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2. Introduction

2.1 Neurotropic viruses

Neurotropic viruses can cause diseases of the central nervous system (CNS) and exhibit
neuroinvasive and neurovirulent properties. Herpes simplex viruses (HSV), Rabies virus
(RABV), and Japanese encephalitis virus (JEV) are amongst the most prominent viral
representatives. Neurological infectious diseases such as viral encephalitis, meningitis,
and meningoencephalomyelitis represent a major burden on society worldwide. For
instance, encephalitis can be a serious complication following viral infections and can
lead to permanent neurological complications and death. The high morbidity and case
fatality rate is partly due to the lack of effective therapies such as specific antivirals [142,
206]. Meningitis results from infection and inflammation of the meninges, causing
symptoms such as fever, headache, neck stiffness and photophobia. Encephalitis, on
the other hand, arises from infection of the brain parenchyma and manifests as fever,
altered mental status ranging from delirium to coma, as well as focal neurologic
symptoms or seizures, depending on the brain region affected [34]. A wide range of virus
families display neurotropism, including Picornaviruses like Poliovirus, Coxsackievirus,
and Echovirus, Flaviviruses such as JEV, tick-borne encephalitis virus, West Nile virus
(WNV), and Zika virus, Paramyxoviruses like mumps virus, measles virus, Hendra virus
and Nipah virus, as well as Herpes viruses such as HSV-1, HSV-2, varicella-zoster,
Epstein-Barr virus, and cytomegalovirus (reviewed in [3]). Many of the newly emerging
viruses also display neuropathogenic potential [142, 206], including SARS-CoV-2, for
example [156].

2.1.1 Entry sites into the central nervous system (CNS)

Pathogens have developed different strategies to enter the CNS. Some pathogens, such
as HSV-1 and RABV, gain access directly through peripheral sensory nerves and motor
nerves, respectively. Others, such as human immunodeficiency virus (HIV) and WNV,
enter indirectly through hematogenous dissemination, overcoming the protective barriers
[34,139]. T h e t bdoodrbraifi barriero (BBB) was coined in 1912 to define the finding
that systemically administered dyes did not stain the brain [19]. The BBB forms a crucial
interface between the circulatory system and the brain parenchyma. It tightly regulates
the passage of molecules, substances, and immune cells, preventing harmful
substances and pathogens from entering the brain. It is comprised of specialized, non-
fenestrated endothelial cells (EC) that are tightly connected through tight junction (TJ)

proteins. Surrounding the endothelial cells, is a dual basal membrane that contains
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pericytes and occasionally immune cells. Covering the basal membrane are astrocytic
endfeet, also referred to as glia limitans [167]. Pathogens are capable of crossing the
BBB by various ways, including paracellular means by disruption of TJs, transcellularly
via direct infection or transcellular migration through ECs, or via Trojan horse entry,
where infected leukocytes traffic into the brain parenchyma (Figure 1a) [34]. The
junctional complexes between ECs consist of adherens junctions (AJs), TJs and
junctional adhesion molecules (JAMs). AJ proteins are anchored in the cytoplasm and
span the intercellular cleft and thus hold the cells together, giving the tissue structural
support, which is essential for TJ formation. TJ proteins, including occludin and claudin
3 and 5, also span the intercellular cleft and are anchored to the actin cytoskeleton by
the cytoplasmatic scaffolding proteins zonula occludens (ZO) 1, 2, and 3 and are
essential for barrier function (Figure 1b) [215]. The blood-cerebrospinal fluid (CSF)
barrier is another interface that pathogens can use to enter the brain. It separates vessels
within the CSF compartments from the CSF and is formed by choroid plexus epithelial
cells, known as ependyma, that are closely connected to each other through TJ proteins

and can be crossed by the same means [32, 216].

CNS

) . - - o
Trojan horse  Transcellular Isaracellular

« Endothelial cell % Astrocyte #:". Pathogen
Pericyte (‘) Leukocyte —— Basal membrane

Figurel Entry of pathogens into the central nervous syst¢é@NS)The blooebrain barrier is composed of non
fenestrated endothelial cells (EC) that are tightly connected to each other through tight junctions (TJs), junctional
adhesion molecules (JAMs), and adherens junctions (AJs). ECs are enclosed by a dual basad weamdining

pericytes and immune cells. The basal membrane is in turn surrounded by astrocytic endfeet. Pathogens can transverse
this barrier by paracellular means, which occurs between the EC, ethutady by directly infecting EC, or through

Trojan horse entry, where infected leukocytes traffic into the central nervous system ZONZpnula occludens
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2.2 Brain-specific immune responses

The brain was once consideredt o be @i mmune privilegedo,

indicates close interaction between the brain and the immune system. For instance, the
brain houses its own resident immune cells called microglia, and circulating immune cells
can also enter the CNS, albeit with stringent regulation [120]. The immune system in the
brain plays a dichotomous role, as it can be both protective or promote disease
progression [155]. CNS cells express pattern recognition receptors (PRR) and can detect
pathogens associated molecular patterns (PAMPSs). Consequently, the CNS is capable
of generating innate immune responses upon pathogen invasion [140, 155, 158, 202].
For instance, viral infection leads to initiation of antiviral innate immune responses that
may arise through different recognition systems, including toll-like receptors (TLR) and
retinoic acid-inducible gene (RIG)-I-like receptors (RLR). In the endosome, TLR3, which
signals via TRIF (TIR [Toll/interleukin-1 receptor] domain-containing adaptor protein
inducing IFN-i ), recognizes double-stranded RNA, while TLR7 and TLR8, which signal
via MyD88 (Myeloid differentiation primary response 88), recognize single-stranded RNA
[110]. In the cytoplasm, viral RNA can be detected by RIG-I and MDA-5 (melanoma
differentiation-associated protein 5), which signal via MAVS (mitochondrial antiviral-
signaling protein) [168]. MyD88 signaling results in IRF (interferon regulatory factor)-7
and NFaB (nuclear factor kappa B subunit 1) activation, while TRIF signaling leads to
NFaB and IRF3 activation [159]. MAVS signaling leads to IRF3, IRF7, and NFaB
activation [109]. After activation, the transcription factors | RF 3, | RF7,
translocate to the nucleus leading to the release of type | and Il interferons (IFN),
production of inflammatory mediators, and the induction of a subset of interferon-
stimulated genes (ISG) (Figure 2) [125].
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induction ofa subset ofnterferon-stimulated genes (ISGs).

Interferons are essential in antiviral responses and are classified in three families. Type
| IFNs, which include the best characterized IFN-U and IFN-b, are primarily expressed
by innate immune cells. Type Il IFN constituted by IFN-9, is mainly secreted by activated
immune cells, such as natural killer (NK) and T cells. Type Il IFNs, also known as IFN-
& act predominantly at epithelial surfaces [152]. All type | IFN classes bind to a
heterodimeric receptor (IFNAR) resulting in the phosphorylation of signal transducer and
activator of transcription (STAT)-1 and 2 that subsequently form together with IRF9 the
trimeric complex ISGF3 (IFN-stimulated gene factor-3). ISGF3 is a transcriptional
activator that bind IFN-stimulated response elements (ISRES) in gene promoters of IFN-
inducible genes initiating gene transcription. IFNAR signaling additionally results in
activation of STAT1 homodimers that bind to 2-activated sequence (GAS) motifs as well
as the induction of MAPK/IJNK (mitogen-activated protein kinase/ c-Jun N-terminal
kinase) pathways to induce pro-inflammatory genes [152, 164]. Mice lacking the
receptors for either type | or type Il IFNs show no overt abnormalities but are unable to
cope with viral infections, despite otherwise normal immune responses [149]. In addition
to resident microglia, the brain also contains macroglia such as astrocytes,

oligodendrocytes, and ependymal cells, which can contribute to immune responses. For
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instance, astrocytes have not only important metabolic, structural, homeostatic, and
neuroprotective roles but can also function as immune effector cells [43, 55]. Neurons
are electrically excitable cells and the basic units of the CNS for information processing
and transmission. They also express PRRs, including TLR3 and TLR7, and can induce
and react to antiviral immune responses [50, 112, 116]. Furthermore, neural
stem/precursor cells (NSPCs) repopulate and self-renew the adult brain. After exposure
to various stimuli, such as infections or injuries, NSPCs have the ability to both produce

and react to cytokines and chemokines, including IFN-b [37].

2.3 Nipah virus (NiV)

An outbreak of severe febrile encephalitis among pig handlers and abattoir workers was
reported in late 1998 and early 1999 in Malaysia and Singapore [160, 203]. The outbreak
resulted in 265 reported cases of viral encephalitis and 105 deaths with a case fatality
rate of around 40%, as well as the culling of over one million pigs [160, 203]. Initially,
JEV was suspected as the probable etiologic agent for the outbreak. However, several
features argued against this possibility such as the affected population being mostly adult
males rather than children, contact to pigs, and the clustering of cases in the same
households [39, 160, 218]. Tissue culture isolation, electron microscopy studies, and
immunofluorescence tests identified a previously unknown infectious agent, related to
but distinct from the Hendra virus (HeV) of the Paramyxoviridae family, which was named
after the village of Sungai Nipah where the virus was first isolated [160]. The isolate from
this outbreak is referred to as NiV-Malaysia (NiVy). Since its discovery, India,
Bangladesh, and the Philippines have reported single or sporadic reoccurring outbreaks
with a new virus strain: NiV-Bangladesh (NiVg) [191]. In 2023, two NiV outbreaks were
reported, one in February located in Bangladesh with ten laboratory-confirmed cases,
resulting in eight deaths, and another in September in India, with six laboratory-confirmed
cases including two deaths [219, 220]. Infections with this strain are associated with a
higher involvement of the respiratory system, human-to-human transmission, and higher
case fatality rates reaching up to 91% [10, 191]. NiV is classified as a biosafety level-4
(BSL-4) pathogen due to its high pathogenicity and lack of effective treatments and
vaccines and is in the WHO R&D Blue-print initiative as a priority disease as it poses
great threat to public health care systems because of epidemic potential and insufficient

countermeasures.
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2.3.1 Taxonomy and morphology

NiV belongs to the Mononegavirales order, which encompasses viruses with single
stranded RNA genomes that are non-segmented, negatively oriented, and enveloped. It
is a member of the Paramyxoviridae family, which comprises clinically relevant viruses
such as human parainfluenza viruses, measles, and mumps virus. NiV and HeV are
phylogenetically distinct from previously established genera in the Paramyxoviridae
family and were classified in a new genus, henipavirus [85, 212]. The virions display

pleomorphic, filamentous, or spherical shapes of varying diameters. The genome of NiV

is 18.2 kb long and encodes for 6 structur al

nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), fusion protein (F),
glycoprotein (G) and the RNA-dependent RNA-polymerase (L). The P gene encodes
additional gene products for three accessory proteins: V, W, and C [85, 211] (Figure 3).
The accessory proteins and P play a crucial role in virulence by interfering with the
interferon response. N encapsidates the viral genome and builds together with L and its
cofactor P the ribonucleoprotein (RNP). M mediates morphogenesis and budding. NiV
uses its surface proteins G and F for adhesion to its host-receptors ephrin-B2 and -B3
and subsequent fusion with plasma membrane of the host cell, respectively [25, 153].
The membrane associated ephrin-B2 and -B3 as well as their receptors are widely
expressed throughout the neonatal and adult murine brain [127]. Ephrin-B2 and -B3 play
a key role in angiogenesis as well as in neuron migration during embryogenesis and are
highly conserved across different species [5, 228]. As a characteristic for
paramyxoviruses, NiV displays formation of cytoplasmic inclusions containing
nucleocapsids, with a herringbone appearance, which bud at the plasma membrane [76,
94).
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inner leaflet of theviral membrane. Th&NA genome is sing#randed, negativiy oriented, andnon-segmented {
ssRNAxnd isencapsidated by the nucleoprotein (N)forms a complewith the RNAdependent RNAolymerase (L)
and its cofactor the phosphoprotein (R) createthe ribonucleincomplex.

2.3.2 Epidemiology and pathogenesis

Following infection with the Malaysian strain (NiVwm), the incubation period, referred as
time between the last exposure to pigs to disease on-set, ranged from 4 days to 2
months, with the majority of patients presenting a history of less than two weeks [75],
while the incubation period with NiVg ranges from 6 to 14 days [10]. Typical symptoms
for NiVw included fever, which was usually present in all patients, as well as drowsiness,
headache, disorientation or confusion, which were observed in over 70% of patients
[218]. Around 50% of patients presented with myalgia and approximately 40% displayed
respiratory symptoms. Common clinical sings included reduced consciousness,
segmental myoclonus, hypoflexia, and seizures as well as signs of encephalitis or
meningitis. The symptoms after infection with NiVg are similar to NiVy, but a higher
number of cases develops respiratory distress [222]. Histopathological lesions following
NiVw infection, were observed in blood vessels and parenchyma of multiple organs
including brain, lung, heart, and kidney. However, the CNS was the most severely
involved, displaying vasculitis, thrombosis, parenchymal necrosis, viral inclusions, and
meningitis [218]. The rate of subclinical infection ranged from 8% to 15% [75]. The
duration of illness in fatal cases averaged 9.5 days, ranging from 2 to 34 days [218].
Treatment was mainly supportive, however, in an open-label trial, the antiviral Ribavirin
was used to treat encephalitic patients reducing the case fatality rate [38]. There was
evidence that virus transmission to humans during the Malaysian outbreak mainly
occurred through direct contact with infected pigs [161], while human-to-human
transmission plays an important role in the outbreaks with the Bangladesh strain [82].
Despite sharing 91.8% nucleotide homology, NiVz is associated with higher fatality rates
in humans compared to NiVwm [86]. This difference in case fatality rates may be attributed
to variations in transmission characteristics and pathogenicity, as evidenced by the
higher incidence of respiratory involvement, as well as differences in patient treatment
and care. Fuit bats of Pteroid species, which are the reservoir of the closely related HeV
[226], were identified as the natural reservoir host for NiV [84, 224]. Serological evidence
indicated that pigs and ot-b e dooinesrmediasyt hosts
[148]. Human infections with NiVe occur without an intermediary host through direct
contact with infectious fluids of the fruit bats or by consuming contaminated food, such

as raw date palm sap or fruits (Figure 4) [133].
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2.3.3 Neuropathogenesis

2.3.3.1 Neuropathogenesis in humans

Clinical and autopsy findings of 32 fatal human cases of Nipah virus infection in Malaysia
revealed that major histological findings in the CNS comprised systemic vasculitis with
extensive thrombosis and parenchymal necrosis. Endothelial cell damage, necrosis and
syncytial cell formation were commonly observed in small vessels, whereas medium-
sized and large vessels appeared mostly unaffected [218]. In this study,
immunohistochemistry (IHC) analysis showed extensive staining of NiV antigens in
endothelial cells and smooth muscle cells of blood vessels as well as in parenchymal
cells, particularly neurons. Viral inclusions were detected by light and electron
microscopy, However, no mature viral particles were found in the specimens examined
[218]. Focal immunostaining in the ependyma was detected in several cases, while the
choroid plexus was negative for viral antigen [218]. In another study, autopsies of three
human cases revealed similar findings of endothelial damage and vasculitis mainly in
arterioles, capillaries and venules [39]. The brain was the most severely affected organ.
Many neurons adjacent to affected vessels had cytoplasmatic and nuclear viral
inclusions. Neuronophagia, syncytial cells, and microglial-nodule formation was also
observed while perivascular cuffing was not common. Although the data obtained on
histopathological changes in fatal human cases provides key insights into NiV

neurotropism, these are restricted to the terminal stages of infection [39, 218]. However,
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how the virus initially establishes infection and how it disseminates from early infection
targets to the CNS is still unclear. In addition to acute-onset encephalitis, relapse
encephalitis and late-onset encephalitis have been observed. In a follow-up study 24
months after the Malaysian outbreak, 7.5% of patients who recovered from acute
encephalitis developed relapse encephalitis and in 3.7% of patients who initially
presented with non-encephalitic or asymptomatic infection developed late-onset
encephalitis, with a combined case fatality rate of 18% [197]. The onset of relapse or
late-onset encephalitis presented acutely with clinical features including fever,
headache, seizures, and neurological signs. Histological examination of two autopsied
patients showed confluent inflammation of the brain parenchyma and neuronal viral

inclusions.

2.3.3.2 Neuropathogenesis in animal models

Many animal models such as ferrets, Syrian hamsters, pigs, and African green monkeys
(AGM) have been established and used to investigate infection dynamics and disease
patterns induced by infection with both strains [69]. Ferrets oronasally exposed with
either strain showed significantly higher viral RNA levels in oral secretions following
infection with NiVg, while the NiVy group presented higher mean viral RNA loads in blood
after euthanasia. The animals presented signs of infection in the lower respiratory tract
and neurological system. Although encephalitis was not observed histologically in any
animal after NiVg infection, viral antigen was occasionally detected in neurons and glial
cells near infected vessels. Antigen was also observed in endothelial cells and within the
meninges in 90% and in 50% of the animals, respectively. Following infection with NiV,
meningitis was observed in 2 of 7 animals. NiV antigen was found in choroid plexus
endothelium, in ependymal epithelium, in parenchymal vascular endothelium and in
adjacent neurons and glia cells [42]. In Syrian hamsters, NiVy infection via intraperitoneal
(i.p.) route resulted in accelerated virus replication, pathology, and death compared to
NiVginfection. NiVy infection induced a faster activation of host immune response genes
and the enhanced pathogenicity likely had an immunopathogenic component. Following
NiVw infection, an increase in the expression of IFN-9, interferon gamma-induced protein
10 (IP-10), interleukin (IL)-6, and tumor necrosis factor (TNF) was observed in the brain,
although no histopathological changes were detected. A less pronounced increase was
also observed following NiVs infection [48]. In another study, Syrian hamsters infected
with NiVy either i.p or intranasal (i.n.) displayed vascular pathology in multiple organs
including the brain but multinucleated cells were only found in one animal. The brain was
the most affected organ in terms of vascular and parenchymal lesions such as focal

areas with evidence of ischemia, infarction and edema. Neurons adjacent to vasculitis
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sites showed numerous inclusion bodies in the cytoplasm. Viral antigen and viral RNA
were observed within the inclusions, in the cytoplasm and in neuronal processes [217].
Non-human primate (NHP) models using AGM closely resemble human disease and
display a consistent lethal infection and disease. Upon infection with low virus doses, the
animals developed severe acute respiratory distress syndrome (ARDS)-like disease and
neurological disease. Histological examination revealed systemic vasculitis and
endothelial syncytial cell formation as well as presence of viral antigen in endothelial
cells, smooth muscle cells, and neurons [68]. Although mice express functional virus
entry receptors, immunocompetent mice are generally resistant to henipavirus infection
[217]. However, in a study where NiV was injected intracerebrally all mice died within the
first 6 days post infection [52]. In contrast, mice deleted for the type | interferon receptor
(IFNAR') become susceptible regardless of the used infection route. Intraperitoneal
infected animals developed fatal encephalitis, with pathology and immunohistological
features similar to humans [52]. The IFNAR” mice model also mimics the low-dose
infection model in hamsters, which induces the development of neurological signs and a
systemic spread of the virus. High viral RNA loads were found in several organs such as
brain, lung, spleen, and liver of IFNAR” mice, while in wildtype (wt) mice only moderate
to low levels were detected in lung and spleen. Histopathological studies revealed
congestion with small hemorrhagic lesions in brain and heart as well as focal necrosis
and petechial hemorrhages in liver and kidney of IFNAR” mice. The brain displayed
parenchymal and meningeal nonsuppurative inflammation and vascular lesions were
numerous with widespread vasculitis, associated with hemorrhage, leukocyte infiltration,
and perivascular cuffing. Inclusion bodies inside neurons adjacent to sites of vasculitis
were also observed. Histopathological findings in wt mice were limited, with only

occasional mild inflammation of the brain, although no viral protein was detected.

Whilst IFNAR” mice show differences in the immune response compared to their
immunocompetent counterparts, they are able to efficiently mount both humoral and
cellular immune responses and are commonly used in the evaluation of different vaccine
strategies including Zika virus [4], SARS-CoV [129], and Ebola virus [29, 119, 122],

among others.

2.3.4 Innate immune responses after NiV infection

NiV, as well as other paramyxoviruses, has evolved many strategies to avoid host
immune responses. The P gene encoding for P and its alternative products W, V, and C
have been reported to inhibit host antiviral responses by blocking multiple steps of the

interferon-mediated signaling pathways, with STAT1 and STAT2 as the primary targets
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(reviewed in [188]). Recently, it was demonstrated that NiV can inhibit autocrine IFN
signaling by P-mediated STAT1 and STAT2 sequestration into inclusion bodies [21].
Although NiV can efficiently suppress antiviral responses, inflammatory cytokines are
released, and thus have been suggested to play a role in vascular permeability,
promoting viral spread. For instance, upon NiV infection of human primary and
immortalized endothelial cells, production IFN-b as well as cytokines and chemokines
such as IP-10, a chemoattractant for activated T lymphocytes, and IL-6, an inflammatory
mediator that stimulates acute-phase proteins, was reported. Interestingly, no INF-b
release was observed in the neuronal cell line M17, although known to be capable of
producing INF-b [132]. In a hamster model, NiV infection resulted in a pronounced
upregulation of cytokines and chemokines such as IP-10, IL-1b, IL-4, IL-6, IFN-9, IL-10,
and TNFUin the lungs early on, while in the brain the upregulation was less pronounced
and observed late, starting at 9-12 days post infection (dpi) for most mediators [137,
174]. In another study, NiV infection of primary brain endothelial cells was followed by
induction of high levels of inflammatory cytokines including IL-6, TNF-U, IL-8, eotaxin,
monocyte chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1b
and IP-10 [184]. In humans, release of inflammatory mediators has also been reported.
The disproportionate production of inflammatory mediators, including TNF-U, IP-10, IL-
1b, in the early steps of NiV infection, which have been shown to promote BBB
disruption, considerably contributes to its pathogenicity, causing vasculitis and
encephalitis characterized by inflammatory cell infiltration [58]. Inflammatory infiltrates
found in NiV human autopsies of the brain include macrophages, neutrophils,
lymphocytes and reactive microglia [218]. For instance, MCP-1 has been shown to
significantly increase BBB permeability in vivo and in vitro likely by altering the
arrangement of endothelial cell TJ proteins as shown at the cellular level [193], resulting
in BBB disruption. The action of inflammatory mediators such as IL-1b and TNF-U, which
increase BBB permeability, can induce neuronal injury and death upon CNS infection as

well as BBB disruption, ultimately leading to development of neurological signs [174].

2.4 Ebolavirus (EBOV)

In 1976, two almost simultaneous outbreaks of severe hemorrhagic fever were reported
in South Sudan and Zaire (currently the Democratic Republic of Congo), where 284 and
318 cases were reported with case fatality rates of 53% and 88%, respectively [56, 57].
The etiological agents were morphologically indistinguishable but immunologically
separate from Marburg virus (MARV) and were named Ebola virus after the river and
district initially affected by the outbreak [27, 103, 162]. The Sudan outbreak, caused by

Sudan virus (SUDV; formerly Sudan ebolavirus), appears to have originated in a cotton
20



factory [56], and further spread was recorded among health care workers in a hospital
[105]. The outbreak in Zaire caused by the Mayinga strain of Ebola virus (EBOV; formerly
Zaire ebolavirus) occurred three weeks later when the index case received an injection
of malaria treatment at a hospital. Within a week, several other persons who had received
an injection in the same hospital also developed Ebola virus disease (EVD; formerly
Ebola hemorrhagic fever). Subsequent cases either received injections or had close
contact with acute cases [57]. Since the discovery of EBOV, sporadically, small
outbreaks have been recorded in Central Africa [177]. The largest outbreak to date
occurred between 2013-2016 in West Africa resulting in more than 28,000 cases and
11,000 fatalities in Guinea, Liberia, and Sierra Leone with the Makona strain of EBOV
and was declared as an international health emergency [189]. EBOV is classified as a
biosafety level-4 (BSL-4) pathogen due to its high pathogenicity and lack of effective
treatments as well as limited approved vaccines. It is listed in the WHO R&D Blue-print
initiative as a priority disease as it poses, similar to NiV, a great threat to public health

care systems because of its epidemic potential and insufficient countermeasures.

2.4.1 Taxonomy and morphology

EBOV belongs to the Mononegavirales order, since it is enveloped and possesses a
single stranded RNA genome, which is non-segmented and of negative polarity. It is a
member of the Filoviridae family within the genus Orthoebolavirus together with Bombali
virus (BOMV), Bundibugyo virus (BDBV), Reston virus (RESTV), Sudan virus (SUDV),
and Tai Forest virus (TAFV) [118]. The virulence within this genus is variable and is
dependent on the virus species and strain. BDBV, SUDV, together with EBOV, are highly
pathogenic to humans, while only one non-fatal case has been reported for TAFV [121],
and for RESTV only asymptomatic infections has been observed [146]. The patrticles are
filamentous or diverse in shape with 80 nm diameter and variable length from 300 nm to
longer than 1.5 pm [103]. The genome is 19 kb long and encodes for 7 structural proteins
in 36 to 506 orientation: Afactor|(virad grateo {(\Vé@)-36),
matrix protein (VP40), the surface protein (GP), transcriptional activator (VP30),
ribonucleoprotein-associated protein (VP24), and the RNA-dependent RNA-polymerase
(L). Transcriptional editing of the GP gene results in the generation of three pre-proteins
that are subsequently translated into four distinct products: GP, soluble GP (sGP), small
soluble GP (ssGP), and gqpeptide. The unedited pre-sGP transcript is the primary
product synthesized from the GP gene. This product is cleaved into sGP and gpeptide,
which are secreted abundantly by infected cells. Studies have shown that sGP increase
both viral infectivity and pathogenicity in vitro and in vivo [65, 183, 208]. In addition, other

GP gene products exhibit pathogenic functions. For instance, the gepeptide prevents
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superinfection and functions as an enterotoxin. GP induces cytotoxic effects in
endothelial cells, while the role of ssGP remains unknown [141, 223]. The ribonuclein
(RNP) complex consists of NP, which encapsidates the viral genome, VP24, VP35, VP30
and L. The nucleocapsids are transported in an actin-dependent manner to the plasma
membrane and associate with VP40, where VP40-mediated budding occurs [26, 186].
VP35 and VP24 serve additionally as interferon antagonists and can block innate
immune responses [18, 169]. EBOV enters host cells primarily by macropinocytosis [7].
Virus binding to target cells is facilitated by interaction between glycans present on GP
and/or phosphatidylserine (PtdSer) found within the viral envelope, with several cell
attachment factors such C-type lectins or PtdSer-receptors on host cells, respectively.
For instance, GP has been shown to interact with PtdSer-receptors of the T-cell
immunoglobulin and mucin domain (TIM) family, including TIM-1, which is expressed in
epithelial cells, lining the mucosal surfaces of different tissues [33]. Cleavage of GP by
proteases such as cathepsin L or B within the endosome is essential for its binding to
the obligate host receptor Niemann-Pick-1 (NCP1). This interaction triggers the fusion of
the membranes of the virion and endosome at low pH [35]. Following uncoating,
transcription, replication, and nucleocapsid assembly occurs in the cytoplasm mainly

within inclusion bodies [91].
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2.4.2 Epidemiology and pathogenesis

The first EBOV outbreak was marked by a severe illness with an associated death rate

of approximately 88%. Both, the incubation period and the duration of clinical disease
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averaged one week. Initial symptoms were non-specific including fever, headache,
malaise, sore throat, joint and muscle pain. Subsequently, patients may experience
gastrointestinal symptoms such as abdominal pain, severe diarrhea and vomiting, as
well as cardiorespiratory symptoms including cough, rash, edema, and hemorrhages [56,
105]. Fatal cases more frequently presented hemorrhagic manifestations and
experienced bleeding from multiple sites, particularly in the gastrointestinal tract.
Disseminated intravascular coagulation (DIC), a syndrome characterized by coagulation
abnormalities, is a prominent manifestation of EVD. Viremia, severe liver disease, and
pancreatitis were common. Although no autopsies were conducted, the cause of death
was believed to be hypovolemic shock based on clinical evidence. Survivors had a slow
recovery and experienced sequelae [57, 178]. EVD is generally an acute disease, but
cases of persistence or relapse have been documented [40, 98, 138]. One clear instance
of relapse is exemplified by the case of a female nurse from Scotland who contracted
the virus during her assistance in Sierra Leone during the West African outbreak. Nine
months after hospital discharge, she developed meningoencephalitis and infectious
particles were discovered in the cerebrospinal fluid (CSF) [98]. Information on the
pathology and pathogenesis in humans is limited, but comprehensive studies in animals
provide valuable insights. Transmission and initial infection occur through close contact
of mucosal surfaces with body fluids of infected animals/humans. Local immune cells
such as denderitic cells and macrophages as well as monocytes are the first cells infected
[70, 180]. Viral dissemination to other organs occurs by migration of infected immune
cells through the circulatory- and the lymphatic system resulting in systemic infection.
Secondary target cells include hepatocytes, endothelial cells, fibroblasts, and many
types of epithelial cells [17, 70, 180], underscoring the wide tropism of EBOV. EVD is
associated with prominent virus replication in secondary lymphoid organs, spleen, and
liver. Ultimately, the dysregulation of the vascular, coagulation, and the immune systems
may result in septic shock [60]. Fruit bats of the Pteropdidae family are suspected as the
virus reservoir. The first documented evidence suggesting fruit bats as EBOV reservoirs
was the detection of viral RNA and antibodies in the species Hypsignathus monstrosus,

Epomops franqueti, and Myonycteris torquata [123, 166].
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Figure6 Ebola virus transmission routesruit batsare regarded as the virus reservoir and can transmit the virus
directly to humansAlternatively, transmission may occuin amplifying hosts such as great apes and antelopes.
Humanto-human transmission occurs through contact with body fluids such as blood, saliva, and feces. Contaminated
medical instrumentplayed an important role in virus dissemination during the first recorded EBOV outbreak in Zaire.

2.4.3 Neuropathogenesis

2.4.3.1 Neuropathogenesis in humans

Although occasional reports of neurological manifestations in EVD patients exist, ranging
from mild symptoms such as confusion to severe disease including meningitis and
encephalitis, a direct involvement of the CNS in infected patients only became evident
after the West African outbreak in 2013-2016. The presence of infectious virus in the
CSF of patients exhibiting meningitis/encephalitis has been reported, indicating that
EBOV can cross the brain barriers and gain access to the CNS [92, 181]. However, the
accurate incidence of meningitis and encephalitis during acute EVD remains
undocumented. Neurological symptoms can manifest during the acute phase of disease
or even months after recovery. Headache is the most frequently reported neurological
feature during acute EVD. Severe cases may present confusion, delirium, or coma. [6,
24]. Cases of late onset and relapse encephalitis have been documented [40, 98, 138].
The CNS involvement and sequelae of EVD became more apparent during the West
African outbreak, probably as a result of the large number of cases and thousands of
survivors. Follow-up studies of EVD in Liberia revealed neurological sequela including
headache, abnormal reflexes, tremor as well as gait, speech and cranial nerves
abnormalities. Less common features included memory loss, depression, mood
changes, tiredness, and insomnia (reviewed in [6]). Due to the high pathogenicity,
research on pathology in the human brain, including entry sites, target cells, and immune
reactions, is limited. In one of the two limited autopsies conducted in Sudan after the

SUDV outbreak in 1976, a small brain biopsy was taken. Histopathology with
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hematoxylin and eosin (H&E) staining revealed a small increase of glial cells but was
otherwise normal [56]. Moreover, two human fatal cases of the closely related MARYV,
exhibited progressive loss of consciousness and coma. These cases presented a typical
picture of glial nodular encephalitis of panencephalitic spread, associated with diffuse

glial cell proliferation and discrete lymphocytic perivascular inflammation [20].

2.4.3.2 Neuropathogenesis in animal models

Animal models including Syrian hamsters, mice, guinea pigs, and NHP have been
developed to gain scientific insights into EBOV pathogenesis, disease progression as
well as immunological correlates, and are used to test vaccines and antiviral therapies
(review in [41]). Following EBOV infection in rhesus macaques, the vasculature was
found to be the site of most significant injury, primarily to small vessels and capillaries.
The brains demonstrated congestion that increased in intensity, but without an apparent
inflammatory response, until the last analyzed time point at 7 dpi. Virus replication was
detected in the cytoplasm of endothelial cells, causing focal necrosis, separation of tight
junctions, and basal membrane detachment [17]. In another study in rhesus macaques,
the acutely infected NHP showed brain involvement with BBB dysfunction and metabolic
changes that correlated with disease progression and immunohistopathology. Infectious
particles were found in various regions of the brain, including the cortex, brainstem and
cerebellum. EBOV VP40 staining was observed in endothelial cells and neurons [185].
Infection in cynomolgus macaques revealed monocytes/macrophages and dendritic cells
in lymphoid tissues as early and sustained targets of EBOV. A prominent finding was the
apoptosis of bystander CD8" lymphocytes and natural Killer cells. Over time, there was
a rapid increase in fibrin deposition and in its degradation product (D-dimers), which can
trigger DIC. Infectious virus was first detected in spleen, inguinal-, and mesenteric lymph
nodes. Starting at day 4, titers were also observed in the brain. Elevated levels of nitric
oxide (NO) were found in the blood, starting at 2 dpi, along with increased amounts of
cytokines and chemokines, including IFN-U, IFN-b, IL-18, MIP1-U, MIP-1b, MCP-1, IL-6,
and TNF-U, starting from 4 dpi [70]. In contrast, adult, immunocompetent mice are
resistant to EBOV infection, regardless of the route or dose of infection [31, 124]. Murine
models utilizing mouse-adapted EBOV isolates exist and result in lethal disease in adult
immunocompetent mice, recapitulating many of the clinical features seen in humans and
NHPs [15, 30]. The resistance of mice to wt-EBOV is mediated by the type | interferon
response, as demonstrated by the susceptibility of immunocompetent animals treated
with anti-IFNU / dntibodies and by the susceptibility of IFNAR” mice, which develop a
rapid, progressively, fulminant disease with evidence of disordered coagulation similar

to disease in NHPs, as evidenced by fibrin deposition in tissues and changes in
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coagulation parameters including decreased platelet count [29, 31, 124]. In previous
works, we found viral RNA in the brain of i.n. infected IFNAR” mice by in situ
hybridization and quantitative real-time PCR. Among the cells that stained positively for
EBOV-NP RNA were neurons and glial cells (Gellhorn Serra M., Bachelor thesis 2017
[143]). Although NHPs are often preferred as animal models for EVD research due to
their disease outcome which is similar to the human disease in terms of pathogenesis,
clinical presentation, disease progression, and cause of death, rodents remain the
preferred small animal model for early screenings of filovirus research due to financial,
availability, ease of handling, and ethical factors [22]. Furthermore, the mouse model
offers the advantage of a vast availability of biochemical and immunological reagents for

research, which are limited or non-existent in other animal models.

2.4.4 Innate immune responses after EBOV infection

Fatal filovirus infections are characterized by immune suppression and dysregulated
immune responses, whereas non-fatal and asymptomatic infections are linked with early
and moderate inflammatory responses [13, 60]. Furthermore, fatal cases are also
characterized by a lack of specific IgG and barely detectable IgM, while survival is
associated with early humoral immune responses [14]. Following viral exposure, infected
macrophages and monocytes release soluble inflammatory mediators such as MIP-10
and MCP-1, which induce the recruitment of additional macrophages to infected areas
as well as TNF-U, -11IbL -6, IL48 (mouse homologue: keratinocyte chemoattractant
(KC)), IL-10, NO', MIP-1 bIP-10, and eotaxin among others [14, 195]. This results in a
dysregulated immune response also referred to as cytokine storm, which is characterized
by imbalances between pro- and anti-inflammatory effects that could ultimately lead to

systemic damage, multi-organ failure or death [100]. Moreover, they exhibited

undetectable levels of IFN-U and i ncr eas e d-inflammatosy tmedators o f pr o
including IL-16, IL-1RA, IL-6, IL-8, IL-15 and IL-16, MIP-1 U, -MB P NICP
macrophage colony stimulating factor (M-CSF), IP-10, IFN-o , TNFU, and eot aj

Furthermore, they exhibited a significant decrease in CD4" and CD8" T lymphocytes,
accompanied by low levels of T-cell secreted mediators that include IL-2, IL-3, IL-4, IL-
5, IL-9, and IL-13 [207, 213]. This immune signature is consistent with results of in vitro
studies and animal models, where large quantities of numerous pro-inflammatory
mediators are released, while the production of type | IFNs is impaired. The virulence
factors VP35 and VP24 have a key role in pathogenesis as they suppress the production
and response of type | IFNs through various mechanisms, such as the blocking of IRF3
and IRF7, and the inhibition of STAT1 and STAT2 [18, 88, 169]. The role the immune

system in the development of neurologic symptoms during EVD is not well understood.
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In rhesus macaques, BBB disruption was observed, likely related to high cytokine levels
and endothelial viral infection. This led to extravasation of fluid, contrast material, and
albumin into the extracellular space. Regional hypermetabolism was found to correspond
with mild neuroinflammation, sporadic neuronal infection, and apoptosis. Plasma

cytokine levels, which reflect pro- and anti-inflammatory systemic responses, gradually

increased. IL-10 and IL-6 increased at 4 dpi, IL-8 and TNF-U a t 6 dpGSFand nd

IL-2 at 7dpi. These changes have also been observed in humans. While CSF cytokine
levels of acutely infected EBOV patients have not been described, this study found that
rhesus macaques displayed increased levels of MCP-1, IL-1Ra, IL-2, G-CSF, and IL-18
starting at 5 dpi, and of IL-1 b ,-6, and TNF-U at [185].d p i

2.5 Vesicular stomatitis virus (VSV)

Vesicular stomatitis virus (VSV) belongs to the family Rabdoviridae, which includes the
highly neurotropic Rabies virus and is a member of the order Mononegavirales. The
genus Vesiculovirus classifies VSV, with its main serotypes being the Indiana and New
Jersey strains, and it is endemic in parts of the United States, Central and South America.
The virion is enveloped and has a negative-orientated, single-stranded RNA genome of
11 kb that encodes forfive st r uct ur al proteins in 3086 t
phosphoprotein (P), matrix protein (M), glycoprotein (G), and the RNA-dependent RNA-
polymerase (L). The virions display a bullet shape morphology, measuring around 180
nm in length and 65 nm in diameter [67, 175, 210]. VSV is transmitted by arthropods and
causes vesicular lesions primarily in livestock, while it can cause mild flu-like symptoms
in humans [170]. VSV exhibits a broad tropism, which is attributed to its utilization of the
ubiquitous low-density lipoprotein (LDL) receptor as a cellular receptor [62]. It is highly
sensitive to type | IFNs [96, 117], which inhibit its replication and substantially reduce
viral titers. In addition, IFN-treated cells secrete a soluble form of the LDL receptor
(sLDLR), which contributes to inhibition of infection [63]. VSV is a potent neurotropic
virus that has been demonstrated to cause lethal CNS infections in diverse rodent
models [64, 102]. This has also been observed in macaques when inoculated
intrathalamically [64, 102]. In i.n. infected mice, VSV can initially replicate in olfactory
receptor neurons within the nasal neuroepithelium. The virus then travels along the
olfactory nerve to the CNS. Once VSV enters the CNS, it can spread through retrograde
and anterograde transneuronal pathways, as well as nonneuronal pathways via
ependymal cells and CSF pathways [165, 171]. Research has shown, that VSV disrupts

the BBB, as evidenced by the rapid detection of Evans Blue dye in the brain tissue [23].
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2.6 Research question

NiV and EBOV are highly pathogenic zoonotic viruses that can cause neurological
diseases, such as encephalitis, and have high case fatality rates. Additionally, survivors
often suffer from neurological sequelae, which is a major burden. Due to the high
pathogenicity of these viruses, the development of neurological consequences is not well
understood. The objective of this project is to establish in vitro and ex vivo key model
systems to investigate CNS infection of NiV and EBOV, while adhering to the 3Rs
principle to reduce, refine, and replace animal experiments. The project is divided into
five parts. The first part involves the establishment and characterization of the key model
systems. The second part assesses the suitability of the key model systems for infection
with neurotropic viruses under BSL-2 conditions, using the strong neurotropic vesicular
stomatitisvirus. Thepr oj ect 6 s tishdinvestigatdihe bernatogeneus pathway
as a potential entry route. This will be achieved by utilizing murine primary brain
endothelial cells, as well as murine and human in vitro models of the blood-brain barrier.
Additionally, the fourth objective is to examine the susceptibility of different brain cells
and regions to these viruses. This will be accomplished by the use of a primary murine
neuroglial mixed culture, a neuron culture, and an organotypic brain slice culture model.
Furthermore, the final objective is to analyze brain-specific immune responses and tissue
damage, which can provide a better understanding of the resulting pathology. A better
comprehension of the pathomechanism, cellular and molecular events following infection
with NiV and EBOV infection can aid in the development of new preventive and

therapeutic approaches for treating NiV and EBOV induced neuropathology.
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3. Material and methods

3.1 Material

3.1.1 Chemicals

Ammonium hydroxide, 28-30 %

Sigma-Aldrich, Taufkirchen (DE)

Antifect® Extra

Schilke & Mayr GmbH, Norderstedt (DE)

Bovine serum albumin (BsA)

Sigma-Aldrich, Taufkirchen (DE)

Bromophenol blue (Brph)

Carl Roth GmbH & Co, Karlsruhe (DE)

Calcium chloride (cacCl.)

Merck, Darmstadt (DE)

Calcium chloride dihydrate (CaCl2x2H.0)

Merck, Darmstadt (DE)

Cresyl Violet Stain Solution (1%)

Abcam, Cambridge (GB)

Dako Target Retrieval Solution, (10X)

Agilent Technologies, Santa Clara (US)

DAPI
( 4 éDjadidine-2 6 phel ylindol e

d

Sigma-Aldrich, Taufkirchen (DE)

Dextran Merck, Darmstadt (DE)
Dextran Sigma-Aldrich, Taufkirchen (DE)
EcoMount Biocare Medical, Pacheco (US)

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth GmbH & Co, Karlsruhe (DE)

Et hanol ROTI PURANE

Carl Roth GmbH & Co, Karlsruhe (DE)

Fixogum

Marabu GmbH & Co, Tamm (DE)

FluorSaveE Reagent

MilliporeSigma, Burlington (US)

Formaldehyde solution 10% w/w

Otto Fischar GmbH, Saarbrticken (DE)

Glycine

Carl Roth GmbH & Co, Karlsruhe (DE)

Hematoxylin Solution, Gill No. 1

Sigma-Aldrich, Taufkirchen (DE)

Hydrochloric acid (HCI)

Merck, Darmstadt (DE)

Hydrogen Peroxide Solution 30 (w/w)

Sigma-Aldrich, Taufkirchen (DE)

Isofluran CP®

CP-Pharma, Burgdorf (DE)

KPL SureBlueE TMB Microwell SeraCare Life Sciences Inc., Milford (US)
Peroxidase Susbtrate

Magnesium chloride (MgClz) Merck, Darmstadt (DE)
Magnesium  sulfate  heptahydrate J. T. Baker, Phillipsburg (US)
(MgS04x7H20)

Monopotassium phosphate (KHzPO4)

Merck, Darmstadt (DE)

Natriumhypochlorit 10 % - 100 ml

MORPHISTO GmbH, Offenbach (DE)
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NeuroFluorE NeuO Stemcell Technologies GmbH, Cologne

(DE)
OptiPrepE Density Gradient Medium Sigma-Aldrich, Taufkirchen (C
Paraformaldehyde (PFA) Carl Roth GmbH & Co, Karlsruhe (DE)
Poly-D-Lysine hydrobromide (PDL) Sigma-Aldrich, Taufkirchen (DE)
Poly-L-Lysine hydrobromide (PLL) Sigma-Aldrich, Taufkirchen (DE)
Potassium chloride (kKcl) Carl Roth GmbH & Co, Karlsruhe (DE)
Potassium hydrogen phosphate Merck, Darmstadt (DE)
(KH2POa4)
Saccharose Serva, Heidelberg (DE)
Sheath Fluid for BioPlex 200 BioRad Laboratories GmbH, Feldkirchen

(DE)
Sigmacote® Sigma-Aldrich, Taufkirchen (DE)
Sodium azide (NaN3) Merck, Darmstadt (DE)
Sodium chloride (NacCl) Carl Roth GmbH & Co, Karlsruhe (DE)
Sodium dihydrogen phosphate Merck, Darmstadt (DE)
(NaH2PO4)
Sodium hydrogencarbonate (NaHCOs) Merck, Darmstadt (DE)
Sodium fluorescein (NaFl) Sigma-Aldrich, Taufkirchen (DE)
Terralin® Liquid Schilke & Mayr GmbH, Norderstedt (DE)
Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich, Taufkirchen (DE)
(MTT)
Trisaminomethane (Tris) Acros Organics, Geel (BE)
Trypanblue Sigma-Aldrich, Taufkirchen (DE)
Triton® X-100 Sigma-Aldrich, Taufkirchen (DE)
Tween® 20 Sigma-Aldrich, Taufkirchen (DE)
Xylene VWR International GmbH, Darmstadt (DE)
b-Mer capt oetMEaNnol (b Sigma-Aldrich, Taufkirchen (DE)

3.1.2 Consumables

Cell Culture Dishes PS 35x10 mm Greiner Bio-One, Kremsminster (AT)
Cell Culture Platte (6-, 24-, 96-Well) Sarstedt Inc., Numbrecht (DE)
Cell Strainer 70 um, sterile Sigma-Aldrich, Taufkirchen (DE)
Cell Strainer 100 um, sterile Sigma-Aldrich, Taufkirchen (DE)
Centrifuge Tubes, SW32 Beckman Coulter, Krefeld (GE)
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Corning®  Transwell®  polyester

membrane cell culture inserts

Sigma-Aldrich, Taufkirchen (DE)

Coverglass, 24x50 mm

Menzel Glaser, Bad Wildungen (DE)

Coverslips @ 12 mm, MenzelE

Thermo Fisher, Waltham (US)

CryoPure tube (1,0 ml)

Sarstedt Inc., Niumbrecht (DE)

Culture flask 25 cm2

Greiner Bio-One, Kremsmiunster (AT)

Culture flask 75 cm2

Greiner Bio-One, Kremsmiunster (AT)

Culture flask 175 cm?2

Greiner Bio-One, Kremsmiunster (AT)

Cuvettes, semi-micro, PS

Brand GmbH & Co, Wertheim (DE)

Disposable lab coat

nova:med GmbH & Co, Hochstadt (DE)

Disposable Reagent Reservoir,

sterile

Biosigma, Cona (IT)

Disposal bags, 2 L

Sarstedt Inc., Niumbrecht (DE)

Embedding cassettes

Carl Roth GmbH & Co, Karlsruhe (DE)

Filtropur S 0.2 um

Sarstedt Inc., Niumbrecht (DE)

Gloves Vasco® Nitril White S

B. Braun, Melsungen (DE)

Gloves Latex Biogel® Diaghostic

Madlnlycke Health Care, Dusseldorf (DE)

HybEZE Humidifying paper

Advanced Cell Diagnostics, Newark (US)

ImmEdgeE Hydrophobic barrier pen

Vector Laboratories, Newark (US)

LS Columns

MACS Miltenyi, Gladbach (DE)

Lysing Matrix H Tubes

MP Biomedicals, Eschwege (DE)

Microscope slides

VWR International GmbH, Darmstadt (DE)

Millicell® cell culture insert
24 well, 30 mm, 0.4 um

Merck, Darmstadt (DE)

Needle BD Microlance 20 G

Becton Dickinson, Heidelberg (DE)

Parafilm® Sealing Film

StarLab International, Hamburg (DE)

Pasteur pipettes, glass

VWR International GmbH, Darmstadt (DE)

PCR-tubes, 0.2 ml, flat cap

Thermo Fisher, Waltham (US)

Petri dishes

Sarstedt Inc., Numbrecht (DE)

Polypropylene tubes CELLSTAR®
(15 ml, 50 ml)

Greiner Bio-One, Kremsmunster (AT)

Reaction tubes (1.5 ml)

Sarstedt Inc., Nimbrecht (DE)

Reaction tubes (2.0 ml)

Eppendorf, Hamburg (DE)

Scalpel, disposable, Feather®

VWR International, Darmstadt (DE)

Screw cap micro tubes (2 ml)

Sarstedt Inc., Nimbrecht (DE)

Serological pipettes CellStar®
(2 ml, 5 ml, 10 ml, 25 ml)

Greiner Bio-One, Kremsmunster (AT)
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TipOne® filter tips
(0.1-10 wl/ 10-100 pl/ 100-1000 pl)

StarLab International, Hamburg (DE)

TipOne® tips, sterile
(0.1-10 pl/ 10-100 pi/ 100-1000 pl)

StarLab International, Hamburg (DE)

Plastic pasteur pipette (PE-LD)

VWR International, Darmstadt (DE)

Whatman® filter paper

Merck, Darmstadt (DE)

3.1.3 Kits

Bio-Plex Pro Mouse Cytokine 23-Plex
Assay

BioRad Laboratories, Feldkirchen (DE)

LDH-Cytotoxicity Assay Kit Il

Abcam, Cambridge (GB)

Luna Script RT Super Mix

New England Biolabs, Frankfurt (DE)

Luna Universal gPCR Master Mix

New England Biolabs, Frankfurt (DE)

Neuron Isolation Kit, mouse

MACS Miltenyi, Gladbach (DE)

Qiagen One Step RT-PCR Kit

Qiagen, Hilden (DE)

QIAamp® Viral RNA Mini Kit

Qiagen, Hilden (DE)

random hexamer Primer

Thermo Fisher, Waltham (US)

RNAscope® 2.5 HD Detection Reagents-
RED

Advanced Cell Diagnostics, Newark (US)

RNAscope® H0, & Protease Plus
Reagents

Advanced Cell Diagnostics, Newark (US)

RNAscope® Target Retrieval Reagents

Advanced Cell Diagnostics, Newark (US)

RNAscope® Wash Buffer Reagents

Advanced Cell Diagnostics, Newark (US)

RNeasy Mini Kit

Qiagen, Hilden (DE)

3.1.4 Equipment

Analytical balance

Sartorius AG, Gottingen (DE)

Applied Biosystem Step One Real Time
PCR (96 wells)

Thermo Fisher, Waltham (US)

Axiovert 200M fluorescence microscope

Zeiss, Oberkochen (DE)

Biological safety cabinet HerasafeE

Class Il

Thermo Fisher, Waltham (US)

Bio-Plex 200 system

BioRad Laboratories, Feldkirchen (DE)

Bio-Plex Pro Wash Station

BioRad Laboratories, Feldkirchen (DE)

Centrifuge Hettich Mikro 200/200R

Sigma-Aldrich, Taufkirchen (DE)
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Centrifuge Avanti J-26 XP

Beckman Coulter, Krefeld (GE)

COgz-incubator Labotech C200

Labotect, Gottingen (DE)

Confocal laser scanning microscope

(CLSM) - Leica TCS SP5 I

Leica Microsystems, Wetzlar (DE)

CONTRAfluranE Anaesthetic  Gas ZeoSys Medical, Luckenwalde (DE)
Capture System
Eppendorf  Research® mechanical Sigma-Aldrich, Taufkirchen (DE)

Pipette (0.5-10 pl/10-100 ul/100-1000 pl)

Flowmeter UNO CM2

UNO BV, Zevenaar (NL)

Fume hood

Kéttermann GmbH, Uetze (DE)

Gas Exhaust Unit

UNO BV, Zevenaar (NL)

Heating water bath

Lauda DR. R. Wobser, Burgwedel (DE)

HybEZE Il Oven

Advanced Cell Diagnostics, Newark (US)

HybEZE Humidity control tray

Advanced Cell Diagnostics, Newark (US)

ACD EZ-BatchE slide rack

Advanced Cell Diagnostics, Newark (US)

Ice machine

Siegra Baubedarf, Isernhagen (DE)

JA-12 Aluminium Rotor, 12x50 ml

Beckman Coulter, Krefeld (GE)

Laboratory bottle
(50 ml, 100 ml, 500 ml, 1000 ml)

Duran Group GmbH, Wertheim (DE)

Leica Camera ICC50 W

Leica Microsystems, Wetzlar (DE)

Lenovo Tab M10 HD

Lenovo Germany GmbH, Stuttgart (DE)

Light microscope LCD Screen, Primo
Vert Model 370

Carl Zeiss AG, Oberkochen (DE)

Light microscope Leica DM500

Leica Microsystems, Wetzlar (DE)

Lightwave Il Spectrophotometer WPA

Biochrom GmbH, Berlin (DE)

MACS MultiStand

MACS Miltenyi, Gladbach (DE)

Magnetic stirrer

Ika-Werke, Staufen im Breisgau (DE)

Mcllwain Tissue Chopper

Cavey Laboratory Engineering, Gomshall
(GB)

Microplate Shaker PMS-1000i

Grant Instruments B.V., Amsterdam (NL)

MidiMACS Separator

MACS Miltenyi, Gladbach (DE)

Millicell® ERS-2 Epithel Volt-Ohm Meter

MilliporeSigma, Burlington (US)

Mini centrifuge Sprout®

MSG GmbH, Wuppertal (DE)

Mixer Mill MM 400

Retsch, Haan (DE)

Mortar & pestle

Witeg Labortechnik, Wertheim (DE)
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Multichannel
S-12

pipette Transferpipette®

Brand GmbH & Co, Wertheim (DE)

Multifuge Heraeus 3SR

Thermo Fisher, Waltham (US)

Neubauer Hemocytometer

Paul Marienfeld, Lauda-Kénigshofen
(DE)

Pipette controler accu-jet® pro

LLG-Lab Logistics, Meckenheim (DE)

PHOmMo Microplate Reader

Autobio Diagnostics Co, Beijing (CN)

Precision balance

Schaser Wagetechnik, Unterschleil3heim
(DE)

Shaker MTS4

Ika-Werke, Staufen im Breisgau (DE)

Spectometer NanoDrop Lite

Thermo Fisher, Waltham (US)

Staining dish (Hellendahl)  with

extension

Carl Roth GmbH & Co, Karlsruhe (DE)

Staining dish (105 x 85 x 70 mm)

Carl Roth GmbH & Co, Karlsruhe (DE)

Stereo microscope Leitz M3

Wild Heerbrugg, Gais (CH)

SW 32 Ti Swinging-Bucket Rotor

Beckman Coulter, Krefeld (GE)

Thermal Cycler Biotech Inc Primus

Cole-Parmer GmbH, Wertheim (DE)

Thermometer

Carl Roth GmbH & Co, Karlsruhe (DE)

Timer

New England Biolabs, Frankfurt (DE)

Tissue Teck slide rack

Merck, Darmstadt (DE)

Ultracentrifuge OptimaE L-80 XP

Beckman Coulter, Krefeld (GE)

Wash-N-Dry€ Slide Rack

Merck, Darmstadt (DE)

Vaporizer Sigma Delta

Penlon, Abigdon (GB)

Vortex mixer

neolLab, Heidelberg (DE)

3.1.4.1 Surgical instruments

Scissor, standard (Mayo)

Fine Science Tools, Heidelberg (DE)

Scissor, fine

Fine Science Tools, Heidelberg (DE)

Fine forceps (Dumont)

Fine Science Tools, Heidelberg (DE)

Forceps with 1x2 Teeth

Fine Science Tools, Heidelberg (DE)

Iris Spatula

Fine Science Tools, Heidelberg (DE)

Standard Pattern Forceps

Fine Science Tools, Heidelberg (DE)

Standard Pattern Forceps, curved

Fine Science Tools, Heidelberg (DE)
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3.1.5 Buffer and solutions

Ammonia water (0.02%) 1 N Ammonium hydroxide 1.43 ml
dH-0 250 ml
BSA-Solution (5%) BSA 59
PBSdef 100 ml
BSA-Solution (20%) BSA 209
PBSdef 100 ml
Dextran-Solution (18%) Dextran 2,79
DPBS (warm) 15 ml
P/S 150
GlutaMAXE 150
Dissection buffer HBSS Medium 100 ml
D-(+)-Glucose 2,24 ml
P/S 500 pl
Kynurenic acid [100 mM] 1mi
Enzyme solution NG/N Papain [2 mg/ml] 32 mg
GlutaMAX 40 ul
Hibernate A Medium 16 ml
Enzyme solution m-bEC DMEM 10 ml
P/S 100 pl
Collagenase [1 mg/ml] 5 mg
Dispase Il [2,4 U/ml] 24 mg
DNase Il [50 pg/ml] 250 pg
TLCK 100 pl
Fast Red solution RNAscope Fast Red A 2.4 ml
RNAscope Fast Red B 40
Glycine-PBSdef [100 mM] Glycine 3.75¢g
PBSdef 500 mi
Hematoxylin (50%) Gildéds | Hemat ox 25 ml
dH.O 25 ml
IF blocking buffer (IF-BB) BSA 2%
Glycine 5%
NaNs 0.05%
Tween 20 0.2%
PBSdef Ad. 500 ml
NaFl solution NaFlI 10 mg
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n.f. buffer 10 ml
Non-fluorescent buffer (n.f. buffer) NaCl 6.9¢g
KCI 0.354
CaClx2H,0 0.372¢g
MgSO4x7H20 06¢g
KH2PO4 0.16 g
NaHCO; 219
dH20 Ad. 11
PFA-DMEM (4%) PFA 49
DMEM Ad. 100 ml
PFA-PBSdef (4%) PFA 49
PBSdef Ad. 100 ml
PBSdef, pH 7.5 NacCl 8¢
KCI 0.2g
NaH.PO, 1.15¢g
KH2PO4 0.2g
dH-0 Ad. 11
PBS++,pH 7.4 CaCl, 0.9 mM
MgCl, 1.1 mM
PBSdef Ad. 11
1x RNAscopeE Target Retrieval 10x RNAscope Target Retrieval 7ml
dH.O 63 ml
1x RNAscopeE Wash Buffer 50x RNAScope Wash Buffer 20 ml
dH.O 980 ml
Sucrose solution (20%) Sucrose 20%
1x TNE 20 ml
TNE-Buffer (1x) EDTA, pH 8.0 1mM
NaCl 150 mM
Tris/HCI 10 mM
Triton-x100-PBSdef (0.1%) Triton-x100 500 pl
PBSdef Ad. 500 ml
Triton-x100-PBSdef (0.5%) Triton-x100 25 ml
PBSdef ad 500 ml

3.1.6 Growth media for mammalian cells

B27 Supplement 50x, serum free

GibcoE Thermo Fisher, Waltham (US)
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D-(+)-Glucose solution

Sigma-Aldrich, Taufkirchen (DE)

DMEM( Dul beccoés Modified

GibcoE Thermo Fisher, Waltham (US)

DMEM-F12 GibcoE Thermo Fisher, Waltham (US)
DMEM, low glucose, GlutaMAXE, GibcoE Thermo Fisher, Waltham (US)
Pyruvate (DMEM-)

DPBS Sigma-Aldrich, Taufkirchen (DE)
Endothelial cell growth supplement Sigma-Aldrich, Taufkirchen (DE)
(ECGS) Lonza Group, Basal (CH)

EGME -2 MV BulletkitE

FGF-basic recombinant mouse protein

GibcoE Thermo Fisher, Waltham (US)

Fetal calf serum (FCs)

GibcoE Thermo Fisher, Waltham (US)

Gentamicin [50 mg/mi]

GibcoE Thermo Fisher, Waltham (US)

GlutaMAXE Supplement

GibcoE Thermo Fisher, Waltham (US)

HBSS, no calcium, no magnesium, no

phenol red

GibcoE Thermo Fisher, Waltham (US)

HEPES (N-2-hydroxyethylpiperazine-N-2-ethane

sulfonic acid)

GibcoE Thermo Fisher, Waltham (US)

Heparin-Natrium 5000 IE

Ratiopharm GmbH, Ulm (DE)

HibernateE -A Medium

GibcoE Thermo Fisher, Waltham (US)

Horse serum, heat inactivated

Thermo Fisher, Waltham (US)

Insulin-Transferrin-Selenium (IST) 100x

GibcoE Thermo Fisher, Waltham (US)

Kynurenic acid sodium salt (KA)

Tocris Bioscience, Bristol (GB)

L-Glutamine (Q) [200 mM]

GibcoE Thermo Fisher, Waltham (US)

2x MEM

GibcoE Thermo Fisher, Waltham (US)

Ng-Tosyl-L-lysine chloromethyl ketone

hydrochloride (TLCK)

Sigma-Aldrich, Taufkirchen (DE)

Neurobasal-A Medium

GibcoE Thermo Fisher, Waltham (US)

Penicillin-Streptomycin (P/S) [10.000 U/ml]

GibcoE Thermo Fisher, Waltham (US)

Plasma derived bovine serum (PDS)

Sigma-Aldrich, Taufkirchen (DE)

Puromycin dihydrochloride

Sigma-Aldrich, Taufkirchen (DE)

3.1.6.1 Growth media

Culture medium m-bEC DMEM-F12 40 ml
PDS 10 ml
P/S 500 pl
GlutaMAXE 500 pl
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Heparin 150 pl

ECGS 500 pl
Culture medium NG/N/BS B27-Supplement 2%
GlutaMAXE 0.5 mM
Gentamicin 0.2%
HEPES buffer 8 mM
Neurobasal A Medium Ad. 50 mi
DMEM++ P/S 1%
Q 1%
DMEM Ad. 500 ml
DMEM+++ (2%) P/S 1%
Q 1%
FCS 2%
DMEM Ad. 500 ml
DMEM+++ (3%) P/S 1%
Q 1%
FCS 3%
DMEM Ad. 500 ml
DMEM+++ (10%) P/S 1%
Q 1%
FCS 10%
DMEM Ad. 500 mi
EGME -2 MV Medium FCS 25ml
Hydrocortisone 200 pl
hFGF-B 2ml
VEGF 500 pl
R3-IGF-1 500 pl
Ascorbic acid 500 pl
hEGF 500 pl
GA-1000 500 pl
Basal medium (EBME ) 500 ml
Section medium NG B27-Supplement 2%
GlutaMAXE 0.5 mM
Hibernate A Medium 50 ml
PBS++/BSA BSA 0.5%
PBS++ Ad. 20 mi
Working medium m-bEC DMEM-F12 10 mi
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P/S 100 ul

GlutaMAXE 100 pl
3.1.7 Nucleic acids
3.1.7.1 Primer

Number Name Sequence
68 EboGP1D-fwd TGGGCTGAAAAYTGCTACAATC
69 EboGP1D-rev CTTTGTGMACATASCGGCAC
70 Ebo 1 DZ-Prb 6FAM-TTACCCCCACCGCCGGATG-BHQ1
71 Ebo 1 DS-Prb 6FAM-CTACCAGCAGCGCCAGACGG-BHQ1
5524 mMmBCRP-fwd AGGTCTGGAAAAAGTAGCAGATTC
5525 MBCRP-rev CTCCATCCCTATGCTTGTCC
5534 mCldn5-fwd TTAAGGCACGGGTAGCACTC
5535 mCldn5-rev ATGTTGGCGAACCAGCAG
5440 mGAPDH-fwd TGATGGGTGTGAACCACGAG
5441 m-GAPDH-rev TCAGTGTAG CCC AAG ATG CC
7284 MGFAP_fwd TCCTGGAACAGCAAAACAAG
7285 MGFAP_rev CAGCCTCAGGTTGGTTTCAT
5526 mGLUT-1-fwd GTATCCTGTTGCCCTTCTGC
5527 mMGLUT-1-rev TCGAAGCTTCTTCAGCACAC
7286 mibal_fwd GTCCTTGAAGCGAATGCTGG
7287 mibal_rev CATTCTCAAGATGGCAGATC
5142 mIFNU fwd CGG TGA TGA GCT ACT GGC
5142 mIFNU rev TTT GTA CCA GGA GTG TCA AG
5614 mIFND fwd ATGAACAACAGGTGGATCCTCC
5615 mIFND rev AGGAGCTCCTGACATTTCCGAA
7628 ml FNo _f wd TGAACGCTACACACTGCATCTTGG
7629 ml FNo _r ev CGACTCCTTTTCCGCTTCCTGAG
5616 mIRF7 fwd CAGCGAGTGCTGTTTGGAGAC
5617 mIRF7 rev AAGTTCGTACACCTTATGCGG
5528 mLAT-1-fwd TCAGCTTCTTCAACTGGCTGT
5529 mLAT-1-rev GGAGGGCCAGATTCACCT
7438 MMAVS_fwd CTGGCTGATCAAGTGACTCG
7439 MMAVS-rev AATGCAGAGGGTCCAGAAAC
5532 mOcIn-fwd GTCCGTGAGGCCTTTTGA
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5533 mOclIn-rev

GGTGCATAATGATTGGGTTTG

5522 mP-glycoprotein-fwd GGGCATTTACTTCAAACTTGTCA
5523 mP-glycoprotein-rev TTTACAAGCTTCATTTCCTAATTCAA
5444 mTuba for TGTCCTGGACAGGATTCGC
5445 mTuba rev CTCCATCAGCAGGGAGGTG
5530 mZO-1-fwd CGCGGAGAGAGACAAGATGT
5531 mZO-1-rev GAAGCGTCACTGTGTGCTGT
5442 m18S fwd CCTGGATACCGCAGCTAGGA
5443 m18S rev GCGGCGCAATACGAATGCCCC
79 Ni-NP1209 GCAAGAGAGTAATGTTCAGGCTAGAG
80 Ni-NP1314 CTGTTCTATAGGTTCTTCCCCTTCAT
81 Nip-NP1248F 6FAM-TGCAGGAGGTGTGCTCATTGGAGG-TMR
275 VSV for GACCTTGTATCCTTGAAAGCC
276 VSV rev CATTTGTGTTCTGCCCACTC
277 VSV Probe FAMTGCTTCCAGAACCAGCGCAGATGACAAAB

BQ

3.1.7.2 Probes

RNAscope® Target Probe V-EBOV-VP35-
GP

Advanced Cell Diagnostics, Newark (US)

RNAscope® Target Probe V-Nipah- Advanced Cell Diagnostics, Newark (US)
StrM.B.-N
RNAscope® Target Probe Negative Advanced Cell Diagnostics, Newark (US)

control-DapB

3.1.8 Proteins

3.1.8.1 Enzymes and Proteins

Accutase® solution

Sigma-Aldrich, Taufkirchen (DE)

Collagenase, Type |, powder

Thermo Fisher, Waltham (US)

Collagen Type | Rat Tail, 4,6 mg/ml

Merck, Darmstadt (DE)

Collagen IV, Mouse

Corning Incorporated, Corning (US)

Cultrex Mouse Collagen IV

R&D Systems, Inc. Minneapolis (US)

Dispase Il

Sigma-Aldrich, Taufkirchen (DE)

DNase Il

Sigma-Aldrich, Taufkirchen (DE)

Papain, lyophilized

Worthington Biochemical, Lakewood (US)
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Revert Aid Reverse Transcriptase Thermo Fisher, Waltham (US)

Trypsin-EDTA (2.5%), no phenol red GibcoE Thermo Fisher, Waltham (US)

Trypsin-EDTA (0.05%) GibcoE Thermo Fisher, Waltham (US)

3.1.8.2 Antibodies

Primary antibodies Species IF dilution Company

U C D@&s55) Rat 1:500 Biosciences, Heidelberg (DE)

U CIl a5u3d-iean) Rabbit 1:100 Invitrogen, Waltham (US)

U E B-GR/(534) Mouse 1:100 Fzmb, Bad Langensalza (DE)

U E B @Nm) Goat 1:200 Institut fur Virologie, Marburg (DE)

U E B-DR/(86) Chicken  1:100 R. Schade, Berlin (DE)

U GF @®AB-16291) Rabbit 1:1000 Thermo Fisher, Waltham (US)

U G F @A3m300) Rat 1:1000 Thermo Fisher, Waltham (US)

U | om-19741) Rabbit 1:400 Wako Chemicals, Osaka (JP)

U MAPA-16751) Chicken  1:1000 Thermo Fisher, Waltham (US)

U M RPR1-10008) Chicken  1:1000 Thermo Fisher, Waltham (US)

U M RaP7349) Rat 1:800 Abcam, Cambridge (GB)

U NN (&r3) Guinea 1:500 Prof. H. Feldmann, Hamilton (US)
pig

U NM M61321) Rabbit 1:200 ImmunoGlobe, Himmelstadt (DE)

U Oc c (338-8b4) n Guinea 1:50 OriGene Technologies GmbH,
pig Herford (DE)

U O MoR9-22291) Goat 1:500 Wako Chemicals, Osaka (JP)

U  BTubulin (T2200) Rabbit 1:1000 Sigma-Aldrich, Taufkirchen (DE)

U BTubulin (vA1-118)  Mouse 1:200 Thermo Fisher, Waltham (US)

U Vi medsan)i n Goat 1:1000 Sigma-Aldrich, Taufkirchen (DE)

U VS8lvoca) Mouse 1:1000 Kerafast, Boston (US)

U Z1Q33-9100) Mouse 1:50 Invitrogen, Waltham (US)

Secondary antibodies Species IF dilution Company

U chicken A Goat 1:400 Dianova, Hamburg (DE)

U chicken A Goat 1:400 Dianova, Hamburg (DE)

U goat AF48 Donkey 1:400 Dianova, Hamburg (DE)

U goat AF59.Donkey 1:400 Dianova, Hamburg (DE)

U guinea pi  Goat 1:400 Dianova, Hamburg (DE)

U mouse AF4. Goat 1:400 Dianova, Hamburg (DE)
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U mouse AF5: Goat 1:400 Dianova, Hamburg (DE)
U rabbit AF. Goat 1:400 Dianova, Hamburg (DE)
U rabbit AF Donkey 1:400 Dianova, Hamburg (DE)
U rat AF594 Donkey 1:400 Dianova, Hamburg (DE)
U rat AF488 Donkey 1:400 Dianova, Hamburg (DE)
3.1.9 Eukaryotic cells
Cell lines Reference number Cell type
hCMEC/D3 CVCL_U985 Human brain microvascular endothelial cell line
VeroE6 cells ATCC CRL-1586 Kidney epithelial cells isolated from an African
green monkey
Vero76 cells ATCC CRL-1587 Kidney epithelial cells isolated from an African
green monkey
1321N1 86030402 Human astrocytoma cell line
3.1.10 Viruses
Viruses Strain Genbank Titer
Vesicular stomatitis virus Indiana NC_001560 2,81x10° TCIDso/ml
(VSV)
Ebola virus (EBOV) Mayinga NC_002549 6,67x107 TCIDso/ml
1,34x108 TCIDso/ml
Nipah virus (NiV) Malaysia NC_002728 2,3x10° TCIDso/ml
rvSV-EBOV-GP Indiana/Mayinga 2,51x108 TCIDso/ml

3.1.11 Software

Bio-Plex ManagerE Software

BioRad Laboratories, Feldkirchen (DE)

BioRender Software

BioRender, Toronto (CA)

GraphPad prism

GraphPad Software, San Diego (US)

ImageJ/Fiji v. 1.53c
(Schindelin et al., 2012)

ImageJ Development Team, University of
Wisconsin, Madison (US)

Leica Application Suite Advanced
Fluorescence (LAS AF) 2.6.1.7314

Leica Microsystems, Wetzlar (DE)

Leica AirLab v2.0

Leica Microsystems, Wetzlar (DE)

Microsoft office 2016

Microsoft, Redmond (US)
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https://www.genome.jp/dbget-bin/get_linkdb?rs:NC_001560
https://www.ncbi.nlm.nih.gov/nuccore/NC_002728

3.2 Methods
3.2.1 Establishment of primary culture models

3.2.1.1 Organotypic brain slice culture model (BS-Model)

A protocol for the isolation and cultivation of explanted organotypic brain slices (BS) from
adult mice to analyze the neurotropism of NiV and EBOV was established based on the
publications of Stoppini et al., 1991 as well as Croft and Noble et al., 2018 [45, 194], and
modified to our needs. BS were prepared from adult wt or IFNAR” mice. For this, mice
were anesthetized with isoflurane and killed by cervical dislocation (killing for scientific
purposes 84 (3) TierSchG, Philipps University Marburg, Ex18-2018 and Ex17-2021). The
brains, including the olfactory bulbs were extracted following the methodology described
in my master thesis (Gellhorn Serra M., Master thesis 2019 [144]). Once isolated, the
brains were placed in petri dishes containing ice-cold dissection buffer and bisected
along the midline into hemi-brains. Subsequently, the hemi-brains were placed on
Whatman® filter paper, and two drops of ice-cold dissection buffer were added to prevent
them from drying out. Coronal slices with a thickness of 350 um were then obtained using
a McllwainE tissue chopper. Using an iris spatula and a stereo microscope, the brain
slices were carefully separated from each other and transferred onto Millicell culture
inserts placed in 6-well-culture plates containing 1 ml NG-Medium using a cut plastic
pipette. Four slices of different brain regions, namely olfactory bulb, frontal, middle, and
rostral sections, were placed in each culture insert. Then, the dissection buffer covering
the slices was removed. The culture medium was exchanged two hours after plating,
one day after isolation, and then every three days. The brain slices were maintained at
37°C with 5% COs,.

Mouse brain Tissue chopper 350 ym slices Membrane insert
(air-medium-interface)

\

Figure? Isolation and cultivation of organotypic murine brain slid&sobtain organotypic brain slices (BS), the brain

was isolated and bisected along the midline. The resulting hemibrains were sliced into 350 pum thick sections using a
tissue chopper. After careful separation, four slices from different brain areasnaeséerred onto a Millicell culture

insert in a éwell plate filled with 1 ml NG medium.
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3.2.1.2 Primary murine brain endothelial cells (m-bEC)

A protocol for the isolation and cultivation of murine primary brain endothelial cells from
adult mice to analyze their susceptibility to NivV and EBOV infection was established
based on the publication of Assmann et al., 2017 [11] with certain modifications to suit
our requirements. First, the day before the cell preparation, a T25 culture flask was
coated with 1 ml mouse collagen type IV [50 pug/ml] and placed on a shaker at 25 rpm
for 1 h at RT. The culture flask was stored without removing the collagen at 4°C until
use. Two brains from wt or IFNAR™ mice were extracted as previously described (3.2.1.1)
and then carefully rolled on chromatographic paper to remove the meninges. Afterwards,
the brains were sectioned into small pieces. The brain tissue was transferred into a 15
ml reaction tube containing 5 ml working medium (m-bEC) and homogenized by pipetting
up and down several times, first with a 25 ml plastic pipette and then with a 10 ml plastic
pipette. Next, 5 ml of working medium (m-bEC) were used to remove remaining cells
from the plastic pipettes, and then added to the reaction tube. The homogenate was
transferred to a 50 ml reaction tube and centrifuged at 1,350 x g for 5 min at 4°C.
Subsequently, the supernatant was discarded; the homogenate was resuspended in 15
ml dextran solution and mixed thoroughly by vortexing for 2 min. The homogenate-
dextran solution was centrifuged at 6,100 x g for 10 min at 4°C without brakes. The white,
fluffy myelin layer as well as the dextran supernatant were carefully removed and
discarded. The red-looking pellet containing the capillaries was resuspended in 10 ml
digestion medium (m-bEC) and incubated for 1h 15 min in a water bath a 37°C. The
reaction tube was shaken every 15 min throughout the incubation period. In the
meantime, the collagen in the culture flask was removed, and the flask was washed three
times with DPBS. After the last wash, DPBS was left on the flask and removed directly
before plating. Following the incubation time, the cell suspension was centrifuged at
1,350 x g for 5 min at RT. Subsequently, the digestion medium was removed, and the
pellet was resuspended in 10 ml pre-warmed DPBS. The cell suspension underwent
another centrifugation at 1,350 x g for 5 min at RT. Finally, DPBS was removed, and the
cells were resuspended in 2.5 ml full medium (m-bEC) and given into the collagen-coated
culture flask. To obtain a pure endothelial cell culture, the cells were treated twice with
the protein synthesis inhibitor puromycin, which selectively eliminates all cell types
except for the endothelial cells. The permeability glycoprotein (Pgp) transporter, which
is exclusively expressed on endothelial cells, removes puromycin from the cells, enabling
endothelial cell survival. To achieve this, 80 ul of puromycin [8 pug/ml] was added to the
culture medium immediately after seeding. The day after isolation, the cells were washed
twice with DPBS and were given fresh culture media containing 8 pug/ml puromycin. On

the second day after isolation, the cells were cultured in fresh medium without puromycin.
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The cells were maintained at 37°C with 5% CO,, and the media was exchanged twice
per week. After the cells became confluent, approximately a week following isolation, the
cells were detached and then seeded onto collagen type IV-coated coverslips or
Transwell filters. The specificity of the culture was determined by immunofluorescence

analysis using the endothelial cell specific marker CD31.

3.2.1.2.1 Cultivation of m-bECs on Transwell filters/coverslips

To culture m-bECs for immunofluorescence characterization and infection experiments,
coverslips and Transwell filters were placed on a 24-well plate and coated with 80 pl or
with 50 pl mouse collagen type IV [50 pug/ml] for at least 2 h, respectively. After the
incubation period, the collagen was removed, and the filters and coverslips were washed
twice with DPBS. The DPBS from the last wash was removed directly before plating. To
detach the m-bECSs, the cells were washed twice with DPBS and then incubated with 2
ml of 0.25% trypsin-EDTA for 3-5 min at 37°C. Cell detachment was controlled under a
light microscope and 6 ml full medium were added to stop the enzymatic process. The
cells were centrifuged at 1,350 x g for 5 min and resuspended in 1.5 ml full medium. Cell
counting was performed using a Neubauer chamber. However, due to the difficulty in
accurately counting the cells, as they remained in cell clumps instead of a single-cell
suspension, cell dilutions were seeded instead of a using a defined cell count. m-bECs
were seeded onto coverslips at a 1:15 dilution using 400 pl full medium per well followed
by 100 pl cells suspension. m-bECs were seeded onto Transwell filters at a 1:12 dilution.
This was done by adding 75 pl full medium to the upper (apical) compartment and 600
ul to the lower (basal) compartment. Then, 125 pl cell suspension were added apically.

The medium was changed the next day. The cells were maintained at 37°C with 5% CO..

3.2.1.3 Murine in vitro model of the blood-brain barrier (mMBBB-Model)

To assess whether the blood-brain barrier may serve as a potential entry site for EBOV
and NiV into the CNS, a murine in vitro model of the blood-brain barrier (MBBB) was
established. The model was subsequently further optimized by Karina Renner during her
bachelor thesis. The model consists of primary murine endothelial cells seeded on
collagen-coated Transwell filters in a 24-well plate as well as a primary neuroglial mixed-
culture (NG-culture, 3.2.2.1), which was seeded on PDL-coated coverslips on the
basolateral side. The apical side of the model represents the circulatory system, while
the barrier is created by endothelial cells tightly connected through tight junctions as well
as the collagen-coated membrane of the Transwell filters that mimics the basal

membrane. Moreover, the basal compartment contained the NG culture that represents
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the brain parenchyma. The optimal conditions for conducting infection studies were
determined by evaluating the time point at which both, the transendothelial electrical
resistance (TEER) value and the expression of tight junction proteins and specific

transporters, were at their highest, whilst permeability was at its lowest.

To generate the model, m-bECs were isolated as previously described (3.2.1.2) and
grown until reaching confluence approximately one week after isolation. On day 6 after
m-bEC isolation, NG was isolated as described below (3.2.2.1). On day 7 after
preparation, m-bECs were detached and seeded onto collagen-coated Transwell filters
(3.2.1.2.1). The mBBB model was prepared on day 8 by transferring m-bECs on
Transwell filters to wells containing NG. On day 9, the model was infected with NiV and
EBOV (3.2.7.2.3). Samples were collected at 1 and 24 hpi and infection was evaluated
through multiple methods including real-time quantitative polymerase chain reaction (RT-
gPCR, 3.2.4.4), immunofluorescence analysis (IFA, 3.2.6.3), permeability assay (PA,
3.2.5.2), TEER measurements (3.2.5.1), and TCIDsg assay (3.2.7.3).

o fﬁf*:“f%g

day 0 day 7 day 9
Isolation m-bEC m-bEC TW Infection
| | |
| I |
day 6 day 8 1-24 hpi
Isolation NG BBB model Sample collection and analysis
RT-qPCR
PA-assay
TEER

TCIDso assay

Figure8 Timeline for the preparation and infection of the murinevitro model of thebloodbrain barrig (BBB)The

murine endothelial cells (#EC) were isolated on d@yand cultured On day, the neuroglial mixedulture (NG) was

isolated. On day, the mbEC were seeded on collagevatedTranswelfilters (TW) The murinén vitro model of the
blood-brain barrier (mBBB) was prepared on @&dyy transferring arranswelfilter containingm-bEGto a well with

NG. On day 10, the BBB model was infected with EBOV or NiV, and the infection was analyzed at various time points
through multiple methods including RPCR, permeability assays (PA), transendothelial electrical resistance (TEER)
and TCIR assays.

3.2.2 Isolation and cultivation of previously established primary key model systems

3.2.2.1 Neuroglial mixed-culture (NG)

The isolation and cultivation protocol for murine NG-culture to analyze potential target
cells for NivV and EBOV was performed following to the description in my master thesis
(Gellhorn Serra M., Master thesis 2019 [144]). In brief, brains from wt or IFNAR” mice
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were extracted, excluding the olfactory bulbs and cerebellum, and the remaining tissue
was placed in a petri dish containing ice-cold section medium. Next, the tissue was
sectioned into small pieces and digested with the NG enzyme solution composed of 2
mg/ml papain in Hibernate A medium for 25 min at 37°C. The tissue was then
homogenized using a glass Pasteur pipette and filtered thought a 100 um filter. To
remove cell debris, an Optiprep density gradient was utilized. Cells were counted and
seeded on PDL-coated coverslips in 24-well plates with a seeding density of 4x10°
cells/well. After 20 min of seeding, the cells were carefully washed, and fresh culture
medium was administered. The cells were maintained at 37°C with 5% CO,. Medium

changes were performed the day after isolation and then every 3 days.

3.2.2.2 Neuron culture (N)

The protocol for isolating and cultivating a murine neuron culture to analyze their
susceptibility to NiV and EBOV infection was performed following the description in my
master thesis (Gellhorn Serra M., Master thesis 2019 [144]. Briefly, the protocol for the
NG-culture was implemented until the Optiprep density gradient step. Afterwards, the
cells were filtered thought a 70-um filter and negatively selected with the Mouse Neuron
Isolation Kit from MACS Miltenyi Biotec. To achieve this, the cells were incubated with a
biotin-antibody cocktail targeting non-neuronal cells, followed by incubation with anti-
biotin antibodies. During the magnetic separation step, the flow-through solution
containing the neurons was collected. Subsequently, the neurons were counted and
seeded at a density of 4x10° cells/well on PDL-coated coverslips in 24-well-plattes. 20
min after the initial seeding, the cells were carefully washed, and given fresh culture
media. The cells were maintained at 37°C with 5% CO.. Medium changes were

performed the day after isolation and then every 3 days.

3.2.3 Human in vitro model of the blood-brain barrier (hBBB-model)

During the bachelor thesis of Jenny Schnabelmaier, three variants for a human in vitro
model of the BBB (hBBB) were established. To achieve this, immortalized cell lines were
utilized, specifically a brain endothelial cell line hCMEC/D3, which was derived from a
human biopsy of temporal lobe micro vessels, and 1321N1, a human astrocytoma cell
line. A monoculture model was established using endothelial cells only (hBBB-), as well
as a non-contact co-culture where the astrocytes were seeded on coverslips on the basal
compartment and a contact co-culture (hBBB+) where the astrocytes were seeded on
the basal side of the Transwell filter. The models were characterized in terms of TEER

values, expression of TJ proteins as well as permeability and the optimal conditions for
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conducting infection studies were determined in the same manner as for the mBBB. The
procedure for establishing and cultivating of the models was detailed in Jenny
Schnabel mai er 6s bachel oranéwell fittehrsevsre imitially lcaateds u mmar y
with 50 ul of 1:30 diluted collagen type | in DPBS and then incubated for at least an hour
at 37°C. Subsequently, the collagen was removed and the Transwell filters were washed
with DPBS prior to cell seeding. The astrocytoma cell line was seeded at a concentration
of 4.5x10* cells per coverslip or Transwell filter with 500 pl or 200 pl of DMEM+++,
respectively. In the case of the hBBB+ model, the Transwell filters were inverted and
placed inside the lid of a 24-well plate. The cell suspension was placed on top of the
membrane, followed by carefully placing the 24-well plate on top and incubating the cells
for 2 h at 37°C until the cells were able to attach. Next, the endothelial cell line was
seeded with 3x10* cells per Transwell filter using EGM medium. The monoculture was
cultured with 200 pl of EGM medium apically and 600 pl basally, while the models with
the astrocytoma cell line were cultured with 200 pl of EGM medium in the apical and 600
pl of DMEM+++ medium in the basal compartment. A medium change was performed

the day after the models were prepared.

Mono- Non-contact co- Contact co-
culture culture culture
“ )
| ‘ |
\
| ‘| ‘l
_-4.‘, ‘-:—.“‘.l “'\."ﬂ'
= hCMEC/D3 < 132TN1

Figure9 Humanin vitromodels of théblood-brain barrier Three variants of a humasoodbrain barriermodel (hBBB)
gSNE SaidlofAdaKSR R dzNdofidorthassy Tfidirst nddlél yonsisted of & rdBditiReiof the
microvascular endothelial cell ine hCMEC/D3 seeded on collagateddTranswelfilters. The second model utilized

a noncontact coculture, with the hCMED3 cell line on the apical compartment and the astrocytoma cell line 1321N1
seeded on coverslips on the basal compartment. Additionally, a contaxctitcwe model was established in which
both cell lines are seeded on oppesstdes of th@ranswelfilter.

For infection studies with NiV and EBOV, the hBBB+ and hBBB- were prepared four days
before infection. The infections were conducted and analyzed as described in (3.2.7.2.3).
Additionally, hCMEC/D3 cells (h-bEC) were also seeded on collagen I-coated coverslips
and infected with NiV and EBOV.
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3.2.4 Molecular biological methods

3.2.4.1 Isolation and purification of nucleic acids from supernatants

To isolate and purify viral RNA from cell culture supernatants, the QlAamp® Viral RNA
Mini Kit was used. The QlAamp silica membrane specifically binds viral RNA while
eliminating contaminants during washing steps. To accomplish this, 140 pl cell
supernatant samples were mixed with 560 pl AVL containing 1% carrier RNA (CR). The
samples were then incubated for 10 min at RT followed by the administration of 560 pl
100% EtOH to inactivate the samples. For BSL-4 samples, the AVL-CR mix was
supplemented with 2 pl bromophenol blue per sample as an optical marker for
inactivation. The following RNA-isolation was carried out by transferring the sample-
ethanol mixture to the silica membrane columns of the kit. The columns were then
centrifuged for 1 min at 8,000 rpm. Two washing steps were performed to remove
contaminants: first 500 pl AW1 buffer was added and centrifuged for 1 min at 8,000 rpm,
then 500 pl AW?2 buffer were given to the columns and centrifuged for 3 min at 14,000
rpm. A centrifugation step for 3 min at 14,000 rpm was performed to dry the membrane,
the RNA was eluted in 60 ul AVE buffer by centrifuging the column at 8,000 rpm for 1

min and stored at -80°C.

3.2.4.2 Isolation and purification of nucleic acids from cell lysates and tissue

homogenates

To isolate and purify RNA from cell lysates and tissue homogenates, the RNeasy® Mini
Kit was used. For cell lysates, 600 pl RLT containing 1% b-Mer capt o e-ME)wareo | ( b
given to the cells and incubated for 10 min at RT. After the incubation step, the cells were
detached by scratching the coverslip with a sterile filter tip. Then, they were transferred
to a collection tube, and 600 pl 70% EtOH was added to inactivate the sample. For BSL-
4 sampl es , -MdantixevasRupglembnted with 2 pul bromophenol blue per sample
as an optical marker for inactivation. For the isolation of RNA from tissue samples as the
BS, BS were carefully removed from the Millicell culture insert and transferred with a
spatula into Lysing Matrix H Tubes containing 1ml DMEM without any supplements. The
samples were either stored at -80°C or directly homogenized in the Mixer Mill MM 400
for 5 min at 30 Hz and centrifuged at 2,400 rpm. 100 pl sample supernatant were then
mixed with 600 ul R L T-Mé followed by 600 pl 100% EtOH. The subsequent RNA
isolation from cell lysates or tissue homogenates was carried out by transferring the
sample-ethanol mixture onto the membrane columns of the kit. The columns were then

centrifuged at 10,000 rpm for 15 sec. The columns were washed by adding once 700 pl
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RW1 buffer and centrifugation step at 10,000 rpm for 15 sec as well as by adding twice
500 ul RPE buffer and subsequent centrifugation step at 10,000 rpm for 2 min. A
centrifugation step for 1 min at 14,000 rpm was performed to dry the membrane. The
RNA was eluted in 50 pl dH20O by centrifuging the column 1 at 10,000 rpm for 10 min and
stored at -80°C.

3.2.4.3 Two-step real-time quantitative polymerase-chain-reaction (RT-qPCR)

Two-step real-time quantitative PCRs were performed to analyze the expression of
specific cellular markers for characterization experiments, or to analyze the induction of
type | interferons after viral infection experiments. In a first step, RNA was reversed
transcribed into cDNA, followed by a second step were a dye-based RT-gPCR was

performed. For characterization studies, murine b-actin was used as a housekeeping

gene to normalize the di fnfetbad evasutlizecatorgvdluats ,

the relative target abundance between several samples. For infection studies, different
murine housekeepi ng gen easc twitubuin, GAPBH, andl 18S.
Since 18S displayed the best results and was not affected by any infection, it was used

for all infection studies.
3.2.4.3.1 cDNA synthesis

To synthesize cDNA from RNA samples, 10.5 pl RNA-sample were given into a PCR-
tube and mixed with 4 pl LunaScript RT SuperMix (5x) together with 5.5 pl nuclease-free
water. The reactions were incubated in a thermocycler as described in Table 1. The

newly synthetized cDNA was stored at 4°C until further use.

Tablel Thermocycler conditions for cDNA synthesis

Cycle step Temperature Time
Primer annealing 25°C 2 min
cDNA synthesis 55°C 10 min
Heat inactivation 95°C 1 min

3.2.4.3.2 RT-gPCR

To quantify and analyze the newly synthesized cDNA from the RNA samples, the Luna®
Universal gPCR Master Mix Kit was utilized. This kit uses real-time fluorescence of the
dsDNA binding dye Luna, to measure DNA amplification at each PCR cycle. For this, a

Luna Master mix for each target was prepared as follows:
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Table2 MasterMix components for Luna RIPCR

Reagent Volume Final concentration
Luna Universal gPCR Master Mix 0l 1x
Forward primer (10 puM) 0.5l 0.25 uM
Reverse primer (10 uM) 0.5 ul 0.25 uM

A second Master Mix was prepared with the cDNA samples. For this, 1 ng cDNA was
mixed with nuclease-free water to a total of 9 pl per sample. Each Master Mix was
prepared with a 10% overage. The samples were analyzed in triplicates for each target
to prevent pipetting errors from affecting the fold change. 11 pl of the corresponding Luna
Master mix was then added to the appropriate wells of a 96-well PCR-plate, followed by
9 pl of the corresponding cDNA Master mix resulting in a total volume of 20 pul per
reaction. The PCR-plate was then sealed with optically transparent film and centrifuged
at 2,000 x g for 10 min at 4°C. The experiments were carried out on an Applied Biosystem
Step One Real Time PCR (96-well) cycler with the conditions shown in the following
table:

Table3 Cycler conditions for Luna§PCR

Cycle step Temperature Time Cycles
Initial denaturation 95°C 60 sec 1
Denaturation 95°C 15 sec 45
Extension 60°C 30 sec
95°C 15 sec 1
Melt curve 60°C 60 sec
+0.3°C until 95°C 15 sec

3.2.4.4 One-step real time quantitative polymerase-chain-reaction

For viral RNA quantification from infection studies of the key model systems, RNA was
first isolated and purified from supernatants, cell lysates and tissue homogenates
collected at different time points after infection (3.2.4.1 and 3.2.4.2). Subsequently, a
one-step RT-gPCR was carried out with the One Step RT-gPCR Kit from Qiagen, where
reverse transcription of RNA to cDNA as well as DNA-amplification occurs in one
reaction mix. The quantification of the amplified DNA is carried out in real time with help
of fluorescence measurements based on the TagMan process, whi ch combi nes th
36 exonuclease activity of the Tag pol ymer ase

resonance energy transfer (FRET). A reporter dye (FAM), which is covalently bound at
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the 506 end arfd which é& repponsibles for the fluorescent signal, gets
suppressed by a covalently bound quencher dye
to their spatial proximity. During the synthesis of a new PCR-product, the Taq
polymerase degrades the probe, resulting in a release and subsequent spatial separation
of both, the signal fluorophore and the quencher, allowing fluorescent signal detection of
the fluorophore. The detection of the fluorescent signal is directly proportional to the
fluorophore released as well as the amount of template DNA. Specific primers and
probes for VSV-N [81], NiV-NP [80] and EBOV-GP [73] as well as a calibration curve
generated using standards with defined concentrations (10°-10? copies) were utilized to
generate and quantify the newly synthetized DNA. A master mix was prepared based on

t he man u freconmenda&ions a shown in the following table:

Table4 Mater mix for onestep RIgPCR with fluorescent probes

Reagent Volumef/reaction [pl] Stock final

VSV NiV EBOV concentration concentration

5x One Step Buffer

5 5x 1x
dNTP-Mix 1 10 mM 0.4 mM
Forward primer 1.25 15 15 1 mg/mi 40 pg/ml
Reverse primer 1.25 1.5 1.5 10 uM 0.6 uM
Probe 0.5 0.5 0.5* 10 pM 0.6 uM
DEPC dH.0O 10 9.5 11 10 pm 0.2 uM
Enzyme mix 1
Total 20 20 22
Template 5 5 3

* 0.5 pl per Probe

The experiments were carried out on an Applied Biosystem Step One Real Time PCR

(96-well) instrument with the following cycler conditions:

Table5 Cycler conditions for orgtep RTgPCR with fluorescent probes

Cycler conditions

VSV NiV EBOV Cycles
50°C 30min 50°C 30min 50°C 30 min Holding
95°C 15min  95°C 15min  95°C 15 min stage

95°C 15 sec 95°C 15 sec 95°C 15 sec

60°C 60 sec 60°C 60sec 58°C 30 sec 2
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3.2.5 Caell biological methods

3.2.5.1 Transendothelial electrical resistance (TEER)

Endothelial cells are tightly connected via intercellular junctions that regulate diffusion to
create a selectively permeable cellular barrier. Transendothelial electrical resistance
(TEER) is a guantitative and non-invasive method to assess the integrity of a cellular
barrier by measuring ohmic resistance [46]. TEER measurements reflect on the ionic
conductivity across an endothelial monolayer, which is thought to be mainly dependent
on the amount and complexity of tight junctions between cells [66]. To perform the assay,
the medium was replaced with 200 pl of DPBS on the apical side and 600 pl on the basal
side. The electrodes of the Voltohmmeter were rinsed once with 70% EtOH and once
with DPBS before and after the experiment. By carefully placing one electrode in the
apical and one in the basal side of the Transwell filter, three measurements per well were
performed, with one in each opening. After each measurement, the electrodes were
rinsed with DPBS. As a control, a collagen-coated empty filter was used. The TEER

value was calculated using the following formula:
"YOO'Mz G O QA Q4 ) DALY DI @i

Following measurements, the cells were given fresh medium and returned to the

incubator.

Voltohmmeter

— Electrodes

Endothelial cells

] TTT u,L"‘_‘_
4 44 4 = Porous membrane

Figurel0 TEER measurement with a VoltohmmefEine ohmic resistance can be determined by measuring voltage
with a silver/silver chloride (Ag/AgCI) pellet on each electrode as well as a silver electrode for passing current. To
evaluate the barrier integrity in th@ vitro model of theblood-brain barrier an electrode was carefully placed in each
compartment.
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3.2.5.2 Permeability assay with sodium fluorescein

The BBB is an essential interface that regulates substance transport between the
circulatory system and the CNS. This mechanism plays a crucial role in maintaining
homeostasis by allowing nutrient transfer to the brain parenchyma while typically
preventing the entry of harmful substances. Permeability assays enable the evaluation
of barrier function by determining the amount of tracer transported across the endothelial
cell barrier. The hydrophilic molecule sodium fluorescein (NaFl) with a mass of 376 Da
was utilized to study paracellular permeability [49, 51]. To conduct the experiment,
PBS++ was used to wash the cells once, followed by an addition of 100 ul sodium
fluorescein [1 mg/ml] apically. The Transwell filters were transferred to a 24-well plate
containing 600 ul non-fluorescent buffer (n.f.-buffer) per well and incubated at 37°C
protected from light. Every 15 min, the Transwell filters were moved to the adjacent well.
Afterwards, 100 pl supernatant from each basolateral compartment were transferred in
duplicate to a 96-well plate and diluted 1:2 with n.f.-buffer. In total, the cells were
incubated for 1 h 15 min. As a control, a collagen-coated empty filter was used. To
calculate the amount of transported NaFl, a standard series with eight defined
concentrations was prepared (20 pg/ml, 17.5 pg/ml, 15 pg/ml, 12.5 pg/ml, 10 pg/ml, 7.5
pg/ml, 5 pg/ml, and 2.5 pg/ml). The absorbance was measured using a plate reader at a

wavelength of 490 nm.

100 pl NaFl Every 15 min

COO0 1 2 3 4 5
FoN\ N AN N AN
O \ A ( )0 )0 ) )
-\ \__J\__/ J\_

-

, O
Na

Figurell Permeability assay using sodium fluoresd&laFl) To assess the barrier function of timevitro model of

the blood-brain barrier the paracellular transport of the hydrophilic molecule NaFl was measkoedhis 100 pl

NaFl were added apically in eatranswelfilter (TW)and incubated at 37°C. Every 15 miWswere transferred to a
neighboring well containing 600 pl ndluorescent bufferr(.f.-buffer). The total incubation time was 1 h 15 milhe

probes were transferred to a 96 welhate, diluted 1:2 withn.f.-bf andmeasured using a plate readatra wavelength
of 490 nm.

The endothelial permeability coefficient (Pe) was calculated based on previous

publications [49, 51] using the following formulas:

1) The absorbance in the y-axis was plotted against the concentration [ug/ml] in the

x-axis and a linear regression using the standard series was conducted:

54



2)

3)

4)

5)

slices

The resulting formula was applied to calculate the concentration of the
supernatants (Cgasa)), Which was doubled as it was previously diluted in a 1:2
ratio:

6 AdGa = P

The amount of NaFl that diffused from the apical compartment to the basal

compartment was calculated:

N o ZRENO6AQ
00 Q0 &t W& 5
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The average cleared volume over time was graphed and analyzed with linear
regression. The slope (m) provides an estimation of permeability and was
denoted PS. The inverse value of the permeability of the endothelial monolayer
(PSew) is the difference between the reciprocal value of the permeability of the
endothelial cells (PSec) and the reciprocal value of the permeability of the empty
filter (PSer):

The permeability coefficient Pe [10-3 cm/min] is obtained by dividing PSem by the

surface area of the Transwell filter:

50 0 Y AWG Q&
Wi Qw wd

3.2.6 Biochemical and immunological methods

3.2.6.1 MTT viability assay

To characterize the BS model, MTT assays were performed to assess the viability of the

over time. To conduct the assay, 0.5 mg/ml of the yellow tetrazolium salt MTT

(Thiazolyl Blue Tetrazolium Bromide) was added to the culture medium and incubated
at 37°C. The slices were examined 3 h after and the following day. The viability was

documented by photographing the slices. Living tissue metabolizes MTT into a purple
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formazan and display a blue-purple coloration, while non-living tissue shows no

coloration.

3.2.6.2 LDH viability assay

LDH viability assays were performed to further characterize the BS-model. The assays
aimed to assess both the viability and the recovery of the slices after the slicing process.
Lactate dehydrogenase (LDH) is a stable, ubiquitous enzyme classically used for viability
and cytotoxicity assays due to its rapid release into the culture medium upon plasma
membrane damage [115, 157]. To perform these experiments, the LDH-Cytotoxicity
Assay Kit Il was used. The kit employs water-soluble tetrazolium salts (WST) for the fast
and sensitive detection of LDH released from damaged cells. LDH oxidizes lactate to
generate NADH, which subsequently reacts with WST, resulting in a yellow coloration.
The number of damaged cells is directly proportional to the intensity of the yellow
coloration. The protocol was executed according to the instructions provided by the
manufacturer. In brief, a LDH Reaction Mix was prepared by mixing 200 pl of WST
Substrate Mix with 10 ml of LDH Assay Buffer. Next, 10 pl cell-free supernatant samples
were given in triplicate into a clear 96-well plate. A background control in triplicates as
well as a single positive control were prepared by adding 10 ul fresh culture medium or
5 ul LDH to the corresponding wells, respectively. Afterwards, 100 pl LDH Reaction Mix
was added promptly to the samples and controls with a multichannel pipette and mixed.
The assay was incubated for 30 min at RT protected from light. Following the incubation
period, the absorbance was measured with a plate reader at wavelength of 450 nm. The

mean LDH activity from the background controls was subtracted from each sample.

3.2.6.3 Immunofluorescence analysis

Immunofluorescence analysis (IFA) is a method that allows the detection of cellular and
viral proteins using specific antibodies as wells as their visualization using a fluorescence
microscope. In this work, indirect IFA was used for the detection and visualization of
targeted antigens using a primary antibody directed against the protein of interest and a
secondary and fluorophore-coupled antibody directed against the Fc-region of the

primary antibody.

3.2.6.3.1 Immune staining (organotypic brain slices)

A protocol for immune staining of BS was established based on the publication of Gogolla
et al., 2006 [74] and modified to our needs. Initially, BS were fixed with 4% PFA/DMEM

for at least 3 h for characterization experiments or twice for 24 h for infections performed
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in the BSL-4 facility (NiV, EBOV). Following fixation, BS were washed with PBSdef,
carefully removed from the membrane by pipetting PBSdef near the slices. They were
then transferred to a 24-well culture plate. PBSdef was substituted by 500 ul per well of
0.5% Triton-X/PBSdef and incubated over night at 4°C to permeabilize the tissue. To
reduce unspecific antibody binding, 500 ul/well of 20% BSA/PBSdef were used and
incubated for at least 4 h at RT or overnight at 4°C. Next, BS were placed on parafilm
and incubated with primary antibodies diluted in 5% BSA/PBSdef to a total of 50 ul per
slice for at least 4 h at RT or overnight at 4°C in a humid chamber. Subsequently, BS
were washed three times with 5% BSA/PBSdef, and then incubated with fluorophore
coupled secondary antibodies and DAPI, which were diluted in 5% BSA/PBSdef to a total
of 50 pl per slice for 4 h in a humid chamber. The slices were then sequentially washed
with 5% BSA/PBSdef and dH,O. Lastly, BS were mounted onto slides using FluorSave,
sealed with Fixogum, and stored at 4°C. Photographs and image stacks were capture
using a CSLM and converted into 2D images (maximum intensity Z-projection) as well

as 3D images with Fiji Software.

3.2.6.3.2 Immune staining (cells on coverslips/Transwell filters)

The IFA protocol for cells on coverslips was performed according to the description in
my master thesis (Gellhorn Serra M., Master thesis 2019 [144]). The protocol for cells on
Transwell filters was carried out similarly, except for the antibody concentration, which
was doubled. Briefly, cells were washed once with PBSdef and then fixed with 4%
PFA/DMEM either for 30 min for non-infectious experiments or twice for 24 h for
infections carried out in the BSL-4 facility. After PFA removal and multiple washing steps
with PBSdef, two neutralization steps were performed with 100mM glycine/PBSdef for
10 min followed by a permeabilization step with 0.1% Triton X-100/PBSdef for 10 min
and by a washing step. Additionally, the membrane of the Transwell filters was carefully
removed with a scalpel after the fixation process. To prevent non-specific binding and
minimize background staining, the cells underwent treatment with blocking buffer (IF-BB)
for 10 min at RT. The primary antibodies were diluted in IF-BB and incubated with the
cells in a humid chamber for at least 1 h at RT or overnight at 4°C. To do so, the
coverslips were placed face down on top of 20 ul antibody solution and the membranes
were placed face up on top of 20 pl of antibody solution, followed by an additional 30 pl
of the antibody solution on top of the membrane. After washing, the fixed cells were
incubated with fluorophore-coupled secondary antibodies and DAPI diluted in IF-BB in a
humid chamber as described before for 1 h at RT, protected from light. The cells were
sequentially washed with PBSdef and dH20. Lastly, the coverslips were mounted face

down on slides with FluorSave whereas the membranes were mounted face up on slides
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and covered with a fresh coverslip. Photographs and image stacks were obtained using
a CSLM and converted into 2D images (maximum intensity Z-projection) as well as 3D

images with Fiji Software.

3.2.6.4 In situ hybridization (ISH)

To identify infected brain areas, in situ hybridization (ISH) was performed using

RNAscopeE reagents and probes, foll owing

molecular biological method for detection of nucleic acids on-site in formalin-fixed and
paraffin-embedded (FFPE) tissue samples or cells. Following infection studies, BS were
carefully removed from the inserts and transferred into embedding cassettes. BS
specimens were fixed in formalin for a week and subsequently removed from the BSL-4
facility in fresh formalin. Slices were embedded routinely in paraffin at the Institute for
Veterinary Pathology, Justus-Liebig University Gie3en. The protocol for the ISH started

by baking the slices for 1 h at 60°C usi ng the fAbakeodo prEogram

Hybridization System. The tissue samples were then subjected to deparaffinization twice
with xylene and once with 100% EtOH for 5 min each. The samples were subsequently
pretreated with the RNAscopeE Pretreatment Kit to unmask target RNA and
permeabilize the tissue. To achieve this, 5-8 drops of hydrogen peroxide from the
Pretreatment Kit were given per slide and allowed to incubate for 10 min at RT followed
by two washing steps with dH,O. Next, the slides were placed onto a slide rack inside a
glass beaker containing 1x Target Retrieval Reagents and incubated for 10 min at 98°C.
The slices were then washed twice with dH>O and once with 100% EtOH. Upon drying,
a hydrophobic pen was used to create a barrier around the tissue. The following day, the
HybEZE oven was preheated at 40°C for 30 min. The slides were placed in a humid
chamber and given 5 drops of Protease Plus each and incubated at 40°C for 30 min
followed by two washing steps with dH,O. The antisense probes primarily detecting viral
MRNA and antigenomic RNA, were hybridized by adding 4 drops of the respective probe
to each sample and incubated for 2 h at 40°C. A Negative Control probe was used in
parallel to control background staining. The signal was amplified by a multi-step process
utilizing a preamplifier and various amplifiers (AMP 1-6). Labeled probes coupled with
the chromogenic enzyme alkaline phosphatase (AP) then bind to the multiple binding
sites on each amplifier. For this, the samples were then incubated at 40°C in a humid
chamber using 4 drops of the corresponding amplifier: AMP1 for 30 min, AMP2 for 15
min, AMP3 for 30 min, and AMP 4 for 15 min. AMP 5 and AMP 6 were incubated at RT
for 30 and 15 min, respectively. Two washing steps with 1x Washing Buffer were
performed between each incubation with the amplifiers. Signal detection was

accomplished by adding Fast Red solution, a substrate of AP that produces an insoluble
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red precipitate. To achieve this, 120 pl of Fast Red solution was given per slide and

incubated for 10 min at RT, protected from light. The slides were then washed twice with

tap water and counterstained with 50 % Gi | | 6 s He mat ollowel bynwof o r

more washes with tap water and by an incubation with 0.02% ammonia water for 2 min.
The slides were washed twice more with tap water. The sections were dried in the
HybEZE oven at 60°C, and the hydrophobic barrier was removed. Finally, the sections
were submerged in xylene and immediately mounted with EcoMount. Red signal

represents bound target RNA molecules and can be visualized with a light microscope.

3.2.6.5 Multiplex ELISAT Luminex technology

To analyze brain-specific immune responses, BS supernatants collected at various time
points after infection were screened for cytokine release using the Bio-Plex Mouse
Cytokine 23-Pl ex Assay by BioRad, foll owing

technique employs the Luminex XxXMAP technology, where each bead is labeled with a
unique ratio of red and infrared fluorophores allowing bead differentiation as well as
being coupled with specific antibodies for target identification. Biotinylated antibodies,
which also bind the target analytes, are used for quantification. Biotin-bound streptavidin-
phycoerythrin conjugates (SA-PE) are measured for analyte quantification. To perform
the assay, a standard series on ice and 1x concentrations of the Wash Buffer, coupled-
beads, Detection Antibodies, and SA-PE were prepared at RT. To generate the standard
series, the Mouse Cytokine Standard was reconstituted in 500 pl Standard Diluent and
thoroughly mixed. The first standard (S1) was prepared in a 1.5 ml reaction tube by
mixing 128 ul of the reconstituted standard with 72 pl Standard Diluent. All other
standards (S2-S8) were prepared by mixing the previous dilution 1:4 with Standard
Diluent in a new reaction tube. Once in the BSL4 facility, supernatants were thawed and
centrifuged at 10,000 x g for 10 min. In the meantime, the 1x beads were vortexed, and
50 ul were added per well to the 96-well plate provided with the kit. The plate was washed
twice using 100 pl 1x Wash Buffer per well with the Bio-Plex Wash Station. Next, the
supernatants, the blank sample, and the standards were thoroughly mixed and 50 pl
each were added to the corresponding wells in duplicate. The plate was then covered
with sealing foil and incubated for 30 min at RT while shaking on a plate shaker at 850
rpm. Afterwards, the plate was washed three times with 1x Wash Buffer. The 1x
Detection Antibodies were thoroughly mixed and 25 pl were added per well. The covered
plate was incubated for 30 min at RT while shaking at 850 rpm. After washing three
times, the 1x SA-PE was thoroughly mixed and 50 yl were added to each well. The
covered plate was incubated for 10 min at RT while shaking at 850 rpm. Next, the plate

was washed three times, and 125 ul Assay Buffer were added in each well. The plate
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was then shaken at 850 rpm for 30 sec to resuspend the beads. Finally, the assay was
read with a BioPlex 200 instrument and analyzed with the Bio-Plex Manager 6.1.1

Software.

3.2.7 Virological methods

3.2.7.1 Ebola virus cultivation and concentration

A purified EBOV-Stock was grown for the infection studies of the different key model
systems. For this, VeroE6 cells were seeded at a 50-60% confluence in a T175 culture
flask. The following day, an aliquot of EBOV Mayinga (Passage 5, 20.11.2001), kindly
provided by Dr. Olga Dolnik, was thawed, and mixed by pipetting up and down. The virus
was diluted 1:1000 with DMEM++ (0%). The culture medium was removed from the cells,
10 ml virus dilution were added and incubated for 1 h at 37°C. After the incubation period,
the inoculum was removed and 50 ml DMEM+++ (3%) were added. A mock control with
a T25 culture flask was prepared in the same manner with adjusted volumes of culture
medium only. The cells were incubated at 37°C and 5% CO.. At day 7, the virus was
harvested and purified via ultracentrifugation. To achieve this, first, the ultracentrifuge
was pre-cooled, and the vacuum was turned on. Next, the cell supernatant was collected
in a 50 ml reaction tube and centrifuged at 1,000 rpm for 10 min at 4°C. The cell-free
supernatant was collected and divided evenly into two SW32 centrifuge tubes. A sucrose
cushion was built by carefully adding 5 ml of 20% sucrose to the bottom of the tube. The
tubes were then filled up with PBSdef to just below the rim. The tubes were placed inside
the centrifuge buckets, which were closed afterwards. The buckets were weight and
balanced by adding more PBSdef to one of the tubes until the weight was equal up to
the second decimal position. The rotor together with the buckets was fixed in the
ultracentrifuge. The cell-free supernatants were ultracentrifuged at 25,000 rpm for 1 h 20
min at 4°C. Afterward, the supernatant was carefully removed and the tubes were placed
face down on paper cloth for drying. The cell pellet was resuspended in 4 ml PBSdef.
200 pl Aliquots were prepared and stored in liquid nitrogen. The virus titer was

determined by TCIDso and plague assay.

3.2.7.2 Infection of key models

The key models were first infected under BSL-2 conditions to determine their suitability
for infection with neurotropic viruses with the strong neurotropic VSV. Additionally, a
recombinant VSV expressing the EBOV GP (rVSV-EBOV-GP) was used to identify

possible target cells for EBOV under BSL-2 conditions. Finally, to assess the
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susceptibility of the key models to NiV or EBOV infection, these models were infected

under BSL-4 conditions.
Table6 Key models infection sampling times
Infection time points (hpi)

Model

cyetom VSV rVSV-EBOV-GP NiV EBOV

NG 1-12-24-48 1-12-24-48 1-24-48 1-48-96

N 1-12-24-48 1-12-24-48 1-24-48 1-48-72
m-bEC 1-24-48 1-24-48
mBBB ) 1-24 1-24
h-bEC 1-24-48 1-48-72
hBBB+/- ) 1-24-48 1-48-72
BS 1-24-48-72-96 1-24-48-72-96  1-24-48-72-96  1-24-48-72-96

*VSV and rVSV-EBOV-GP infections were performed on m-bEC/mBBB and h-bEC/hBBB during the
bachelor thesis of Karina Renner and Jenny Schnabelmaier, respectively.

3.2.7.2.1 Primary cells/ immortalized cell lines

For infection studies, primary cells (N, NG, m-bEC), or the human brain microvascular
endothelial cell line hCMEC/D3 (h-bEC), were seeded on coverslips placed in 24-well
plates. N, NG and h-bECs were infected with a multiplicity of infection (MOI) of 1.
Calculating the exact MOI used for m-bECs was challenging due to difficulties in cell
counting (cell clumps). The approximate was approximately 5. However, it may be lower
as cell clumps probably contained more cells that counted. The MOI was calculated
using the following formula:

WEéE G OW@ 66 € £ OQE OU "BioddE &
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To perform this, the corresponding virus dilution was prepared using PBSdef. Then, the
culture medium was replaced with 200 pl inoculum. After the virus was allowed to attach
for an hour at 37°C in an incubator, the inoculum was removed, and the cells were
washed once with PBSdef. 500 pl fresh medium was added to the cells. The cells were
incubated at 37°C with 5% CO, and samples were collected at different time points.
Infection was evaluated by immunofluorescence to assess infected cell types as well as
by RT-gPCR and TCIDsy assays to evaluate replication and release of infectious

particles.
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3.2.7.2.2 Organotypic brain slice model (BS)

A protocol for infecting BS with viruses was established based on the publication of Dione
et.al 2013 [54]. For these experiments, BS were seeded as described previously (3.2.1.1)
and maintained for four days. 1x10° TCIDso of virus was diluted in PBSdef to a total of
20 ul per BS and was added dropwise on top of each slide. EBOV infections were
conducted in the same manner but with 1x10° TCIDso. Mock inoculations were performed
in the same way with PBSdef only. BS were incubated at 37°C with 5% CO, and samples
were collected at different time points. Infection was evaluated by immunofluorescence
and in situ hybridization to assess infected cell types and brain areas as well as by RT-
gPCR and TCIDs, assay to evaluate replication and release of infectious particles.
Additionally, multiplex ELISA based on the Luminex technology were carried out to
analyze brain-specific immune responses as well as LDH-assays to assess tissue

damage.

3.2.7.2.3 In vitro models of the blood-brain barrier

The infection on the BBB models followed a similar procedure as previously described
(3.2.7.2.1). The mBBB model was first infected with an MOI of 1 and subsequently with
an MOI of 5. The hBBB models were infected with an MOI of 5. To conduct infections
with NiV or EBOV, the medium was removed first from the basal compartment and then
from the apical compartment. Then, 50 pl of the inoculum were given apically, followed
by 600 ul DPBS to the basal compartment. The cells were incubated for 1 h at 37°C.
After the incubation period, the inoculum was removed, and the cells were washed with
200 pl DPBS apically and 600 pl basally. Finally, fresh medium was given to the cells
and the cells were returned to the incubator. Mock inoculations were conducted in the
same manner, using DPBS alone. Samples were collected as described in Table 6.
Immunofluorescence analysis and RT-gPCR were conducted to assess the susceptibility
of the model and analyze virus infection and replication. The release of infectious
particles in either the apical or basal compartment was evaluated using TCIDso assays.
Additionally, TEER and permeability assays were performed to determine whether

infection altered or impaired the barrier function compared to mock infections.

3.2.7.3 Virus titer determination: TCIDso assay

Tissue Culture Infectious Dose (TCIDsy) Assays were used to detect and quantify
infectious virus particles in cell culture supernatants and tissue homogenates. This

method is based on determining the virus dilution at which 50% of the cells are infected
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and display a cytopathic effect (CPE). To perform the assay, VeroE6 cells were seeded
on 96-well-plates at a confluence of around 50-60% one day before the assay for EBOV
and VSV samples. Vero76 cells were seeded likewise for NiV samples. The cells were
washed once with PBSdef and then incubated with 2 ml 0.05% Trypsin-EDTA for 5 min
at 37°C. Following detachment of the cells, 8 ml DMEM+++ (2%) was added.
Subsequently, the cells were mixed thoroughly. Next, 1 ml cell suspension was combined
with 18 ml medium per 96-well plate and either 160 ul or 180 ul were added to each well,
depending on whether a 5-fold or 10-fold dilution was desired, respectively. Lastly, 40 pl
or 20 pl cell-free supernatants or tissue homogenates were added to the wells of the first
row depending on the dilution, and then were mixed thoroughly. In the following row, 40
pl or 20 pl from the 1st dilution were transferred using a multichannel pipette and mixed
thoroughly. This process was repeated until the final dilution, after which the remaining
40 pl or 20 pl were discarded. The tips were changed after each use until the fifth dilution.
Cells were incubated at 37°C for 3-7 days, and the development of CPE was analyzed

microscopically. Titers were calculated using the Spearman-Karber method [106].

3.2.8 Statistical analysis

To analyze cytokine and chemokine release in the BS model, as well as concentrations
of viral RNA and release infectious particles following virus infections, the data was log
transformed for normal distribution. Two-way ANOVA was performed to compare the
mediator concentration at each time point following virus infection against the
corresponding mock control. Additionally, two-way ANOVA was employed to compare
BS-IFNAR” and BS-C57BL/6J via the column factor (CF), which compares the mean
total values of BS derived from both mouse strains. Furthermore, two-way ANOVA was
used to evaluate tissue damage after viral infection via LDH-release. Two-way ANOVA
was also used to test if there was a significant increase in viral RNA over time compared
to 1 hpi as well as to compare the cultures derived from either wt mice of IFNAR” mice.
All statistical analyses were conducted using GraphPad Prism 7.0 Software (GraphPad
Software Inc.). Graphical data is presented as mean + SEM for LDH-Assays and RT-
gPCR or as individual values and mean for cytokine and chemokine release. Significant
values (p<0.05) were denoted with asterisks or with the number sign: ns= P>0.05,
*#P<0.05, **##P<0.01, ***/###P<0.001, ****/####P<0.0001. N-values indicate

biological replicates.
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4. Results

4.1 Establishment of key model systems

To investigate the neurotropism of the highly pathogenic NiV and EBOV, different key
model systems were established (Figure 12). Primary murine cultures including a
neuroglial mixed culture (NG), a neuron culture (N), brain endothelial cells (m-bEC), and
organotypic brain slices (BS) were prepared to identify potential target cells and brain-
specific immune responses. Additionally, a murine in vitro model of the blood-brain
barrier (mBBB) and human in vitro blood-brain barrier models (hBBB) were established
to assess the hematogenous route as a potential entry site into the central nervous
system (CNS).

Neuron culture (N)

Brain endothelial

cells (bEC)
in vitro blood-brain in vitro blood-brain
barrier model barrier model
(mBBB) (hBBB)
=
Neuroglial mixed ‘ /

culture (NG) e 2

S A A

Organotypic brain
slices (BS)

]

Figurel2 Key model systems to analyze the neurotropisiiigfand BBOV Key model systemg either murine or
human origin were obtained. A primary murine neuroglial mixed culture M@j)on culture (N) and organotypic
brain slices (BS) were established to analyzential target cells andrain-specifiammune responsedlurine brain
endothelial cells (ADEC) as well as aurine (mBBB) and human (hBBBYitromodels of the bloodbrain barrier were
established to analyze tHeematogenous routas a possible entry site.

4.1.1 Key model systems to analyze the hematogenous route as a possible entry
site

4.1.1.1 Primary murine brain endothelial cells

A primary murine culture of microvascular endothelial cells (m-bEC) was established
according to previous publications [11, 179]. Fragments of isolated microvascular
vessels were seeded onto collagen IV-coated 25 cm? culture flasks. Puromycin was
administered for two days to facilitate endothelial cell selection. It is a protein synthesis

inhibitor that efficiently kills most cells, except bECs. This is because bECs express the
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Pgp efflux transporter, which efficiently pumps puromycin out of the cells. After one day
in vitro (div), cells with spindle-shaped morphology were visible surrounding the vessel
fragments. The number of cells increased at two div and reached confluence at six div
(Figure 13a). IFA were performed to validate the cell lineage, using the endothelial cell
marker CD31 as well as antibodies against the TJ proteins claudin-5 and ZO-1. All cells
expressed CD31 as well as claudin-5 and ZO-1 at the contact sites between cells in a
continuous manner (Figure 13b). The expression of these TJ proteins, which was
constant over time, was also confirmed via RT-qPCR with Ct values averaging 26 for
Z0-1, 27 for occludin and 24 for claudin-5 while b-actin, which was used as a

housekeeping gene displayed a Ct value of 19.5 (Suppl. Figure 1).

1div 2 div 6 div

b) 8
S
Claudin-5 Z0-1 CD31 Dapi Merge

Figure13 Isolation and characterization of primary murine brain endothelial celloE®)a) Representative light
microscopic picturetakenwith a PrimoVert 37@t a 100x magnificatiorof isolated mbEC at 1, 2 and 6 daysvitro
(div) b) Immunofluorescence imagéaken with a confocal laser scanning microscope (Leica TCS ®iPSnthEC
characterization using the endothelial cell marker CD31 (greem)edl aghe tight junction proteirmarkers claidin
5 (magenta) and ZQ (red) Cell nuclei were visualized wili\PI(blue) Scale bars: 20m.

4.1.1.2 Murine in vitro model of the blood-brain barrier

To investigate whether the hematogenous route might play a role as an entry site into
the CNS for NiV or EBOV, a murine in vitro model of the blood-brain barrier was
established during my doctoral research and further optimized by Karina Renner during
her bachelor thesis. A non-contact co-culture was prepared by seeding m-bEC apically
onto collagen IV-coated Transwell filters placed in 24 well plates. This represents the
inner side of the blood vessels, while the NG was seeded on PDL-coated coverslips in
the bottom of the well, representing the brain parenchyma. Th e mo d dogiéak
suitability was evaluated by measuring two parameters: barrier tightness through TEER
measurements and permeability assays using NaFl. Moreover, the cells were checked
for the expression of vital TJ proteins and membrane transporters. IFA demonstrated the
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presence of CD31, ZO-1, and claudin-5 at the contact sites between neighboring cells.
Furthermore, the expression of TJ proteins and membrane transporters was evaluated
at different time points. The best results for the model were achieved at a seeding density

of approximately 8x10* m-bEC per Transwell filter at 2 div. The mean permeability

coefficient for NaFl was 2.5x103¢c m/ mi n , with mean TEMBeoveal ues of

all tested TJ proteins (ZO-1 [@ Ct 24.95], claudin-5 [@ Ct 22.61], and occludin [@ Ct
25,87], as well as tested transporters Pgp [@ Ct 25.88], breast cancer resistance protein
(BCRP) [@ Ct 23.86], glucose transporter 1 (GLUT-1) [@ Ct 21.92], large neutral amino
acid transporter 1 (LAT-1) [@ Ct 25.28]), were expressed at comparable levels
throughout all tested time points (Renner K., Bachelor thesis 2022 [107]).

4.1.1.3 Human in vitro models of the blood-brain barrier

Human in vitro models of the blood-brain barrier using immortalized cell lines were
established by Jenny Schnabelmaier during her bachelor thesis. To achieve this, the
brain endothelial cell line hCMEC/D3 (h-bEC) and the human astrocytoma cell line
1321N1 were used. A mono culture model (hBBB-), a non-contact co-culture (hBBB/A)
and a contact co-culture model (hBBB+) were established by seeding h-bEC apically on
collagen I-coated Transwell filters either alone, with astrocytes seeded on coverslips, or
on the basal side of the Transwell membrane. The models were characterized in the
same manner as the mBBB model. The best results were achieved at 4 div with the
hBBB+ model. The mean permeability coefficient for NaFl was 2.8x10° cm/min for
hBBB+, 4.0 x102 cm/min for hBBB/A, and 5.0x10 cm/min for hBBB-, while having mean
TEER value 2f 230%KdmaO0? r¥spectively. All tested TJ proteins
(ZO-1 [@ Ct 24.43], claudin-5 [@ Ct 34.3], occluding [@ Ct 27.83]) and transporters (Pgp
[@ Ct 26.43]) were expressed at similar concentrations across all tested time points
(Schnabelmaier J., Bachelor thesis 2023 [101]).

4.1.2 Key model systems to analyze target cells

4.1.2.1 Primary murine neuroglial mixed culture

To identify potential target cells in the CNS for NiV and EBOV, a neuroglial mixed culture
(NG) was established from IFNAR" mi ce during Hel en Wonne
thesis and was further optimized and characterized during my master thesis. Additionally,
the NG culture was obtained from C57BL6/J mice during my doctoral research. To
characterize the primary culture, immunofluorescence analyses using cell-specific
markers against the different main cell types of the CNS were conducted. The NG-

C57BL/6J culture contained all main cell types of the brain like NG-IFNAR™, including
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mo s t | -tybulmdpdsitive neurons and GFAP-positive astrocytes, and to a lower degree
microglia and oligodendrocytes (Figure 14). Furthermore, the NG culture contained
endothelial cells, and possibly, to a small extent, other cell types such as pericytes,

fibroblasts, and progenitor cells.

Neurons Astrocytes Microglia Oligodendrocytes
Blll-Tubulin GFAP Ibal MBP

Figurel4 Characterization of the neuroglial mixed culture {N&7BI6J). Representative immunofluorescence images
taken with a confocal laser scanning microscope (Leica TCS@BeINGculture, mainlycomposedf neuronsi(lll-
tubulin) and astrocytesGFAP, as well asnicroglia(lba-1), and oligodendrocyte§MBP. Cell markersred. Nuclei
were stained wittDAPI (blue)Scale bars: 2Gm.

4.1.2.2 Primary murine neuron culture

A neuron culture (N) was established and charac
IFNAR” mice. The cells were isolated following the NG-protocol and underwent negative
selection for neurons with magnetic beads before seeding. Subsequently, the N culture
was also obtained from C57BL6/J mice during my doctoral research. IFA was conducted
usingneuron-s peci fi ¢ mar k gubdin anduMAR2, alomg with rharkers for
other cell types, including astrocytes, microglia, endothelial cells, and oligodendrocytes,
to characterize the primary culture. The majority of cells were positi ve f orll-ei t her |
tubulin (Figure 15) or MAP2, indicating neuronal cells. Non-neuronal cells were rarely
observed. This was determined by the absence of staining for GFAP, MBP, lba-1, and
CD31 to detect astrocytes, oligodendrocytes, microglia, and endothelial cells,

respectively.

BllI-Tubulin

Figurel5 Characterization of the neuron culture-@7BI6J). a) Representative light microscopic pictyRrimoVert
370) taken at al00x magnificationof N at 4 daysn vitro (div) b-c) Representative immunofluorescence images
(Axiovert 200M)of N taken with different magnifications(200x, 400x) composed mainlpf i lll-tubulin-positive
neurons. Cell markersed. Nuclei were stained witBAPI (blue)Scale bars: 50m.
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4.1.2.3 Primary murine organotypic brain slice model

An ex vivo organotypic brain slice culture model (BS) was established to analyze
potential target cells and brain-specific immune responses to NiV and EBOV in a system
that maintains many relevant in vivo conditions such as cellular composition, 3D
architecture, and cell interaction. To accomplish this, brains were carefully isolated from
IFNAR” or C57BL/6J mice (Figure 16a) and cut with a tissue chopper into 350 um thick
slices. The slices were carefully separated and placed onto culture inserts and
maintained at 37°C with 5% CO- for two weeks. To determine if the 3D architecture was
maintained during culturing, the slices were stained using either DAPI for IFA or with
H&E for histological analyses. The results showed that the BS maintained the 3D
architecture over time. As shown as an example for the olfactory bulb (Figure 16c-e), it

retained the typical histological architecture including cell layers.

Organotypic brain slice Organotypic brain slice Allen Brain Atlas
DAPI H&E Mouse, P56, Coronal

Figurel6 Isolation of theex vivoorganotypic brain slice culture model (B§)Freshly isolated murine brains in ice
cold dissection buffdr) View from a stereo microscope of the cut brain hemisphere to facilitate the separation of the
brain slicex) Immunofluorescence imagemposed of several individual pictures takeith an Axiovert 200Mat

100x magnificatiorof a brain slice from the olfactory bulb stained witAPI(blue)to visualize cell nucled) Light
microscopic imagéLeica DM500df the olfactory bulb stained with hematoxylin and eosin (H&ENiss!| staining

(left) and anatomical annotations (right) of the murine olfactory bulb from the Allen Mouse Brain Atasé.brain

map.org.

The viability of the BS was assessed through MTT and LDH viability assays. To conduct
the MTT viability assay, the slices were incubated with MTT, a yellow tetrazolium salt
that is metabolized into a purple formazan by viable cells. The viability of the slices was
analyzed at 1 hour in vitro, 5 and 11 div. A purple coloration was observed all time points
analyzed (Figure 17a). LDH viability assays were employed to determine tissue recovery
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after the slicing process. LDH is a ubiquitous enzyme found in the cytoplasm of cells,
which is quickly released into the culture medium upon damage of the cell membrane.
LDH release was evident at 2 h after the isolation process, with peak values at 2 hiv and
1 div in BS isolated from both mice strains but starting at 4 div progressively decreased
over time (Figure 17b). Using cell-specific markers for immunofluorescence staining, the
cellular composition of the BS was analyzed. The main cell types of the CNS, including
neurons, astrocytes, microglia, oligodendrocytes, and endothelial cells were detected

(Figure 17c).

Organotypic brain slices

a) MTT-Viability-Assay b) LDH-Viability-Assay

w

5 div 11 div :
: . ENART
C578BI6/J

N

Absorbance [450 nm]

Microglia

BI-Tubulin + MAP2 GFAP Ibal MBP CD31 + GFAP

Figurel7 Characterization of thex vivoorganotypic brain slice culture model (B§)Representative pictures of MTT
viability-assays of the BS at 1 haurvitro (hiv) and at 5 and 11 days vitro (div) showing purple coloration. As a
control, BS were incubated without MTiE3b) LDHviability assay showing LDH release over tivhean+SEM, n=3

5. ¢) Representative immunofluorescence imatssen with a confocal laser scanning microscope (Leica TCS SP5 1)
of the identified cell types using cell specific markers including neurons (MAP2llgndulin) astrocytes (GFAP),
microglia (Ibal), oligodendrocytes (MBP) and endothelial cells (CD31). Nuclei were stainedRmi{tiiue) Scale

bars: 50 um.

4.2 Analysis of Ebola and Nipah virus neurotropism

Once the key model systems were established, their suitability for neurotropic virus
infection was assessed under BSL-2 conditions by exposure to the potent neurotropic
vesicular stomatitis virus (VSV). Additionally, the models underwent infection with a
recombinant VSV that bears the EBOV GP instead of its own glycoprotein (rVSV-EBOV-
GP) to analyze potential EBOV target cells under BSL-2 conditions. The suitability of the
murine and human bECs as well as the BBB-models for neurotropic virus infection was
analyzed in the bachelor theses of Karina Renner and Jenny Schnabelmaier,
respectively. These results are not included in this work. After confirming the suitability
for infection with neurotropic viruses, the key model systems were infected with NiV or
EBOV under BSL-4 conditions. The susceptibility of the models was initially analyzed
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through the development of a cytopathic effect (CPE) and IFA. Subsequently, the
replication and release of infectious particles were assessed by RT-gPCR and TCIDso
assays, respectively. Additionally, infected brain areas were analyzed via in situ
hybridization, innate immune responses via RT-gPCR and Luminex analysis, as well as

tissue damage via LDH viability assay.

4.2.1 Investigation of the hematogenous route as an entry site

Once the suitability of the primary murine and human immortalized brain endothelial
cells, as well as the murine and human BBB models for neurotropic virus infection was
confirmed, NiV and EBOV infection studies were performed. First, infections studies with
the bECs alone were performed to analyze their susceptibility, followed by infections of

the BBB-models, where other cells are also present.

4.2.1.1 Primary murine brain endothelial cells

In order to assess the susceptibility of m-bECs alone to NiV and EBQOV, infection studies
were performed on m-bECs seeded on coverslips. The first step was to determine
whether virus infection resulted in CPE. After NiV infection of m-bECs isolated from both
IFNAR” and C57BL/6J mice, severe CPE was observed (Figure 18a-b). At 48 hpi, most
of the cells were detached and floating in the supernatant while the remaining cells no
longer displayed the typical spindle morphology and were rounded. After EBOV infection,
a CPE was observed in both m-bEC-IFNAR” and m-bEC-C57BL/6J (Figure 18e-f). The
cell layer was no longer confluent in either culture and the cells appeared condensed
around the cytoplasm and swollen compared to mock (Figure 18c-d).

NiV Mock EBOV

C57BL/6)

48 hpi

Figure 18 Cytopathic effect in primary murine brain endothelial cellsbf€) after Nivand EBOV infectian
Representative light microscopic pictur@&imoVert 370) taken d00x magnificatiorof mbEG following infections
with a-b) NiV, c-d) Mock, ande-f) EBOV at 48 hpi. Upper panekbEGIFNAR:, lower panelm-bEGC57BL/6J
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Next, IFA was performed to confirm and to visualize infection by staining for viral proteins.
NiV-M staining was found scatteredly in NiV-infected m-bECs (Figure 19a-c) and was
distributed throughout the cell, mainly in the cytoplasm but also in form of finely granular
staining in the nucleus (Figure 19a-c). Small syncytia formation with 3-4 nuclei was
occasionally observed (Figure 19b). After EBOV infection, EBOV-NP staining was found
scatteredly in the endothelial cell layer at 24 hpi (Figure 20d) within inclusion bodies with
various sizes and morphologies, which were mostly rounded but also elongated (Figure
19e-f). At the latest time point analyzed at 48 hpi, the number of infected cells increased

compared to 24 hpi.
NiV EBOV

CD31 + NiV-M CD31 + EBOV-NP

Figure19 Susceptibility of the primary murine braindothelial cells (sbEC) to NiV anBEBOVImmunofluorescence

of mbECGIFNAR: infected witha-c) NiV andd-f) EBOVat 24 hpi Upper panelOverview picturegAxiovert 200M)
Lower panel:High magnification picturesaken with a confocal laser scanning microscope (Leica TCS .SP5 II)
Endothelial marke(CD3): red, virus specifimarkers (NiWN, EBO\NP):green. Nuclei were stained with DABILe)

Scale bars: a) 50 um, kc, ef) 20pum.

Next, it was evaluated whether m-bECs alone are sufficient to support viral replication
and progeny production. Viral replication was analyzed via RT-qPCR by quantification of
intracellular (i.c.) and extracellular (e.c.) viral RNA in the cell lysates and supernatants,
respectively. Following NiV infection of m-bECs, a significant increase in i.c. viral RNA
was observed in cells derived from both IFNAR” and C57BL/6J mice (Figure 20a),
hinting at productive replication. The amount in i.c. viral RNA was similar in both cultures
at 24 hpi, with an increase of approximately 2 log scales compared to 1 hpi. A further
slight increase was observed in m-bEC-IFNAR” at 48 hpi. No e.c. viral RNA was
detected in either culture (Figure 20b), indicating insufficient viral release from the cells.
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After EBOV infection, a modest increase in i.c. viral RNA was observed in both cultures
at 24 and 48 hpi (Figure 20d), with a continuing upward trend. This indicates that at later
time points, i.c. viral RNA levels might continue to rise. However, no e.c. viral RNA was
detected in either culture (Figure 20e). Via TCIDso assay, no infectious particles were
detected in NiV-infected m-bEC supernatants (Figure 20c). At 24 hpi with EBOV, a slight
increase in infectious particles was detected in the supernatants of one of the replicates
of m-bEC-IFNAR™, compared to 1 hpi. However, no infectious particles were detected in
the supernatants of EBOV-infected m-bEC-C57BL/6J (Figure 20f).

a) m-bEC cell lysates b) m-bEC supernatants C) m-bEC supernatants
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Figure20 Replication and releas#f NiV andEBOV in primary murine brain endothelial cellhf&) Viral replication
was analyzed via RJPCR by quantification of N&J intracellular andb) extracellular viral RNA and of EBAQV
intracellular ande) extracellular viral RNA. Viral release of infectious particles into the supernatantaiNér orf)
EBOV infection was analyzed via E¢dBsay. &) meant SEM. REPCRmM-bECIFNAR" n=8,m-bEGC57BL/6J n=4;
Dotted lineLimit of detectiorfor NiV= 10copies/ul EBOV= I&opies/ul. TCI§z: all experiments n=3; LOD = 6.99%10
TClIg/ml. 2-way ANOVA, ns= P>0*5**P<0.0001.

4.2.1.2 Murine in vitro model of the blood-brain barrier

To further analyze the hematogenous route as an entry site into the CNS, infection
studies were performed using the murine in vitro blood-brain barrier model (mBBB). This
model consists of m-bECs seeded on coated Transwell filters to represent the circulatory
system, and NG seeded on coverslips in the basal compartment to represent the brain
parenchyma. Initially, the mBBB models were infected with an MOI of 1. However, due
to the limited infection, infections studies with an MOI of 5 were also conducted. IFA was
performed to confirm and to visualize infection by staining for viral proteins. After NiV
infection with an MOI of 1, NiV-M staining was rarely found in both mBBB-IFNAR”- and
mBBB-C57BL/6J (Figure 21a, c). Interestingly, the expression of the TJ protein ZO-1

was altered in infected m-bECs compared to mock. In general, less staining was
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observed and only a few cells showed staining comparable to mock, particularly in m-
bEC-C57BL6/J. With an MOI of 5, NiV-M staining was found scattered throughout the
cell layer in m-bEC-IFNAR™ (Figure 21b), comparable to NiV-infected m-bECs on
coverslips (Figure 19a). The NiV-M staining was found mainly in the cytoplasm, but also
in the nucleus and in plasma membrane clusters, while the ZO-1 expression appeared
less affected and was comparable to mock. In contrast, NiV-infected m-bEC-C57BL/6J
rarely showed NiV-M staining. However, the expression of ZO-1 drastically decreased
(Figure 21d) compared to mock (Figure 21f). Additionally, cell rounding, a form of CPE,
was observed. After EBOV infection with an MOI of 1, EBOV-NP staining was rarely
found in both m-bEC-IFNAR” and m-bEC-C57BL/6J (Figure 21g, i). ZO-1 expression
was also reduced, particularly in m-bEC-IFNAR”-. With the higher MOI of 5, EBOV-NP
staining was more prevalent, but it was mainly limited to dot-like structures at the plasma
membrane. These structures seem to be plasma membrane protrusions and were
colocalized with ZO-1, as evidenced by the yellow coloration (Figure 21h). Additionally,
Z0O-1 expression was reduced, particularly in m-bEC-C57BL/6J (Figure 21h, j). No viral
staining was observed in the NG seeded at the basal side of the model at either infection.
This suggests that at 24 hpi not enough infectious virus was able to reach the NG to

induce an apparent infection.

NiV Mock EBOV

MOI 1 MOI 5 MOI'1 MOI 5

IFNAR-

C57BL6/)

Z0O-1 + NiV-M Z0-1 Z0-1 + EBOV-NP

Figure21 Susceptibility of the murinia vitroblood-brain barrier modefmBBB) to NiV anBBOVImmunofluorescence
pictures taken with a confocal laser scanning microscope (Leica TCSoERte I§pically seeded #nECs at 24 hpi.
Upper panel: rbECGIFNAR:, lower panel: rhEGC57BL/6Ja, ¢) NiV, MOI 1b, d) NiV, MOI 5e-f) Mockg, i) EBOY
MOI 1 h, j) EBOYMOI 5 Tight junction protein zonula occludens 1 {ZOred, virus specifienarkers(Niv-M, EBOY
NP):green. Nuclei were stained with DABIue) Scale bars: 20m.

Next, it was evaluated whether the mBBB models support viral replication and progeny
production. Viral replication was analyzed via RT-gPCR by quantification of intracellular
(i.c.) and extracellular (e.c.) viral RNA in the cell lysates and supernatants, respectively.

After infection of the mBBB model with NiVV with an MOI of 1, only one out of three

73



biological replicates of m-bEC-C57BL/6J showed an increase in i.c. viral RNA, with
approximately 2 log scales increase at 24 hpi compared to 1 hpi. In contrast, the other
two replicates were below the detection limit. Furthermore, no increase ini.c. viral RNA
was observed in mBBB-C57BL/6J (Figure 22a). In contrast, at MOI 5, a pronounced but
not statistically significant increase in i.c. viral RNA of more than 2 log scales was
observed in all replicates of both cultures at 24 hpi compared to 1 hpi (Figure 22b), with
higher values in mBBB-IFNAR™. Following EBOV infection with an MOI of 1, the i.c. viral
RNA stayed constant throughout the analyzed time points (Figure 22c). In contrast, at
an MOI of 5, a slight increase in i.c. viral RNA was observed in mBBB-IFNAR™ with an
upward trend, whereas it remained consistent in mBBB-C57BL/6J (Figure 22d). This
indicates that at later time points, i.c. viral RNA levels might continue to rise. No e.c.
viral RNA could be detected in the supernatants regardless of the virus, mouse strain, or
MOI. This is probably because supernatant samples were strongly diluted to be able to
analyze viral replication and production of progeny via RT-gPCR and TCIDsy assay as
well as cytokine release via Luminex analysis. Additionally, in the NG culture seeded on
the basal compartment, no i.c. viral RNA was detected. These results are consistent with
the IFA, suggesting that at 24 hpi no infection of the NG occurred.
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Figure22 Replication of NiV anBBOV in the murinia vitro bloodbrain barrier model (mBBBYiral replication was
analyzed via RGPCR by quantification of NiV intracellwéal RNA ag) MOI 1 and ab) MOI 5 as well as of EBOV
intracellularviral RNA at)MOI 1 and at) MOI 5. ad) meant SEM. RGPCR: all experiments n=3, limit of detection
(LOD) NiV= P@opies/ul; EBOV= 160pies/pl.

As determined by TCIDso assay, ho infectious particles were detected in either the basal

or apical compartments of mBBB-IFNAR” or mBBB-C57BL/6J after NiV infection at MOI

1 or MOI 5 (Figure 23a-b). It is important to note that the limited volume in the apical
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compartment resulted in a relatively high limit of detection of 1.76x10° TCIDso/ml for the
mBBB models. This means that low concentrations of infectious particles may have been
released into the supernatant, but not enough to be detected with these parameters.
Similarly, after EBOV infection with an MOI of 1, no release of infectious particles was
observed, either basally or apically, in mBBB-IFNAR” or mBBB-C57BL/6J (Figure 23c).
In contrast, at an MOI of 5, release of infectious particles was observed both, apically
and basally. The levels of apical release were higher than those of basal release, with

slightly greater values observed in mBBB-C57BL/6J (Figure 23d).
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Figure23 Release of infectiousiV andEBO\particlesin the murinein vitro blood-brain barrier model (mBBBYiral
release of infectious particles into the supernatamas analyzed via TGassayafter NiV infectiorwith ana) MOI 1
andf) MOl of 5 as well as after EBOV infectiaith anc) MOI 1 andd) MOl of 5. a-d) mean+ SEM. A experiments

n=3 Dotted line:limit of detection (LOD): basabmpartment= 6.99x10 TCllg/ml, apical compartment MOI 1 =

1.76x16 TClgyml and MOI 5=6.99x1@ TClyml.

To investigate whether infection with NiV and EBOV impairs BBB function, the barrier
integrity of the mBBB models was assessed using TEER measurements and NaFl
permeability assays. TEER measurement is a quantitative method for assessing cellular
barrier integrity and reflects on the ionic conductivity across the endothelial cell

monolayer by measuring ohmic resistance. After infection with NiV and EBOV with an

MOlofl,a sl ight increase in the TEER?twal3wé & /fcmom

was observed at 24 hpi compared to 1 hpi in both models (Figure 24a, c). The TEER
values of both mock infections remained unaffected altogether but varied slightly
between the different MOls (Figure 24b, e). After NiV infection with an MOI of 5, a slight

decrease in the TEER values was observed in mBBB-C57BL/6J at 24 hpi compared to
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1 hpi, while in remaining constant in mBBB-IFNAR™ (Figure 24d). Following EBOV
infection with an MOI of 5, an increase in the TEER values was observed in both models
at 24 hpi compared to 1 hpi (Figure 24f). It is important to note that the variability between
the samples was considerable in some cases. The voltohmmeter readings exhibited high
fluctuations among the samples, which were measured in triplicate. Overall, the TEER
values remained in the same range across all virus types, MOI, and mouse strain, with

only slight trends observed.
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Figure24 Transendothelial electrical resistance (TEER) of the miarivitro blood-brain barrier model (mBBB) after
NiV and EBOV infectiofihe barrier function was analyzed by TEER measurements at MOI &) &ftérb) mock or
c)EBOV infection as well as at MOI 5 aftgNiV,e) mock orf) EBOV infectioriMean+ SEM, n=3

Furthermore, permeability assays using the hydrophilic molecule NaF| were conducted
to analyze paracellular permeability. These assays enable the evaluation of barrier
function by measuring the amount of tracer transported across the endothelial cell
barrier. After NiV infection of mBBB-IFNAR™, the permeability coefficient (PE) of NaFI
increased to an average of over 20x10° cm/min, whereas mock values were below
10x10% cm/min. Furthermore, a slight increase in the PE of NaF| was observed following
NiV and EBOV infection with an MOI of 1 in mBBB-C57BL/6J (Figure 25g). After NiV
infection with an MOI of 5, the PE of NaFIl in mBBB-C57BL/6J was higher compared to
mBBB-IFNAR™ as well as in the mock infections. Following EBOV infection with an MOI
of 5, only in mBBB-IFNAR” showed a slight increase in the PE of NaFl (Figure 25h).
However, the increase in permeability to NaFI observed following NiV infections was not

statistically significant.
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Figure25 Permeability to NaFI of the murire vitro blood-brain barrier model (mBBB) after NiV and EBOV infection
The barrier function was analyzed beasuring he permeability to sodium fluorescein (NaFl) after NivV, EBOV, or
mock infectionsvith a) an MOl of 1 andb) an MOl of 5. Mean+ SEMn=3.

4.2.1.3 Human brain endothelial cell line hCMEC/D3 (h-bEC)

To determine whether there are marked differences in the susceptibility to NiV and EBOV
infections between human and murine cells, infection studies were also conducted with
h-bECs seeded on coverslips. The first step was to assess whether virus infection
resulted in CPE. Following infection with NiV and EBOV of h-bECs, a CPE was clearly
visible. During NiV infection, several cells detached and floated in the supernatant, while
the remaining cells attached to the coverslips were either enlarged, rounded, or refractile
(Figure 26b). Occasional formation of small syncytia was also observed (Inset: Figure
26b). In case of EBOV infection, a CPE in form of rounded and detached cells was
observed (Figure 26d).

Mock ‘ NiV

24 hpi

Mock EBOV

48 hpi

77



Figure26 Cytopathic effect in the human brain endothelial cell line hCMECHDB@) after Niind EBOV infectian
Representative light microscopic pictuteken with a PrimoVert 370 &4 hpi aftera) mock orb) NiV infection
showing syncytia cell formation (inseds well asat 48 hpi afterc) mock ord) EBOV infectiorfl00x magnification.

Next, IFA were performed to confirm and to visualize infection by staining for viral
proteins. IFA showed granular NiV-M staining across the cell layer at 24 hpi (Figure 27a),
with a more pronounced staining at 48 hpi, where NiV-M staining was also observed
diffusely distributed in the cells and not only granular staining. Small syncytia consisting
of 4-8 nuclei were also observed (Figure 27b). Following EBOV infection, at both time
points, EBOV-NP staining was observed within inclusion bodies of different shapes and
sizes (Figure 27e-f). The TJ protein ZO-1 was expressed mostly in the cytoplasm and
was scarcely observed at cell junctions following either mock (Figure 27c-d), NiV, or
EBQV infection.

NiV Mock EBOV

24 hpi 24 hpi 48 hpi

48 hpi 24 hpi 72 hpi

Z0-1 + NiV-M Z0-1 Z0-1 + EBOV-NP
Figure 27 Susceptibility of the human brain endothelial cell line hCMEC/BE) to Ni\and EBOV infectian

Immunofluorescencpictures taken with a confocal laser scanning microscope (Leica TC®SHBHI} infected with
NiVa) at 24 andb) 48 hpi c-d) mock at 24 hpiand with EBO¥) at 48 andf) 72 hpi. Tight junction protein ZDred,
virusspecifiemarkers(Ni\tM, EBOMNB): green. Nuclei were stained with DABIUe) Scale bars: 20m.

The next step was to evaluate whether h-bECs support viral replication and the
production of progeny. To analyze viral replication, intracellular (i.c.) and extracellular
(e.c.) viral RNA in the cell lysates and supernatants were quantified via RT-gPCR,
respectively. Following infection of h-bEC with NiV, a significant increase in i.c. viral RNA
was observed over time, with peak values at the latest analyzed time point (Figure 28a).
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The increase was over 2 log scales compared to 1 hpi, while e.c. viral RNA was not
detected (Figure 28b). For EBOV infection, both i.c. and e.c. viral RNA levels significantly
increased over time, peaking at 96 hpi with an increase of 1-1.5 log scales compared to
1 hpi (Figure 28d-e). The levels of both i.c. and e.c. viral RNA displayed a continuous
upward trend, suggesting that viral RNA levels may continue to rise at later time points.
As determined by TCIDso assay, low levels of infectious particles became detectable at
48 h post NiV infection (Figure 28c). In contrast, infectious particles were detected at all
time points after EBOV infection, with peak values observed at 96 hpi, demonstrating a
significant increase of over 1 log scale compared to 1 hpi (Figure 28f). The infectious
virus titers also displayed a continuous upward trend, suggesting that they may continue

to rise at later time points.
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Figure 28 Replication and release of NiV _aBBOV in the human endothelial déle hCMEC/D3 (bEC) Viral
replication was analyzed via RPCR by quantification of N&) intracellular andb) extracellular viral RNA and of
EBOW) intracellular ande) intracellular viral RNA. Viral release of infectious particles into the supernatantcifter
NiV orf) EBOV infection was analyzed via E¢dBsay. &) meant SEM. RHPCR: n=3; Limit of detection (LOD) NiV=
10°copies/pl; EBOV= 100pies/ul. TCI{a: all experiments n=3; LOD = 6.99%TICIByml. 2-way ANOVA, ns= P>0.5,
*P<0.05, **P<0.01.

4.2.1.4 Human in vitro models of the blood-brain barrier

After the susceptibility of h-bECs alone to NiV and EBOV was analyzed, infection studies
were conducted using hBBB models. The hBBB+ model, which displayed the lowest
permeability and the highest TEER among the hBBB models, was selected for the
infection studies. This model comprises a contact co-culture. The human brain

endothelial cell line hCMEC/D3 is seeded on Transwell filters in the apical compartment,
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representing the circulatory system. The human astrocytoma cell line 1321N1 is seeded
on the lower side of the Transwell filter membrane, which faces the basal compartment,
representing the CNS. Although the hBBB+ model is not constructed in the same manner
as the mBBB, which is based on a non-contact co-culture, both models had the most
comparable TEER and permeability values to NaFl, among the hBBB models. In
addition, infection studies were also conducted as a control with the hBBB- model, which
comprises a monoculture consisting only of h-bECs seeded on coated Transwell filters.
The hBBB models were infected at MOI 5, since infections of the mBBB model at MOI 1
were not very effective. This was evidenced by the lack of viral protein staining in IFA
and limited to no viral replication. First, to confirm and to visualize infection, IFA was
performed by staining for viral proteins. After NiV infection, IFA revealed granular staining
of NiV-M throughout the h-bEC cell layer of the hBBB+ model at 24 and 48 hpi (Figure
29a, c). Small syncytia, composed of 4-8 nuclei, were also observed, displaying NiV-M
staining mainly in proximity to the plasma membrane, likely within ordered structures at
the plasma membrane (Figure 29a). After NiV infection in the hBBB- model, NiV-M
staining was also observed granularly across the cell layer at 24 hpi, with a more
pronounced staining at 48 hpi (Figure 29b, d). Small syncytia cell formation was
occasionally observed. ZO-1 expression was observed granularly in the cytoplasm, with
limited expression at the contact sites between neighboring cells in mock-infected cells
of both models (Figure 29e-f). After NiV infection, ZO-1 staining was notably reduced
compared to mock infection, particularly in the hBBB- model, where ZO-1 staining was
limited. After EBOV infection, EBOV-NP staining was found within inclusion bodies
present in a few cells of both models (Figure 29g-j). The number of inclusion bodies
found increased over time. The expression of ZO-1 was also reduced after EBOV
infection, particularly in the hBBB- model, although not as pronounced as it was after NiV

infection.

NiV Mock EBOV
e) i) «®

hBBB+

ZO-1 + NiV-M Z0-1 + NiV-M Z0-1 + EBOV NP
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Figure 29 Susceptibility of the human in vitro blobdain barrier models (hBBB) to Nahnd EBOV infection
Immunofluorescencegictures taken with a confocal laser scanning microscope (Leica TC®EPBHL] infected with
NiVat a-b) 24 hpi andc-d) 48 hpi,with mock ate-f) 72 hpi, and with EBOV gth) 48 hpi and-j) 72 hpi Upper panel:
hBBB-+model lower panelhBBB model Tight junction protein ZQ: red, virusspecific markergNiV-M, EBOWP):

green. Nuclei were stained with DABIue) Scale bars: 20 pm.

Next, it was evaluated whether the h-BBB models support viral replication and the
production of progeny. Viral replication was analyzed via RT-gPCR by quantification of
intracellular (i.c.) and extracellular (e.c.) viral RNA in the cell lysates and supernatants,
respectively. After NiV infection of both, the hBBB+ and hBBB- model, i.c. viral RNA
increased over time, exhibiting comparable kinetics that peaked at the last analyzed time
point at 48 hpi (Figure 30a). Thei.c. viral RNA increased significantly, by over a log scale,
in both models when compared to their respective 1 hpi value. In contrast, in neither
model e.c. viral RNA was detected (Figure 30b). Following EBOV infection, an increase
in i.c. viral RNA was observed in both models with a similar kinetic, peaking at 72 hpi.
However, the increase observed in the hBBB+ model was greater, demonstrating a
significant increase of roughly 2.5 log scales compared to 1 hpi. In the hBBB- model the
increase was of approximately 1 log scale (Figure 30d). Moreover, in hBBB+ model an
increase in the e.c. viral RNA was observed, particularly in the apical compartment, with
a significant increase exhibiting peak values exceeding 2 log scales compared to 1 hpi.
A pronounced but not significant increase in e.c. viral RNA was also observed in the
apical compartment of the hBBB- model (Figure 30e). A small increase of roughly 0.5
log scales in the e.c. viral RNA was observed in both models in the basal compartment,
but the increase was faster and higher in the hBBB+ model. As determined by TCIDso
assays, nho infectious particles were detected on average in either supernatant following
NiV infections (Figure 30c). In contrast, infectious particles were detected in both apical
and basal compartment supernatants after EBOV infection. However, there was a much
higher release in the apical compartment, with an increase of approximately 2 log scales
in both models compared to 1 hpi, while the increase was higher in the BBB+ model. At
48 hpi, there was an increase of approximately 1 log scale in the basal compartment of
both models, but values had already started decreasing by 72 hpi in hBBB+ model
(Figure 30f).
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Figure 30 Replication and release of Nawd EBOV in the humaim vitro blood-brain barrier model (hBBBYiral
replication was analyzed via RPCR by quantification of N&) intracellular andb) extracellular viral RNA apically
and basally and of EBQ¥ intracellular ande) extracellular viral RNA apically and basally. Viral release of infectious
particles into the supernatants of the apical and basal compartments efféiV orf) EBOV infection was analyzed
via TCIg assay. &) mean+ SEM. hBBB+: n=3, hBBB=2 Dotted linesRFqPCR limit of detection (LOD) NiV£ 10
copies/ul; EBOV= 16opies/pl. TCHLOD = 6.99x20 Cly/ml. 2-way ANOVA, ns= P>0.5, *P<0.05, ****P<0.0001.

To investigate the effect of NiV and EBOV infection on BBB function, the barrier integrity
of the hBBB models was analyzed by measuring the paracellular permeability to NaFl.
TEER measurements were not conducted for the hBBB models due to high fluctuations
in voltohmmeter readings among mBBB samples, which made it difficult to accurately
quantify the TEER values. In the hBBB+ model, following infections with NiV or EBOV,
the permeability coefficient (PE) of NaFI was slightly higher compared to mock infections,
but the values remained low at <5x10-°3cm/min. In the hBBB- model, the 24 hpi mock
value was higher than the respective value of the hBBB+ model, which was also
observed during the establishment of the models, and then later decreased and matched
the values of the hBBB+ model. At 24 h post NiV infection, a pronounced but not
statistically significant increase in the PE was observed, which decreased at 48 hpi and
was comparable to mock. Following EBOV infection, the PE was comparable to mock

both at 48 and 72 hpi, with values only slightly higher.
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Figure31 Batrrier integrity of the human in vitdslood-brain barrier models (hBBBJhe barrier function was analyzed
by assessing the paracellular permeability to sodium fluorescein (NaFl) after NiV or EBOV infectia B Bi+
and of theb) hBBB models. ab) mean+ SEM, n=3.

4.2.2 Investigation of potential target cells and affected brain areas

After establishing and characterizing the primary murine neuroglial mixed culture, neuron
culture, and the organotypic brain slice model as key model systems for studying
potential target cells and affected brain areas for NiV and EBOV, their suitability for
neurotropic virus infection was assessed under BSL-2 conditions. For this, the models
were exposed to the potent neurotropic VSV as well as to rVSV-EBOV-GP to analyze
potential EBOV target cells under BSL-2 conditions. Afterwards, infection studies with
NiV and EBOV were performed under BSL-4 conditions.

4.2.2.1 Neuroglial mixed culture (NG)

To identify target cells in the CNS for EBOV and NiV in a context where different cell
types can interact, infection studies using the NG culture were conducted. Prior to these
infection studies, the suitability of the NG for infection with neurotropic viruses was
verified by infecting it with VSV and rVSV-EBOV-GP. IFA was then performed to confirm
and to visualize the infection by staining for viral proteins. The NG cultures derived from
both mouse strains were susceptible to VSV infection (Figure 32a). Infected cells,
including neurons, were identified as early as 12 hpi and increased in number until the
last time point analyzed at 48 hpi. Neurons and astrocytes (Figure 32b-c) were among
the most frequently observed infected cell types. Additionally, oligodendrocytes,
microglia, and several infected non-neuronal cells of different morphologies were also
observed. Among these were possibly meningeal cells, NPCs, and radial glia (Suppl.
Figure 2). The NG culture was also susceptible to rVSV-EBOV-GP (Figure 32d). Infected
cells were identified as early as 12 hpi with increasing numbers until the last time point
analyzed at 48 hpi. The majority of infected cells were neurons and astrocytes (Figure
32e-f). Several non-neuronal infected cells were also detected, but their cell type could
not be determined by IFA (Suppl. Figure 3). Following infections with both VSV and
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rVSV-EBOV-GP, VSV-N staining was found distributed throughout the infected cells,
including in the neurites of infected neurons as well as in the cell processes of infected

astrocytes. Both viruses caused CPE at 24 hpi, which became more pronounced at 48

hpi, resulting in rounded and detached cells.

VSV rVSV-EBOV-GP

GFAP + VSV-N BllI-tubulin + VSV-N GFAP + VSV-N Blll-tubulin + VSV-N

Figure32 Susceptibility of the neuroglial mixed culture (NGYSV andVSVEBOVWGP Immunofluorescencef NG
infected witha-c) VSVand d-f) rVSVEBOVWGP. Upper panepicturestaken with anAxiovert 200M Lower panel:
picturestaken with a confocal laser scanning microscope (Leica TCS 3P8)IQverview picture showing many
infected cellsHigh magnification pictures ofSV infectedb) astrocytesand c) a neuron as well as rVSEBOWGP
infectede) astrocytes and) neurons Cell markers (ll-tubulin: neurons, GFAP: astrocytesy, VSW: green. Nuclei
were stained wittDAPIblue) Scale bars: al) 50 um, kc, ef) 20 um.

Next, it was evaluated, if the NG could support viral replication. To analyze viral
replication, intracellular (i.c.) and extracellular (e.c.) viral RNA in the cell lysates and
supernatants were quantified via RT-qPCR, respectively. A strong increase in both i.c.
and e.c. viral RNA was observed over time after VSV infection. VSV i.c. viral RNA levels
increased similarly in both NG cultures, peaking at 24 hpi with 3-4 log scales increase
compared to 1 hpi (Figure 33a). In contrast, e.c. viral RNA increased more rapidly in NG-
IFNAR™ (2-3 log scales at 24 hpi) than in NG-C57BL/6J but reached similar values at 48
hpi (Figure 33b). An earlier release of infectious particles was observed in NG-IFNAR™,
as determined by TCIDsy assay. Peak values increased by 2 log scales at 12 hpi
compared to 1 hpi and decreased again at later time points. In contrast, NG-C57BL/6J
showed peak values at 48 hpi with an increase of 2.5 log scales compared to 1 hpi. At
48 hpi, the release was significantly higher in NG-C57BL/6J compared to NG-IFNAR™".

After rVSV-EBOV-GP infection of the NG culture, viral RNA increased strongly in both,
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i.c. and e.c. RNA, with peak values at 48 hpi. The increase was comparable between
NG-IFNAR” and NG-C57BL/6J, with an increase of 3 log scales compared to 1 hpi.
Additionally, an increase in the number of infectious particles released was observed in
both NG cultures over time, but it was significantly higher in NG-C57BL/6J at 48 hpi than
in NG-IFNAR™, with an increase of 2.5 log scales compared to 1 hpi.
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Figure33 Replication and release of V&WrVSYEBOV GP in the neuroglial mixed culture (N@al replication was
analyzed via R§PCR by quantification of V&)Mntracellular andb) extracellular viral RNA and of r*&BOWGPd)
intracellular ande) extracellular viral RNA. Viral release of infectious particles into the supernatantpit&v of)
rVSVEBOVGP infection was analyzed via T&l8ssay. &) mean+ SEM, n=3. TGPlimit of detection (LOD) =
1.76x1G TCIByml. Twoway ANOVA, ns= P>0.5, *P<0.01.

Nipah and Ebola virus infection

Following verification of the suitability of NG for infection with neurotropic viruses,
infection studies with NiV and EBOV were performed. IFA were performed to confirm
and to visualize infection by staining for viral proteins. After NiV infection of the NG,
various infected cell types were observed, including neurons (Figure 34a) and astrocytes
(Figure 34b), as determined by double staining with the respective cellular markers. NiV-
M staining was detected in the cell soma and in cell processes such as neurites. Small
syncytia formation was also observed (Figure 34c-d). However, the required prolonged
fixation with 4% paraformaldehyde for BSL-4 samples (48 h) may mask many epitopes,
resulting in reduced antigen detection. This was particularly evident with cell markers, as
observed in (Figure 34a), were MAP2 staining was only observed in the cell soma and
not in the neurites. As a result of the reduced antigen detection, identifying infected cell
types was difficult. Furthermore, the atypical staining of MAP2 in the nucleus may

suggest the presence of dying cells, which is consistent with the observed CPE, where
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numerous cells became rounded and detached. Various cells with different morphologies
were infected following EBOV infection, including neurons (Figure 34e), astrocytes,
(Figure 34f) and cells of unknown origin that could be interpreted as cells from the
meninges or choroid plexus cells, based on their cuboidal morphology and epithelial-like
colony formation (Figure 34g). EBOV-GP staining was frequently detected at the plasma
membrane, in cell protrusions, and throughout the cell body (Figure 34g-h). Additionally,

dying cells and CPE were also observed following EBOV infection.

NiV EBOV

)

MAP2 + NiV-M GFAP + NiV-M BIll-Tubulin + EBOV GP GFAP + EBOV GP

Figure34 Susceptibility of the neuroglial mixed culture (NG) todiYEBOV infectiaimmunofluorescencgictures
taken with a confocal laser scanning microscope (Leica TCS &RMGI)nfected witta-d) NiV and withe-h) EBOV
a) Infected neuron®) infected astrocyte-d) NiV-M staining in small syncyti&) infected neurorf) infected astrocyte
g-h) infectednonrneuronal cellsCell markers (MAP2 andll-tubulin: neurons, GFAP: astrocytegqd, virusspecific
markers(NiV-M, EBOMGP).green. Nuclei werstained with DARblue) Scale bars: 20 um.

After evaluating whether NG cells can be infected with either NiV or EBOV, it was
determined if NG cells could provide the necessary conditions for viral replication and
progeny production. Viral replication was analyzed via RT-gPCR by quantification of
intracellular (i.c.) and extracellular (e.c.) viral RNA in the cell lysates and supernatants,
respectively. Following NiV infection, a weak rise in i.c. viral RNA loads in some of the
replicates was observed at 24 hpi in NG-IFNAR” and at 48 hpi in NG-C57BL/6J
compared to 1 hpi (Figure 35a). In the supernatants, no increase was observed in the
e.c. viral RNA loads (Figure 35b). Furthermore, as evidenced by TCIDsy assays,
infectious particles were not detected in the supernatants (Figure 35c). After EBOV
infection, a minor increase in some of the replicates in i.c. viral RNA loads was observed
in BS-C57BL/6J, while the e.c. viral RNA slightly increased in both cultures (Figure 35d-

e). Infectious particles were detected in the supernatant of both cultures, with an increase
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observed at 72 hpi compared to 48 hpi. However, the number was still lower than at 1
hpi (Figure 35f).
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Figure35Replication and release of Niid EBOV in the neuroglial mixed culture (N@jal replication was analyzed
via RTqPCR by quantification of N&Yintracellular andb) extracellular viral RNA and of EB@\ihtracellular ande)
extracellular viral RNA. Viral release of infectious particles into the supernatants)afii® orf) EBOV infection was
analyzed via TCipassay. &) meant SEM, n=3. RGPCR limit of detection (LOD) NiV= ddpies/ul; EBOV= 10
copies/ul. TCI{aLOD = 6.99x10 Clzy/ml.

4.2.2.2 Neuron culture

To investigate the susceptibility of neurons and their relevance for viral replication,
particularly in the absence of other CNS cells, the N culture was infected with VSV or
rVSV-EBOV-GP to analyze its suitability, followed by NiV and EBOV infections. IFA were
performed first to confirm and to visualize infection by staining for viral proteins. The N
cultures derived from both IFNAR’ and C57BL6/J mice were susceptible to VSV
infection. Infected neurons were observed starting at 12 hpi, with the number of infected
neurons increasing over time. At 24 hpi, numerous infected cells were observed (Figure
36a-b). This was also observed at 48 hpi, but with a marked loss of cells. N-IFNAR” was
also susceptible to rVSV-EBOV-GP infection, but with a greater cell loss compared to
VSV (Figure 36¢). Infected cells were observed starting at 12 hpi, with increasing
numbers up to 48 hpi. In contrast, only a few scattered infected neurons were found in
N-C57BL/6J at all time points analyzed (Figure 36d). However, despite limited virus
replication in N-C57BL/6J, a CPE was observed. The staining of i Ill-tubulin was altered

in most neurons, localizing only in the cell soma, while few neurites were detected.
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rVSV-EBOV-GP

C57BL/6_J

Blll-tubulin + VSV-N

Figure36 Susceptibility bthe neuron culture (N) to VSV andSVEBOVGP Immunofluorescencef N infected with
a-b) VSV and-d) r'VSVEBOWGP Overview imagetaken with anAxiovert 200Mof a, c)N-IFNAR-or b, d)N-C57BL/6J.
Neuron marke( Ill-tubulin):red, VSWN: green. Nuclei were visualized wiEiAPI(blue). Scale bars:d&) 50 pm

Following VSV and rVSV-EBOV-GP infections, VSV-N staining was observed within the
perikaryon of infected neurons as well as punctually throughout the dendrites (Figure

37a-b), probably within dendritic spines.
VSV rVSV-EBOV-GP

Bll-tubulin + VSV-N

Figure 37 High magnification images of the neuron cultuftdl) after VSV and rVSVYEBOVWGP infection

Immunofluorescencpictures taken with a confocal laser scanning microscope (Leica TCSER5ni@cted witha)
VSV and) rVSVEBOVWGP. Neuromarker (i lll-tubulin): red, VSW: green. Nuclei were visualized with DAPI (blue).
Scale bars: 20m
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Next, it was evaluated whether N cells alone are sufficient to support viral replication and
progeny production. Viral replication was analyzed via RT-gPCR by quantification of
intracellular (i.c.) and extracellular (e.c.) viral RNA in the cell lysates and supernatants,
respectively. Following VSV infection, a strong increase in intracellular viral RNA was
observed in both N-IFNAR” and N-C57BL/6J. However, the increase was greater in N-
C57BL/6J, exhibiting a 2.5 log scale increase at 24 hpi compared to 1 hpi, whereas in N-
IFNAR™, the increase was approximately to 2 log scales (Figure 38a). At 48 hpi, viral
RNA concentrations began to decrease. This decrease was more pronounced in N-
C57BL-6/J. It is important to note that the starting i.c. and e.c. viral RNA concentrations
differed between both N cultures. Higher values were observed in N-C57BI/6J following
VSV infection and in N-IFNAR following rVSV-EBOV-GP infection. This difference may
be due to the fact that N cultures derived from both mouse strains were not infected in
parallel, as the cultures were established separately. Furthermore, an increase in
extracellular viral RNA was also observed in both cultures but with similar values and
kinetics, considering that the baseline levels at 1 hpi were lower in N-IFNAR” (Figure
38b). The release of infectious particles was then analyzed via TCIDsy assays. In both
cultures, a release of infectious particles was observed with similar kinetics, peaking at
12 hpi. However, the release was significantly higher in N-IFNAR” with approximately
2.5 compared to 1.5 log scale increase in N-C57BL6/J (Figure 38c). Following rVSV-
EBOV-GP infection of the N culture, a continuous increase ini.c. and e.c. viral RNA was
observed over time in N-IFNAR™, differing about 1-1.5 log scales compared to 1 hpi
values. However, this increase was not observed in N-C57BL/6J, where only minimal
changes were detected (Figure 38d-e). A release of infectious particles was observed in
N-IFNAR" with peaks of about 2 log scales at 24 hpi compared to start values. However,

no infectious particles were detected in N-C57BL/6J (Figure 38f).
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Figure38 Replicatiorand release of VSV andSVEBOV GP in the neurounlture (N. Viral replication was analyzed
via RTgPCR by quantification of V&Y intracellular andb) extracellular viral RNA and of rV&BOVWGP d)
intracellular ande) extracellular viral RNA. Viral release of infectious particles into the supernatantpt&iv of)
rVSVEBOVGP infection was analyzed via T&l8ssay. &) meant SEM, n=3. TGPlimit of detection (LOD) =
1.76x1G TCIByml. Twoway ANOVA, ns= P>0.5, **P<0.01.

Nipah and Ebola virus infection

After verifying the suitability of N for infection with neurotropic viruses, infection studies
with NiV and EBOV were performed to analyze the role of neurons as potential target
cells. First, IFA was performed to visualize infection by staining for viral proteins.
Following infection of N with NiV, infected neurons with NiV-M staining present in the cell
soma and in the dendrites were detected (Figure 39a-b). A marked CPE was observed,
many cells detached and only few neurons remained in culture. The expression of i Ill-
tubulin was also limited in the neurites. EBOV infection resulted in infected neurons
displaying EBOV-NP staining in both the cell soma and neurites (Figure 39c-d), likely
located within dendritic spines (Figure 39c). The formation of inclusion bodies was also
observed (Figure 39d). EBOV infection also resulted in CPE.

NiV EBOV

Bll-Tubulin + NiV-M Blll-Tubulin + EBOV NP

Figure39 Susceptibility of the neuron culture (N) to MMIEBOV infectianmmunofluorescenggictures taken with
a confocal laser scanning microscope (Leica TCS $PH lipfected witha-b) NiV and withc-d) EBOV Neuronal
marker { Ill-tubulin): red,virusspecific marker@Ni\\M, EBOMVGP)green. Nuclei were stained with DABILie) Scale
bars: 20 um

The next step, was to determine whether N cells alone are sufficient to support viral
replication and progeny production. Viral replication was analyzed via RT-gPCR by
quantification of intracellular (i.c.) and extracellular (e.c.) viral RNA in the cell lysates and
supernatants, respectively. Following NiV infection, an increase of 0.5-1 log scale in i.c.
viral RNA was observed in N-IFNAR” and in N-C57BL/6J, respectively. Conversely, no
e.c. viral RNA or infectious particles were detected in the supernatant. Following EBOV
infection, both cultures exhibited an increase in i.c. viral RNA, with a more pronounced
increase in N-IFNAR™ than in N-C57BL/6J. In contrast, an increase of e.c. viral RNA was
also observed in both cultures, but with a more pronounced increase in N-C57BL/6J.

Both cultures showed release of infectious particles, with slightly higher values seen in
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N-C57BL/6J. However, N-IFNAR” exhibited a larger increase compared to the starting

concentration.
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Figure40 Replication and release of NiV aBBOV in the neuron culture (Njiral replication was analyzed via-RT
gPCR by quantification of N&Jj intracellular andb) extracellular viral RNA and of EB@)intracellular ande)
extracellular viral RNA. Viral release of infectious particles into the supernatants)fiigt orf) EBOV infection was
analyzed via TCipassay. &) meant SEM, n=3. RFPCR limit of detection (LOD) NiV=2 ddpies/ul; EBOV= 10
copies/ul. TCI{gLOD = 6.99x10 Clzy/ml.

4.2.2.3 Organotypic brain slice culture

In order to study EBOV and NiV infection in a context, where the cellular composition,
3D architecture, and interactions between different cell types are preserved and more
closely resemble in vivo conditions, infection studies were performed with the
organotypic brain slice culture model (BS) after its suitability was analyzed. The
susceptibility of the models was firstly assessed by IFA to visualize infection by staining
for viral proteins. The BS was susceptible to VSV infection. Infected cells were observed
at all analyzed time points. VSV infection was distributed throughout the BS which
included areas of extensive infection (Figure 41a), but also areas with single infected
cells or small foci (Figure 41b-d). Neurons (Figure 41b) and blood vessels were among
the identified infected cells and structures, based on their morphology. Blood vessels
were identified based on the tubular distribution of VSN-N staining observed in 3D
images constructed with Fiji based on z-stacks, as well as by being surrounded by
astrocytic endfeet (Figure 41d (2D shown)). The BS was also susceptible to rvSV-EBOV-
GP infection. Infected cells were observed at all time points analyzed. However, rVSV-
EBOV-GP infection was less pronounced compared to VSV and was also found
throughout the BS, but more scattered with single infected cells or small foci. Infected
astrocytes (Figure 41e-f) as well as presumably infected blood vessels (Figure 41g-h),
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were frequently observed. The astrocyte marker GFAP frequently co-localized with VSV-
N, resulting in a yellow coloration. Although the extension of infection was comparable
between BS isolated from both mouse strains following rVSV-EBOV-GP infection, VSV
infection was more pronounced in BS-IFNAR” compared to BS-C57BL6/J, particularly

at later time points.

rVSV-EBOV-GP

VSV-N GFAP + VSV-N GFAP + VSV-N

Figure 41 Susceptibility of the organotypic brain slice culture model (BS)VSV andrVSVEBOVGP
Immunofluorescence of BS infected vatt) VSV an@-h) rVSVEBOVGR a) extensive area displaying V-8M\staining

b) infected cell with neuroral morphologyc) cluster of infectectellsd) cluster ofinfected cells with bloodvessel
morphologye) VSWN staining in thaneuropilf) infected astrocyteg-h) infectedbloodvessels partially surrounded by
astrocytic endfeeta) Picture taken with adxiovert 200M 100x. bh) Pictures taken with a confocal laser scanning
microscope (Leica TCS SP5 ll), 838k.markers (GFAP: astrocytesil, VSWN: green. Nuclei were visualized with
DAPI(blue) Scale bars: a) 50 pmsh) 20 pm.

The next step, was to determine whether BS can support viral replication and progeny
production, which was assessed by RT-gPCR and TCIDso assays, respectively. After
VSV infection of the BS culture, an increase in i.c. viral RNA was observed at later time
points in BS-IFNAR™, peaking at 72 hpi and reaching around 2 log scales increase
compared to 1 hpi. However, only minimal replication was seen in BS-C57BL/6J (Figure
42a). A minimal increase in e.c. viral RNA, hinting at released virus, was observed in
both cultures with similar values and kinetics (Figure 42b). After rVSV-EBOV-GP
infection of the BS culture, a slight increase in i.c. and e.c. viral RNA was observed in
BS-IFNAR™ peaking at 48 hpi. While the i.c. viral RNA increased again at 96 hpi after a
downturn at 72 hpi, the e.c. viral RNA decreased after the peak at 48 hpi. In contrast, in
BS-C57BL/6J, an increase in viral RNA was only detected i.c. at 72 hpi (Figure 42d-e).
At 48 hpi, e.c. viral RNA levels were significantly higher in BS-IFNAR” compared to BS-
C57BL/6J. Via TCIDso assay, release of infectious particles after VSV infection was

observed only at later time points in BS-IFNAR”. At 1 hpi, infectious particles,
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presumably the inoculum, were measured in both BS models. By 24 hpi, infectious
particle levels decreased to undetectable levels, indicating that the inoculum was taken
up by BS cells from both mice strains, while the infectious virus detected at 72 hpi in BS-
IFNAR™ represents viral progeny. In contrast, after rvSV-EBOV-GP of both BS models,
infectious particles were detected only at 1 hpi, which decreased to undetectable levels
starting at 24 hpi (Figure 42f).
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Figure42 Replication and rebse of VSV an/SVEBOV GP in the organotypic brain slice culture model {B8)
replication was analyzed via ®RPCR by quantification of V&Yintracellular andb) extracellular viral RNA and of
rVSVEBOWGPd) intracellular ande) extracellular viral RNA. Viral release of infectious particles into the supernatant
after ¢) VSV off) rVSVEBOVGP infection was analyzed via Télsay. &) mean+ SEM, all experimentd:24-48

hpi n=31-72-96 hpi n=3. TCkplimit of detection (LOD) = 1.76XIDCIyYml. Twoway ANOVA, ns= P>0.5, **P<0.01.

To investigate whether infection with these viruses results in tissue damage, LDH viability
assays were performed to examine tissue integrity after infection with either VSV or
rVSV-EBOV-GP, as LDH is released into the supernatant upon cell damage. After VSV
infection in BS-IFNAR™, a steady increase in LDH activity was observed. In BS-
C57BL/6J the increase was more pronounced, especially at early time points, being
significantly higher compared to 1 hpi (Figure 43a). After rVSV-EBOV-GP infection a
steady increase in LDH activity was observed, except for 48 hpi, reaching values slightly
higher compared to VSV in BS-IFNAR™. A similar picture was observed after rvSV-
EBOV-GP infection in BS-C57BL/6J, but with higher values at early time points and then
peaking at 48 and 96 hpi with a small drop at 72 hpi (Figure 43b).
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a) LDH-Viability-Assay b) LDH-Viability-Assay
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Figure43Viability of the organotypic brain slice culture model (BS) aftea8iWSYEBOWGP infectionL DH viability
assays to assess tissue damage after infection &)iiSV and wittb) r'VSVEBOV GP in BS isolated from IFN&R
B57BI/6J miceBars:mean+ SEM, all experiment4:24-48 hpi n=31-72-96 hpi n=3. Twavay ANOVA, ns= P>0.05,
*P<0.05.

Nipah and Ebola virus infection

After confirming the suitability of the BS model for neurotropic virus infection, NiV and
EBQV infection studies were performed to analyze potential target cells and affected
areas in a context that preserves cellular composition, 3D architecture, and interactions
between different cell types. First, IFA was performed to visualize infection by staining
for viral proteins. Following NiV infection of the BS, NiV-M staining was detected not only
in individual cells but also in areas of extensive infection (Figure 44a, h), where infected
foci consisting of multiple cells were observed. However, due to the high magnification,
it was difficult to define the localization of the infected areas. Through double staining,
neurons (Figure 44b), astrocytes (Figure 44c), and endothelial cells from a small blood
vessel (Figure 44d) were identified as infected cell types. In addition, infected blood
vessels were detected based on the tubular distribution of NiV-M staining observed in
3D images constructed with Fiji based on z-stacks (Figure 44e (2D shown)).
Furthermore, based on the cuboidal morphology (Figure 44f, h), itis possible that choroid
plexus cells were also infected. Sporadically, small syncytia formation was observed
(Figure 44q). Infected cells were often found surrounded by non-infected astrocytes,
when GFAP was used as a cellular marker (Figure 44g). Areas with only a few cells
(Figure 44b-d) may represent cell loss due to CPE, but also depending on the localization
on the BS, this can also be normal and physiological distribution of cells (Figure 16c-e).

A differentiation via IFA was not possible.
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Figure44 Susceptibility of the organotypic brain slice culture (BS) to NiV infebtiamunofluorescence imagesken
with a confocal laser scanning microscope (Leica TCS 8FBSIinfected with Ni\a) Extensive area displaying NiV
M stainingb) infected neurons)infected astrocytel) two endothelial cellsvith one displaying N staininge) NiV-

M staining possibly in a bloogesself) possibly infected choroid plexus cells based on the morphaipggnall
syncytiumh) area of extensive NiV staining, probably in choroid plexus ce@&ll markers (MAP2: neurons, GFAP:
astrocytes, CD31: endothelial cell®d,NiV-M: green. Nuclei were stained wilbAPI(blue) Scale bars: 20 pm.

Following EBOV infection, EBOV-NP staining was found mostly within inclusion bodies
in individual cells (Figure 45a-b). Infected astrocytes were observed close to several
other non-infected astrocytes (Figure 45c-d). Inclusion bodies of different sizes were also
observed in cells, with a large and round morphology of the cell soma (Figure 45e).
Furthermore, EBOV-NP staining was also observed in the neuropil (Figure 45c-f).
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