technology 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 for translating 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 include free open-source options like Fiji [223], and commercial 

software packages, such as Arivis Vision4D. While 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 biologists less 

adept at employing computational techniques [224]. Nevertheless, using either software 

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

In this thesis, two pipelines were implemented. For SARS-CoV-2 analysis, random forest 

machine learning algorithm for image segmentation [225] (Figure 13) was used, whereas for 

analysis of RABV infected brain tissues a more classical approach for segmentation by intensity 

thresholding was used (Figure 21 and Figure 22). 
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Figure 13: Image segmentation and 3D reconstruction of SARS-CoV-2 infected hamster lung tissue using 
machine learning. (A) Test images were manually annotated to define several object classes based on their 
fluorescence properties including: tissue, airways, blood vessels, N protein, MHC II and macrophages (Mf). Using 
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 SARS-CoV-2 N protein staining 
(magenta) based on fluorescence intensity at 488 and 561nm. The records were acquired using LSFM with 2x 
magnification. (C) 3D reconstruction of lung tissue volume and SARS-CoV-2 N protein (left), and SARS-CoV-2 N 
protein alone (right) based on machine learning image segmentation. (D) A zoomed-in 3D reconstruction showing 
SARS-CoV-2 N protein (magenta) alongside the airways (olive), identified from tissue autofluorescence signal. (E) 
A heatmap displaying the cluster size of SARS-CoV-2 N protein in 3D. Scale bar 500 ˃ Ƴ. Figure is Reprinted from 
Publication [200] with permission from Elsevier license number: 5863790283623.
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2. Objectives  

With advanced TOC and 3D-imaging techniques, visualizing and quantifying pathogens within 

biological systems with spatiotemporal analysis can reveal valuable data on their precise 

location and interaction within the host. Here, TOC and 3D-imaging were employed to study 

viral infections in two biological systems: the CNS, and the respiratory tract. This investigation 

aimed to address key research questions related to the host-pathogen interaction, in order to 

contribute to a deeper understanding of these dynamics.  

RABV: Although RABV has been documented as far back as the 4th century BC [9], many 

aspects of its life cycle and pathogenesis in the infected organisms remain insufficiently 

understood. This includes the detailed cell tropism of the virus, how the host immune 

response is affected by the virus, and how this together leads to different pathology outcomes 

of highly virulent field RABV and attenuated RABV lab and vaccine virus strains. Since recent 

work has demonstrated differences in astroglia infection between field and attenuated virus 

strains, along with limited field virus glycoprotein cell surface expression, this work followed 

the hypothesis that a) limited G protein expression from field RABV is a strategy to avoid non-

synaptic release and spread of the virus in the brain, and b) the innate immune response to 

RABV infection in the brain is affected by the ǾƛǊǳǎΩǎ trans-synaptic spread. The latter includes 

a model where IFN-I responses in infected astrocytes lead to the elimination of attenuated 

RABV from these cells (Figure 14), while field viruses establish persistent infection in these 

cells [63].Here, high-volume light sheet and high-resolution confocal laser scanning microcopy 

analysis was intended to further investigate the RABV cell tropism in vivo and its consequences 

for virus pathogenicity. Since previous work [63] 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 release. Analysis of early timepoints prior to the 

onset of clinical signs should reveal whether astrocyte infection also specifically happens at 

the beginning of brain invasion. Since the lack of astrocyte infection by laboratory or vaccine 

strain RABV is believed to depend on a strong IFN-I response in astrocytes, it was aimed to 

investigate whether astrocyte infection by IFN-escape-defective field RABV depends on its 

ability to evade a potent IFN-I response. Finally, as field viruses are considered to be limited 

in release by budding at the plasma membrane in infected cell cultures [51], investigation of 

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

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

 

Figure 14: Schematic diagram illustrating the hypothesized modes of transport of attenuated and field viruses 
with in the brain and their effect cellular tropism. On the left side of the neuron, an attenuated RABV that 
spreads trans-synaptically and is also released extracellularly, leading to its recognition by astrocytes, which elicit 
a type 1 interferon response ultimately resulting in virus elimination. On the right side, a field RABV that spreads 
trans-synaptically and infects astrocytes that are present in the tripartite synapse, without the release of virions 
at non-synaptic membranes. 

SARS-CoV-2: Understanding the dynamics of SARS CoV-2 infection in the lungs and the 

resulting immune response is crucial for effective infection management. Accordingly, in this 

thesis, TOC in combination with 3D imaging techniques was used to investigate virus infection 

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

course of 7 days. Besides spatio-temporal resolution of the SARS CoV-2 infection, the aim was 

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

type dependent upregulation of antigen presentation markers such as MHC II. Correlation 

between virus clearance and post-infection endothelial damage was evaluated to reveal a 

deeper insight in early onset of tissue repair in SARS-CoV-2 infections occurring alongside 

inflammatory and necrotizing processes as a foundation of longer-term alterations in lung 

tissue. 
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3. Materials 

3.1. Consumables 

Material Company 

Cell culture flask, 2µm vent cap (75 cm2) Corning 

Costar® Cell culture plate (6-well) Corning  

Costar® Stripette (serological pipet) 5 mL Corning  

Costar® Stripette (serological pipet) 10 mL Corning  

Costar® Stripette (serological pipet) 25 mL Corning  

Cover slip, square (20 × 20 mm) #1   Thermo Scientific 

Coverslip, Circular (ø 22 mm) #1 Epredia 

Coverslip, Circular (ø 30 mm) #1 Marienfeld 

Eppendorf tube (1 mL)   Sarstedt 

Eppendorf tube (5 mL) Eppendorf 

Falcon tube (15 mL, 50 mL)  Sarstedt 

IȅǇƻŘŜǊƳƛŎ ƴŜŜŘƭŜ όнт D Ȅ ҁέ ώлΦпл ƳƳ Ȅ нл ƳƳϐύ B. Braun 

Immersion Oil for Microscopes Leica Microsystems 

Isoflurane  CP Pharma, Germany 

Microscope slides VWR 

Parafilm® M Laboratory Film Bemis  

Petri dish   Sarstedt 

ProLongϰ Glass AntiFade Mountant Invitrogen 

Poly-L-lysin solution 0.1% (w/v) in H2O Sigma 

Pipette tip boxes Nerbe plus 

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

Pipette tip unfiltered (1 ς 10 µL) Starlab 

Pipette tip unfiltered (100 - 1000 µL) Greiner 

Pipette tip unfiltered (20 ς 200 µL)    Starlab 

Pipette tip filtered (0.1 -2-5 µL)  Biosphere 

RNA/DNA free reaction tubes (1.5 mL, 2.0 mL)  Starlab  

RTV-1 silicone rubber Wacker 

Scalpel #10  B. Braun 

Ultimaker CPE 2.85 mm transparent filament Ultimaker 
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3.2. Cell culture media 

All cell culture media were obtained from the biobank of the Friedrich-Loeffler-Institut (FLI), 

Greifswald including !ƭǎŜǾŜǊΩǎ ¢ǊȅǇǎƛƴ-Versene (ATV). 

Table 2: Abbreviations and composition of cell culture media obtained from the biobank of the FLI. 

!ōōǊŜǾƛŀǘƛƻƴΥ C/{Υ CŜǘŀƭ ŎŀƭŦ ǎŜǊǳƳΤ b/{Υ bŜǿōƻǊƴ ŎŀƭŦ ǎŜǊǳƳΤ 5a9aΥ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ 

Medium; MEM: Minimal Essential Medium. 

No. Base medium Serum Supplements 

ZB5 for Na 

42/13 cells 

MEM Hanks, MEM Earle 10% FCS/ 

2.5% FCS 

Non-essential amino acids, sodium 

pyruvate, NaHCO3 

ZB23 for BSR 

T7/5 cells  

DƭŀǎƎƻǿΩǎ MEM 10% NCS Tryptose Phosphate 

ATV   NaCl (8.5 g), KCl (0.4 g), dextrose (1 g), 

NaHCO3 (0.58 g), Trypsin 1:250 (0.5 g), 

EDTA (0.2 g), ultrapure water (ad 1 l), pH 

7.2 

3.3. Tissue optical clearing materials 

Reagent Company PO number 

Aqua ad iniectabilia, Ecoflac® plus Braun 08609338 

DMSO (Dimethyl sulfoxide) Carl Roth 4720 

Ethanol Carl Roth 9065 

Ethyl cinnamate Alfa Aesar A12906 

Glycine Carl Roth 3908 

Goat serum  Merck S26-100ML 

Heparin sodium salt Carl Roth 7692 

Hydrogen peroxide Carl Roth 8070 

n-hexane Alfa Aesar 43263 

Normal donkey serum Bio-Rad C06SBZ 

Phytagel Sigma-Aldrich P8169-100G 

Triton X-100 Carl Roth 3051 

Tween-20 AppliChem A4974 

3.4. Buffers and solutions 

PBS (phosphate buffered 

saline): 

8 g NaCl, 1.15 g Na2HPO4 × 2 H2O, 0.2 g KCL, 0.2 g KH2PO4, pH 7.4, in 

1 L ddH2O 

10% Sodium azide (NaN3) 

stock solution:  

10 g NaN3 dissolved in ddH2O, stored in a place protected from light 

Methanol gradient (v/v): 20%, 40%, 60%, 80% methanol in ddH2O and 100% methanol  
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Bleaching solution: 5% H2O2/100% methanol 

Pre-permeabilization: 0.2% Triton X-100/PBS (0.02% NaN3) 

Permeabilization: 0.2% Triton X-100/20% DMSO/0.3 M glycine/PBS (0.02% NaN3) 

Blocking solution: For Lung samples: 0.5% Triton X-100/10% DMSO/10% (v/v) donkey 

serum /PBS (0.02% NaN3) 

For brain samples: 0.2% Triton X-100/10% DMSO/6% (v/v) (goat or 

donkey serum)/1% (w/v) BSA/PBS (0.02% NaN3) 

PTwH: For brain samples: 0.2% Tween-20/0.1% heparin sodium salt 

solution/PBS (0.02% NaN3) 

Washing solution For lung samples: 0.5% Triton X-100/2% (w/v) BSA/PBS 0.02% NaN3) 

1ry antibody solution: For lung samples: 0.5% Triton-X-100/2% (w/v) BSA/10% 

DMSO/PBS/0.02% NaN3 

For brain samples: 3% (v/v) (goat or donkey) serum/5% DMSO/PTwH 

2ry antibody solution: For lung samples: 0.5% Triton-X-100/2% (v/v) donkey serum/10% 

DMSO/PBS/0.02% NaN3 

For brain samples: 3% (goat or donkey) serum/PTwH 

1% Phyta gel (w/v): Prepared in PBS solution 

Ethanol gradient 30%, 

50% and 70%: 

Prepared in Aqua ad iniectabilia with PH adjustment between 9 and 

9.4 

3.5. Antibiotics 

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

Antibiotic  Concentration Company 

Ampicillin 100 µg/mL Carl Roth 

Geneticin-418 1 mg/mL Corning 

3.6. Cell lines 

All cell lines were obtained from the FLI biobank (Collection of Cell Lines in Veterinary 

Medicine (CCLV)). 

BSR T7/5: Geneticin-resistant baby hamster kidney cells derived from BHK-21 cells (clone BSR-

CL13) stably expressing the T7 RNA polymerase from the T7 bacteriophage [226]. 

Na 42/13: Neuroblastoma cells derived from Mus musculus. 
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3.7. Viruses 

Table 3: Viruses used in this study. All viruses were provided by the lab of Prof. Dr. Stefan Finke (FLI, 

Island of Riems). 

Virus Origin 

rRABV DogA recombinant RABV originating from Dog Azerbaijan [227]. 

rRABV SAD L16 recombinant RABV derived from the vaccine virus (SAD B19) [228]. 

rRABV CVS-11 recombinant Challenge Virus Street-11; sequence accession no. 

LT839616 [63].  

rRABV DogA-NTN recombinant RABV originating from rRABV DogA with (D247N, A400T, 

and K425N9 aa substitutions in the glycoprotein [51]. 

rRABV DogA IFN-I mutant 

(IFN-mutant) 

recombinant RABV originating from rRABV-DogA with aa exchanges 

W265G and M287V in phosphoprotein. 

3.8. Serologic reagents 

3.8.1. Primary antibodies 

Table 4: Primary antibodies and application-specific dilutions. iIF: Indirect immunofluorescence; ECi: 
immunostaining according to modified ECi TOC protocol [205]. 

Target Host 
species 

Clonality Source RRID Dilution 

-hNeuN  Guinea pig Polyclonal Synaptic Systems AB_266004 ECi: 1:800 

-hGFAP Chicken Polyclonal Thermo Fisher AB_1074620 ECi: 1:1500 

-hMHC-II Rat Monoclonal Biolegend AB_ 313316 ECi: 1:400 

-hCD68 Mouse Monoclonal Invitrogen AB_10987212 ECi: 1:400 

-hCD68 Rat Monoclonal Biolegend AB_2044003 ECi: 1:400 

-hKi-67 Rat Monoclonal Biolegend AB_11203533 ECi: 1:200 

-hvWF Rabbit Polyclonal Dako AB_ 2315602 ECi: 1:1000 

-hCleaved 
Caspase-3 

Rabbit Polyclonal Cell Signaling AB_ 2341188 ECi: 1:200 

-hUteroglobin Rabbit Polyclonal Abcam AB_778766 ECi: 1:500 

-hRabbit IgG Rabbit Polyclonal Biolegend AB_2722735 Equivalent to 
1ry Ab conc. 

-hRat IgG2b, ˁ  Rat Monoclonal Biolegend AB_400602 Equivalent to 
1ry Ab conc. 

-hMouse 
(BALB/C) IgG1, ˁ  

Mouse Monoclonal Biolegend AB_2801451 Equivalent to 
1ry Ab conc. 

-hRABV-G (E559) Mouse Monoclonal Schneider et al., 1985 N/A iIF: 1:10 
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-hRABV-G (E559) Human  Monoclonal Alexander D. Douglas N/A ECi: 1:500 

-hRABV-N 161-5 Rabbit Polyclonal Orbanz & Finke, 2010 N/A iIF: 1:3000;  
ECi: 1:500 

-hRABV-P 160-5 Rabbit Polyclonal Orbanz & Finke, 2010 N/A iIF: 1:5000 

-hSARS-CoV-NP Rabbit Polyclonal Rockland 
Immunochemicals 

ABIN129544 ECi: 1:500 

-hSARS-CoV-NP mouse Monoclonal Sino Biological AB_2827977 ECi: 1:400 

3.8.2.  Secondary antibodies 

Table 5: Fluorophore conjugated secondary antibodies with dilutions in working solution. 

Target Host 
species 

Conjugate Source RRID Dilution 

-hchicken IgG Donkey Alexa Fluor® 
488 

Jackson 
ImmunoResearch 

AB_2340375 ECi: 1:375 

-hrabbit IgG Goat Alexa Fluor® 
488 

Invitrogen AB_ 2576217 ECi: 1:500 

-hrabbit IgG Donkey Alexa Fluor® 
488 

Invitrogen  AB_ 2762833 ECi: 1:500 

-hrabbit IgG Donkey Alexa Fluor® 
568 

Invitrogen  AB_ 2534017 iIF: 1:1000;  
ECi: 1:500  

-hrabbit IgG Goat Alexa Fluor® 
568 

Invitrogen AB_ 10563566 ECi: 1:500 

-hguniea pig 
IgG 

Goat Alexa Fluor® 
568 

Invitrogen AB_ 2735091 ECi: 1:500 

-hguniea pig 
IgG 

Donkey Alexa Fluor® 
647 

Jackson 
ImmunoResearch  

AB_2340476 ECi: 1:375 

-hrabbit IgG Donkey Alexa Fluor® 
647 

Jackson 
ImmunoResearch 

AB_2340578 ECi: 1:375 

3.9. Oligonucleotides 

Table 6: Oligonucleotides used for reverse transcription quantitative polymerase chain reaction (RT-
qPCR). 

Name Sequence 

RV-N-196-F GAT CCT GAT GAY GTA TGT TCC TA 

RV-N-283-R R*GA TTC CGT AGC TRG TCC A 

RabGT1-B-FAM FAM-CAG CAA TGC AGT TYT TTG AGG GGA C-BHQ1 

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

Commercially available kits were acquired from Macherey & Nagel, Germany (NucleoMagVet) 
and Thermo Fisher Scientific, USA (AgPath-ID One-step RT-PCR kit). 

3.11. Software  

Arivis Converter  File converter; v3.1.4 (Build6978) 

Arivis-Vision 4D  Image processing software; v4.1.0 (Build16702.20230324) 

Biorender               Visualization program; web application   

Citavi 6                                       Reference management software; v6 

DOG                                            DOG; V2.0.1; windows; 20130330 

GeneiousPrime              Sequence analysis software; v2021.0.1 

GraphPad Prism              Graphing and statistics software; v8.0.2 

ImageJ                Image processing software; v1.53c 

LAS AF                CLSM software; v.2.7.3.9723 

LAS X                            LM software; v3.7.423463 

Microsoft Word/Excel             Microsoft Office Professional Plus 2019 

All schematic presentations and pictures were created with Biorender 
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3.12. Technical equipment 

Name  Company Catalog Number 

3D printer Ultimaker Ultimaker 3 

Benchtop orbital shaker Elmi DOS-20M 

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 objective 

(HC PL APO 40x/1.10 W motCORR CS2) 

Leica 15506360 

Long distance oil immersion objective 

(HC PL APO 63x/1.40 Oil motCORR CS2) 

Leica 11506350 

Light sheet fluorescence microscope Miltenyi Biotech  UltraMicroscope II 

Stereomicroscope Zeiss Stemi 2000 zoom 

Cold light source for stereomicroscope Zeiss CL 1500 ECO 

Vibratome Leica VT1200S 

Workstation Dell Precision 7920 

BioRad Real-Time System  Bio-Rad, USA CFX96 

TissueLyser  Qiagen, Germany 9003240  

KingFisher/BioSprint 96 magnetic particle 

processor 

Qiagen, Germany 710-230 
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4. Methods 

4.1. Cell culture  

BSR T7/5 and Na 42/13 cells were maintained in T-75 flasks in growth medium according to 

(Table 2) in a cell culture incubator at 37°C and 5% CO2 in a humid environment. To split the 

cells, the medium was discarded and the cells were washed once with 5 mL ATV and then 

incubated in 2 mL ATV at 37°C in the cell culture incubator for 2-3 minutes or until all the cells 

were detached. Afterwards, the cells were diluted in 4 mL growth medium (Table 2) and 

seeded into a new T-75 flask at a splitting ratio of 1:6 for both cell lines. BSR T7/5 cells were 

supplemented with 1 mg/mL DŜƴŜǘƛŎƛƴπпму όǎŜŜ 3.5) at every second passage to maintain the 

T7 polymerase transgene. 

For the preparation of IF slides, 18 × 18 mm coverslips were placed in 6-well cell culture plates 

and coated by incubation in 2 mL Ǉƻƭȅπ[π[ȅǎƛƴ όлΦм҈ όǿκǾύ ŘƛƭǳǘŜŘ мΥмлл ƛƴ dH2O) for at least 

20 minutes at room temperature (RT). Afterwards, the poly-L-Lysin solution was discarded and 

the slides were washed twice with sterile dH2O. Cells were then diluted according to the 

splitting factor mentioned above in a total volume of 18 mL growth medium (Table 2) then, 3 

mL of the cell suspension was added in each well and incubated in the cell culture incubator 

overnight according to the conditions mentioned above. 

4.2. Infection of BSR T7/5 and Na 42/13 cells with different strain of rRABV 

BSR T7/5 and Na 42/13 cells were seeded on 6-well cell culture plates with coverslips as 

mentioned earlier (see 4.1). In the next day, the growth medium was discarded and the cells 

were washed once with PBS. Subsequently, the cells were inoculated with different strains of 

RABVs (Table 3) using a multiplicity of infectivity (MOI) of 0.01 and incubated for 1 hour. 

Following that, the viral inoculum was discarded and the cells were washed once with PBS. 

Each well then received 3 mL of the respective cell culture medium (Table 2) and placed in the 

cell culture incubator. At 24- and 48-days post inoculation (dpi), the cells were fixed with 4% 

paraformaldehyde (PFA) in PBS for a duration of 20 minutes at RT. After fixation, the PFA 

solution was discarded, and the cells were washed 3 times with PBS. Following that, the plates 

were sealed with parafilm and stored at 4°C until used for immunofluorescence assay staining.  
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4.3. Immunofluorescence assay (IFA) 

Immunofluorescence staining is a technique that enables the visualization of various 

components within cells. It is classified into two categories: direct immunofluorescence 

staining and indirect immunofluorescence staining. In directed immunofluorescence staining, 

the fluorophore is conjugated with the primary antibody, whereas in indirect 

immunofluorescence staining the fluorophore is conjugated with the secondary antibody.  

In order to examine the subcellular distribution of the glycoprotein of different RABV strains, 

cells were cultured on 6-well cell culture plates with coverslips of 18 mm × 18 mm (see 4.1). 

In the next day, the cells were inoculated with different strains of RABVs (Table 3) and fixed at 

24 and 48 dpi with 4% PFA in PBS for a duration of 20 minutes at RT. All of the subsequent 

steps were carried out at RT. After fixation, the cells were washed 3 times with PBS and 

then subsequently permeabilized by 20 minutes incubation with 0.2% Triton X-100 in PBS. To 

prevent non-specific antibody binding, a blocking solution containing 10% donkey serum and 

0.3 M glycine in PBS-T (0.1% Tween 20 in PBS) was added for a duration of 30 minutes.  

The primary antibodies, diluted in a solution of 1% donkey serum in PBS-T, were applied for 2 

hours, followed by 3 PBS washes for 5 minutes each and a 1-hour incubation with fluorophore 

conjugated secondary antibodies diluted in the previously mentioned primary antibody 

solution. Following that, the coverslips were washed 3 times with PBS, as described previously. 

The cell nuclei were stained with Hoechst 33342 at a dilution of 1:20,000 in PBS for a duration 

of 10 minutes. The coverslips were washed twice with PBS and once with ddH2O then mounted 

on an object slide with нлл ˃L of ProLongTM Glass AntiFade Mountant. After curing for at least 

18 hours to reach a refractive index of 1.52, the samples were imaged with a CLSM. 

4.4. RNA-Extraction from brain samples 

Brain samples of mice were tested for the presence of RABV RNA. Briefly, Ғ0.5 g of organ 

samples was homogenized in 1000 µL of cell culture media using a TissueLyser (Qiagen, 

Germany) with a 3 mm steel bead. The homogenates were centrifuged at 3750 x g for a 

duration of 10 minutes. Total RNA was extracted from the supernatant (100 µL) using the 

NucleoMagVet kit (Macherey&Nagel, Germany) according to the manufacturer's 

instructions using a KingFisher/BioSprint 96 magnetic particle processor (Qiagen, Germany). 
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4.5. RT-qPCR 

vRNA was detected by an RT-qPCR targeting the N-gene using the R14-assay (RABV) [229,230]. 

The PCR master mix was prepared using the AgPath-ID One-step RT-PCR kit (Thermo Fisher 

Scientific, USA) in a volume of 10 µL including 0.5 µL ƻŦ ʲ-Actin-mix2-HEX as internal control 

and 2.5 µL of extracted RNA. The reaction cycle was done according to the following 

conditions: 

Temperature cycles 

Reverse transcription 45 °C 10 min 

Activation 95 °C 10 min 

Denaturation 95 °C 15 sec           45 cycles 

Annealing 56 °C 20 sec 

Elongation 72°C 30 sec 

Hold 4°C қ 

Fluorescence was measured during the annealing phase. RT-qPCRs were performed on a 

BioRad CFX96 Real-Time System (Bio-Rad, USA).  

4.6. ECi Tissue Optical Clearing (TOC) 

TOC is a technique for achieving tissue transparency in biological systems so that they can be 

examined more thoroughly while maintaining their integrity and preserving their intricate 

details. Tissues and organs in the majority of living organisms are not transparent because 

they are made up of a wide variety of complex biomolecules, each of which has a different RI. 

There are several approaches for obtaining TOC, all of which aim to match the RI within the 

tissue and therefore render it transparent [198,199]. Here, an organic solvent-based method 

that primarily involved the following steps was applied: dehydration and lipid dissolution, 

immunostaining, additional lipid dissolution (for some organs that contain high lipid content 

such as the brain), and RI matching using ECi (Figure 15). 
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Figure 15: Schematic diagram of TOC protocol, and the imaging techniques used in this thesis. The details of 
each step are explained in the methods (sections 4.6.1, and 4.6.2)  

4.6.1. ECi TOC of hamster lung tissues 

The caudal lung lobes of SARS-CoV-2 experimentally infected hamsters were fixed in a 5 mL 

4% PFA solution for a minimum of 21 days prior to being transferred from the animal facility 

to the Biosafety Level 2 (BSL2) laboratory. Subsequently, the lung lobes were washed 3 times 

daily with PBS containing 0.02% NaN3 for a duration of 3 days. The lung lobes were then sliced 

into 350 µm sections using the vibratome (VT1200S, Leica Biosystems, Germany). These 

sections were then preserved in a solution of 0.02% NaN3 in PBS at 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 temperature-regulated orbital 

shaker (New Brunswick Innova 42R, Eppendorf, Germany). The lung slices were dehydrated in 

3 consecutive steps in a 5 mL methanol gradient (v/v = 50%, 80%, and 100%). Each methanol 

dehydration step was for an incubation period of 1 hour. The methanol in the 100% step was 

replenished after 30 minutes of incubation. Subsequently, the samples were 
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incubated overnight in 5 mL bleaching solution containing 5% hydrogen peroxide in 100% 

methanol. The following day, the samples were rehydrated in 80% and 50% methanol 

solutions for 1 hour each. During the 50% methanol step, the solution was replenished after 

30 minutes of the incubation period. Afterwards, the samples were washed 3 times in 5 mL 

PBS for a duration of 20 minutes each at RT. The samples were then pre-permeabilized in a 

two-step washing process in a 5 mL solution of 0.2% Triton X-100 in PBS/0.02% NaN3 for a 

duration of one hour each at 37°C. For permeabilization, the samples were placed in a 5 mL 

solution of 0.2% Triton X-100, 20% DMSO, 0.3 M glycine in PBS/0.02% NaN3 for a duration of 

48 hours at 37°C. The samples were then blocked in a 5 mL solution of 10% donkey serum, 

10% DMSO, 0.5% Triton X-100, in PBS/0.02% NaN3 at 37°C for a duration of 48 hours. 

Following that, the primary antibodies were added at a volume of 1.5 mL in a solution of 2% 

BSA, 10% DMSO and 0.5% Triton-X-100 in PBS/0.02% NaN3 for 3 days at 37 °C. Isotype and 

mock antibody-free staining were used as negative controls. After that, the samples were 

washed for 3-hours in a 5 mL solution of 2% BSA and 0.5% Triton X-100 in PBS/0.02% NaN3. In 

the first hour, the washing solution was exchanged 4 times, each taking place at 15-minute 

intervals. Following that, the washing solution was exchanged 4 times throughout the 

subsequent 2-hour period, with each exchange taking place at 30-minute intervals. The 

secondary antibody was then added at a volume of 1.5 mL in a solution of 2% v/v donkey 

serum, 10% DMSO and 0.5% Triton X-100 in PBS/0.02% NaN3 for a duration of 3 days at 37°C. 

Then, the samples were washed as described for the primary antibody and embedded in 1% 

phytagel (prepared in PBS), in Cryomold embedding dishes (Laborversand, CMM Intermediate 

4566). Following that, the samples were dehydrated in a 5 mL ethanol gradient solution, 

diluted in Aqua ad iniectabilia (pH 9-9.5). The ethanol concentrations used were (v/v = 30%, 

50%, 70%, 100% and 100%). Each dehydration step was performed for a minimum duration of 

6 hours, and the final dehydration step in 100% ethanol with was repeated twice. In order to 

clear the samples for imaging, 5 mL of ECi was added and then replaced after 30 minutes by 

another 5 mL fresh ECi. The samples were then incubated until they acquired a transparent 

appearance. The cleared samples were stored in closed containers in the dark at RT. 

4.6.2. ECi TOC of brain tissues 

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

of few alterations in some of the buffers, (listed in section 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 each and the 100% step was repeated twice. Similarly, the samples were rehydrated in 

a methanol gradient with the same dilutions range (v/v = 80%, 60%, 40%, 20% and 20%) for 1 

hour each and the 20% step was repeated twice. 

2. To reduce the occurrence of high background, the staining procedure for RABV glycoprotein 

using the ( -hRABV G (E559)) antibody was performed in a sequential manner. The -hRABV G 

(E559) antibody was diluted in the primary antibody solution (3% v/v donkey serum and 5% 

DMSO in PTwH) and added to the samples for a duration of 3 days at 37 °C. The samples were 

then washed 8 times in PTwH solution with increasing intervals (for instance, twice for 30 

minutes, twice for an hour, and twice for two hours), and the last washing step was incubated 

overnight. After that, the samples were incubated with the secondary antibody solution (3% 

v/v donkey serum in PTwH) for 3 days at 37 °C. Then, the samples were washed following 

the procedure described for the primary antibody washing, followed by an additional blocking 

step to further decrease background interference. For RABV P ό-hRABV-P 160-5) and 

astrocytes ( -hGFAP) 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 an extra delipidation procedure after 

the ethanol dehydration, which involved applying 7 mL of n-hexane solution twice for two 

hours each time. Following that, the substitution of n-hexane with ECi was carried out in a 

carefully monitored manner, ensuring that the samples were not exposed to the surrounding 

air. The volume of n-hexane was then decreased to 1 mL, while ensuring that the sample 

remained fully submerged. Afterwards, approximately 6 mL of ECi was added and the 

samples were mixed by inversion at least 3 times. The aforementioned process was repeated 

three times and the samples were incubated in ECi until they were optically transparent.  

4.6.3. Chamber assembly and sample mounting  

Assembly of imaging chambers and sample mounting were performed as previously described 

in [215]. The imaging chamber parts were printed with a 3D printer (ultimaker3) using the 

following parameters: co-polyester [CPE] filaments, nozzles dimensions 0.25 mm with a layer 

height of 0.06 mm, wall thickness 0.88 mm, wall count 4, infill 100%, and no support structure. 
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The imaging chambers were assembled by mounting coverslips of 30 mm in diameter on the 

imaging chamber using RTV-1 (one-component room-temperature-vulcanizing) silicone 

rubber, while coverslips of diameter 22 mm were fixed on the lid. The extra silicone rubber 

was removed with a cotton swab dipped in water and the chamber and lid were cured 

overnight. On the subsequent day, the specimen was loaded into the imaging chamber, 

followed by the addition of a small quantity of ECi, after which the lid was inserted. 

Subsequently, the chamber was filled with 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 

RTV-1 silicone rubber, and the entire setup was left overnight for curing in a light-free 

environment.  

4.7. Light Sheet Fluorescence Microscopy (LSFM) 

Volumetric 3D-imaging of the brain and lung sections was acquired using the Miltenyi Biotech 

LaVision UltraMicroscope II, equipped with an Andor Zyla 5.5 sCMOS Camera, an Olympus 

MVX-10 Zoom Body with a magnification range of 0.63ς6.3x, and an Olympus MVPLAPO 2x 

objective with a numerical aperture (NA) of 0.5. The Z-stacks were acquired in a 16-bit TIFF 

picture format using the LaVision Bio-Tec ImSpector Software (v7.0.127.0) with a step size of 

н ˃ƳΦ Imaging was performed either at 1x/1.25x magnification to obtain an overview of the 

entire sample or at 4x magnification for higher-resolution imaging of specific regions. The light 

sheet was configured to an (NA) of 0.156 and a light sheet width of 100%. Chromatic 

correction was adjusted for each fluorescence channel. 

4.8. Confocal Laser Scanning Microscopy (CLSM) 

To examine monolayer cell cultures on glass slides using CLSM, a drop of immersion oil was 

applied on the cover slip and the slide was then placed over the oil objective lens (63x), 

ensuring that the cover slip with the oil droplet is in direct contact with the lens. The 

immersion oil is applied to increase the resolving power and aperture of the objective lens. 

For examining tissue slices, the samples were extracted from phytagel using a scalpel while 

being examined under the stereomicroscope and then placed in chambers previously 

described in (4.5). The laser lines for image acquisitions were selected based on the specific 

secondary antibody fluorophores used in the immunostaining process. To avoid signal overlap 

between channels, the different channels were detected sequentially. The detection ranges 

were adjusted to 500ς550 nm, 590ς620 nm, and 645ς700 nm for Alexa Fluor 488, Alexa Fluor 
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568, and Alexa 647, respectively. To obtain a z-stack, the boundaries of the z-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 the z-stack using the 

(40x) water immersion and (63x) oil immersion objectives were configured as follows: 

sequential scan with a pixel size of 60-90 nm, a Z-step size of 0.5 µm for (40x) and 0.35 µm for 

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

4.9. Widefield fluorescence microscopy 

Brain sections overviews (Figure 34, A, C, and E-H) were acquired using a motorized Leica 

THUNDER imager DMi8 equipped with LAS X software (v3.7.423463). The overviews were 

acquired for single planes using a 10×/0.12 dry N PLAN objective. For scanning the brain 

sections, the LasX navigator's tile scan feature, also known as mosaic imaging, was employed. 

This feature 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 built-in merge function. To improve the images quality by reducing background 

noise and enhancing the contrast, the instant computational clearing mode, also known as 

THUNDER, was utilized. 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 

Large image data set processing, analysis and quantification was performed by using the Arivis 

Vision4D 4.1 software platform. Raw Tiff image stacks from the light sheet microscope or from 

confocal laser scanning microscopy were converted to the sis format using Arivis SIS Converter 

3.5.1 (Arivis AG) for further analysis. 

4.10.1. SARS-CoV-2 samples analysis pipeline 

Arivis Vision4D 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, blood vessels, 

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 filters were applied. 

The resulted segmented image stacks were volumetrically rendered, and the quantitative 

object feature data was exported in table format. 

4.10.2. RABV samples analysis pipeline 

 CLSM records of RABV samples were processed and quantified using a different pipeline 

generated also in arivis. The raw lif image stacks were first converted to sis format 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 that, image segmentation was applied using 

an intensity threshold segmenter that was applied for each channel separately in order to 

generate the objects required for the analysis. In this case, the objects generated 

corresponded to the total number of neurons, the total number of astrocytes, the total 

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

generated quantitative object feature data was exported in table format.  

4.11. Statistical analysis 

Statistical significance of infected astrocytes and neurons was determined using two-way 

ANOVA followed by Bonferroni multiple comparison test with 95% confidence interval. 

Survival of mice was displayed in Kaplan-Meier curves and statistically analyzed by log-rank 

(Mantel-Cox) test. All statistical analyses were performed using GraphPad Prism 8.0.2. 
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4.12. Animal experiments 

All animal studies were conducted at the FLI in accordance with the ethics committee of the 

State Office for Agriculture, Food Safety, and Fishery in Mecklenburg-Western Pomerania 

(LALFF M-V) and gained approval with permissions 7221.3ς2ς001/18.  

To minimize animal testing, archived tissue samples preserved in PFA were used when 

available. Unless otherwise specified, 6-week-old female BALB/c mice (Charles-River, 

Germany) were used in the animal studies. 

Mice were assigned into groups (6 animals per group, unless otherwise indicated) and housed 

in labelled cages provided with water and food ad libitum. Afterwards, the mice were 

anesthetized with isoflurane for inoculation with rabies virus either i.m. in the upper left hind 

limb muscles, mimicking the natural way of RABV infection, or i.c. as a positive control as 

previously described [63,232]. The assessment of disease development was carried out by 

monitoring the clinical symptoms. Immediately after euthanasia, the mice brains were 

extracted and stored in 4% PFA for a minimum of 21 days prior to transfer from the animal 

facility to the BSL2 laboratory. Subsequently, the samples were subjected to 3 times daily 

washing with PBS containing 0.02% NaN3 for a duration of 3 days and then stored in PBS 

containing 0.02% NaN3 at 4°C until they were used. Animal experiments (4.10.1, 2 and 3) were 

conducted prior to this thesis in the frame of studies on rabies virus pathogenesis and cell 

tropism. Here, raw pathogenicity data were analyzed and information were used for selection 

of samples for imaging analysis. For better traceability, details of the animal experiment are 

described below. 
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4.12.1. Rabies animal experiment 1: Field rRABV DogA astrocyte tropism in mice 
before and after the onset of clinical signs of rabies encephalitis 

Group 1 was inoculated i.m. with 30 µl (3x101 tissue culture infectious dose 50 (TCID50)) rRABV 

DogA per mouse and euthanized prior to the manifestation of any clinical signs at 8 dpi (Figure 

16), with a clinical score of 0 according to (Table 7). Similarly, group 2 was inoculated i.m. but 

with a higher virus dose of 30 µl (3x103 TCID50) and likewise euthanized prior to the 

manifestation of any clinical signs at 6 dpi, with a clinical score of 0. Group 3 was i.m. 

inoculated with 30 µl (3x101 TCID50) and euthanized during the clinical phase at the humane 

end point with clinical score 2-3 by cervical dislocation under isoflurane anesthesia. Group 4 

was i.m. inoculated with a higher virus dose 30 µl (3x103 TCID50) and euthanized during the 

clinical phase at the humane end point as previously described. Group 5 was i.c. inoculated 

with 30 µl (1x102 TCID50). At 6 dpi, 3 mice were euthanized with a clinical score of 0, and the 

remaining 3 mice were euthanized during the clinical phase at the humane end point as 

previously described.  

 

Figure 16: Schematic overview of rRABV DogA astrocyte tropism animal experiment. Timeline of rRABV DogA 
animal experiment indicating infection routes, doses, mice groups and euthanasia time points. Red and orange 
colored mice are assigned for those that exhibited clinical signs, whereas white colored mice are assigned for 
those ǘƘŀǘ ŘƛŘƴΩǘΦ (B) Graphical abstract depicting the process of the brain sections preparation, in which one 
hemisphere is cut into 500 µm coronal sections using the vibratome. The three numbered sections shown are 
those selected for downstream processing. 
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Table 7: Clinical score sheet for mice. 

Score Clinical Signs Instructions ΰ ΨHumane 9ƴŘǇƻƛƴǘǎ ΨΨ 

0 Healthy / Normal Daily monitoring 

1 Ruffled fur 
Hunched back 

Monitoring intervals up to 12h 

2 Slow movements 
Circling behavior 
²ŜƛƎƘǘ ƭƻǎǎ җмр %  

Euthanasia within the next 8 hours 
maximum 

3 Tremor 
Unsteady gait 
Seizures 
²ŜƛƎƘǘ ƭƻǎǎ җнл % 

Should be avoided - Instant Euthanasia 

4 Signs of paralysis or 
spasms 
²ŜƛƎƘǘ ƭƻǎǎ җнр % 

Should be avoided - Instant Euthanasia 

5 Coma / Death Should be avoided - Instant Euthanasia 

4.12.2. Rabies animal experiments 2 and 3 (IFN-mutant)  

Six-week-old mice, group 1, were inoculated i.m. with 30 µl (3x101 TCID50) rRABV DogA IFN-

mutant (IFN-mutant) per mouse. Group 2 was inoculated i.m. with a higher dose of 30 µl 

(3x103 TCID50) (Figure 17A). Group 3 consisted of three mice that were i.c. inoculated with 30 

µl (1x102 TCID50). The mice were euthanized at the end of the animal experiment at 21 post-

infection dpi or after reaching the humane endpoint. 

In a further experiment rRABV DogA IFN-mutant was used to inoculate 4-week-old mice. 

Group 1 was inoculated i.m. with 30 µl (3x103 TCID50) (Figure 17B). These mice were 

euthanized prior to the manifestation of any clinical signs at 8 dpi, with a clinical score of 0. 

Group 2 was inoculated i.m. with 30 µl (3x103 TCID50). These mice were euthanized at the 

onset of the clinical signs at 10 dpi, with a clinical score of 0-1. Group 3 was inoculated i.m. 

with (3x103 TCID50) and these mice were euthanized during the clinical phase at the humane 

end point with clinical score 2-3. Group 4 was i.m. inoculated with a higher virus dose of 30 µl 

(3x103 TCID50) and euthanized during the clinical phase as previously described. Group 5 

consisted of three mice that were i.c. inoculated with 30 µl (1x102 TCID50) and these mice were 

euthanized at the onset of clinical signs at 6 dpi with a clinical score of 0-1 as previously 

described.  
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Figure 17: Schematic representation of rRABV DogA IFN-mut astrocyte tropism animal experiment. (A) 
Timeline of (group 2) 6-week-old i.m. inoculate mice with (3x103 TCID50). The orange-colored mouse indicates 
the initial appearance of clinical signs, the red colored mouse with crossed eyes is the euthanized mouse and the 
green colored mouse indicates the start point of mice recovery, at which (by 18 dpi) all the mice had regained 
their lost weight. (B) Timeline of 4-week-old i.m. inoculated mice with (3x103 TCID50). Red colored mice with 
crossed eyes mice are assigned for euthanized mice that displayed clinical signs, whereas white colored mice are 
ŀǎǎƛƎƴŜŘ ŦƻǊ ǘƘƻǎŜ ǘƘŀǘ ŘƛŘƴΩǘ ŜȄƘƛōƛǘ ŀƴȅ clinical signs. 

4.12.3. Rabies animal experiment 4 (rRABV DogA-NTN) 

Group 1 were inoculated i.m. with 30 µl (3x101 TCID50). These mice were euthanized prior to 

the manifestation of any clinical signs at 8 dpi, with a clinical score of 0. Likewise, group 2 were 

inoculated (i.m.) with a higher virus dose 30 µl (3x103 TCID50) and also euthanized prior to the 

manifestation of any clinical signs at 8 dpi, with a clinical score of 0. Group 3 were i.m. 

inoculated with 30 µl (3x101 TCID50) and euthanized at the end of the animal experiment at 21 

dpi as previously described. Group 4 were i.m. inoculated with a higher virus dose 30 µl (3x103 

TCID50) and euthanized during the clinical phase as previously described. Group 5 were i.c. 

inoculated with 30 µl (3x101 TCID50). At 6 dpi, two mice were euthanized with a clinical score 

of 0, and the 3rd mouse was euthanized during the clinical phase as previously described. 

Likewise, group 6 consisted of three mice that were i.c. inoculated with a higher virus dose 30 

µl (3x103 TCID50). At 6 (dpi), two mice were euthanized with a clinical score of 0, and the 3rd 

mouse was euthanized during the clinical phase as previously described. 
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4.12.4. SARS-CoV-2 experimental infection in Syrian hamsters 

This animal experiment was carried out by the laboratory of PD Dr. Anne Balkema Buschmann. 

Male Golden Syrian hamsters (Mesocricetus auratus, bred by Janvier Labs, France), aged 5 to 

7 weeks, were housed in groups of three to 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 

105 TCID50 of the ancestral strain of SARS-CoV-2 (isolate 2019_nCoV Muc-IMB-1). To assess 

viral shedding, nasal wash samples were collected daily under anesthesia induced by 

ƛǎƻŦƭǳǊŀƴŜΣ ǳǎƛƴƎ нлл ҡ[ ƻŦ t.{ ǘƻ ŦƭǳǎƘ ǘƘŜ ŀƴƛƳŀƭΩǎ ƴŀǎŀƭ ǇŀǎǎŀƎŜǎΦ 

At predetermined intervals post-infection (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 4 to day 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, samples from 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% neutral-buffered formalin for later histological examination. 

The detection of SARS-CoV-2 RNA was conducted on both nasal wash and tissue samples using 

ά9ƴǾŜƭƻǇŜ ό9ύ-gene Sarbeco 6-carboxyfluorescein RT-qt/wέΣ ŀǎ ƻǳǘƭƛƴŜŘ ƛƴ ǇǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ 

[233,234]. 
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5. Results 

5.1. Rabies virus tropism 

5.1.1. Field rRABV DogA astrocyte 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 encephalitis [63] 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 RABV infection, where only limited numbers of CNS cells are infected. To this end, 

brain tissue samples of 6-week-old female BALB/c mice inoculated i.m. and i.c. with rRABV 

DogA were analyzed. The 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 clinical disease (humane endpoint 

ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ җнл҈ ōƻŘȅ ǿŜƛƎƘǘ ƭƻǎǎ ŀƴŘ ƻǘƘŜǊ ŎƭƛƴƛŎŀƭ ǎƛƎƴǎ όsee 4.12.1, Table 7), (Figure 

18A). While body weights of animals euthanized at 6 dpi remained stable (Supplement 1), i.m. 

ƛƴƻŎǳƭŀǘŜŘ ƳƛŎŜ ƛƴ ǘƘŜ ŎƭƛƴƛŎŀƭ ǇƘŀǎŜ ŜȄƘƛōƛǘŜŘ җнл҈ ōƻŘȅ ǿŜƛƎƘǘ ƭƻǎǎ ŀƴŘ ǿŜǊŜ ŜǳǘƘŀƴƛȊŜŘ 

accordingly (Figure 18, B and C). For each time point, one brain hemisphere from each mouse 

was cut into 500 µm sections. The analyzed brain sections were selected from three different 

regions according to published guidelines [235] including (i) the optic chiasm with basal 

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

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

along with brain stem (medulla oblongata (Mo)) (Figure 18A). The sections were 

immunostained with antibodies against GFAP, RABV-P, and NeuN to detect astrocytes, RABV 

infected cells and neurons, respectively. After immunostaining, the samples were optically 

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

was obtained using LSFM for large volume 3D overview, and at least three records were 

obtained using CLSM for higher resolution 3D images. 
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Figure 18: Experimental infection of rRABV DogA in 6-week-old mice. (A) Schematic overview of the animal 
experiment timeline indicating the number of animals euthanized for downstream processing, the 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 2), and two inoculated i.c. (group 5), were euthanized at 6 dpi before the onset of clinical 
signs. Three mice, two inoculated i.m. (group 4), and one inoculated i.c. (group 5), were euthanized at 7, 10, and 
17 dpi at the humane end point after the onset of clinical signs. Clinically diseased mice are indicated by red 
colorΣ ǿƘƛƭŜ ƳƛŎŜ ǘƘŀǘ ŘƛŘƴΩǘ ǎƘƻǿ ŎƭƛƴƛŎŀƭ ǎƛƎƴǎ ŀǊŜ ƛƴŘƛŎŀǘŜŘ ōȅ ǿƘƛǘŜ ŎƻƭƻǊ. (B) Kaplan-Meier survival plot of i.m. 
and i.c. inoculated mice, not euthanized at day 6. (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 sections, three sections per mouse 

(Figure 18A), were examined from four i.m. inoculated mice. Among these, three mice 

exhibited no signs of infection in either neuronal or non-neuronal cells, with the latter 

referring to astrocytes in this context. However, the fourth mouse exhibited distinct individual 

neuronal cell infection in the CB (Figure 18A, section 3). This was specifically observed in the 

cerebellar nuclei region (CBN) of the CB (Figure 19C, yellow arrow) and Mo (Figure 19C, white 

arrow). The identification of these regions was based on the alignment of 

morphological/anatomical landmarks with the Allen brain atlas (Supplement 5) [236]. The 

infection was detected by the presence of accumulated RABV P protein in both neuronal cell 

bodies and neurites. In the other two sections no RABV P protein was detected (Figure 19 A-

C). Interestingly, a limited number of infected astrocytes in close vicinity to infected neurons 

were revealed in higher resolution imaging of the CB brain section using CLSM, shown by the 

accumulation of RABV P protein in GFAP-positive cells (Figure 19 D-F).  

In the late phase of infection, LSFM overviews (Figure 19 G-I) of brain sections of i.m. 

inoculated mice revealed extensive RABV infection across multiple regions in the brain. 

Infection foci within crucial neural relay and processing networks were observed by virus 

detection in the cerebral cortex (CTX), and cerebral nuclei (CNU) regions (Figure 19G). Further 

analysis showed that the virus spread to other central regions of the brain (Figure 19H), 

including areas corresponding to the limbic system, such as the amygdala and hippocampus, 

and extending to other subcortical structures such as the basal ganglia and thalamus. A partial 

section of the CB also showed viral dispersal (Figure 19I), indicating that the virus had spread 

throughout the brain, which is a common feature of virulent RABVs during the clinical phase. 

As observed previously, astrocytes were also infected (Figure 19, J-L). This was confirmed by 

examining single planes and 3D rendering, which ruled out any potential confusion from 

overlapping structures.  
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Figure 19: Comprehensive overview of brain cells infected with rRABV DogA in 6-week-old i.m. inoculated mice, 
at early and late phase of infection. (A-C) Early phase of infection LSFM overviews of the 4th inspected mouse at 
6 dpi [1x magnification; z= 894, 1116 ŀƴŘ мсфп ˃Ƴ ŦƻǊ !Σ . ŀƴŘ / ǊŜǎǇŜŎǘƛǾŜƭȅϐΦ .Ǌŀƛƴ ǎŜŎǘƛƻƴǎ ǿŜǊŜ ǎǘŀƛƴŜŘ ŦƻǊ 
GFAP (green), RABV P (red), and NeuN (blue). The records were rendered with 3D maximum intensity, displaying 
ŀ ǘƻǇ ǾƛŜǿ ƛƴ Ȅȅ ǇƭŀƴŜǎ ǿƛǘƘ ǎŎŀƭŜ ōŀǊ рлл ˃ƳΦ ό!Σ .ύ .Ǌŀƛƴ ŎƻǊǘŜȄ ǎŜŎǘƛƻƴǎ ǿƛǘƘ ƴƻ ƴŜǳǊƻƴŀƭ ƻǊ ŀǎǘǊƻŎȅǘŜ ƛƴŦŜŎǘƛƻƴΦ 
(C) CB section showing individual neuronal infection foci indicated by the white arrows. (D, E) Early phase of 
infection CLSM higher resolution records of infected neurons and astrocytes in the CB (zoom-in from C). The 
white rectangles and the ƛƴǎŜǘ ƘƛƎƘƭƛƎƘǘ ƛƴŦŜŎǘŜŘ ŀǎǘǊƻŎȅǘŜǎ ǿƛǘƘ ǎŎŀƭŜ ōŀǊ рл ˃ƳΦ όCύ Early phase of infection 
[{Ca ǊŜŎƻǊŘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ ǿƘƛǘŜ ǊŜŎǘŀƴƎƭŜ ƛƴ ό9ύ ƻŦ ŀƴ ƛƴŦŜŎǘŜŘ ŀǎǘǊƻŎȅǘŜ ώмȄ ƳŀƎƴƛŦƛŎŀǘƛƻƴΤ ȊҐ нм ˃Ƴϐ 
ŀƴŘ ǎŎŀƭŜ ōŀǊ мл ˃ƳΦ όD-I) Late phase of infection LSFM overviews of RABV infection [1x magnification; z= 1196, 
ммнп ŀƴŘ мнпп ˃Ƴ ŦƻǊ DΣ I ŀƴŘ L ǊŜǎǇŜŎǘƛǾŜƭȅϐ ǿƛǘƘ ǎŎŀƭŜ ōŀǊ рлл ˃ƳΦ (J-L) CLSM records corresponding to (G-I), 
respectively, showing infected neurons and astrocytes. The white arrows indicate infected astrocytes. Scale bar 
рл ˃ƳΦ 

When brain sections from i.c. inoculated mice before the onset of clinical signs (6 dpi) were 

analyzed for viral tropism, in contrast to i.m. inoculated mice, wide spread viral infection of 

brain cells was observed in various brain areas (Figure 20). Both neuron and astrocyte 

infections were observed (Figure 20, E and I-J 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. Interestingly, a discernible increase in rabies virus infectivity over the course of one 

day was observed. In the first sections (Figure 20, A and F), the infection density at 7 dpi was 

significantly elevated compared to 6 dpi, with widespread and intense virus signal indicating 

robust viral activity across multiple areas, possibly involving both primary sensory and higher-

order association areas. Brain sections including parts of the cortex and hippocampus (Figure 

20, B and G), showed notable progression and denser infection in the hippocampus (Figure 

20G), indicating rapid viral spread within this critical region for memory and spatial navigation. 

Finally, in the CB sections (Figure 20, C and H), 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 the CB. 

Moreover, CLSM images confirmed the previous findings at a cellular resolution and provided 

finer details. In the first sections (Figure 20, D and I, there was a notable transition in the virus 

distribution pattern: from spreading in patches (Figure 20D) to a more widespread and 

pervasive presence in (Figure 20I). Furthermore, in the hippocampal (Figure 20, E and J) and 

cerebellar regions (Figure 20, F and K), the increase in virus signal indicated a critical escalation 

in viral replication and spread. !ǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǿƘƛǘŜ ŀǊǊƻǿǎ (Figure 20, I-K), multiple infected 

astrocytes were observed at 7 dpi.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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Figure 20: Comprehensive overviews of brain cells infected with rRABV DogA in 6-week-old i.c. inoculated mice 
before and after the onset of clinical signs. (A-C) LSFM overviews, before the onset of clinical signs (6 dpi) [1x 
ƳŀƎƴƛŦƛŎŀǘƛƻƴΤ ȊҐ уснΣ ммуп ŀƴŘ млпн ˃Ƴ ŦƻǊ !Σ . ŀƴŘ / ǊŜǎǇŜŎǘƛǾŜƭȅϐΦ Brain sections were stained for GFAP 
(green), RABV P (red), and NeuN (blue). The records were rendered with 3D maximum intensity, displaying a top 
view in xy planes with ǎŎŀƭŜ ōŀǊ рлл ˃ƳΦ ό5-F) CLSM higher resolution records that correspond to (A-C), 
respectively, of infected neurons and astrocytes. The white rectangles and inset highlight infected astrocytes 
ǿƛǘƘ ǎŎŀƭŜ ōŀǊ рл ˃ƳΦ όD-I) LSFM overviews, after the onset of clinical signs (7dpi), showing the wide spread of 
ǘƘŜ ƛƴŦŜŎǘƛƻƴ ώмȄ ƳŀƎƴƛŦƛŎŀǘƛƻƴΤ ȊҐ мслсΣ ммнс ŀƴŘ млтп ˃Ƴ ŦƻǊ DΣ I ŀƴŘ L ǊŜǎǇŜŎǘƛǾŜƭȅϐ ǿƛǘƘ ǎŎŀƭŜ ōŀǊ рлл ˃ƳΦ όW-
L) CLSM records corresponding to (G-I), respectively, showing infected neurons and astrocytes. The white arrows 
indicate infected astrocytesΦ {ŎŀƭŜ ōŀǊ рл ˃ƳΦ 

While conventional CLSM record provided a detailed visualization of rRABV DogA-infected 

brain cells (Figure 21A), this record was further processed to generate a digital object map of 

segmented neurons and astrocytes (Figure 21B). The map represents the results of a newly 

developed segmentation and quantification pipeline, as detailed in (Materials and Methods, 

4.9). Generally, this new pipeline provides a clear visualization of the distribution and 

clustering of the classified cells within the tissue combining qualitative insights and allowing 

for quantitative assessments. For example, the raw CLSM image (Figure 21C) and segmented 

image (Figure 21D) provide a dual perspective on the interaction between astrocytes and 

RABV-infected neurons within the brain by offering a detailed view of the cellular morphology 

and the spatial distribution of the infection. Transformation into a discrete, color-coded 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 identified from the original CLSM data. For improved comparative analysis, non-infected 

and infected astrocytes were selectively color-coded in green and magenta, respectively, in 

the segmented image (Figure 21D). Raw CLSM images of a zoomed-in 3D view of an infected 

astrocyte (Figure 21, E and F) and a single plane view (Figure 21G), along with the 

corresponding segmentation results (Figure 21, H-J), showed that infected astrocyte was 

correctly identified.  
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Figure 21: Segmentation and quantification of astrocytes and neurons in context of rRABV infection. (A) Early 
phase of infection (6 dpi) CLSM record of a brain section from a rRABV DogA i.c. inoculated mouse [1x 
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ƳŀƎƴƛŦƛŎŀǘƛƻƴΤ ȊҐ см ˃ƳϐΦ The record was rendered with 3D maximum intensity, displaying a top view in xy planes 
ǿƛǘƘ ǎŎŀƭŜ ōŀǊ рл ˃ƳΦ ό.ύ {ŜƎƳŜƴǘŀǘƛƻƴ ƻŦ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ƴŜǳǊƻƴǎ was based on GFAP and NeuN staining, 
respectively using an intensity threshold through the Arivis analysis pipeline. The multicolor objects displayed 
here are random color mode. 829 neurons and 158 astrocytes were identified in a volume of 66 nm x 66 nm x 
500 nm. (C) CLSM record showing GFAP-positive astrocytes and RABV-P-positive neurons. (D) The segmented 
image of (C) showing GFAP positive objects in green and GFAP-positive and infected objects in magenta. Infected 
astrocytes were identified by co-localization with the RABV-P positive signal, with a white rectangle highlighting 
an infected astrocyte. (E-G) Images corresponding 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 RABV P accumulation. (H-I) 
Segmentation result corresponding to (E-G) respectively, with (I) showing the infected astrocyte recognized by 
the pipeline in magenta. (J) Segmentation of the infected astrocyte in a single plane is shown with a magenta 
highlight, indicating that this object is identified as an infected astrocyte. {ŎŀƭŜ ōŀǊ рл ˃Ƴ. 

Segmentation of neurons from the same CLSM image (Figure 22) revealed a comprehensive 

view of neuron distribution (Figure 22A). After conversion into a segmented object map, 

uninfected and infected neurons were individually delineated and color-coded, thus 

facilitating the spatial and quantitative analysis of neuronal populations (Figure 22B). 

Magnified CLSM views displayed the detailed morphology of an infected neuron in the vicinity 

of uninfected ones (Figure 22, C-E) with 180° rotated view for a better visualization (Figure 

22D) and a single-plane view of the infected neuron, indicating the intracellular accumulation 

of RABV P protein in the soma and the neurites (Figure 22E). Correspondingly, in segmented 

versions isolating neurons to allow focused morphometric assessment, the magenta neuron 

(enclosed within the cube) was denoted as an infected neuron object (Figure 22F), while a 

180° rotated view revealed the full dimensionality of its structure (Figure 22G). In a single-

plane view (Figure 22H), the pink highlight around the cell soma of the neuron indicated the 

identification of this object as an infected neuron by the pipeline, whereas the light blue ones 

were identified as uninfected neurons.  
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Figure 22: Segmentation and quantification of neurons in context of rRABV infection. (A) CLSM record showing 
NeuN-positive neurons and RABV-P-positive infected neurons. (B) The corresponding segmented image of (A) 
shows NeuN positive objects in cyan and NeuN positive-infected neurons in purple. Infected neurons are 
identified by co-localization with the RABV-P positive signal, with white rectangles highlighting an infected 
neuron. (C-E) 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 (G) shows a single plane view of the infected neuron with 
RABV-P accumulation in the soma and neurites. (F-H) Segmentation corresponding to (C-E) respectively, with (G) 
showing the infected astrocyte recognized by 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. {ŎŀƭŜ ōŀǊ рл ˃Ƴ           
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Using the above developed segmentation pipeline, the percentage of infected neurons and 

astrocytes was quantified in early and late phases of RABV infection in i.m. inoculated mice. 

In the early phase of infection (6 dpi) rRABV DogA antigen P was only detected in brain cells 

of the CB section at a rather low level (Figure 23A) 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 region in the late phase (10-17 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 mesencephalon (3.8%; SD ± 3.0), neuron infection rates in the respective regions 

differed by more than 4% (9.2%, SD ± 4.3 frontal lobe verses. 5.0%, SD ± 4.1 mesencephalon). 

When the data from the three regions were compiled to capture the overall infection profile 

in the early and late phases of RABV infection, analysis revealed a statistically significant 

temporal increase in RABV positive astrocytes (P< 0.05) and neurons (P< 0.001) after the onset 

of clinical signs (10-17 dpi) as compared to 6 dpi. However, the magnitude in astrocytes was 

less pronounced than in neurons (Figure 23B). This suggests a differential progression of RABV 

infection in these cell types, with neurons demonstrating a higher susceptibility to the virus 

over the observed period. Analyses of samples from an early time point demonstrated that 

astrocytes infection ƛǎ ƴƻǘ ŀ ΨΩƭŀǘŜ ǇƘŀǎŜΩΩ ŜŦŦŜŎǘ ōǳǘ ŀƭǊŜŀŘȅ ƻŎŎǳǊs at early time point of brain 

infection albeit very sparse due to generally limited neuronal infection. 
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Figure 23: Mean percentage of rRABV-infected neurons and astrocytes in the early and late phase of infection 
following i.m. inoculation. (A) Comparison of the mean percentage of infected astrocytes and neurons across 
three brain regions in the early phase (6 dpi) and late phase (10-17 dpi) of RABV infection. In the early phase 
(from one animal), a total of 4104 neurons and 2536 astrocytes were counted across nine independent confocal 
z-stacks covering all three brain regions. Four additional data points (value =0, no infection) for neurons and 
astrocytes were added in the mesencephalon at 6 dpi based on LSFM, rather than CLSM analysis for a better 
visual comparison. In the late phase (from two animals), a total of 17795 neurons and 5418 astrocytes were 
counted across 19 independent confocal z-stacks. (B) Comparison of mean percentage of infected astrocytes and 
neurons across all three brain regions combined. Each dot represents the percentage of infected astrocytes or 
neurons in a single analyzed z-stack, with mean values indicated by horizontal lines. Statistical significance is 
ŘŜƴƻǘŜŘ ŀǎ ŦƻƭƭƻǿǎΥ ϝ Ǉ Җ лΦлрΤ ϝϝϝ Ǉ Җ лΦллм; ϝϝϝϝ Ǉ Җ лΦлллм. The analysis was conducted using a two-way-
!bh±! ǿƛǘƘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΦ At 6 dpi, 3 mice were not included in the analysis, as they 
tested negative for RABV infection.  
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Brain sections from i.c. inoculated mice before (6 dpi) and after (7dpi) the onset of clinical 

signs were analyzed to assess whether the observed increase in astrocyte infection could be 

attributed to ongoing neuropathogenicity processes. At 6 dpi, the mean rate of astrocyte 

infection was 6.3% (SD ± 9.0) in the frontal lobe and 6.4% (SD ± 5.5) in the cerebellum (Figure 

24A), compared to 9.6% (SD ± 3.0) and 15% (SD ± 5.0), respectively, by 7 dpi. The temporal 

increase in neuronal infection was more pronounced, with a mean infection rate of 6.8% (SD 

± 4.8) in the frontal lobe and 5.5% (SD ± 5.0) in the cerebellum at 6 dpi, and 10.7% (SD ± 6.0) 

and 29.8% (SD ± 18.3) respectively by 7 dpi. In summary, in the i.c. inoculated mice, a 

significant difference was observed in the rate of neuronal infection across the examined 

regions όǇ Җ лΦлмύ, with an increase noted towards day 7, where the infection rate was 18.0% 

(SD ± 13.0), compared to 7.0% (SD ± 4.7) at 6 dpi. In contrast, the astrocyte infection rate did 

not exhibit a significant difference between the two time points, with 12.7% (SD ± 5.2) 

infection rate at 7 dpi, and 7.4% (SD ± 6.2) at 6 dpi (Figure 24B).  
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Figure 24: Mean percentage of rRABV-infected neurons and astrocytes following i.c. inoculation before and 
after the onset of clinical signs. (A) Before the onset of clinical signs (at 6 dpi), a total of 6922 neurons and 3705 
astrocytes were counted across 12 independent confocal z-stacks covering 2 brain regions: Lobus frontalis, and 
Cerebellum. After the onset of clinical signs (at 7dpi), a total of 4975 neurons and 3235 astrocytes were counted 
across 9 independent confocal z-stacks. (B) A compilation of the total infected astrocytes and neurons. Each dot 
represents the percentage of infected astrocytes or neurons in a single analyzed z-stack, with mean values 
ƛƴŘƛŎŀǘŜŘ ōȅ ƘƻǊƛȊƻƴǘŀƭ ƭƛƴŜǎΦ {ǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ƛǎ ŘŜƴƻǘŜŘ ŀǎ ŦƻƭƭƻǿǎΥ  ϝϝ Ǉ Җ лΦлмΤ ϝϝ*ϝ Ǉ Җ лΦллмΤ ƴΦǎΦ όƴƻƴ-
significant). The analysis was conducted using a two-way-!bh±! ǿƛǘƘ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΦ 
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A compilation of all data (Figure 25) indicated that at 6 dpi, the infection rates in 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 3.9%. In i.c. inoculated mice at 

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

increasing to 11.9% and 10.9%, respectively, by day 7 post infection (pi) (Figure 25).  

 

Figure 25: Percentage of infected neurons and astrocytes before (6 dpi) and after (10-17 i.m. and 7 i.c.) the 
onset of clinical signs in context of different 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 (10-17 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 interferon escape 

Previous studies have established that astrocytes are primary IFN-I in the brain, and that 

laboratory strains of RABV tend to infect astrocytes abortively due to the strong cell type-

specific IFN response [99]. 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 IFN-I-mediated restriction and replicate in astrocytes [63]. To substantiate the 

hypothesis that astrocyte tropism of field RABVs is contingent on their ability to inhibit the 

potent IFN-I response, a rRABV DogA interferon type-I mutant (IFN-mutant) was employed, in 

which 2 aa substitutions were introduced at positions 265 (W265G) and 287 (M287V) in the 

C-terminus of the P (Figure 3) to impede STAT1 and STAT2 binding, thereby preventing JAK-

STAT dependent IFN-I response (Supplement 3 and Supplement 4). In addition, this IFN-

mutant was also used to study its impact on CNS invasion from peripheral inoculations sites, 

as the IFN-escape capacity is reduced. To this end, two consecutive animal trials were 

conducted, using 6 and 4-week-old mice. In both trials, mice were inoculated with RABV IFN-

mutant by i.m. and i.c. routes. Brain sections from two different brain regions, 1 and 3 (see 

5.1.1, Figure 18) were examined. These sections, each 500 µm thick, were collected at 

different time points, before and after the onset of clinical signs. The sections were then 

processed through immunolabeling, clearing and imaging as described previously (see 5.1.1). 

5.1.2.1. Attenuation of rRABV IFN-mut after i.c. and i.m. inoculation 

In an initial animal trial, immune competent 6-week-old mice were selected (Figure 26A) and 

inoculated both i.m. and i.c. with the rRABV IFN-mutant. After i.c. inoculation with both the 

rRABV IFN-mutant and rRABV DogA (results from part 5.1.1), all animals died (0% survival 

rate). However, in rRABV IFN-mutant infected mice, a slower progression of the disease was 

evident (Figure 26B). In contrast, a noticeable difference was observed in i.m. inoculated mice, 

with rRABV DogA showing a 50% survival rate (30 TCID50), compared to 100% survival rate in 

mice inoculated with the rRABV IFN-mutant (Figure 26C).  

The attenuating effect of the introduced mutations was further confirmed by a higher 

infection dose. When 3000 TCID50 were inoculated i.m., all rRABV DogA infected mice 

succumbed to rabies, while about 83% (5 out of 6) of the rRABV Dog IFN-mutant infected mice 

survived (Figure 26C).   
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Interestingly, 5 out of 6 RABV IFN-mutant infected mice showed weight loss ranging from 

11.54% to 15.38% starting from 7 dpi (Figure 26, A and D). These mice subsequently regained 

the lost weight starting from 13 dpi, and by 21 dpi, they had surpassed their initial weights 

recorded on day 0. However, one mouse was euthanized 11 dpi in accordance with the 

humane endpoint criteria (see 4.10.1, Table 7).  

 

Figure 26: Experimental inoculation (i.m.) of 6-week-old mice with the rRABV IFN-mutant (3000 TCID50). (A) 
Schematic overview of the study design and dynamics of the transient infection (orange; onset of weight loss, 
green; onset of weight gain and recovery, red; the clinically diseased mouse). (B, C) Kaplan-Meier survival plots 
of i.c. and i.m. inoculated mice with rRABV DogA and the rRABV IFN-mutant. (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 IFN-mutant in 6-week-old mice 

Mice that had shown transient infection (Figure 26D) were euthanized at 21 dpi and tested 

for the presence of RABV RNA. Four different brain regions (Lobus frontalis, Mesencephalon, 

Cerebellum, and Truncus encephali) were subjected to RNA extraction and RT-qPCR analysis, 

which revealed positive results, with cycle threshold (Ct)-values ranging from 28.65 to 33.13 

in the Lobus frontalis, 27.90 to 32.06 in the mesencephalon, 27.39 to 32.19 in the cerebellum 

and 25.56 to 32.85 in the Truncus encephali (Figure 27).  

 

Figure 27: Detection of rRABV Dog INF-mutant infiltration  in multiple brain regions. vRNA was detected by RT-
qPCR (Ct-values) across four brain regions in mice that exhibited transient clinical signs and recovered by 21 dpi.  

LSFM imaging of brain sections from a clinically diseased mouse, inoculated i.c. with rRABV 

IFN-mutant at 11 dpi, showed pronounced neuronal infection (Figure 28), but noticeably less 

extensive than in mice inoculated with the wt rRABV DogA strain at 7 dpi (Figure 20). Distinct 

regions of viral infection were evident in the cerebrum section (Figure 28A), including parts of 

the CTX, anterior cingulate area (ACA), nucleus accumbens (ACB), and the basal forebrain area 

(CLA). In the CB (Figure 28B), viral infection was also found in different regions including the 

cerebellar cortex (CBX), potentially within the granule cell layer (GRN), and the inferior olivary 

nucleus (IO). CLSM images demonstrated astrocyte infection in both cerebrum and CB sections 

(Figure 28, C and D).  
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Figure 28: Detection of the rRABV IFN-mutant in the brain of a 6-week-old mouse inoculated i.c. at 11 dpi. (A, 
B) LSFM overviews of the cerebrum and CB sections, respectively. Brain sections were stained for GFAP (green), 
RABV P (red), and NeuN (blue). (C, 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 
ǿƘƛǘŜ ŀǊǊƻǿǎΦ {ŎŀƭŜ ōŀǊ ƛƴ ! ŀƴŘ . Ґ рлл ˃Ƴ ŀƴŘ ƛƴ / ŀƴŘ 5 Ґ рл ˃m.  

Among the i.m. inoculated mice with the higher dose (3000 TCID50) of rRABV IFN-mutant, one 

mouse did not display clinical signs and RT-qPCR analysis at 21 dpi was negative for vRNA in 

all four brain regions analyzed previously. LSFM and CLSM imaging of the cerebrum (Figure 

18A, brain section 1) showed no signs of infection (data not shown). However, in brain sections 

2 (Figure 29A), and 3 (Figure 29C), individual neuronal infections were detected. In section 2, 

the infection was located in the thalamus (Figure 29, A and B), whereas in section 3 was 

located in Mo (Figure 29, C-E). 






































































































































































































