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“I can live with doubt and uncertainty and not knowing. | think it’'s much more interesting
to live not knowing than to have answers, which might be wrong. | have approximate

answers and possible beliefs and different degrees of certainty about different things,

but I’'m not absolutely sure of anything.”

- Richard P. Feynman
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1. Introduction and objective

Henipaviruses, such as Hendra virus (HeV) and Nipah virus (NiV), are emerging threats to
global public health and are currently listed on the WHO Blueprint list of epidemic threats,
which require immediate research and development efforts "2, Their high pathogenicity and
ability to inhibit the host’s innate immune response complicate research into antiviral drugs and
vaccines *°. The discovery and isolation of the first non-pathogenic henipavirus, Cedar virus
(CedV), from black flying foxes in Australia has created new possibilities for henipavirus

€. Although CedV’s low virulence has been

research under low biosafety conditions
demonstrated in animal trials and some cell culture experiments °-®, the mechanisms by which
CedV enters the cells of its natural host, fruit bats, and whether such infection activates innate

immune responses and cellular stress remain poorly understood.

CedV enters human cells via the cell surface proteins, ephrin B1 and B2, and with lower
efficiency, A2 and A5 *''. The first objective of this project was to determine which fruit bat
ephrins mediate CedV entry, using Egyptian rousette bats (ERB, Rousettus aegyptiacus) as a
model species. Receptor usage can influence viral spread and disease progression 2.
Therefore, investigating the contribution of specific ephrins to viral entry is a first step in
assessing virulence in that species. To this end, entry of a recombinant fluorescent CedV
(rCedV-nTurbo635) was evaluated in different assays, including cells that stably express single

ERB ephrins and specific ERB ephrin knockdown cells.

Secondly, the innate immune responses of ERB, porcine, and human epithelial cells to rCedV-
nTurbo635 infection were evaluated at both the transcriptional and translational level.
Replication competence was assessed under various conditions, including the inhibition of
interferon signaling. As HeV and NiV proteins are known to suppress type | interferon (IFN)

1318 “when individually expressed in cell culture systems, similar

induction and signaling
experiments were carried out with CedV proteins F, G, M, N, P, and C to evaluate their effects

on IFN induction.

The third objective focused on whether rCedV-nTurbo635 could trigger ER stress and cell
death in epithelial cell lines and primary ERB lung endothelia-like cells. Apoptosis was
assessed using Western blot and high-content microscopy to determine the activation and

activity of caspase-3 and -7, the key apoptotic caspases.

In all, this project sheds light on the receptors used by CedV to enter fruit bat cells, as well as
the innate immune processes and cytopathic effects that follow the infection of different

epithelial cell lines.



2. Literature review

2.1. Henipaviruses — an emerging global threat

2.1.1. Henipaviruses — a reason for concern?

In 1994, in Queensland, Australia, a horse trainer and 14 of his horses died from a febrile
illness. The causative agent was later isolated and named Hendra virus (HeV), representing a
novel genus, Henipavirus, within the family Paramyxoviridae'®'. Within the same decade
(1998/99), Nipah virus (NiV), which is closely related to HeV, emerged among pig farmers and
their livestock in Malaysia ?2. Both viruses cause respiratory and neurological symptoms, with
high case fatality rates of 40-75% 232*. Pathology is dominated by thrombosis and severe
vasculitis in small blood vessels, most prominently in the brain and lungs, characterized by
destruction of the endothelial lining and necrosis of the vessel walls *. The reservoir hosts for
both viruses are fruit bats of the genus Pteropus, which transmit the virus to terrestrial
mammals indirectly via contamination of fruit and date palm sap, or likely also directly through
bites and scratches "8, Initially, most human HeV and NiV infections occurred through

922 (Figure 2.1). However, more

contact with intermediate hosts, such as horses or pigs
recent NiV outbreaks in Bangladesh and India have raised concern, as human-to-human

transmission has been reported 2°°,

Pteropus spp.

Date
palm sap

Excretions,
contaminated fruit

Excretions,
contaminated fruit

HeV Niv-M

human-to-human
transmission
(NiV-B)

Figure 2.1. Henipavirus transmission.
lllustration of henipavirus transmission from reservoir hosts (Pteropus spp.) to intermediate hosts (horses, pigs)
and humans. NiV-M: Nipah virus Malaysia, NiV-B: Nipah virus Bangladesh, HeV: Hendra virus. Image was modified

from Quarleri et al. ' and created with Biorender.com.



As their distinctive genome, high virulence, and broad host range distinguish HeV and NiV
from other paramyxoviruses, a new genus, Henipavirus, has been created. Due to the current
lack of specific treatments or vaccines, they are classified as biosafety level 4 (BSL-4)

pathogens *'"%2,

2.1.2. Novel henipaviruses and bats

In recent years, an increasing number of novel henipavirus(-like) sequences have been
identified all across the globe, with some successfully isolated from patients or reservoir hosts
(Table 2.1). Different fruit bat species play a significant role in harboring henipaviruses, but

shrews and rodents have also been implicated as reservoirs 3334,

Table 2.1. Novel henipavirus-like viruses.

Viruses marked with a star (*) are not formally classified as henipaviruses by ICTV as of March 2025. Crocidura
sp.= shrew species; Marmosa demerarae = woolly mouse opossum; Rattus flavipectus = Asian house rat; Eidolon

dupreanum/ Eidolon helvum/ Pteropus alecto = fruit bat species.

Virus Host species Country of Live virus Human
origin isolation infections
reported
*Angavokely Eidolon Republic of no no
virus®® dupreanum Madagascar
Cedar virus® Pteropus alecto  Australia yes no
*Daeryong Crocidura sp. Republic of no no
virus* Korea
*Denwin virus®* Crocidura Belgium no no
russula
*Gamak virus®** Crocidura sp. Republic of yes no
Korea
Ghanian bat Eidolon helvum  Ghana no no
virus®®




*Langya virus® Crocidura sp. China yes yes

*Melian virus®® Crocidura Guinea no no
grandiceps

*Mojiang Rattus China no yes

virus®® flavipectus

*Peixe-Boi Marmosa Brazil no no

virus®® demerarae

On the ever-growing list of novel henipaviruses, Cedar virus (CedV) stands out as the only
non-pathogenic virus that has been successfully isolated and can now be used to study the
genus under low biosafety conditions ©'°. The low virulence and pathogenicity becomes
apparent in vivo, as challenged hamsters, ferrets, and guinea pigs display no clinical signs,
even though CedV can replicate in both the upper and lower respiratory tract 58. Genetically,
CedV is very similar to HeV and NiV; it does not, however, possess the important virulence
factors V and W that inhibit the host’s innate immune response and thereby enhance viral

replication (discussed in chapter 2.2.4) 681040,

Henipavirus-like sequences have been identified during screenings of bat species across
Africa, including various non-Pteropus bat families, such as Pteronotus parnellii, Carollia
perspicillata, ERB, and Eidolon helvum 3**'=*  The sequences detected in ERB are most
similar to the Australian CedV isolate *2. Despite this, the experimental intranasal challenge of
ERB was unsuccessful, as none of the animals seroconverted or became PCR-positive during
the trial “. These results either indicate resistance to CedV or a suboptimal route of infection.
Along those lines, ERB are also refractory to intraperitoneal NiV infection, and even though
ERB-derived cells express the necessary receptors for viral entry, productive replication
cannot be observed “°. As experimental data contradict evidence in free-ranging bats, more
research is required to elucidate the role of ERB as a potential henipavirus reservoir. In
contrast, Pteropus poliocephalus, challenged with HeV, present a clear picture of subclinical
disease, characterized by the absence of apparent clinical signs, by seroconversion, and minor
endothelial damage “¢*". HeV is even transmitted transplacentally without disruption of the
pregnancy “¢4’_NiV infected Pteropus vampyrus and Pteropus alecto, the confirmed reservoir
hosts, seroconvert, but only a few individuals shed infectious virus, while all remain clinically
healthy 2248,

10



2.1.3. Genome organization and role of viral proteins

Henipaviruses belong to the family Paramyxoviridae *°. Paramyxoviruses are enveloped
viruses with a single-stranded, negative-sense, non-segmented RNA genome and share a
similar basic organizational structure ***°. The HeV and NiV genomes encode for 9 proteins,
N, P,C,V,W, M, F, G and L, whereas the CedV genome only encodes for 7, omitting V and
W “**1 The genome is transcribed from 3’ to 5" end in a decreasing mRNA gradient, starting
with the most abundant nucleocapsid protein (N) that binds and encapsidates the viral genomic
RNA (Figure 2.2) °'. Next in line for transcription is the phosphoprotein (P), which, together
with the large protein (L), forms the RNA-dependent RNA polymerase (RdRp) *2. The RdRp
generates 5’ capped and methylated, 3’ polyadenylated mRNAs for viral protein synthesis 2.
When sufficient nucleocapsid protein is synthesized, the RdRp starts replicating the viral
genome by first generating a full-length antigenomic strand, which serves as a template for
subsequent genome replication 5%2°4-%¢_ During this process, the L protein is responsible for
enzymatic activity, while the P protein links the polymerase to its RNA template °>**. In case
of HeV and NiV, the P gene also encodes for the accessory V and W proteins by “RNA editing”
(insertion of guanine residues, which change the open reading frame) and for the C protein by
alternative translation initiation at the ribosomal site *°. The editing of the P mRNA is linked to
the “rule of six”; however, the reason for this connection has not been elucidated, thus far .
This concept, inherent to Paramyxovirinae, states that for the virus to replicate efficiently, the
genome length in nucleotides must be divisible by six *”. The matrix protein (M) regulates virion
assembly and budding at the plasma membrane by connecting the ribonucleoprotein complex
(genomic RNA encapsidated by N) with the glycoprotein G and the fusion protein F °4*°. The
glycoprotein G, also known as the receptor binding protein (RBP), is expressed as tetramers
on the envelope surface and attaches to its cell surface receptor, such as ephrins, in the case

of most thoroughly investigated henipaviruses ©°'

. This attachment triggers structural
alterations in the G monomer head domain, as well as conformational changes in F4 protein
trimers, which form membrane fusion pores to mediate complete membrane fusion and the
release of the viral genome into the host cell ®*52. The F, protein, translated initially from the
viral mRNA, is processed through the ER, expressed on the cell surface, and then internalized
into endosomes to be cleaved by the host protease cathepsin L, resulting in the two fragments
Fs and F25%°. The now biologically active F1 fragment reassembles into homotrimers, which
are still linked to F2 homotrimers through disulfide bonds, before being transported back to the

cell surface 2.

11
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Figure 2.2. CedV genome and viral particle constituents.

The henipavirus genome is transcribed from 3’ to 5’ end in a decreasing gradient. The glycoprotein G and fusion
protein F are expressed on the surface of virions and mediate entry and fusion. The matrix protein M is responsible
for virion assembly and budding. The viral RNA genome is encapsidated by the nucleocapsid protein N and the
phosphoprotein P mediates binding of the RNA-dependent RNA polymerase (large protein) to the viral RNA. Sizes

are not up to scale. Image was modified from Rima et al. 4° and Marsh et al. 8 and created with Biorender.com.

2.1.4. Influence of entry receptors on tissue tropism and pathology

HeV and NiV enter host cells by attaching to the receptor-binding domain of the cell-surface-
associated proteins ephrin B2 and B3 ®6-%8, Ephrins are divided into two groups: the ephrin A
class, containing ephrin A1 to A5, and the ephrin B class, including ephrin B1 to B3. B ephrins
comprise an Eph-receptor binding domain (G-H-loop), a transmembrane segment, and a
cytoplasmic region %*7°. A ephrins, as the smaller family members, only consist of the Eph-
receptor binding region in combination with a Glycosylphosphatidylinositol (GPI) anchor #°7°.
Physiologically, ephrin-Eph-receptor signaling plays a crucial role in communication between
neighboring cells, particularly during the embryonic development of the central nervous
system, as well as in various cellular processes in the adult organism "™="®, Therefore, ephrins

are expressed in almost all tissues ©°

. In case of henipavirus infections, ephrin tissue
distribution partially explains the neurotropism of HeV and NiV, as ephrin B3 is predominantly
expressed in the neural tube midline during embryogenesis and is generally significant for
synapse formation in the hippocampus and forebrain >’*. One characteristic feature of
HeV/NiV infections is the involvement of capillaries and small blood vessels leading to
vasculitis, necrosis, and hemorrhages in multiple organs, which has been connected to ephrin

B2 expression on endothelial cells """ Since ephrins and their receptors are widely

12



conserved among vertebrates, HeV and NiV have an unusually broad host spectrum when
compared to other paramyxoviruses. It includes, in addition to the hosts mentioned above,

48,75,7

cats, dogs, guinea pigs, hamsters, and various fruit bat species 881 Susceptibility to
infection is, however, not only determined by expression of the appropriate receptors, but also
dependent on other cellular factors. For instance, a mouse and a rat cell line that express
ephrin B2 have been shown to be refractory to NiV infection, suggesting a mechanism that

limits viral replication at the post-entry step 2.

CedV utilizes ephrins B1 and B2 to enter human cells and additionally shows moderate binding
affinity to ephrins A2 and A5 °. CedV G protein only shares 30% homology with its NiV
counterpart, which explains the difference in receptor usage ®'". While HeV and NiV G proteins
interact with the tyrosine residue in the G-H loop of human ephrin B3, CedV G protein has an
asparagine residue at the equivalent position, rendering receptor binding unstable °. CedV, on
the other hand, can utilize human ephrin B1, because in contrast to HeV/NiV G proteins, CedV
G protein can accommodate the Tyr-Met motif, present within the ephrin B1 G-H-loop ''. As
ephrin B1 is widely distributed across multiple organs and is usually expressed at high levels,

its usage could be advantageous regarding systemic infections '" .

2.2. Henipavirus pathogenicity and host defense

2.2.1. Bats harbor many zoonotic viruses without developing disease

Bats (Order: Chiroptera) consist of more than 1,400 different species making them the second

most species-rich mammalian order after rodents

. Fruit bats belong to the suborder
Yinpterochiroptera and differ, e.g., in physiology, habitat, and feeding from their generally
smaller relatives, the Yangochiroptera (Vespertilioniformes) 8. Egyptian Rousette bats (ERB)
are widely, but patchily, distributed across Africa, the Arabian Peninsula, and the eastern
Mediterranean region 34%°. Unlike most fruit bats, ERB roost in large numbers in caves instead
of trees and use tongue clicking for echolocation 3. They are, next to Pteropus bats, one of
the more thoroughly researched bat species. As cave-roosting species, they can be sampled
more easily, they are not in danger of extinction and the establishment of breeding colonies
has been successful in various institutions *“*®%’_ They are the natural reservoir for the highly
pathogenic Marburg virus (MARV) and Sosuga virus, and a plethora of other paramyxo- and

coronaviruses have been shown to be associated with ERB as well 4'4287-92,

In recent years, accumulating evidence has placed bats at the center of attention as reservoir

hosts for many zoonotic viruses %°. Even though they are susceptible to infection with highly

13



pathogenic viruses, such as MARV 8 Niv * severe acute respiratory syndrome virus
(SARS)-like coronaviruses %, etc., they exhibit no overt symptoms or succumb to disease
48879 Unraveling why bats are so impervious to viral diseases is an important task, as it could
have far-reaching implications for antiviral treatments in humans. Currently, various theories
exist regarding how the bat immune system effectively combats viral infections. During flight,
their body temperature increases up to 42°C, which could limit pathogen replication (“Flight as
fever’ hypothesis) %%, Additionally, some bat species, such as Pteropus, constitutively

express type | Interferon (IFN 1) %

and show reduced inflammasome activation upon
stimulation of Toll-like receptors (TLRs) '°*'°', During the evolution of powered flight, genes
associated with DNA repair pathways, such as those encoding for DNA-PKc (DNA-dependent
protein kinase catalytic subunit) or KU80, were positively selected in bats to counteract heat-
related DNA release into the cytosol and increased reactive oxygen species (ROS) formation
192 This improvement in DNA repair is accompanied by attenuated DNA sensing '%%7'%. Many
bat genomes currently available lack the Pyrin and HIN domain (PYHIN) gene family, e.g.,
AIM2 7 IFI16 °® Pyhin 1 ', which are responsible for cytosolic DNA sensing and
inflammasome activation '°>7'%. This can explain dampened reactivity to DNA viruses and

102-106 The dampened NLRP3 inflammasome activation also results in less

cellular damage
IL1B secretion, a pro-inflammatory cytokine, which causes tissue damage and inflammation
101.105 - Along those lines, ERB react to MARV infection with the upregulation of antiviral
pathways, but in contrast to human patients, the bat immune system is able to control (hyper-
) inflammation "%, Supporting viral replication while controlling adverse immune reactions
is referred to as “disease tolerance” ®''2. Another theory for why bats harbor as many highly
pathogenic viruses is an improved ability to control viral replication, termed “host
resistance/host defense” ''2'"3. Overall, bats have been shown to balance restricting viral loads
and preventing pathological inflammation %''2, However, bats can develop diseases and
succumb to some infections. For example Eidolon helvum bats succumb to Lagos bat

Virus114,115

, rabies virus can cause disease symptoms and death in Eptesicus fuscus ''® and
Myotis spp. in the US have nearly been eradicated by the fungus Pseudogymnoascus
destructans (“white nose syndrome”) "8 A challenge in bat immunology is the often
fragmented data, which is limited to a few individual species, making it difficult to draw

conclusions about bats as a whole order.

2.2.2. Type |l interferon induction and signaling

Interferons (IFNs) were first discovered in 1957 as a novel substance interfering with influenza
virus replication "'%'2*, We now differentiate between three subclasses: type | IFN, consisting
of IFNa, B, 8, &, K, T, w; type 1l IFN (IFNy); and type Ill IFN, also called IFNA %2, [FNs are an
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essential part of the innate immune response and undisputed in their role as antiviral effectors.
Cells recognize pathogen- and damage-associated molecular patterns (PAMPs, DAMPs),
such as double- or single-stranded RNA, extranuclear DNA, bacterial membrane components
like lipopolysaccharide (LPS) or peptidoglycans, via pattern recognition receptors (PRRs) '%.
In case of RNA-virus infections, the responsible PRRs include the endosomal Toll-like
receptors (TLRs 3, 7, 8), the cytosolic family of RIG-I-like receptors (RLR): retinoic acid
inducible gene 1 (RIG-I), melanoma differentiation-associated gene 5 (MDAS), and Laboratory
of Genetics and Physiology 2 (LGP2) %528, Upon ligand recognition, TLRs can recruit Toll/IL-
1R domain-containing adaptor-inducing IFNB (TRIF) or myeloid differentiation primary
response-88 (MYD88), which leads to IFN induction via Interferon regulatory factors 3 and 7
(IRF3, IRF7) translocation to the nucleus '#°. RIG-I and MDAS5 activation results in the
recruitment of kinases TBK1 and IKKe via the mitochondrial antiviral signaling protein (MAVS),
ultimately leading to IRF3/7-dependent type | IFN transcription '?*'% (Figure 2.3). IFNs are
secreted and can affect both the activated cells themselves (autocrine) and neighboring cells

(paracrine) '%.

The type | IFNs all activate the same receptor pair, IFNAR1 and 2, which leads to Janus kinase
(JAK1) and tyrosine kinase 2 (TYK2) mediated phosphorylation of signal transducer and
activator of transcription 1 (STAT1) and STAT2. STAT1 heterodimerizes with STATZ,
associates with IFN regulatory factor 9 (IRF9), and, after nuclear translocation, activates IFN-
stimulated response element (ISRE)-dependent transcription of IFN-stimulated genes (ISGs)
122 STAT1 can also form homodimers, which translocate to the nucleus and initiate gamma
interferon activation site (GAS) dependent gene transcription '?2. As the name suggests, GAS
elements are inducible by IFNy receptor (IFNGR1 and 2) activation, in addition to IFNAR1/2,
since IFNGR-dependent JAKs also phosphorylate STAT1. IFNy is primarily secreted by natural
killer cells and activated T cells, thereby bridging the gap to the adaptive branch of the immune

130-

system %32 Type Il IFNs, IFNA1, A2, and A3, bind to their own receptor, consisting of the

two subunits IFNLR1 and IL10R2, which leads to the initiation of JAK-STAT signaling, similar
to type | IFN signaling '33-"3¢
IFNs is due to the tissue distribution of the respective receptors '*’. IFNAR1, IFNAR2, and

IL10R are expressed on almost all cells, whereas IFNLR1 expression is more limited to specific

. One difference in cellular response between type | and type Il

organs (e.g., lungs, stomach, intestine) or cell types (e.g., dendritic or epithelial cells) 3738

IFNLR1/IL10R2 is particularly abundant at mucosal barrier sites, where it confers increased
protection against pathogen entry 133136138 _Additionally, the expression levels of the respective
IFN receptors, the timing of IFN secretion and receptor binding, inhibitory mechanisms, as well

as unknown factors, all play a role in nuanced responses to different IFNs ™’
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2.2.3. Antiviral innate immune responses in fruit bats: similar, but different?

With an increase in bat immunology research in recent years, the black box of the bat immune
system is slowly being decoded. Since in ERB only 2.75% of genes are associated with the
immune system, in comparison to ~ 7% in humans, differences in signaling and functionality

between these two species are inevitable 13914

. In general, foreign RNA sensing, IFN
induction, and signaling seem to be conserved among bats; however, in such a diverse order,
some distinctions must be made, and knowledge about one species might not apply to another.
For the TLRs 1-9, homologs have been found in the ERB genome, whereas P. alecto also
encode a functional TLR10 and a TLR13 pseudogene 941142 Additionally, all three RLRs
(RIG-I, MDA5, LGP2) have been sequenced and functionally characterized in P. alecto,
revealing a high level of similarity to their human counterparts, which suggests a conserved

mode of foreign RNA sensing in bats '

. MAVS, as an essential adaptor molecule
downstream of RLRs, is present in the ERB genome, and its expression has been
demonstrated in other bat species as well **'*_However, in contrast to the RLRs and some
ISGs, e.g., Myxoma resistance 1 (MX1) or 2',5'-oligoadenylate synthetase (OAS17), the degree
of amino acid similarity to MAVS of other species is low, which could indicate functional
deviation 41143145146 1n p_alecto, IRF7 is constitutively expressed in most tissues, which could
enable a stronger and more rapid IFN response in the event of viral infections '*’. Additionally,
Banerjee et al. demonstrated that an alternative IRF3 phosphorylation site, found in multiple
bat species, already confers enhanced antiviral protection against vesicular stomatitis virus

(VSV) 148,

The P. alecto genome reveals a contracted type | IFN locus and, surprisingly, constitutive

expression of IFNa %

. On the contrary, ERB underwent expansion of the /FNB locus, and
there is no evidence of elevated baseline levels of IFNa "', IFNa signaling via IFNAR1 and
IFNAR2 has pronounced antiviral effects, resulting in the transcription of a plethora of ISGs,
some of which have no homolog in humans "'. IFNA1 and IFNA2 from P. alecto have been
sequenced and functionally characterized, revealing antiviral properties and distinct

expression patterns compared to type | IFNs %

. While P. alecto cells induce IFN in response
to polyl:C (dsRNA) transfection, which stimulates cytosolic RLRs, and treatment, activating
endosomal TLR3, IFNA2 is only upregulated in response to cytosolic RLR stimulation "2, IFNA1
expression, on the other hand, is stimulated by infection with ssSRNA viruses, such as Tioman

152 Expression of the

Paramyxovirus, suggesting distinct roles for the two type Il IFNs
corresponding receptors, IFNLR1 and IL10R2, on epithelial and immune cells is also in

alignment with human data '**. IFN signaling is also conserved, as key players have been
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identified in all thoroughly sequenced species *%'%4-%6 ERB STAT1 is capable of translocating

to the nucleus to initiate transcription of ISGs .

Most ISGs, induced in fruit bat cells, are conserved in their expression and function when
compared to human data 3%142146.157.158 |nterestingly, the time course and intensity of gene
induction differ distinctly, with shorter ISG induction and lower fold changes measured in bat
cells '*". Ribonuclease L (RNase L), which is activated by OAS and degrades viral and cellular
RNA, has been discovered as a novel ISG in P. alecto, but not ERB "°"57:1%9.1%0 Enhanced
RNA degradation, in addition to its obvious benefits during viral infections, can also potentiate
IFN responses and lead to apoptosis, ultimately providing increased antiviral defense 61162,
Recently, structural changes in the ISG15 of certain bat species have been demonstrated to
lead to more efficient restriction of viral replication, while simultaneously reducing the pro-
inflammatory secretion of ISG15 dimers '3, In contrast, TRIM40 is a fruit bat-specific ISG,

which promotes NiV replication by inhibiting RLR-mediated IFN induction "4,

One key difference in bat antiviral responses, first suggested by Banerjee et al. "

, might be
the reduced induction of pro-inflammatory cytokines, as demonstrated for c-Rel-mediated
suppression of tumor necrosis factor a (TNFA) signaling in the big brown bat and evidence of
nuclear factor k-light-chain-enhancer of activated B cells (NF-kB) related gene losses in

recently annotated bat genomes '°¢16°

. Similarly, the low induction of pro-inflammatory
cytokines TNFA and interleukin 6 (/L6) has also been observed in cells of the Mexican free-
tailed bat in response to RNA virus infections '°. In terms of improved viral control, bat protein
kinase R (PKR) was positively selected for and underwent a duplication event during evolution,
suggesting diversification in function or specificity . PKR is activated by dsRNA,
phosphorylates the translation initiation factor elF2a, and thereby inhibits translation, which

slows down viral replication, while also enhancing IFN production '67-169,

Large-scale bat genome analyses reveal an evolution toward reduced inflammation, while
maintaining adequate antiviral mechanisms 93156163170 Egch new bat genome annotation also
provides some unannotated contigs with ORFs, suggesting expression of order-, and even

species-specific genes that could be relevant in immunity 39142151,

2.2.4. Inhibition of innate immunity by paramyxoviral proteins

Many paramyxovirus P gene products influence the host’s innate immune system to enhance

viral replication, e.g., Sendai virus (SeV) C proteins """, Mumps V protein 172

, and human
parainfluenza virus 2 (HPIV-2) V protein ' all antagonize IFN induction and signaling. The

IFN antagonistic abilities of HeV and NiV P gene products were discovered early on in cell
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culture experiments '"*; however, the extent and exact mechanism are still subject to much
debate (Figure 2.3) '"°. Since V and W stem from RNA editing of the P mRNA, all three proteins
share the same N-terminal domain, which binds to STAT1 and 2, but not STAT3 *°. This
prevents the phosphorylation of the tyrosine residue by Janus kinase (JAK) and thereby inhibits
STAT activation *'418176 While P and V are expressed in the cytoplasm, W is more prominent
in the nucleus, where it prevents ISRE-dependent transcription of ISGs by sequestering
unphosphorylated STAT1 77 In cells that express NiV W, STAT1 is already located in the
nucleus in its inactive form, and its localization does not change after IFNB stimulation 6. NiV
nucleocapsid protein N interferes with STAT import into the nucleus, thereby reducing ISG
induction, yet without altering phosphorylation of STAT ™. In contrast to some other
paramyxoviruses (e.g., Simian virus 5, HPIV-2) '8 henipavirus infection does not cause
increased STAT degradation, but rather sequestration '””. Similar observations have also been
made using recombinant NiV infection '””. Conversely, Virtue et al. report no influence on IFN
signaling in response to henipavirus infections in human cells and hypothesize that the

observed STAT inhibitions are merely an artifact of overexpression models '”°.

CedV P gene does not encode a V or W protein and exhibits very low sequence homology to
HeV/NiV P genes ®’. Overexpression of CedV P is not able to prevent STAT 1/2 translocation
to the nucleus, whereas CedV infection merely has a limited effect on IFN-induced STAT

signaling, all in all suggesting a negligible influence on this pathway .
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Figure 2.3. Henipaviruses inhibit interferon induction and signaling.

HeV/NiV V protein inhibits /FNB induction by preventing dephosphorylation of MDAS, stabilizing the LGP2-
dependent inhibition of RIG-I, and through interaction with TBK1. The W protein inhibits IKKe and TBK1, reduces
the amount of phosphorylated IRF3 in the nucleus and suppresses NF-kB-mediated transcription. Thereby, V and
W expression decrease IFN production. HeV/NiV/CedV M proteins reduce IKKe-mediated IRF3/7 activation.

P, V, and W share the same N-terminus, which binds to STAT1/2 to prevent activating phosphorylation. Additionally,
the W protein sequesters unphosphorylated STAT1 in the nucleus, preventing transcription of ISGs. The N protein
interferes with the nuclear translocation of STAT.

LGP2, Laboratory of genetics and physiology 2; RIG-I, Retinoic acid inducible gene |I; MDA5, Melanoma
differentiation-associated gene 5; MAVS, Mitochondrial antiviral signaling protein; TBK1, TANK-binding kinase 1;
IKKe, I-kappa-B kinase ¢; IRF, Interferon regulatory factor; NF-kB, Nuclear factor k-light-chain-enhancer of activated
B cells; TRAF6, Tumor necrosis factor receptor-associated factor 6; JAK, Janus kinase; STAT, Signal transducer

and activator of transcription 1; ISRE, Interferon-stimulated response elements; ISG, Interferon stimulated gene;

The illustration was created in Biorender.com, using a template generated by J. Tucker 73,

Additionally, HeV and NiV V proteins inhibit MDA5-mediated IFN induction by interacting with
phosphatases PP1a and PP 1y to prevent dephosphorylation of MDA5 '8-'82 |n viral infections,
the cytosolic PRR MDAS binds to dsRNA, is then dephosphorylated by PP1a and PP1y, which
enables its interaction with MAVS 83184 |nterestingly, the V protein-mediated inhibition of PP1

does not extend to interactions with RIG-I, as RIG-I phosphorylation levels remain unaltered
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by V protein expression. This demonstrates a specific mechanism that only obstructs MDA5

82 Nevertheless, paramyxoviruses have also evolved mechanisms to

dephosphorylation
prevent RIG-I-mediated signaling. LGP2 is part of the RIG-I-like receptors (RLR), but its role
in IFN induction is controversial. Since it lacks a CARD domain, which is required for the
downstream activation of MAVS, LGP2 has to interact with either RIG-I or MDAS to influence
IFN induction '8 There is agreement that LGP2 enhances MDAS5 signaling; however,
whether it has a positive or negative regulatory effect on RIG-I remains under debate and may
be virus-specific '¥"-8°_ Paramyxoviral V proteins of parainfluenza virus-5 (PIV-5), HeV, and
NiV interact with LGP2, which enhances the RIG-I/LGP2/V complex formation and stabilizes

the RIG-I inhibition that is already visible in mere LGP2 overexpression '891%°,

Moreover, NiV and HeV W proteins increase the accumulation of the regulatory protein 14-3-
3 in the nucleus and enhance its inherent ability to suppress NF-kB-mediated transcription of
various cytokines '°"'%2 In the presence of W, 14-3-3 causes p65, an NF-kB family member,
to dissociate from the DNA and translocate back to the cytoplasm ''. Furthermore, Shaw et
al. have demonstrated that NiV W protein influences intracellular dsRNA sensing by interfering
with TBK1 and IKKeg, and additionally decreases the amount of phosphorylated IRF3 in the
nucleus, thereby inhibiting transcriptional activation of the IFNB promoter downstream of TLR3
and RLRs 5. NiV V protein, in turn, has a much weaker influence on /IFNB induction, as it only
inhibits TBK1-mediated phosphorylation of IRF3 '. Interestingly, NiV, HeV, and CedV M
proteins all decrease IKKe activation by degrading the Ubiquitin ligase TRIM6, a mechanism

that has not been described for other paramyxoviruses .

When focusing solely on in vitro data, it appears that W protein is the primary IFN antagonist.
Surprisingly, in vivo experiments with recombinant NiV deficient of either V or W protein paint
a very different picture **'%%. Ferrets challenged with a V-deficient NiV suffer a febrile illness,
but do not succumb to the disease. At the same time, animals challenged with a W-knockout
(NiV-Wko) strain present with severe neurological signs and attenuated respiratory disease,
but unaltered lethality *°. Those observations suggest that the V protein is the essential
pathogenicity factor, and the presence of the W protein influences tissue tropism towards lung

pathology, thereby altering the disease course “°.

Of the three non-structural proteins, the C protein and its influence on replication, as well as

immune responses, is the most ambiguous. NiV C deletion mutants (NiV-Cko) consistently

grow to lower titers in cell culture ''%; however, C protein expression can impede

minigenome replication '¥’. Some studies have shown a weak ability to inhibit IFN 74193,

whereas others report more potent effects on IFN and proinflammatory cytokine levels '9°1%.
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While NiV-Cko virulence is drastically decreased in the golden hamster model 3%, ferrets
succumb to the infection within a similar time frame as WT-infected animals '°*. Similar to
Measles virus C protein %8 NiV C protein reduces the amount of cytoplasmic dsRNA that could

activate PRRs and thereby indirectly reduces IFN induction '

. Additionally, a direct
mechanism takes effect on IFNB induction, as well as cytokine expression, which has not been
elucidated thus far '*>'%_ The NiV C protein’s influence on TLR7/9 dependent IFNA induction

has, however, been demonstrated as being mediated by reduced IRF7 phosphorylation '%°.

Some of the aforementioned mechanisms of IFN inhibition have also been demonstrated in
fruit bat cells from different species. The NiV V and W proteins exhibit comparable IFN-
antagonistic properties in both bat and human cells *>2%°_ In P. alecto and P. vampyrus cells,
both IFN induction and signaling are inhibited in response to HeV/NiV infection, suggesting
Pteropodidae could have developed an IFN-independent mechanism of coping with
henipaviruses '*°2%". Transcriptomic and proteomic analyses of HeV-infected P. alecto kidney
cells (PaKi) indicate that death receptor-mediated apoptosis plays a role in limiting the
infection. 2°22%%_ PaKi cells respond more vigorously to CedV infection than to HeV, exhibiting
an upregulation of type | and Ill IFNs, cytokines, apoptosis-related genes, and regulators of
enriched pathways 2%, In general, apoptosis, alongside controlled innate immune responses,

likely contributes to the effective limitation of henipavirus infections.

2.2.5. Cellular stress and the unfolded protein response during viral infection

The endoplasmic reticulum (ER) is responsible for protein, lipid, and steroid synthesis and
maturation, as well as Ca2+ homeostasis, and it provides a large surface area for important
cellular reactions ?**. In case of adverse stimuli, such as hypoxia, viral infections, or Ca2+
imbalance, misfolded or unfolded proteins can accumulate, which eventually leads to the
unfolded protein response (UPR) to relieve ER stress. The UPR decreases the load of un- or
misfolded proteins through ER-associated protein degradation (ERAD), slows down de novo
protein synthesis, and increases the expression of ER chaperones, such as heat shock
proteins 60, 70 and 90, as well as calreticulin or BiP (GRP78, HSP5A) 2°°. This can result in
either the recovery of cellular steady-state or autophagy, or cell death by apoptosis ?°*. The
ER transmembrane proteins PKR-like ER kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring enzyme 1 (IRE1) initiate the UPR as soon as BiP binds to
unfolded proteins in the cytosol and thereby detaches from its receptors 2%. PERK
homodimerizes and autophosphorylates before phosphorylating the eukaryotic translation
initiation factor 2 (elF2a), consequently reducing protein synthesis in order to relieve ER stress

(Figure 2.4) 2°72%_Phosphorylated elF2a increases translation of ATF4, which in turn leads to
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the transcription of cytoprotective genes 2*°

activated ATF4 induces transcription of C/EBP homologous protein (CHOP, DDIT3) and other

apoptosis-related genes, as well as growth arrest and DNA damage-inducible phosphatase

. In case of prolonged or severe ER stress,

GADD34, which, as part of the protein phosphatase 1 (PP1), dephosphorylates elF2a

)210

(negative feedback) 2'°2'2, CHOP, on the other hand, initiates the expression of additional pro-

213

apoptotic genes, such as death receptor 5 (DR5) , decreases the expression of the

apoptosis regulator Bcl2, and activates ER-resident thiol oxidoreductase (ERO1a), which

increases reactive oxygen species (ROS) production #'42'3

. UPR-associated apoptosis is
initiated by Ca2+ efflux from the ER mediated by Bax and Bak 2'®. The alteration in intracellular
Ca2+ homeostasis eventually leads to caspase-12 and subsequently caspase-9 activation,
and it also depolarizes the mitochondrial membrane, causing cytochrome c release %'’. In
addition to Calpain-induced activation of caspase-12, caspase-7 can also activate caspase-12

at the outer ER membrane '8

—220 Both pathways lead to apoptosome formation, composed of
caspase-9, cytochrome c, and apoptotic protease-activating factor 1 (Apaf1), which ultimately
results in caspase-3 activation 22222, Activation of the effector caspases, caspase-3 and -7, by
initiator caspases, caspase-9 and -12, leads to the well-known hallmarks of apoptosis: cell
condensation, DNA fragmentation, formation of apoptotic bodies and membrane blebs 22%%2,
The extrinsic apoptosis pathway is induced by members of the TNF superfamily, such as
TNFa, TRAIL, or CD95L, which bind to their respective death receptors on the cell surface
224225 This binding leads to caspase-8 activation, followed by the recruitment of caspase-3 and

programmed cell death 224225,
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Figure 2.4. PERK-elF2a-ATF4 signaling and the involvement of PKR.

BiP dissociates from PERK when un-/misfolded proteins accumulate in the ER, thereby triggering this branch of
the UPR. EIF2a phosphorylation at Ser51 inhibits further protein translation, but leads to increased translation of
transcription factor ATF4, which induces the transcription of pro- and anti-apoptotic genes, as well as those relevant
to autophagy. GADD34, as a subunit of phosphatase 1 (PP1), promotes the dephosphorylation of elF2a, thereby
relieving translational shutdown. CHOP induces transcription of pro-apoptotic genes. Activation of PKR by viral
dsRNA can also induce elF2a phosphorylation alongside NF-«kB signaling and caspase-8 activation, which triggers
apoptosis.

BiP, Binding immunoglobulin protein; PERK, PKR-like ER kinase; elF2a, eukaryotic translation initiation factor 2 a;
PP1, Phosphatase 1; PKR, Protein kinase R; ATF4, activating transcription factor 4; NF-kB, nuclear factor k-light-
chain-enhancer of activated B cells; CHOP, C/EBP homologous protein; GADD34, growth arrest and DNA damage-
inducible protein. The illustration was created using Biorender.com, modified from a template generated by Emma

Madden (BioRender Science Design Team) and a schematic of the signaling pathway published by Li et al. 2°7.

Many RNA viruses are known to take advantage of the ER membrane for viral replication and
vesicle, as well as membrane formation 2**. Some even manipulate specific branches of the
UPR to promote their replication, while inhibiting host protein synthesis. A common target,
used, for example, by Chikungunya virus and Japanese encephalitis virus, is the inhibition of

elF2a phosphorylation to prevent apoptosis 2222’ On the other hand, for viruses like the
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coronavirus infectious bronchitis virus, it appears to be beneficial to induce the elF2a-ATF4-
CHOP axis and apoptosis, leading to virion release from the cell 22, The paramyxoviruses
Simian virus 5 and SeV induce BiP (HSP5A) transcription in human and monkey cells, as
existing BiP is sequestered by the accumulation of viral glycoproteins in the ER 222 Bovine
parainfluenza virus 3 activates PERK and ATF6, which, through involvement of autophagy,

promotes viral replication 2*'.

Protein kinase R (PKR) is an ISG, and its activation through dsRNA binding leads to IFN
induction via NF-kB signaling. Additionally, PKR inhibits protein translation through elF2a
phosphorylation, making it an important connecting link between cellular stress responses and

innate immunity 22233

. In case of some paramyxovirus infections (Respiratory Syncytial virus
(RSV), SeV), PKR is activated by copy-back viral genomes and subsequently inhibits protein
translation, thereby impeding viral replication, entirely independently of innate immune
responses 2**. RSV and SeV also affect the ATF6-IRE1a-XBP1 branch of the cellular stress

response, which plays a role in chronic airway disease following acute infection 23%2%,

Those examples of how paramyxoviruses influence the host’s cellular stress response
emphasize the complex machinery of the UPR and the many possibilities of viral interference
associated with it. Whether the induction of ER stress is beneficial for viral replication or serves
as an antiviral mechanism may be virus and host cell-specific. Whether and how CedV

influences the UPR has not been investigated in depth to date.
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3. Material

3.1. Laboratory devices

Table 3.1. Laboratory devices used.

Denomination Origin/Vendor

Biometra Trio PCR thermal cycler Analytik Jena

BD FACSymphony™ A3 Cell Analyzer BD Biosciences

Celllnsight CX7 Pro HCS-Plattform ThermoFisher Scientific
Centrifuge 5427R Eppendorf

Centrifuge 5810R Eppendorf
ChemiDoc™Imaging Systems Bio Rad

CO2 Incubator Sanyo

Cryo-freezing unit VWR

Finnpipette® F2 multichannel pipettes ThermoFisher Scientific

Finnpipette® F2 pipettes ThermoFisher Scientific
Freezer, -20°C/-80°C Liebherr
C1000™ Thermal Cycler BioRad

CFX96 Deep Well™

Real-Time System

Liquid Nitrogen Preservation System, - Messer
190°C

Magnetic stirrer, RCT basic IKA
Magnetic stirrer, MR standard Heidolph

25



NanoDrop™One

ThermoFisher Scientific

neoFuge® 8-6K micro centrifuge neolLab
Nikon Eclipse TS2 microscope Nikon
Nikon Eclipse Ti microscope Nikon

Optima™ L-100 XP Ultracentrifuge

Beckman Coulter

Bench meter pH50

VioLab

PowerPac™ Basic Power Supply

Bio Rad

Precision scale

Sartorius handy

QuantStudio 6 Flex

gRT-PCR thermal cycler

Applied Biosystems,
ThermoFisher Scientific

REAX 2000 vortex Heidolph
Refrigerator, 4°C Liebherr
Scale (EMB 100-3) KERN
Spark® multimode microplate reader Tecan.
Sub-Cell® GT, large horizontal gel Bio Rad

chamber

Sub-Gel Mini, small horizontal gel
chamber

ThermoFisher Scientific

TapeStation

Agilent Technologies

Ultraflex TOF/TOF Massenspektrometer

Bruker




3.2. Glassware and Tools

Table 3.2. Glassware and tools used.

Denomination Origin/Vendor
Glass bottles Schott-DURAN
Glass pipettes Scherf-Prazision
Glass tumblers Schott-DURAN
Neubauer counting chamber Carl Roth
Slides for microscopy R. Langenbrinck

3.3. Plastics and Consumables

Table 3.3. Plastics and consumables used.

Denomination Origin/Vendor

6-,12-, 24-, 48-, 96-well plate, flat bottom Corning

Cell culture flask: T25, T75, T175 Corning

Centrifuge tubes: 15ml, 50ml Greiner Bio-One
Cryo.s freezing tubes Greiner Bio-One
EASY strainer ™ cell sieve Greiner Bio-One

Eppendorf tubes Safe Lock (0.5 ml, 1.5 Eppendorf AG

ml, 2 ml)

FACS tubes Sarstedt

MicroAmp® Optical 96-well reaction Applied Biosystems, ThermoFisher
plate Scientific
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MicroAmp® Optical adhesive film

Applied Biosystems, ThermoFisher

Scientific

Nunc™ FluoroNunc™/LumiNunc™ 96-

Well Plates

Thermo Scientific

Nylon filter sheet

VWR

Nitrocellulose membrane

Cytiva

Reaction tubes (1.5 ml, 2 ml)

Sarstedt

3.4. Antibodies, dyes and fluorophores

Table 3.4. Antibodies, dyes and fluorophores used for immunofluorescence, flow cytometry, Western blot and

high-content microscopy.

Denomination Conjugate Host/isotype clone Cat. No. Origin/Vendor
a-B-Actin - Mouse/IgM 7D2C10 60008-1-Ig Proteintech
a-BiP ; Rabbit/lgG ~ C50B12 Cell Signaling
Technology
a-caspase-3 - Rabbit/lgG D3R6Y Cell Signaling
Technology
a-cleaved ) Rabbit/lgG 5A1E Cell Signaling
caspase-3 Technology
a-human-CD31 FITC Mouse/lgG1, kK WM59 BioLegend
a-human-CD34 APC Mouse/lgG1, k 581 BioLegend
a-
DYKDDDDK- - Mouse/lgG2b 8H6A10  66008-4-Ig Proteintech
tag
c(-DYth);)DDK- - Rabbit/IgG polyclonal 20543-1- Proteintech
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11170-1-

a- elF2a - Rabbit/lgG polyclonal AP Proteintech
G_Phospho_ X Ce” Slgnallng
elF2a (Ser51) - Rabbit/lgG 119A11 3597S Technology
o-GAPDH - Mouse 6C5 AM4300 invitrogen
a-GFP-tag - Mouse/lgG2a 1E10H7  66002-1-Ig Proteintech
a-Histone H4 Mouse/IgG1 ab31830 abcam
_ Cell Signaling
a-IRF3 - Rabbit D614C 11904S Technology
_ Cell Signaling
a-2P-IRF3 - Rabbit D6OTM  29047S Technology
Alexa Goat, :
a-mouse-lgG Fluor 488 Goat/lgG (H+L) Polyclonal A-11001 Invitrogen
a-mousellgG ~ Bv-421 0! ‘I’Sgc'ona' Poly4053 405317 BioLegend
a-mouse-lgG HRP Goat Polyclonal Agm_d" Invitrogen
A-pan
. FITC Mouse/IgG1 PCK-26  GTX26401 GeneTex
cytokeratin
a-PARP i Rabbit 46D11 95325 Gl Signaling
Technology
a-rabbit-lgG HRP Goat polyclonal  A16096 Invitrogen
a-rabbitdge @  GoaigG (H+L) polyclonal A-11008  Invitrogen
Fluor 488 9 y g
a-Von-
Willebrand- - Rabbit polyclonal A0082 Dako
factor Vi
CellEvent™
Caspase-3/7 ThermoFisher
Detection FITC i ) 10423 Scientific
Reagents
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4',6-
Diamidino-2-
phenylindol
(DAPI)

- D9542

Sigma Aldrich

Zombie UV™
Fixable -
Viability Kit

- 423107

BioLegend

Zombie NIR™
Fixable -
Viability Kit

- 423105

BioLegend

3.5. Chemicals and reagents

Table 3.5. Chemicals and reagents used.

Denomination Application Cat. No. Origin/Vendor
Ambion™ nuclease-free  Dilution, AM9930 Invitrogen

water reconstitution

Bovine serum albumin IF, WB A9418 Sigma Aldrich
(BSA)

Chloroform MRNA extraction C2432-25ML  Sigma Aldrich
Cycloheximide Apoptosis induction  C1988-1G Sigma Life Science
DTT solution 1 mol/l Laemmli buffer A3668, 0100 PanReac, AppliChem
Ethylenediamine Buffer preparations 8043.2 Carl Roth
tetraacetic acid (EDTA)

Ethanol Wash steps 9065.3 Carl Roth

Glycerol Glycerol stock SHBJ0588 Sigma Aldrich
IFNa B/D hybrid (1.65 x Cell culture IFN CGP-35269 Novartis

10° U/ml) stimulation

Isopropanol mMRNA extraction 6752.3 Carl Roth
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LE Agarose DNA gels 840004 Biozym
Lipofectamine 3000™ Transfection of HEK- L300008fire ThermoFisher
Transfection reagent MX1-FLuci cells Scientific
Methanol Blotting buffer 4627.4 Carl Roth
Nail polish, gloss ‘nroll IF - essence
PageRuler™ Prestained Protein ladder for 26616 ThermoFisher
Protein Western blot Scientific
Phenol-Chloroform- Genomic DNA A156.2 Carl Roth
Isoamyl-alcohol extraction
Pierce™ Phosphatase In 1x RIPA buffer for A32957 ThermoFisher
Inhibitor Mini Tablets generation of protein Scientific
samples
Pierce™ Protease In 1x RIPA buffer for A32955 ThermoFisher
Inhibitor Mini Tablets, generation of protein Scientific
EDTA-Free samples
Polyethylenimine (PEI) Transfection 24314-2 Polysciences
Poly(l:C)-LMW/LyoVec™ polyl:C transfection tlrl-picwlv InvivoGen
ProLong™ Diamond IF P36962 ThermoFisher
Antifade Mountant with Scientific
DAPI
Proteinase K (>600 U/ml) Genomic DNA EO0491 ThermoFisher
extraction Scientific
RNAse A (Monarch) Genomic DNA T3018-2 New England Biolabs
extraction
Saponin IF S4521 Sigma Aldrich
Skim Milk Powder WB / Hobbybacker-
Versand
Sodium chloride (NaCl) Buffer preparations  3957.1 Carl Roth
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Sodium Dodecyl Sulfate = SDS-PAGE GE17-1313-  Amersham
(SDS) PlusOne 01 Biosciences
Staurosporine Apoptosis induction 569397 Sigma Aldrich
SuperSignal™ West WB 34096 ThermoFisher
Femto Stable Peroxide Scientific
SuperSignal™ West WB 34096 ThermoFisher
Femto Scientific
Luminol/Enhancer
TE-buffered phenol Genomic DNA 0038.2 Carl Roth
(ROTI®Phenol) extraction
N,N,N’,N’-Tetramethyl SDS-PAGE 236/1 Carl Roth
ethylenediamine
(TEMED)
Tween® 20 wWB P1379 Sigma Aldrich
Tunicamycin Cell culture T7765 Sigma Aldrich
treatment (ER
stress)
TurboFect Transfection of R0531 ThermoFisher
RaNep cells Scientific
TRIzol™ BSL-4 mRNA 15596018 Ambion
samples
UltraPure™ Tris Buffer preparation 15504-020 Invitrogen

3.6. Reagents for cloning/plasmids/vectors

Table 3.6. Reagents and commercially available plasmids used for cloning.

Denomination Application Cat. No. Origin/Vendor

Gel Loading Dye B7024A

Purple (6X)

Agarose gel New England Biolabs
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Hindlll-HF®

Restriction enzyme
cloning

R3104S

New England Biolabs

KAPA HiFi HotStart PCR 7958935001 Roche

ReadyMix

Kpnl-HF® Restriction enzyme R3142S New England Biolabs
cloning

NEBuilder® HiFi DNA assembly E2621S New England Biolabs

DNA Assembly

Master Mix

pcDNA-FLAG Cloning 20011 Addgene

p3xFLAG-ATF6 Cloning 11975 Addgene

pNiFty3-IAN-Lucia Lucia luciferase pnf3-Ic7 invivoGen

assay

pEGFP-C1 Cloning discontinued Clontech Laboratories
pLKO.1 Cloning for shRNA 10878 Addgene
knockdown
pPRL Renilla Renilla luciferase E2241 Promega
Luciferase Control assay
Reporter Vector (TK
promoter)
Quick-Load® DNA DNA Ladder, NO0469S New England Biolabs
Ladder agarose gel
Q5® High-Fidelity Mutagenesis PCR M0491S New England Biolabs
DNA Polymerase
rCutSmart™Buffer Restriction enzyme B6004S New England Biolabs
cloning
STBL3™chemically  Transformation C737303 ThermoFisher
competent E. coli Scientific
Xhol Restriction enzyme R0146S New England Biolabs

cloning
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Table 3.7. Cloned plasmids.

Insert Characteristics Backbone Tag Origin
CedV N Human optimized  pEGFP-C1 GFP (C- author
codon sequence terminus)

CedV P Human optimized  pEGFP-C1 GFP (C- author
codon sequence terminus)

CedV C Human optimized  pEGFP-C1 GFP (C- author
codon sequence terminus)

CedVM Human optimized  pEGFP-C1 GFP (C- author
codon sequence terminus)

CedV G Amplified from pEGFP-C1 GFP (C- author
cDNA of infected terminus)

cells
CedV F Synthesized by pCAGGS HA (C- Dr. Sandra
GeneArt terminus) Diederich
(FLI)
ERB Amplified from pcDNA-FLAG  FLAG (C- author
ephrin A1 PELEPI cDNA terminus)
ERB Human optimized  pcDNA-FLAG  FLAG (C- author
ephrin A2 codon sequence terminus)
ERB Human optimized  pcDNA-FLAG  FLAG (C- author
ephrin A3  codon sequence terminus)
ERB Human optimized  pcDNA-FLAG  FLAG (C- author
ephrin A4  codon sequence terminus)
ERB Amplified from pcDNA-FLAG  FLAG (C- author
ephrin A5 PELEPI cDNA terminus)
ERB Human optimized  pcDNA-FLAG  FLAG (C- author
ephrin B1  codon sequence terminus)
ERB Amplified from pcDNA-FLAG  FLAG (C- author
ephrin B2 PELEPI cDNA terminus)
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ERB Human optimized  pcDNA-FLAG  FLAG (C- author
ephrin B3  codon sequence terminus)
ERB Human optimized  p3xFLAG 3x FLAG (N- author
ephrin A3  codon sequence terminus)
ERB Human optimized  p3xFLAG 3x FLAG (N- author
ephrin A5  codon sequence terminus)
RIG-I-CA - pcDNA-FLAG  FLAG (C- Dr. Gang
terminus) Pei
TBK1 - pcDNA-FLAG  FLAG (C- Dr. Gang
terminus) Pei
ERB IFNB - pNiFty3-IAN- Lucia Dr. Gang
promoter Lucia luciferase Pei
IRF3-5D - pcDNA3 FLAG (N- Dr.
terminus) Christine
Luttermann
IKKe - pcDNA3 FLAG (N- Dr.
terminus) Christine
Luttermann
MDAS - pCAGGS- FLAG (N- Dr.
FLAG terminus) Christine
Luttermann

3.7. Media, cell lines and supplements

Table 3.8. Media, cell lines, and supplements used for cell culture.

Denomination Application Cat. No. Origin/Vendor
ATV (trypsin 1:250, Trypsinization - FLI Riems, Biobank
pH 7.2)

Carbenicillin Bacterial selection 6344.2 Roth

Dinatriumsalz
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Cultrex®Rat Coating of cell 3443-100-01 R&D Systems
Collagen I, Lower culture dishes/flasks
Viscosity for PELENDO
DMEM (E, high HEK-293T, A549 - FLI Riems, Biobank
glucose, 4.5 g/l) cultivation
ECGS PELENDO E0760 Sigma Aldrich
Epidermal growth PELEPI 585508 BioLegend
factor (recombinant
human), EGF
Fetal Calf Serum Cell culture medium  P30-3302 Pan biotech
(FCS)
Geneticin G418 - Selection of ephrin A6798 AppliChem
Sulfat 50 mg/ml expressing CHO-K1

cells
Ham's F12 / IMDM PELEPI, RaNep - FLI Riems, Biobank
(1:1)
Heparin-Natrium/5 ml Basal medium 10067 Rotexmedica
(25.000 L.E.)
HEPES Buffer 1 M Basal medium MSO01IF200H biowest
Insulin-Transferrin- PELENDO 51500-056 Gibco® by Life
Selenium-X (100x) Technologies
Kanamycin Bacterial selection T832.5 Roth
L-Glutamine Cell culture medium  MDTC25-005-CV VWR

solution, 200mM
(100X)

MEM (H) + MEM (E) + BHK-21, SK-6 - FLI Riems, Biobank
NEAA cultivation

Opti-MEM Transfections - FLI Riems, Biobank
Penicillin- Cell culture medium  392-0406 VWR

Streptomycin (100X)

(PIS)
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Puromycin Selection of ephrin ACRO227420100 VWR
dihydrochloride KD cells
Sodium Pyruvate HEK-293T 12539059 Gibco® by Life
Technologies

Vascular endothelial PELENDO 583704 BioLegend
growth factor 165
(recombinant human)

3.8. Composition of media and buffers

Table 3.9. Composition of media and buffers.
Denomination Contents Application

Basal medium

IMDM/Ham’s F12 (1:1), 2%
FCS, Ascorbic Acid (1
pg/ml), Hydrocortisone (1
pg/ml), Heparin (1 Units/mL,
1:5,000), HEPES (1:100),
Penicillin/Streptomycin
(1:100), Amphotericin B
(2.50 pg/mL).

Basal medium for
preparation of endothelial
cell medium

Coelenterazine stock
solution

Solution of 5 mg/mL in
acidified methanol

Diluted 1:2,000 with PBS/5
mM NaCl, pH 7.2 for IFNB
promoter luciferase assay =
coelenterazine working
solution

Endothelial cell medium

Basal medium, ECGS (15
pg/ml), Insulin-transferrin-
Selenium (1:1,000),
recombinant human
vascular endothelial growth
factor (10 ng/ml)

Cultivation of PELENDO

Epithelial cell medium

DMEM/F12 (Gibco), 5%
FCS, Glutamine (1:100),
HEPES (1:100),
Penicillin/Streptomycin
(1:100), Amphotericin B
(2.50 pg/mL), Cholera toxin
(50ng/ml), Insulin-

Cultivation of primary lung or
trachea derived bat
epithelial cells

37



Transferrin-Selenium
(1:1,000), EGF (50 ng/ml)

Firefly luciferase lysis
buffer

40 mM Tri-ClI (pH 7.5), 50
mM NaCl, 2 mM EDTA, 1
mM MgSO4/MgClz, 5 mM
DTT, 1% Triton X-100

Cell lysis for Renilla
luciferase assay

G lysis buffer

50 mM Tris, 50 mM EDTA,
1% SDS, pH 8.8

Cell lysis for genomic DNA
extraction

Infection medium

DMEM (E, high glucose, 4.5
g/l) + 10% FCS

Used for most infections
with rCedV

Laemmli 250mM Tris HCI pH 6,8, Preparation of protein
40% Glycerol, 8% SDS, samples for SDS-PAGE
bromophenol blue

LB agar LB medium, 1.5% agar Agar for bacterial cultivation

Luria-Bertani (LB) liquid
medium

5 g tryptone, 5gNaCl, 2.5 g
yeast extract in 500 ml;
adjusted to pH 7.0

Medium for bacterial
cultivation

Luciferin assay solution

Coenzyme A: 1.55 mg,
Luciferin: 1.07 mg, ATP:
2.21 mg and add them into
7.5 ml reaction buffer
(20mM Tri-CI (pH7.5), 1 mM
MgSO4/MgClz, 5 mM DTT)

Measurement of firefly
luciferase in cell lysate

10X RIPA buffer

0.5 M TrisHCI (pH 7,4), 1.5
M NaCl, 2,5% Deoxycholic
Acid, 10% NP-40, 10 mM
EDTA

Preparation of protein
samples for SDS-PAGE

SOB medium

2.5 g yeast extract, 10 g
tryptone, 0.292 g NaCl,
0.093gKCI,1.0g
MgCl.6H.0

Bacterial transformation

20% Sucrose Buffer

SM Buffer: 100 mM NaCl, 8
mM MgSQOy4, 50 mM Tris-
HCI, pH 7.5

+ 20% sucrose

Ultracentrifugation
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Trizol Phenol (38%), guanidine
thiocyanate (0.8 M),
ammonium thiocyanate (0.4
M), sodium acetate (0.1M),

glycerol (5%)

Used to lyse cells for mRNA
extraction

3.9. Viruses

Table 3.10. Viruses used.

Denomination Fluorescent Accession no. Origin

protein
rCedV-nTurbo635 Turbo FP635 FLI Riems, Lab
KD13 1.P.1.E./ (Katushka) Finke 2%
BSRT7

Excitation: 588 nm

Emission: 635 nm
Nipah virus (NiV) - AF212302 FLI Riems, Lab
Malaysia Diederich
Wild type Cedar - JQO001776 FLI Riems, Lab
virus (CedV WT) Diederich

3.10. Primers

Table 3.11. gPCR primers (innate immunity and cellular stress).

Gene Gene name Species Primer sequence: 5’ to 3’
symbol
ATF4 Activating Homo sapiens  F: GTTCTCCAGCGACAAGGCTA
transcription
factor 4 R: ATCCTGCTTGCTGTTGTTGG
BiP/HSPA5  heat shock Homo sapiens F: TGTTCAACCAATTATTATCAGCAAAC

protein family A
(Hsp70)
member 5

R: TTCTGCTGTATCCTCTTCACCAG

39



CHOP/DDIT3 DNA damage Homo sapiens : AGAACCAGGAAACGGAAACAGA
inducible
CXCL10 C-X-C motif Homo sapiens : GTGGCATTCAAGGAGTACCTC
chemokine
ligand 10 R: TGATGGCCTTCGATTCTGGATT
GAPDH Glyceraldehyde- Homo sapiens : GGAGCGAGATCCCTCCAAAAT
3-phosphate
dehydrogenase R: GGCTGTTGTCATACTTCTCATGG
IFNB1 Interferon beta 1 Homo sapiens : ATGACCAACAAGTGTCTCCTCC
R: GGAATCCAAGCAAGTTGTAGCTC
IL1B Interleukin 1b Homo sapiens : CTCTCACCTCTCCTACTCAC
R: GACACTGCTACTTCTTGCC
IL6 Interleukin 6 Homo sapiens : ACTCACCTCTTCAGAACGAATTG
R: CCATCTTTGGAAGGTTCAGGTTG
TNFA Tumor necrosis  Homo sapiens : ACTACAGACCCCCCCTGAAAAC
factor alpha
R: GAAGAGGCTGAGGAACAAGCAC
ATF4 Activating Sus scrofa : GAAGCCAGACTCCACTACTTAC
transcription
factor 4 R: TAGGAGTCAGGGCTCATACA
BiP/HSPA5  heat shock Sus scrofa :GTTCTTGTTGGTGGCTCTACT
protein family A
(Hsp70) R: ACAGCCTCATCTGGGTTTATG
member 5
CHOP/DDIT3 DNA damage Sus scrofa : GAGGAGGAAGACCAAAGAAGA
inducible
transcript 3 R: CTGTGCCACTTTCCTTTCATTC
CXCL10 C-X-C motif Sus scrofa : CCTGTTAATCCGAGGTCCTTAG
chemokine
ligand 10 R: CGACTCTGGATTCAGACATCTT
GAPDH Glyceraldehyde- Sus scrofa : GAACATCATCCCTGCTTCTACC
3-phosphate
dehydrogenase R: GTCAGATCCACAACCGACAC
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IFNB1 Interferon beta 1 Sus scrofa F: TTCTCCACCACAGCTCTTTC
R: GGACCTCGAAGTTCATCCTATC
IL6 Interleukin 6 Sus scrofa F: GGAGACCTGCTTGATGAGAATC
R: CAGCCTCGACATTTCCCTTAT
TNFA Tumor necrosis  Sus scrofa F: CACGTTGTAGCCAATGTCAAAG
factor alpha
R: GAAGAGGACCTGGGAGTAGAT
ATF4 Activating Rousettus F: ACTCCAGATCATTCCTTTAGCTTAG
transcription aegyptiacus
factor 4 R: GGCTCATACAGATGCCACTATC
BiP/HSPA5  heat shock Rousettus F: CCAAGAACCAGCTCACCTCC
protein family A aegyptiacus
(Hsp70) R: ACTTGATGTCCTGCTGCACA
member 5
CDH5/VE- Vascular Rousettus F: CATGGCTACAGTGATCGAAGTG
cadherin endothelial aegyptiacus
CHOP/DDIT3 DNA damage Rousettus F: CTTCACCACTCTTGACCCCG
inducible aegyptiacus
CXCL10 C-X-C motif Rousettus F: CTTTAGAAGTACACGCTGTGTCTGC
chemokine aegyptiacus
ligand 10 R: ACCTTTCCTTGCTAATTGCTTTCAGT
EEF1A1 Eukaryotic Rousettus F: GTATGCCTGGGTCTTGGATAAA
translation aegyptiacus
elongation factor R: GCCTGTGATGTGCCTGTAA
1 alpha 1
HSP60 Heat shock Rousettus F: GATGCTGTAGCCGTTACTATGG
protein 60 aegyptiacus
R: CCCAGCCTCTTCATTTGTATTATTG
IFNB1 Interferon beta 1 Rousettus F: CAGAAGGAGGACGCAGTATT
aegyptiacus
R: GGCTGTATCCAGAAGGTCTATC
IFNL1 Interferon Rousettus F: GGCTTTGGAGGCTGAACT
lambda 1 aegyptiacus
R: AGGCGGAAGAGGTTGAATG
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IL6 Interleukin 6 Rousefttus F: GGTCCTCCTTTGACATCCTATC

aegyptiacus
R: CATCGTTGCCACACATCTTATT
IL1B Interleukin 1 Rousettus F: AGACGGTGTACCTCGAAGAT
beta aegyptiacus
R: CAGGAAGACGGGCATCTG
TNFA Tumor necrosis  Rousettus F: CAGGTCCTCTTCAAAGGTCAAG
factor alpha aegyptiacus
R: AGTCAAGATAGTCAGGCAGGT
VEGFR2 Vascular Rousettus F: GGCAAAGACTACATCGTTCTTCC
endothelial aegyptiacus
receptor 2
Table 3.12. ERB ephrin gPCR primers.
Target Primer sequence Amplicon size
ERB ephrin A1 F: TGGGCAAGGAGTTCAAAGAG 97bp

R: AACCTCAAGCACCTGTCTTC

ERB ephrin A2 F: GCTCTTCACGCCCTTCTC 122bp

R: GCCGCACGTAGACCTTC

ERB ephrin A3 F: CATGCGGTGTACTGGAACAG 104bp

R: TTGTAGTGCGGGCAGTAAATATC

ERB ephrin A4 F: AAGGAGAGCAAGTCGGAGTC 147bp

R: TCAGAGAACTCGCAGGAGTC

ERB ephrin A5 F: TCTACTGGAACAGCAGCAAC 135bp

R: GGACATAACGCTCGGTCTTATC

ERB ephrin B1 F: GACTGTGAACCAGGAAGAGAAG 152bp

R: CCGTCAGGAAGATGATGATGAG
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ERB ephrin B2 F: TGGTACTATACCCACAGATAGGAG 167bp
R: TTTGGCACAGTTGAGGAGAG
ERB ephrin B3 F: GAGAAGGTGAGTGGTGACTATG 90bp

R: GTAGATGTTTGGAGGACTCTGG

3.11. Kits

Table 3.13. Commercial kits used.

Denomination Application Cat. No. Origin/Vendor
BigDye® Terminator = Sequencing 15771836 Applied Biosystems
v1.1 cycle

sequencing kit

High Sensitivity RNA  RNA quality control 5067-5579 Agilent

Screen Tape kit

High Sensitivity RNA  RNA quality control 5067-5581 Agilent

ScreenTape Ladder

High Sensitivity RNA  RNA quality control 5067-5580 Agilent

ScreenTape Sample

Buffer

LDH-Cytox™ Assay Cytotoxicity 426401 BioLegend

Kit Measurement

LunaScript® RT Reverse transcription E3010 New England BioLabs
SuperMix Kit of mMRNA

Luna Universal gPCR gPCR M3003 New England BioLabs

Master Mix

Macherey-Nagel™

Plasmid extraction

REF 740410.50

ThermoFisher

NucleoBond™ Xtra from bacterial Scientific
Midi cultures
QlAamp® Viral RNA Viral RNA extraction 52904 Qiagen

Mini Kit (50)

from cell culture
supernatant
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QlAquick Gel DNA extraction from 28704 Qiagen
Extraction Kit (50) agarose gels

True-Nuclear™ Fixation of cells for 424401 BioLegend
Transcription Factor  flow cytometry

Buffer Set analysis

ZymoPURE Plasmid Plasmid extraction D4210 Zymo Research

Miniprep Kit

from bacterial
cultures

3.12. Databases, Services and Software

Table 3.14. Databases, services and software used.

Denomination

Application

Origin/Vendor

BD FACSDiva™
software

Flow cytometry data
acquisition

BD Biosciences

Cedar virus genome

Primer design,
consensus analysis

NCBI; ViralProj264921; Australian
Animal Health Laboratory, CSIRO
(2014). Isolate: CG1a. RefSeq:
GCF000924595.1

Citavi 6.19

Citation program

Swiss Academic Software

ESPript 3.0

Visualization of
protein consensus
analysis

https://espript.ibcp.fr/ESPript/ESPript/>®

FlowJo™ (v_10.9.0)

Analysis of flow
cytometry data

BD Life Sciences

Geneious Prime
2021.0.1

Primer design,
consensus analysis

Biomatters

GraphPad Prism10
Version 10.1.2(324)

Statistical analysis
and data visualization

GraphPad Software

Homo sapiens
genome

Primer design,
consensus analysis

NCBI; GRCh38.p14
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ImageJ/Fiji 1.48v;
Java 1.6.0_20[64-bit]

Image editing and
analysis

National Institute of Health (NIH)

Image Lab 6.0.1

Western blot analysis

BioRad

OligoAnalyzer™ Tool

Quality control of
gPCR primers

Integrated DNA Technologies (IDT)

Microsoft Office
Professional Plus
2019 (Word, Power
Point, Excel)

Manuscript writing,
collection of figures,
data analysis

Microsoft

PrimerQuest™ Tool

gPCR primer design

Integrated DNA Technologies (IDT)

Rousettus
aegyptiacus genome

Primer design,
consensus analysis

NCBI; mRouAeg1.p

Sus scrofa genome

Primer design,
consensus analysis

NCBI; Sscrofa11.1

Thermo Scientific
HCS Studio 5.0 Cell
Analysis Software

Establishment of CX7
protocol, image and
data acquisition

ThermoFisher Scientific

TubeSeq Service

Amplicon and plasmid
sequencing

Eurofins Genomics

In house sequencing
service

Amplicon and plasmid
sequencing

FLI Riems, Lab Luttermann
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4. Methods

4.1. Basic molecular biology methods

4.1.1. Cloning

Gene sequences used for consensus analysis and gene synthesis were taken from NCBI
(CedV RefSeq: GCF000924595.1; ERB: mRouAeg1.p). Cedar virus genes N, P, and C were
synthesized with codons optimized to human usage at Twist Bioscience and expressed in the
pEGFP-C1 vector (Clontech Laboratories) by performing HIFI DNA assembly
(Supplementary Figure 10.6). Subcloning of the other viral genes (F, G, and M) was
described previously 2"%°_ ERB ephrins A1, A5, and B2 were amplified from cDNA obtained
from ERB lung epithelial cells. The remaining ephrins (A2, A3, A4, B1, and B3) were
synthesized at Eurofins Genomics with nucleotide sequences optimized to human codon
usage. All ERB ephrins were first cloned into a pcDNA-FLAG vector by restriction enzyme
cloning. Due to low expression levels in HEK-293T cells, A3 and A5 were additionally
subcloned into a p3xFLAG-ATF6 vector, thereby tagging them with three consecutive FLAG-
tags. Chemically stable E. coli (STBL3) were transformed with ~100 ng DNA and subsequently
selected for the desired expression by antibiotic selection on agar plates. Plasmids were
purified using a commercial kit (ZymoPURE Plasmid Miniprep Kit or Macherey-Nagel™
NucleoBond™ Xtra Midi). Cloning success was determined by visualizing insert sizes on
agarose gels after test digestion with the enzymes used for restriction enzyme cloning. Those
clones were then sequenced with a forward and complementary reverse primer at Eurofins
Genomics, respectively, the in-house sequencing service (FLI), to uncover nucleotide
mutations. Sequence alignments were done using Geneious Prime. If amino acid-altering
mutations occurred, the sequences were reverted to the original sequence using mutagenesis

polymerase chain reaction (PCR).

IRF3-5D and human IKKe were subcloned into a pcDNAS3 vector with the FLAG tag at the N-
terminus and the human MDAS5 was expressed in a pCAGGS-FLAG vector. All three plasmid
constructs were kindly shared by Dr. Christine Luttermann (IFl, FLI) and sequenced before
usage. Human constitutively active RIG-I (RIG-I-CA) and human TBK1 were already present
in the lab, expressed in a pcDNA-FLAG vector with the tag at the C-terminal end. Dr. Gang
Pei generated the ERB-IFNB-promoter-Lucia plasmid by substituting the murine IFNB
promoter with the ERB IFNB promoter in the commercial plasmid (pNiFty3-IAN-Lucia,

InvivoGen).
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4.1.2. Transfections

HEK-293T cells were transfected using Polyethylenimine (PEI) 2*° at a DNA to PEI ratio of 1:2.
For transfection of RaNep cells TurboFect was used according to the manufacturer’s
instructions at a DNA to TurboFect ratio of 1:4. Due to poor transfection efficiency using PEI,
for HEK-MX1-FLuci, Lipofectamine 3000™ was used at a DNA to transfection reagent ratio of
1:2 with addition of P3000™ enhancer reagent to the DNA tubes.

4.1.3. Polyl:C stimulation

A stock solution of the poly(l:C)-LMW/LyoVecTM was prepared (50 pg/ml) in endotoxin-free
water and incubated at room temperature (RT) for 15 min before first use. A549, RaNep, and
SK-6 were stimulated in 12-well plates with 40 pl of the polyl:C solution diluted in 200 ul opti-
MEM that was incubated for 15 min at RT before gently dripping it onto the cells. Samples

were collected in 1 ml of Trizol 24 h later.

4.1.4. SDS-PAGE and Western blotting

A549, RaNep, and SK-6 were seeded in 6-well plates (4.5 x 10° cells per well) and on the next
day, after starvation in serum-reduced medium (0-2% FCS) for 1 h, infected with rCedV-
nTurbo635 at MOI 0.1, respectively MOCK-infected with PBS. As a positive control for
apoptosis, cells were stimulated with Cycloheximide at 50 pg/ml (100 pug/ml for RaNep) or
Staurosporine at 1 uM (2 uM for RaNep) for 16 h to 24 h. As a positive control for ER stress,
cells were treated with Tunicamycin (5 pg/ml) for different periods ranging from 30 min to 8 h.
In subsequent experiments, stimulation times of 2 h and 8 h were used. For each time point
post-infection/stimulation, after washing the monolayer twice with ice-cold PBS, cells were
resuspended in 300 ul RIPA buffer containing protease and phosphatase inhibitors, incubated
on ice for 10 min, and then centrifuged for 10 min at 4°C at 14,000 rpm. Resulting supernatants
were mixed 3:1 with Laemmli buffer and boiled for 5 min at 95°C. Subsequently, protein
samples were run on a 12.5% SDS gel at 65 V for 30 min and 120 V for 60 min. Proteins were
blotted onto nitrocellulose membranes, which were then blocked in 5% skim milk in PBST (PBS
+ 0.05% Tween) for 2-3 h. Primary antibody incubation took place overnight at 4°C, while the

secondary antibody was used at RT for 1 h.

To investigate the influence of viral proteins on IRF3 translocation, HEK-293T cells were
seeded in 6-well plates (0.5 x 10° cells per well) and transfected on the next day with 1 ug of
either human RIG-I-CA or IRF3-5D in addition to 1 ug (G and F 2 pg, due to low expression
levels) of the viral genes. Separation of the cytosolic and the nuclear fraction was performed

24 h after transfection. The protocol was modified from the paper published by Senichkin et al.
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241 with the addition of one wash step using the hypotonic buffer without NP-40 before

incubating the cells in hypotonic buffer containing 0.1% NP-40. The isotonic buffer, used for
the final wash step of the nuclear fraction, was supplemented with 0.2% NP-40, and the DNAse

buffer step was omitted. Protein samples were prepared as described before.

4.1.5. Polymerase chain reaction (PCR)
41.51. Genomic DNA extraction

2 x 10° cells were seeded in a 12-well plate and cultivated overnight. Cells were lysed in 200
Ml G lysis buffer (50 mM Tris, 50 mM EDTA, 1% SDS, pH 8.8), and lysates were transferred
into 1.5 ml Eppendorf tubes. After adding 10 ul of protease K (20 mg/ml), the tubes were
incubated at 55 °C overnight. To inactivate protease K, samples were heated at 98°C for 5
min. When samples were cooled down to RT, 5 ul of RNase A (20 mg/ml) per tube was used
to remove the RNA. After 2 h at 37°C, 200 pl of TE-buffered phenol was added, samples were
vortexed for 30 s, and centrifuged at 14,000 rpm for 5 min. Subsequently, the aqueous phase
was transferred to a new tube and mixed with an equal volume of phenol-chloroform-isoamyl
alcohol (~ 200 pl) to be then centrifuged again at 14,000 rpm for 5 min. The protocol was
continued using the aqueous phase from this step, which was mixed with 1 ml ethanol in a new
tube. After centrifugation at 14,000 rpm for 5 min, ethanol was discarded and DNA was left to
dry at RT. The genomic DNA was dissolved in 50 pl of nuclease-free water, and the DNA

concentration was measured using the NanoDrop.

4.1.5.2. Species identification — CO7 barcoding

To exclude cross-contamination with other cell lines cultivated in the lab, cytochrome ¢ oxidase
subunit 1 (CO17) barcoding was performed to confirm the ERB origin of the primary lung
endothelia-like cells and the ephrin knockdown RaNep. The species identification PCR was

/ 242

performed with genomic DNA according to the protocol established by Cooper et a and

additional primers, as previously published 7, were used (Table 4.1.).
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Table 4.1. Primer sequences used for barcoding in addition to the ones published by Cooper et al 242,

Species Primer sequence Amplicon size

Egyptian Rousette bat F: TTC TAC CCC CAT CTT TTC TTC 250 bp
co1 TTC TAT TAG

R: GGA TAG GGC TGG TGG TTT TAT
ATT AAT AAT

Tamarin monkey CO1 F: TCA ACT TCA TCA CCA CAA TCA 400 bp
TTA ACATAA

R: CTC ATA CGA TAA ACC CTA AAA
ATC CGA TAG

4.1.5.3. Agarose gel electrophoresis

1% agarose gels were prepared in 1 x TAE buffer, boiled for 3 min, and supplemented with
GelRed at a 1:20,000 dilution. DNA samples were mixed with loading dye (1:6) and loaded on
the gel next to a marker (range 100 bp — 10 kb). Gels were run in a gel electrophoresis chamber
in 1 x TAE buffer for 45 min at 100 V. Amplicon sizes were visualized using a ChemiDoc. For
primer specificity validation, amplicons were cut, purified, and either sent for sequencing at

Eurofins Genomics or sequenced in-house (FLI sequencing service).

4.1.5.4. Quantitative PCR (RT-gPCR)

. 22, and

mRNA was extracted according to the protocol established by Chomczynski et a
qPCR was performed as previously published 2372*24° Three randomly chosen mRNA
samples from the BSL-4 animal trial were quality-checked (RNA Analyzer Kit, Tape Station,
Agilent) with the assistance of Jennifer Lorke (FLI, Lab Pfaff) to determine the degree of RNA
degradation, which is likely caused by the handling of the organ samples in the high-
containment area. Most primers for the investigation of immunological parameters in human,
porcine, and ERB cells were already validated in the lab *#?*>. The remaining ones were
designed using Geneious Prime and the PrimerQuest Tool (Integrated DNA Technologies)
according to the following standards: 17-30 bp in length, GC content of 45%-55%, amplicon
sizes between 100 bp and 250 bp, and melting temperature of 60-62°C (the complete cycler

protocol can be found in Table 4.2.). Resulting primer candidates were checked for the
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formation of homo- and heterodimers using the OligoAnalyzer Tool (Integrated DNA
Technologies). Primer specificity was evaluated by amplicon sizes on agarose gels and by
sequencing purified amplicons (Eurofins Genomics/in-house sequencing service). The
efficiency of primer sets was determined by calculating the slope and efficiency using Ct values
of serially diluted cDNA, with values between 85% and 115% being accepted.

Table 4.2. qPCR cycler protocol.
Temperature changed at a rate of 1.6°C/s, except for the last temperature change at 0.05°C/s. Measurements

were taken during steps marked with a star (*).

Step Temperature Time
95°C 1 min
Denaturation 95°C 15s
3
<
g, Annealing 60-62°C 20s
Extension* 72°C 20s
95 °C 15s
)
<
=
et 60 °C 1 min
o
=
Dissociation* 95 °C 15s
4.1.5.5. Viral titer determination by RT-qPCR

Cell culture supernatant of CedV WT and NiV-infected cells was inactivated in AVL buffer
(QlAamp Viral RNA Kit)/Ethanol and transferred from the S4 facility to the S2 area. RNA
extraction was done using the RNA extraction kit and RT-qPCR was performed according to
the protocols published by Mohl et al. ** and Feldman et al. >*® using the BioRad C1000™

Thermal Cycler.
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4.2. Cell culture

4.2.1. Immortalized cell lines

All cell lines were kindly provided by the FLI Biobank, except for the Rousettus aegyptiacus
nose epithelial cells (RaNep) that were generated at the Institute of Immunology, as described
237 Human embryonic kidney (HEK-293T) cells and human lung carcinoma cells (A549) were
cultured in Dulbecco's modified Eagle's medium (DMEM) (high glucose, 4.5 g/l), supplemented
with 10% fetal calf serum (FCS), 1% Penicillin-Streptomycin, 2 mM L-Glutamine, 1% non-
essential amino acids (NEAA) and 1 mM sodium pyruvate. Baby hamster kidney (BHK-21) and
swine kidney (SK-6) cells were maintained in Minimum Essential Medium (MEM) with Earle’s
and Hanks’ balanced salts and NEAA with the addition of 10% FCS, 1% Penicillin-
Streptomycin, and 2 mM L-Glutamine. For Chinese hamster ovary (CHO-K1) cells and RaNep,
Ham's F12 / Iscove’s Modified Dulbecco’s Medium IMDM (1:1) containing 10% FCS, 1%
Penicillin-Streptomycin, and 2 mM L-Glutamine was used. Flasks and cell culture plates were
kept in a humidified incubator at 37 °C and 5% CO2. Generation, characterization, and

maintenance of primary ERB lung endothelia-like cells is described below (chapter 4.3).

4.2.2. Generation of ERB ephrin expressing CHO-K1 (CHO-EFN)

Generation of the CHO-EFN cells was described before #*’. Briefly, CHO-K1 cells were seeded
in 12-well plates at 2 x 10° cells/well and transfected with 2 pg of the ERB ephrins (A1-A5, B1-
B3) or the empty pcDNA-FLAG vector, using PEI. Since expression levels of ERB ephrins A2
and A4 were lower than for the other ephrins, 4 ug of plasmids were used for transfection. To
select cells that express the exogenous ephrins, Geneticin (G418) was employed at a
concentration of 300 pg/ml and maintained at this level during subsequent cultivation. CHO-
EFN cells were expanded to cell culture flasks as soon as the cell monolayer reached

confluency, and the empty vector-transfected control had died due to the antibiotic treatment.

4.3. Generation, cultivation, and characterization of primary cells

4.3.1. Generation of primary ERB lung endothelia-like and epithelial cells

Three healthy adult Egyptian Rousette bats (1 male, 2 female) were anesthetized with
isoflurane and euthanized by cardiac bleeding (PD Dr. Balkema-Buschmann, INNT). After
necropsy, the trachea, gut, and lung were suspended in basal medium, transferred to the lab,
and washed multiple times with sterile PBS in glass petri dishes to remove blood and other

contaminants. Next, the organs were cut into small pieces (~1 mm) and incubated in 5 ml of
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trypsin for 4-6 h, shaking at 37°C. Afterwards, cells were centrifuged (350 xg, 10 min) and
plated on sterile, collagen-coated petri dishes in endothelial (lung endothelial cells) or epithelial
(gut, lung, trachea epithelial cells) cell culture medium. As soon as larger cell monolayers with
the desired morphology formed, those cells were detached and transferred to collagen-coated

cell culture flasks.

4.3.2. Characterization of primary ERB lung endothelia-like cells (PELENDO)

PELENDO were characterized by morphology and expression of endothelial cell-specific
markers in conventional microscopy, (q)PCR, immunofluorescence staining, transmission

electron microscopy (TEM), and flow cytometry.

Electron microscopy

Sample preparation for the electron microscopy and imaging was done by Dr. Kati Franzke
(IMED, FLI). To that end, low passage PELENDO were washed in 0,1 M Na-cacodylate buffer,
pre-fixed in 2,5 % glutaraldehyde in 0,1 M Na-cacodylate buffer for 15 min at RT and then for
2 h at 4°C, and washed twice using the same buffer as before. Samples were then embedded
in 1,8% low-melting agarose in 0,1 M Na-cacodylate buffer and fixed in 1% Osmium acid
(Os0O4) for 2 h at 4°C. After two additional washes, contrasting was performed using 1% uranyl
acetate overnight. The next day, samples were dehydrated in a rotator utilizing a series of
graded alcohols (30%-100% ethanol), followed by two changes using propylene oxide as an
intermediate solvent. Samples were then placed in a propylene oxide/resin (glycid ether) (1:1)
solution for 1 h 15 min and were subsequently embedded in 100% resin, which was replaced
after one day. After polymerization (3 days at 60°C), samples were sharpened (Leica, TRIM2)
and semi-thin sections were cut with an ultramicrotome (UC7, Leica; diamond knife: Diatome)
to determine the area of interest. Ultra-thin sections were cut using the same machine and
placed on mesh grids (Nickel, 300 mesh, Plano GmbH). They were re-contrasted with uranyl
acetate or lead citrate, and after drying, analyzed in a transmission electron microscope (Talos
F200i, Thermo Fisher Scientific) using an acceleration voltage of 80 kV. Images were taken

with a digital camera (Ceta, 16 MP, Software Velox).

Immunohistochemistry

Immunohistochemistry was performed on lung tissue of uninfected ERB by Silvia Schuparis
(ATB, FLI) to validate the cross-reactivity of the anti-Von-Willebrand-factor antibody against
ERB endothelial cells. Paraffin-embedded tissue was incubated overnight with the anti-Von

Willebrand-factor antibody (1:200) and then counterstained with a secondary a-rabbit antibody.
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4.4. Virology methods — rCedV-nTurbo635
4.4.1. rCedV-nTurbo635 propagation

The generation of the recombinant Cedar virus, used in subsequent experiments, was
previously published by Schrell and Fuchs et al. 2"%*". To generate the rCedV-nTurbo635 the
coding sequence for the Turbo635 fluorescent protein was attached to triple the sequence for
the nuclear localization signal of SV40 and inserted into the CedV cDNA after the P and before
the M gene 2. The Turbo635, also called Katushka, emits a very bright red fluorescent signal
with the excitation/emission maxima at 588/635 nm 2*®. The resulting recombinant virus is
classified as a BSL-2 pathogen. For viral propagation, BHK-21 cells (3 x10° in a T175 flask)
were infected at a multiplicity of infection (MOI) of 0.1, and the medium was changed 6 h p.i.
Supernatant was collected after 72 h, centrifuged at 1,000 xg, 15 min, 4°C, and the resulting
supernatant was concentrated by ultracentrifugation with a 20% sucrose gradient for 1 h,
24,100 rpm (100,000 xg, SW32Ti) at 4°C. The virus pellet was resuspended in 1 ml of sterile
PBS and frozen in 100-200 ul aliquots at -80°C until further use.

4.4.2. rCedV-nTurbo635 titration

Viral titers were always determined on BHK-21 and, additionally, on A549, RaNep, and SK-6,
if the batch was to be used for infection of these cells. Dilution rows (10" - 107") were
performed in MEM + NEAA in duplicate, and each dilution row was used for infection twice. At
48 h p.i., plates were fixed in 4% PFA, washed with PBS, and analyzed using the Nikon Eclipse

Ti microscope. Titers were calculated using the Spearman-Karber formula.

Tcips0 = o) 4 1

TCID50 = tissue culture infection dose 50
D = dilution factor (10)
n = number of positive wells
p = number of parallel wells/number of titration rows
V = sample volume in m/ (0.01)

To determine the titer of each batch, titrations were performed at least twice in two independent

experiments (Table 4.3.).

Table 4.3. TCID50 calculations of virus propagation 11/23.

Cell line A549 RaNep SK-6 BHK-21

TCID50 8.2 x10° 8.9 x 10° 3.7x 108 7.2x107
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4.4.3. rCedV-nTurbo635 infection in vitro

In vitro infections were performed in infection medium (DMEM + 10 % FCS) for 90 min before
changing the medium back to regular cell culture medium. MOls were calculated using the

titers determined for each cell type and the cell count seeded 24 h prior to infection.
4.4.4. rCedV-nTurbo635 replication kinetics

A549, RaNep, SK-6, and BHK-21 were seeded in 24-well plates (1.2 x 10° cells per well) and
24 h later infected at MOI 0.1 in infection medium. After 90 min, cells were washed carefully
with PBS, and the medium was changed back to the individual cell culture growth media
containing 2 % FCS. For each time point (0, 24 h, 48 h, 72 h), microscopy images were taken,
and both the supernatant and cells were saved. The cell monolayer was washed carefully with
PBS twice before freezing the plates in 300 ul PBS/well at -80°C for at least 2 h. After thawing,
the cell suspensions were mixed thoroughly and centrifuged at 14,000 rpm for 10 min at 4°C.

The resulting supernatant was used for titrations directly or frozen at -80°C for later use.
4.4.5. rCedV-nTurbo635 replication on AZD4604-treated epithelial cell lines

AZD4604 effect was tested on A549, RaNep, and SK-6 by treating 12-well plates (2 x 10°
cells/well) with 0.17 yM AZD4604 (1 pg/ml) for 1 h before stimulating the cells with 1,600 U/ml
universal IFNa for 4 h (“AZD + IFN”). Positive controls for ISG induction were MOCK-treated
with DMSO and then stimulated with IFNa (“IFN”). The “AZD” group was only treated with
AZD4604, and MOCK-stimulated, and the negative control consists of completely untreated
cells. Subsequently, samples were frozen in Trizol at -20°C until mRNA extraction was

performed. Meanwhile, AZD4604 toxicity was tested in LDH assays (see Chapter 4.10.1).

To test how rCedV-nTurbo635 replicates on JAK-STAT inhibited cells, A549, RaNep, and SK-
6 were pre-treated with AZD4604 (0.085 uM = 0.5 pg/ml) for 1 h, before cells were infected at
MOI 0.1, as described above. After infecting the cells for 90 min, the medium was changed
back to 2% FCS regular cell culture medium supplemented with 0.5 ug/ml AZD4604. At zero,
24 h, 48 h, and 72 h p.i. the supernatant was collected and stored at -80 °C until titration on
BHK-21 96-well plates.

4.5. Luciferase assays

4.5.1. Lucia luciferase assay

5 x 10* HEK-293T/RaNep cells were seeded in a 48-well plate, incubated overnight, and
transfected with 100 ng of the Lucia luciferase plasmid (either murine or ERB /FNB promoter-
dependent luciferase expression), 100 ng RIG-I-CA/TBK1/IKKe/IRF3-5D in addition to 150 ng
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of plasmids encoding for the viral proteins (F, G, M, N, P, C), or the empty vector. The negative
control was only transfected with 100 ng of the Lucia luciferase, plus 250 ng of the empty
vector to ensure that equal amounts of DNA were used in the assay. Measurements were
performed using a microplate reader (Spark® Tecan.) 24 h post-transfection, immediately after
adding 50 pl of the coelenterazine working solution to 25 pl of the cell culture supernatants in

white LumiNunc microplates.

To investigate the potential of the viral proteins for STAT inhibition, HEK-293T cells were
seeded in a 48-well plate, incubated overnight, and transfected with 100 ng of the Lucia
luciferase plasmid, plus 150 ng of the viral genes. 24 h post-transfection, cells were either
stimulated with 800 U/ml IFNa or MOCK-stimulated with PBS in 250 ul cell culture medium per
well. After an additional 24 h, luciferase induction was measured as described above.
Transfection and stimulation were done in duplicate, and measurements were conducted in

two technical replicates in each of the 3 independent experiments.
4.5.2. Renilla luciferase assay

HEK-293T cells were seeded as described above and transfected with 250 ng of a Renilla
plasmid with a constitutively active promoter, plus 100 ng of the viral genes, or the empty
vector. 24 h post-transfection, the supernatant was discarded, and the cells were incubated in
100 pl of firefly luciferase lysis buffer for 10 min on ice. Then, the cell lysates were
resuspended, and 25 pl thereof were mixed with 50 pl of the coelenterazine working solution.

Renilla luciferase was immediately measured in the microplate reader (Spark® Tecan.).
4.5.3. Firefly luciferase assay of HEK-MX17-promoter-Fluci

HEK-293T expressing a firefly luciferase under the human MX7 promoter (HEK-MX1-
promoter-FLuci) were previously generated in the Lab Pei. Cells were seeded in a 48-well plate
(3.5 x 10* cells/well), and transfected with plasmids expressing CedV genes (F, G, M, N, P,
C), or the empty vector. 24 h after transfection, half of the wells were stimulated with IFNa
(final concentration 800 U/ml); the negative control was MOCK-stimulated using PBS instead
of active IFNa. Another 24 h later, cells were incubated on ice with 50 pl of the firefly luciferase
lysis buffer for 10 min. Then, 20 pl of the cell lysate was transferred to a white microplate and
50 pl of the luciferin assay solution was added. Firefly luciferase luminescence was

immediately measured using the same microplate reader as in chapter 4.5.1.

4.6. Immunofluorescence

CHO-EFN cells were seeded on glass coverslips in 12-well plates (1 x 10° cells/well) and after

re-transfection of the A ephrins with 1 pg of plasmid, infected at MOI 2. 24 h p.i. cells were
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fixed in 4% PFA for 20 min and washed in wash buffer (0.01% saponin in PBS) for 10 min.
Subsequently, samples were incubated in 500 pl blocking buffer (3% BSA, 0.01% saponin in
PBS) for 1 h at RT. The saponin in both the wash and blocking buffer was used to permeabilize
the cells for intracellular staining. Primary antibody (mouse anti-DYKDDDDK-tag antibody
(1:1,250)) incubation was done for 1 h, shaking at room temperature (RT), and afterwards
samples were washed three times. Samples were stained with the Alexa Fluor 488-conjugated
anti-mouse IgG antibody as a secondary antibody at a 1:400 dilution for 30 min and washed
three more times. The coverslips were fixed to slides, and simultaneously stained with DAPI
using the ProLong™Diamond Antifade Mountant with DAPI. Slides were kept at 4 °C overnight
in the dark at high humidity, and on the next day, dried before the coverslips were permanently
fixed to the slides using clear nail polish. Images were captured on a Nikon Eclipse Ti
microscope, and brightness and contrast adjustments were done in ImageJ/Fiji (1.48v; Java
1.6.0_20[64-bit]).

VWF and pan-cytokeratin staining of PELENDO and PELEPI was done similarly, except that
cells were cultivated on collagen-coated 12-well plates instead of glass coverslips, and primary
antibodies were incubated overnight. As a secondary antibody to the VWF staining, the
AlexaFluor488-conjugated a-rabbit-IgG antibody was used. The nuclei were stained with DAPI
(1:1,000 in 0.1% saponin in PBS) at RT for 20 min before images were acquired using the

“acquire only” mode (wide field) of the Celllnsight CX7.

4.7. High-content microscopy of rCedV-nTurbo635 entry

CHO-EFN cells were seeded at 1 x 10* in 96-well plates, and A ephrins were re-transfected
(0.3 pg) before rCedV-nTurbo635 infection at MOI 1, 2, and 5 on the next day. Each plate also
contained two wells of BHK-21 infected at MOI 1 as a positive control and virus-inoculated
CHO-pcDNA-FLAG as a negative control. 24 h p.i., plates were fixed in 4% PFA and nuclei
were stained with DAPI (1:1,000 in 0.1% saponin in PBS) at RT for 20 min. After two wash
steps in PBS, infection rates were quantified using high-content microscopy on the
Celllnsight™ CX7 platform. The valid cell count was achieved by selecting nuclei with the
appropriate size, shape, and brightness in the DAPI channel, and infection was determined by
the parameter “Average intensity of channel 2” (ex. 561 nm), when red fluorescence was
directly adjacent to a nucleus. Thresholds for infection were set using the positive and negative
controls. More information on the CX7 protocol and automated image analysis can be found

in the supplements (Supplementary Figure 10.3).
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4.8. Flow cytometry analysis of rCedV-nTurbo635 entry

To quantify the infection rates in CHO-EFN, and RaNep EFN knockdown cells, flow cytometry
was employed, measuring the fluorescence intensity of the Turbo635 protein in the PE-CF-
594 channel. CHO-EFN were incubated in 6-well plates (3 x 10° cells per well) overnight, and
on the following day, re-transfected with 5 ug of their respective ephrin plasmids. 3 h post-
transfection, the medium was changed to 2% FCS cell culture medium. CHO-EFN were
infected at MOI 5, as determined by titration on BHK-21, whereas RaNep were infected at MOI
1. BHK-21 infected at MOI 0.1 served as a positive control for infection to optimize gate
placement. Cells were carefully washed with PBS and detached using 0.5 ml of 0.5% trypsin
per well 48 h p.i. Trypsinization was stopped by adding 1 ml of cell culture medium, and the
cells were pelleted by centrifugation (350 xg, 5 min, 4°C). The FACS buffer used in subsequent
steps for washing and resuspending the cells was produced by adding 0.1% BSA and 0.1%
sodium azide to Ca2+/Mg2+-free PBS. Samples were washed once before staining them with
the Zombie UV™ Fixable Viability Kit at a 1:500 dilution in 100 ul FACS buffer for 20 min at
4°C. Cells were washed again and fixed using the True-Nuclear™ Transcription Factor Buffer
Set for 30 min at RT in the dark. Careful cell permeabilization for ephrin staining was achieved
with the permeabilization buffer included in the kit. Consequently, the mouse anti-DYKDDDDK
tag antibody was diluted 1:1,000 in permeabilization buffer, and cells were stained for 20 min
at 4°C. After another wash step, samples were incubated with the BV-421-conjugated a-mouse
IgG antibody (1:50 in permeabilization buffer) for 20 min at 4°C. Lastly, samples were washed
two more times, resuspended in 500 pl (RaNep 800 ul) of FACS buffer, and filtered using a
150 pym nylon filter sheet. Samples were acquired on the BD FACSymphony A3™ and data
were analyzed in FlowdJo™ (v_10.9.0). More information on the gating strategy can be found

in the supplements (Supplementary Figure 10.4).

4.9. shRNA knockdown of ERB ephrins

The shRNA oligos, used for lentivirus generation, were designed on the Broad Institute’s
Genetic Perturbation Platform (https://portals.broadinstitute.org/gpp/public/seq/search) and
ordered from metabion GmbH. For each ephrin, three targeting sequences were chosen
(Table 4.4.), and shRNA oligos were cloned into a pLKO.1-GFP vector, an altered version of
the AddGene pLKO.1 plasmid containing a GFP-tag, as described before 2*’. Correct plasmid

sequences were validated by Sanger sequencing (Eurofins Genomics).
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Table 4.4. Targeting sequences used for shRNA knockdown.

shRNA Target Targeting sequence

shRNA1 ERB ephrin B2 AGGAGACAAATTGGATATTAT

shRNA2 ERB ephrin B2 GCCGGACATTCTGGGAATAAT

shRNA3 ERB ephrin B2 TGTTGGCCAGTATGAATATTA

shRNA4 ERB ephrin B1 TGGTCATCTACCCAAAGATTG

shRNA5 ERB ephrin B1 AGCACCATGATTACTACATTA

shRNAG6 ERB ephrin B1 TGTGCTGGTCACCTGCAATAA

For lentivirus generation, HEK-293T cells were cultivated in 12-well plates (2 x 10° cells/well),
and transfected with 1.0 pg of the packaging plasmid (psPAX2), 1.0 ug of the envelope plasmid
(pMD2.G), and 2.0 ug of the shRNA constructs, or a scrambled RNA control. To improve
lentivirus yield in the supernatant, the medium was changed 6 h post-transfection to 20% FCS
in DMEM. At 48 h post-transfection supernatants were collected, centrifuged at 350 xg for 10
min, and immediately used to transduce RaNep cells. RaNep were seeded in 12-well plates at
low confluency (8.0 x 10* cells per well) the day before. 1 ml of lentivirus-containing
supernatant was mixed with 1 ml cell culture medium supplemented with 2 ug/ml polybrene
and 5 pg/ml cyclosporin A to inhibit innate immunity and thereby enhance transduction
efficiency. Starting 72 h later, RaNep, which had successfully incorporated the shRNAs, were
selected using Puromycin at 1 pg/ml. When the non-transduced control well had completely
died off due to Puromycin treatment, positive colonies were expanded into cell culture flasks,

and knockdown efficiency was evaluated by qPCR.

4.10. Cell death assays
4.10.1. Lactate dehydrogenase assay (LDH)

A549, RaNep, and SK-6 were seeded in 96-well plates with for each cell line individually titrated
cell amounts per well (A549: 1.7 x 10*, RaNep: 5 x 10* (8 h), 3.5 x 10* (24 h, 48 h), SK-6: 1.7
x 10*%8 h), 1.4 x 10* (24 h, 48 h)), incubated overnight, and either infected with rCedV-
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nTurbo635 in infection medium at MOI 1, or MOCK-treated with PBS. The medium was
changed back to cell culture medium containing 5% FCS (to reduce background) 90 min p.i.
For each cell line, measurements were performed in triplicate at 8 h, 24 h, and 48 h p.i. in at
least 3 independent experiments. Plates also contained “high control” (cell lysis), “low control”
(untreated), and medium controls to calculate cytotoxicity according to the manufacturer’s
instructions (BioLegend® LDH-Cytox™ Assay Kit). AZD4604 toxicity was measured in a
similar manner; however, with 2 x 10* cells/well irrespective of the cell line and at 6 h post-
treatment (0.17 pM).

4.10.2. Detection of CellEvent™ Caspase-3/7 activation

rCedV-nTurbo635-induced cell death was further investigated using a dye-based cell death
assay kit (CellEvent™, Thermo Fisher). A549, RaNep, and SK-6 were seeded in 96-well plates
(8 x 103 cells per well), and on the following day, infected with rCedV-nTurbo635 at MOI 0.1 or
MOCK-infected with PBS. At 24 h, respectively 48 h, p.i., the detection reagent, diluted 1:500
in cell culture medium, was added to the cells. After 45 min incubation, the wells were washed
with PBS, and A549 and RaNep were additionally stained with the Zombie NIR™ viability dye
(1:500 in PBS) for 20 min. Subsequently, the cells were re-washed with PBS, fixed in 4% PFA,
washed, and stained with DAPI (1:1,000) in 0.01% saponin in PBS, before acquiring the plates
in the Celllnsight CX7 high-content microscope. Early apoptosis was defined as caspase-3/7-
positive, whereas late-stage apoptotic cells were defined as double-positive for caspase-3/7
and Zombie NIR. Sole Zombie NIR staining indicated necrosis. The Turbo635 signal of rCedV-
nTurbo635 was measured at 561 nm, the green caspase-3/7 dye emitted in the FITC channel
(excitation: 485 nm), and Zombie NIR was measured at 650 nm. Thresholds for truly positive
signals were determined by including single fluorescent controls as well as fluorescence-

minus-one controls (FMO), if possible.

4.11. BSL-4 experiments

4.111. In vitro: CedV WT and NiV infection of A549 and RaNep

12-well plates of A549 and RaNep (2 x 10° cells/well) were prepared in the BSL-2 lab and
transferred to the high containment area (BSL-4), where the CedV WT (GenBank accession
no. JQ001776) and NiV Malaysia WT (GenBank accession no. AF212302) infections were
performed by Dr. Sandra Diederich (INNT, FLI). The cells were infected at MOI 0.1 in triplicate
and cells, as well as supernatant, were harvested at 6 h, 12 h, 24 h, and 48 h p.i. Additionally,
pictures were taken using a Nikon Eclipse TS100 microscope (Software: Axiovision). Cells

were resuspended in Trizol and transferred to the BSL-3 (later BSL-2) facility in accordance
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with biosafety regulations. 140 pl of the cell culture supernatants were resuspended in 560 pl
AVL buffer offset with carrier RNA and MS2, incubated for 10 min, and then transferred to a
fresh tube containing 100% ethanol. After vortexing, samples were incubated again for 10 min
at RT before transfer to the BSL-3 (later BSL-2) facility in accordance with biosafety

regulations.
4.11.2. In vivo: CedV WT infection of ERB

For the in vivo qPCR data, organ samples were received resuspended in Trizol from the animal
trial published by Mohl et al. *. The competent authority of the Federal State of Mecklenburg-
Western Pomerania, Germany, approved the execution of this animal trial (file number: 7221.3-
1.1-054/20) on the grounds of the EU council directive 2010/63/EU and national laws. All
animal trials at the FLI are authorized by the Animal Care and Use Committee and audited by
the Animal Welfare Officer. This study was conducted under BSL-4 conditions at the FLI in

accordance with legal requirements.

4.12. Mass Spectrometry/Proteomics

4121. Sample preparation

Samples for mass spectrometry were generated as six biological replicates by seeding A549,
RaNep, and SK-6 in 6-well plates at 4.5 x 10° cells per well in cell culture medium containing
2% FCS overnight. On the next day, cells were infected with rCedV-nTurbo635 at MOI 0.2. At
24 h p.i., the plates were placed on ice, and the cells were washed three times with 2 ml of ice-
cold PBS. After removing the PBS, cells were lysed in 500 pl of 1% SDC buffer (sodium
deoxycholate in 100 mM Tris-HCI, pH 8.5), and the lysates were boiled at 95°C for 10 min. The
resulting protein samples were then sonicated for 2 min at 80% power to improve cell lysis and
protein yield, while reducing possible contaminations. Lastly, samples were centrifuged at
14,000 rpm for 10 min at 4°C. Supernatants were stored at -80°C until further use. Dr. Axel
Karger and his lab performed the subsequent steps. Protein samples were digested with
trypsin, and peptides were measured by mass spectrometry (Ultraflex TOF/TOF

Massenspektrometer, Bruker) to reconstruct the proteome.

4.12.2. Mass spectrometry: data analysis

The software DIA-NN 1.8.1 was used to assess and quantify unmodified spectra, which were
then imported into Perseus (version 2.0.11) for further analysis. The three final annotated

matrices for A549, RaNep, and SK-6, including t-tests, were imported into RStudio and

analyzed using the following packages: clusterProfiler *°, enrichplot 2°, ggstar %!, ggnewscale
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%2 DOSE %3, and org.hs.eg.db 2% Differentially expressed proteins with statistical
significance, as determined by t-test results, served as the basis for Gene Ontology enrichment

analysis (package: clusterProfiler) and resulting illustrations.

The heat maps generated from proteomics data, were created by me using RStudio 4.4.2. with

the packages “tidyverse” 2%, “dplyr” 2, and “RColorBrewer” %’

4.13. Software and Programs

4.13.1. Statistical analyses and graph design

Statistical analyses were performed in GraphPad Prism 10 (Version 10.1.2(324)). Non-
parametrically distributed data were analyzed using a Kruskal-Wallis test without Dunn’s
correction. Differences were considered statistically significant, if p < 0.05 (*), p < 0.01(**), p <
0.001(***), and p < 0.0001 (****).

4.13.2. Other programs
413.2.1. Ephrin protein alignments

Protein sequences were downloaded from NCBI Gene bank, aligned in Geneious Prime, and

consensus was visualized using ESPript 3.0 28,

4.13.2.2. Manuscript writing

While drafting the manuscript, DeepL, GrammarlyPro and Thesaurus.com were used as aids.
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5. Results

5.1. rCedV-nTurbo635 enters ERB cells using ephrins B1 and B2

CedV enters human host cells via ephrins B1, B2, and, with lower affinity, A2 and A5 *''. The
first aim of the project was to elucidate the receptors used by CedV to enter fruit bat cells,
exemplified by Rousettus aegyptiacus (ERB). In silico protein alignments between human,
Pteropus alecto (black flying fox), and ERB revealed little difference in sequences or sizes
(Supplementary Figure 10.1). However, even single mutations or different glycosylation
profiles could alter binding affinities and receptor usage *'"®'. Whether the same ERB ephrins

mediate the entry of CedV needs to be validated experimentally.

5.1.1. rCedV-nTurbo635 entry into CHO-K1 is mediated by ERB ephrins B1, B2
and A5

Chinese hamster ovary cells (CHO-K1) express negligibly low levels of endogenous ephrins
and are therefore a suitable model to investigate the role of single exogenous ephrins as entry
receptors #2%8_ To generate CHO-K1 cells stably expressing ERB ephrins (CHO-EFN), those
ephrins were subcloned into a pcDNA-FLAG vector by restriction enzyme cloning. The
resulting constructs were first sequenced and then transfected into HEK-293T cells to evaluate
protein expression in Western blot. Due to insufficient expression levels in HEK-293T cells,
ephrins A3 and A5 were further cloned into a p3xFLAG-ATF6 vector and these constructs were
used in subsequent experiments in CHO-K1 (Figure 5.1). Ephrin A4 is, with 201 amino acids,
the smallest of the A ephrins, and ephrin A3 is the largest (230 aa). The B ephrins comprise
an extracellular receptor binding domain, a transmembrane domain, and a cytoplasmic tail °.
They are therefore substantially larger (333 aa — 346 aa) than the A ephrins, which are bound

to the cell surface by a GPI anchor ® (Figure 5.1, Supplementary Figure 10.1).
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Figure 5.1. Cloning of ERB ephrins and expression in HEK-293T.

Western blot analysis of HEK-293T expressing ERB ephrins. HEK-293T cells were seeded in a 12-well plate
and transfected with plasmids encoding for the ERB ephrins. A1, A2, A4, and B ephrins were expressed in a
pcDNA-FLAG vector, A3 and A5 were expressed in p3xFLAG-ATF6. FLAG-tag was visualized using the
proteintech mouse anti-DYKDDDDK-tag antibody and an HRP-conjugated a-mouse-lgG secondary antibody.

Loading control: B-Actin.

Since the original wildtype (WT) isolate of CedV (CedV WT) was first isolated in a BSL-4
laboratory, its use is now restricted to high-biosecurity facilities. Therefore, in almost all
subsequent experiments, we decided to use a recombinant CedV, which expresses a
Turbo635 fluorescent reporter protein that localizes to the nucleus of infected cells (rCedV-
nTurbo635) %724 Thus, infected cells can be easily distinguished by examining red
fluorescence in the nucleus. This reporter virus contains the Turbo635 reporter gene between
the P and the M gene within the CedV cDNA, as well as the nuclear localization signal of SV40
237247 Expression of the ERB ephrins on CHO-EFN was evaluated by staining the FLAG-
tagged ephrins using the Proteintech mouse anti-DYKDDDDK-tag antibody and subsequently
an Alexa488-conjugated secondary antibody. Immunofluorescence assays revealed markedly
higher expression levels of ephrin B1 and B2 in comparison to other ephrins (Figure 5.2,
Supplementary Figure 10.2). Only CHO cells, expressing ERB ephrins B1 and B2, show
fluorescence in the Cy3 channel (red), indicating rCedV-nTurbo635 entry.
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Figure 5.2. rCedV-nTurbo635 enters CHO-K1 via ERB ephrins B1 and B2.

Immunofluorescence images of CHO-K1 stably expressing ERB ephrins B1/B2, or the empty vector infected with
rCedV-nTurbo635 at MOI 2. Cells were fixed 24 h p.i. and visualized using a Nikon Eclipse Ti microscope. FLAG-
tagged ephrins were stained with an Alexa488 fluorophore and Turbo635 was visualized in the Cy3 channel.
Images are representative of 3 independent experiments. Scale bar: 100 ym. Figure was modified from Lenhard

etal. 27,

To compensate for unequal expression levels of the ephrins, larger cell quantities were
analyzed in high-content microscopy using the Celllnsight™ CX7 platform. CHO-EFN were
seeded in 96-well plates, A ephrins were re-transfected to increase their expression, and cells
were infected with rCedV-nTurbo635 at MOI 1, 2, and 5. Matching the IFA data, significant
rCedV-nTurbo635 entry could only be detected in CHO-B1 and -B2 (Figure 5.3,
Supplementary Figure 10.3). Infection rates were dose-dependent and reached a maximum
in ephrin B2-expressing cells. Even at the highest MOI (MOI 5), A ephrins were not capable of
mediating significant rCedV-nTurbo635 entry (Supplementary Figure 10.3 B).
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Figure 5.3. High content imaging reveals that ERB ephrins B1 and B2 mediate rCedV-nTurbo635 entry.

Percentage of rCedV-nTurbo635 infected CHO-EFN cells broken down by MOI. CHO-EFN were grown in 96-well
plates, A ephrins were re-transfected, and cells were infected with rCedV-nTurbo635 at MOI 1, 2, and 5. Infection
rate was analyzed using the Celllnsight CX7 high-content analysis platform. Three independent experiments were

performed in duplicate. Graph shows median and range. Figure was modified from Lenhard et al. 2%,

Infection rates of CHO-EFN were additionally analyzed in flow cytometry, since gating on
merely the ephrin-positive population enables more accurate quantification. This experiment
was conducted at 48 h p.i.,, as CedV entry via human ephrins A2 and A5 has only been
demonstrated for the later infection time point °. In addition to the previously reported ephrin
B1 and B2 usage, rCedV-nTurbo635 entered A5 expressing cells at low, but significant levels
(Figure 5.4 A). In line with the immunofluorescence data, ephrin expression levels differed
markedly, with the highest percentages of ephrin B1-positive cells (Figure 5.4 B). However, in
all quantitative assays, rCedV-nTurbo635 favored ephrin B2 usage over ephrin B1 (Figure 5.3,
Figure 5.4).
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Figure 5.4. Flow cytometry demonstrates rCedV-nTurbo635 entry is mediated by ERB ephrins B1 and B2.
Flow cytometry analysis of rCedV-nTurbo635 infection rate in CHO-EFN (A) and ephrin expression levels in percent
of all measured cells (B). CHO-EFN were re-transfected to increase expression rate of the ephrins and infected at
MOI 5. Infection rate was quantified 48 h p.i. Graphs show median + /QR calculated from 4 independent
experiments, each capturing at least 30,000 events. Statistical test: Kruskal-Wallis without Dunn’s correction. p <
0.05 (*), p < 0.01(**), p < 0.001(***). Figure was modified from Lenhard et al. 2%,

5.1.2. Ephrin B2 knockdown significantly impairs rCedV-nTurbo635 entry into
ERB cells

To further substantiate those findings, immortalized ERB nose epithelial cells (RaNep) were
used to generate endogenous ephrin B1/B2 knockdown cells. Since both ephrin B1 and B2
were expressed at sufficient levels on RaNep (Figure 5.5), those cells were chosen to continue

with the lentivirus-based shRNA knockdown.
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Figure 5.5. RaNep express ephrins relevant for CedV entry.
RT-gPCR data of RaNep ephrin expression relative to housekeeping gene EEF1A1. Graph shows mean + SD of

3 independent experiments in technical duplicate. Figure was modified from Lenhard et al. 2%7.

Ephrin B2 single knockdown (KD) and ephrin B1/B2 double KD RaNep were generated and
KD efficiency was evaluated by RT-qPCR. CO1 barcoding was performed to identify potential
carry over contamination from lentivirus containing HEK-293T supernatant (Supplementary
Figure 10.5). Generating a single ephrin B1 KD clone was not successful, as sufficient
knockdown efficiency was defined as a residual activity of less than 30%, compared to the
scrambled shRNA control and none of the generated clones complied with this standard. In
ephrin B2 KD clone 1 (EFNB2 KD#1) the ephrin B2 expression was reduced by 65% and in
clone 2 (EFNB2 KD#2) by 80% (Figure 5.6 A). The EFNB1/B2 double KD showed a residual
activity of only 6% and additionally a reduction in ephrin B1 expression of 63%, whereas the

ephrin B1 expression in the single ephrin B2 KD clones remained unaltered (Figure 5.6 B).
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Figure 5.6. ERB ephrin B2 knockdown in RaNep.

gPCR data of ephrin B2 (A) and ephrin B1 (B) expression in ephrin knockdown cells relative to the scrambled
shRNA control. EFNB2 KD#1 and EFNB2 KD#2 were transduced with a shRNA targeting endogenous ERB ephrin
B2, whereas EFNB1/B2 double KD cells were generated using two different shRNAs, one targeting EFNB1 and the
other EFNB2. Graphs show median + /QR of at least 3 independent experiments in technical duplicate. Statistical
test: Kruskal-Wallis without Dunn’s correction; p < 0.05 (*), p < 0.01(**), p < 0.001(***). Figure was modified from

Lenhard et al. 237,

To assess the effect of reduced receptor expression on virus entry, RaNep ephrin KD clones
were infected with rCedV-nTurbo635 at MOI 1, and the infection rate was quantified in flow
cytometry 48 h p.i. in relation to the scrambled shRNA control. The single ephrin B2 KD of
EFNB2 KD#2 significantly reduced the infection rate by half (Figure 5.7). The additional ephrin
B1 KD did not have a major effect on virus entry, underlining the importance of ERB ephrin B2

as a CedV receptor.
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Figure 5.7. Ephrin B2 knockdown significantly decreases rCedV-nTurbo635 infection rate in RaNep.

Flow cytometry results of RaNep ephrin knockdown cells infected with rCedV-nTurbo635 at MOI 1 48 h p.i.
Depicted is the infection rate in percent, normalized to the scrambled shRNA control. Graph shows median + IQR
of 3 independent experiments. Statistical test: Kruskal-Wallis without Dunn’s correction; p < 0.05 (*), p < 0.01(**), p
< 0.001(***). Figure was modified from Lenhard et al. 2%7.

In all conducted experiments, rCedV-nTurbo635 entry was mediated by ERB ephrins B1 and

B2, while entry through ERB ephrin A5 was only a minor contributor.

5.2. CedV nucleocapsid protein impairs IFNB induction in HEK-
293T

To elucidate whether the CedV P protein has retained any IFN inhibiting qualities or if other
viral proteins perform similar tasks, as reported for NiV M and N '""*® first, CedV N, P, and C
were cloned into a pEGFP-C1 vector (Supplementary Figure 10.6) and a set of luciferase
assays was conducted. This experimental set-up was limited by the lack of a positive control
for IFN inhibition, such as the afore mentioned NiV proteins. Human embryonic kidney cells
(HEK-293T) were transfected with a Lucia luciferase, expressed under the murine IFNB
promoter, one key component in the IFN induction pathway (RIG-I-CA, TBK1, IKKe, IRF3-5D)
and one of the CedV genes (F, G, M, N, P or C), or the empty pEGFP-C1 vector as a control.

The measured luciferase activity in the supernatant reflects the extent of /FN induction. In this
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set-up, both RIG-I-CA and IRF3-5D were constitutively active mutants of their wildtype
counterparts that induce a drastic activation of the IFN pathway. RIG-I-CA only contained the
caspase activation and recruitment domains (CARDs) of RIG-I, which are essential for
downstream signaling #*°. To generate IRF3-5D, five Ser-Thr motifs were mutated to Asp,
which resulted in altered phosphorylation and constitutive activation 2°. Establishing a
luciferase assay in RaNep was not successful, as in contrast to comparable experiments in
HEK-293T, the luminance induction in the RIG-I-CA expressing positive control did not differ
significantly from the negative control (Supplementary Figure 10.7). In HEK-293T, however,
in addition to a slight reduction in luminance after transfection of CedV matrix protein (M), a
significant reduction could only be observed in cells expressing the nucleocapsid protein (N)
(Figure 5.8). Moreover, the luciferase induction was even marginally higher than the positive
control (empty pEGFP-C1 vector) when cells co-expressed CedV fusion protein (F). Here, the
different vector backbone, F being expressed in a pCAGGS instead of pEGFP-C1, could have
played a role.
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Figure 5.8 CedV N protein inhibits IFNB induction in RIG-I-CA expressing HEK-293T.

HEK-293T cells were transfected with constitutively active RIG-1 (RIG-I-CA), a plasmid expressing Lucia luciferase
under the murine IFNB promoter, and the different CedV genes, or the empty vector. The negative control consisted
of just the luciferase plasmid and the empty vector, adjusted to the same total amount of transfected DNA. The data
show median + /QR of 3 independent experiments in duplicate normalized to the negative control. Statistical test:
Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**).

The same assay with transient expression of human MDAS5 instead of RIG-I-CA did not induce
sufficient luciferase expression in the positive control to be able to deliver meaningful results

(Supplementary Figure 10.8). The correct sequence and open reading frame of the MDA5
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construct was determined by Dr. Christine Luttermann via forward and reverse sequencing, its

functional activity was, however, not assessed further.
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Figure 5.9. CedV N protein inhibits /IFNB induction in TBK1 (left) and IKKe (right) expressing HEK-293T.

HEK-293T cells were transfected with TBK1/IKKe, a plasmid expressing Lucia luciferase under the murine IFNB
promoter, and the different CedV genes, or the empty vector. The negative control consisted of just the luciferase
plasmid and the empty vector, adjusted to the same total amount of transfected DNA. The data show median + IQR

of 4 independent experiments in duplicate normalized to the negative control. Statistical test: Kruskal-Wallis without
Dunn’s correction. p < 0.05 (*), p < 0.01(**).

Co-transfection of the kinases TBK1 or IKKe had similar effects to RIG-I-CA expression. A
substantial reduction in luciferase activity occurred only in cells expressing CedV N protein
(Figure 5.9). When HEK-293T cells expressed constitutively phosphorylated IRF3 (IRF3-5D),

luciferase induction in N-expressing cells was still reduced by two-thirds (Figure 5.10).

Since inhibition of luminance induction could be observed for N protein throughout the IFNB
induction pathway, including IRF3-5D expression, the interference either occurred at a late-
stage, i.e., IRF3 translocation, or the expression of N protein altered transcription, respectively
translation in general. CedV N binds to viral and cellular RNA and can thereby influence its
accessibility, both in the cytoplasm and the nucleus '8°"%",
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Figure 5.10. CedV N protein inhibits /IFNB induction in IRF3-5D expressing HEK-293T.

HEK-293T cells were transfected with IRF3-5D, which is constitutively phosphorylated, a plasmid expressing Lucia
luciferase under the murine /FNB promoter, and the different CedV genes, or the empty vector. The negative control
consisted of just the luciferase plasmid and the empty vector, adjusted to the same total amount of transfected
DNA. The data show median * /QR of 3 independent experiments in duplicate normalized to the negative control.
Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**).

To exclude a non-specific influence on transcription or translation, a reporter assay using a
Renilla luciferase, expressed under a constitutive HSV-thymidine kinase promoter, was
performed. HEK-293T cells were transfected with the Renilla luciferase plasmid and the
plasmids encoding for one of the six different CedV proteins, or the empty pEGFP vector. The
Renilla luciferase expression was measured after 24 h. If the N protein were able to alter
nuclear import, transcription or translation, the Renilla luciferase expression would differ
substantially from the expression in the control samples. Since no significant difference
between N protein-expressing cells and the control was observed (Figure 5.11), a non-specific
influence on transcription or translation was excluded as an explanation for previous results.

Instead, the potential interaction of N protein with IRF3 was investigated more closely.
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Figure 5.11. Expression of CedV proteins does not cause translational shut-down.

HEK-293T cells were transfected with a plasmid expressing Renilla luciferase and plasmids encoding for the
different CedV proteins, or the empty vector. For the negative control, only the empty vector was transfected
adjusted to an equal total amount of DNA. The data show median + /QR of 3 independent experiments in duplicate
normalized to the negative control. Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p <
0.01(*).

HEK-293T cells were transfected with 1 ug of plasmids encoding for the different viral proteins,
or the empty vector, and either 1 ug RIG-I-CA or IRF3-5D. After 24 h, subcellular fractionation
was performed to analyze cytosolic and nuclear fractions separately in SDS-PAGE and
Western blot. Preliminary results comparing RIG-I-CA/IRF3-5D transfected and non-
transfected cells confirmed an effect of the RIG-I-CA/IRF3-5D expression on IRF3
translocation. Histone H4 detection served as a positive control for clean separation of the
nuclear fraction, whereas GAPDH was employed as a control for the cytosolic fraction, since
it is mainly present in the cytosol. Additionally, for each experiment, viral protein expression
was confirmed for all proteins except CedV F, which is not GFP-tagged, and G protein, for
which expression levels were low. In HEK-293T cells expressing CedV N, there was neither a
significant difference in the total amount of IRF3 translocation to the nucleus, nor in the amount
of phosphorylated IRF3 (Figure 5.12). CedV F showed a slight positive, however not
statistically significant, trend on IRF3 translocation to the nucleus, when co-expressed with
RIG-I-CA. Since an empty pCAGGS control was not included, an influence of the different

vector backbone could not be excluded.
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Figure 5.12. Nuclear IRF3 remains unaltered by CedV proteins in HEK-293T expressing RIG-I-CA.

Western blot analysis of HEK-293T transfected with RIG-I-CA and plasmids encoding for the different CedV
proteins. Subcellular fractionation was performed to analyze cytosolic (c) and nuclear (n) fraction separately.
Successful separation was determined by GAPDH detection in the cytosolic fraction and Histone H4 detection in
the nuclear fraction. The expression of GFP-tagged CedV proteins (G, M, N, P, C) was evaluated with an anti-GFP
antibody. Total IRF3, and Ser396-phosphorylated IRF3 amounts were determined using the respective antibodies.

Densitometry analysis was performed in Image Lab and nuclear translocation was quantified as percentage of total

measured IRF3 (c + n). Images are representative of 3 independent experiments.

HEK-293T cells that expressed IRF3-5D exhibited a similar pattern, with no significant

differences observed in the nuclear translocation of IRF3 (Figure 5.13).
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Figure 5.13. Nuclear IRF3 remains unaltered by CedV proteins in HEK-293T expressing IRF3-5D.
Western blot analysis of HEK-293T transfected with IRF3-5D and plasmids encoding for the different CedV proteins.

100 kDa
70 kDa

Subcellular fractionation was performed to analyze cytosolic (c) and nuclear (n) fraction separately. Successful
separation was determined by GAPDH detection in the cytosolic fraction and Histone H4 detection in the nuclear
fraction. The expression of GFP-tagged CedV proteins (G, M, N, P, C) was evaluated with an anti-GFP antibody,
total IRF3 and at Ser396 phosphorylated IRF3 amounts were determined using the respective antibodies.
Densitometry analysis was performed in Image Lab and nuclear translocation was quantified as percentage of total

measured IRF3 (c + n). Images are representative of 3 independent experiments.

Contrary to the initial hypothesis, CedV N protein did not significantly alter IRF3 translocation
or phosphorylation in this experimental set-up. It must be noted, however, that no construct,
which verifiably alters IRF3 translocation, was included as a positive control to determine the
sensitivity of the assay. Furthermore, carry-over between the cytosolic and nuclear fraction
cannot be excluded completely, as light Histone H4 bands appear in some of the cytosolic
lanes. On the other hand, GAPDH in the nuclear fraction is not necessarily a sign of cross-
contamination, as GAPDH can translocate to the nucleus in response to oxidative stressors
%2263 Since other henipavirus proteins have been reported to inhibit IFNB signaling through
STAT sequestration *'772% the influence of CedV proteins on IFNB signaling and the IFNB
positive feedback loop was also investigated. HEK-293T cells were transfected with the
plasmid encoding for a Lucia luciferase, the different viral genes, or the empty vector control,
and 24 h later, stimulated with IFNa or MOCK-stimulated with PBS. The pNiFty3-IAN-Lucia
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plasmid also contains, in addition to the sequence coding for the Lucia luciferase and the
murine /IFNB promoter, transcription factor binding sites (e.g. ISRE), which can be activated
by STAT dimers '?2. Luciferase induction was measured 24 h after IFNa treatment. If CedV N
were capable of inhibiting STAT-dependent type | IFN signaling, significantly lower luminance
would be induced when cells express N protein compared to the empty vector control.
Unexpectedly, CedV F and M repressed luciferase induction to a small, non-significant, extent,
whereas CedV P induced positive feedback exceeding the positive control (Figure 5.14). G,

N, and C expression did not influence luciferase induction in comparison to the vector control.
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Figure 5.14. Negligible influence of CedV proteins on type | IFN signaling.

Luciferase assay of HEK-293T cells transfected with a plasmid expressing a Lucia luciferase under the murine
IFNB promoter and transcription factor binding sites (ISRE, AP-1 binding site, NF-kB binding site), the different
CedV genes and 24 h post-transfection stimulated with 800 U/ml IFNa. Fold change was calculated between non-
stimulated groups and IFN-stimulated samples. The data show median + /QR of 3 independent experiments in

duplicate. Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**).

IFNB is induced via multiple pathways (TLRs, RIG-I/MDA5, cGas/STING) that all result in
translocation of transcription factors (AP-1, NF-kB, IRFs) into the nucleus *°. Initiation of IFNB
transcription is regulated by two negative and four positive regulatory domains, which can
result in very nuanced activation of transcription 2%°. To get a clearer picture of the effect of
CedV protein expression and stimulation with IFNa on type | IFN signaling, HEK-293T cells,
which stably expressed a firefly luciferase downstream of the MX7 promoter (HEK-MX1-FLuci),
were employed. MX1 is an interferon-stimulated gene ?°°, so transcription depends solely on
IFN levels. Those HEK-MX1-FLuci cells were transfected with 250 ng of plasmids encoding for
the CedV proteins and stimulated with IFNa or PBS (MOCK control) for 24 h. Luciferase
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induction in response to IFNa stimulation was measured in the cell lysate and normalized to
the non-stimulated control. Luminance was directly proportional to the MX7 promoter

activation, thereby enabling quantification of functional JAK-STAT signaling.
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Figure 5.15. Influence of CedV proteins on IFN signaling in HEK-MX7-FLuci cells.

Luciferase assay of HEK-MX7-FLuci cells (expressing a firefly luciferase downstream of the MX7 promoter),
transfected with plasmids encoding for CedV proteins, and 24 h post-transfection stimulated with 800 U/ml IFNa.
Fold change was calculated between the non-stimulated control and the IFNa-stimulated samples each. The data
show median + /QR of 3 independent experiments in duplicate. Statistical test: Kruskal-Wallis without Dunn’s
correction. p < 0.05 (*), p < 0.01(*).

Unexpectedly, HEK-MX17-FLuci cells reacted unreliably to transfections and stimulation with
IFNa. Luciferase induction fluctuated substantially between experiments and cells
downregulated the luciferase expression within few passages. When focusing on the three
experiments with sufficient transfection efficiency and acceptable luciferase induction relative
to the unstimulated control, N protein did not inhibit the induction of MX7 promoter activity
(Figure 5.15).

In all, the luciferase experiments demonstrated that CedV N protein inhibits the induction of
IFNB. Although the exact mechanism is still unclear, translational shut-down, an alteration of

IRF3 translocation, and inhibition of JAK-STAT signaling could be excluded.
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5.3. Cell line specific replication kinetics of rCedV-nTurbo635

A human (A549), a porcine (SK-6), and an ERB epithelial cell line (RaNep) were chosen to
compare replication kinetics and innate immune responses at different time points after
infection. Admittedly, the three cell lines stem from different tissues (lung, kidney, nose);
however, they are all of epithelial cell origin and are capable of mounting innate immune
responses. ERB cells were chosen, as Rousettus spp. have been shown to harbor many

4142 and could therefore be a

different paramyxoviruses, including henipavirus-related viruses
natural host of CedV. Pigs are an important intermediate, respectively, amplifying host for NiV-
M infections ?2. So far, no human CedV infections have been reported, and CedV is very likely
non-pathogenic, but humans are highly susceptible to HeV and NiV, with often lethal outcome
719-22 Those three species were chosen to give a comprehensive overview of the spectrum of
host immune responses to CedV infection, using the rCedV-nTurbo635. In the interest of
comparability between immune reactions of different cell lines, every newly propagated rCedV-
nTurbo635 batch was titrated on each cell line to achieve approximately the same MOI for

each cell type and infection.

5.3.1. rCedV-nTurbo635 replication varies among cell lines and is affected by
IFN competence

5.3.1.1. rCedV-nTurbo635 differentially replicates in epithelial cell lines

BHK-21 cells were used for rCedV-nTurbo635 propagation, due to their deficiency in type |
IFN induction 267268 which allows for efficient viral replication. Whether rCedV-nTurbo635 is
able to replicate in the above-mentioned, IFN-competent, cell lines, was another subject of
investigation. The BHK-21 replication curve served as a positive control for maximum
replication of rCedV-nTurbo635. The highest titer, with approximately 108 TCID50, was
measured in the supernatant of infected BHK-21 at 48 h p.i. Viral titers increased within the
first 24 h in A549 and RaNep to then decrease at later time points (Figure 5.16 A, B). In
contrast, titers in SK-6 peaked at 48 h p.i. (10° TCID50) with a maximum titer increase of 10°
in the supernatant (Figure 5.16 A).
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Figure 5.16. rCedV-nTurbo635 differentially replicates in epithelial cells lines of various origins.

Titers were determined on BHK-21 from supernatants (A) and cell lysates (B) of cells infected with rCedV-
nTurbo635 at MOI 0.1 at zero, 24 h, 48 h, and 72 h. TCID50 was calculated using the Spearman-Karber formula.
The data show geometric mean + SD of 2 independent experiments. Each dilution row and titration were performed

in duplicate.

For each cell line, fluorescence images were taken at the above-mentioned time points (Figure
5.17). Interestingly, fluorescent intensity of the Turbo635 protein appeared dimmer in RaNep

and brighter in BHK-21, compared to the other two cell lines.
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A549 RaNep BHK-21

Figure 5.17. Intensity of Turbo635 fluorescence is dependent on cell line.
Fluorescent images of rCedV-nTurbo635 infected (MOI 0.1) A549, RaNep, SK-6, and BHK-21 at 24 h, 48 h, and

72 h. Images were taken with a Nikon Eclipse Ti microscope and brightness adjustments were done in Image J.

Pictures are representative of 2 independent experiments. Scale bar: 100 pm.

These observations led to the hypothesis that A549 and RaNep are capable of eliminating
rCedV-nTurbo635 in the medium term. To investigate this further, cells were infected at MOI
0.1 and split in low dilutions every two to three days. Supernatants were collected each time
before passaging the cells and titrated again on BHK-21. Over the course of two weeks, all

cell lines could maintain low to medium levels of viral replication (Figure 5.18).

80



-o- A549
#- RaNep
-4~ SK-6

TCID50 (Iog+g)
i

T T T T T T
day0 day2 day5 day$8 day 10day 13

B split in high dilution

A\ l -0~ A549
,/ \ = RaNep

\ -4 SK-6

TCID50 (logsg)
~

I I I I I I
day 0 day2 day 6 day9 day 13 day 16

Figure 5.18. rCedV-nTurbo635 infection is maintained over the course of 2 weeks.

Viral titers were determined in BHK-21 from supernatants of cells infected with rCedV-nTurbo635 at MOI 0.1.
Samples of the supernatant were taken before cells were split (every 2 to 3 days). TCID50 was calculated using
the Spearman-Karber formula. Each graph shows one independent experiment. Each dilution row and titration was

performed in duplicate.

In this cell culture splitting set-up, rCedV-nTurbo635 titers on SK-6 reached up to 10® TCID50
at 48 h p.i.; however, SK-6 coped with intense viral replication unexpectedly well and survived
until the end of the experiment. RaNep died in one experiment on day 7 and in the second one
on day 13, which was not necessarily a direct response to the viral infection, but could also be
caused by frequent splitting of already sparsely populated flasks. A549 continuously produced
moderate titers (~ 10* TCID50) over the course of two weeks without displaying changes in
morphology or cytopathic effects (Figure 5.18, Figure 5.19, bright field (BF)). The still rCedV-
nTurbo635-infected SK-6 did not grow to a confluent monolayer and appeared more rounded

than usual.
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A549

RaNep

SK-6

Figure 5.19. rCedV-nTurbo635 infection can be stably maintained throughout 2 weeks of cell passaging.
Fluorescent images of rCedV-nTurbo635 infected A549, RaNep, and SK-6 cells on day 13 p.i. Images were taken
with a Nikon Eclipse Ti microscope and brightness adjustments were done in Image J. Pictures are representative

of 2 independent experiments. Scale bar: 100 pm.

5.3.1.2. rCedV-nTurbo635 replication is enhanced in cell lines with
impaired IFN signaling

A plausible reason why rCedV-nTurbo635 replicates to exceptionally high titers in BHK-21 is
the impaired IFN induction in these cells 2672 Whether titers of similar magnitude can be
achieved on A549, RaNep, or SK-6 when JAK-STAT signaling is abrogated remains elusive.
In this study, we used the JAK1 inhibitor AZD4604 to suppress IFN signaling in epithelial cells
before infection. As AZD4604 has, to our knowledge, only been used on rodent and human
cells/specimens, its efficacy and toxicity were first examined in our cell culture systems. Cells
were either treated with 0.17 yM AZD4604 or MOCK-treated with DMSO for 1 h. Subsequently,
half of the samples were stimulated with a high dose of IFNa for 4 h. To determine whether

IFN signaling was sufficiently blocked at the applied concentration of AZD4604, induction of
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the ISG CXCL 10 was measured by gqPCR. AZD4604 completely blocked IFN signaling in A549,
RaNep, and SK-6, as demonstrated by a lack of CXCL70 induction in the “AZD+IFN” group
(Figure 5.20).

A B
T 254 ns % 53004 1S *
2 I 2 .
c 20 ° c
° ° T
5 % 200-
S 154 3
e} ke]
£ £ .
S 10- o
‘d* 8 100 oo
5_
3 . 5
—_ —_ s
S 0-empasfpe——— g 0T
RO L&
) 13 ()
o @9 ¥ & & &
v > <&
) ¥ KR
# 5
&
c
T 400+
g ns * I
S 300- o
-
(8]
=]
2 200-
o
-~
3 1004
3 .
T 0l
v’l’o ,‘\Qé 6«9
& P oF
©
L,
2

Figure 5.20. AZD4604 efficiently inhibits JAK-STAT signaling following IFNa stimulation.

gPCR results of CXCL10 induction in A549 (A), RaNep (B), and SK-6 (C), treated with AZD4604 (0.17 uM) or
MOCK-treated with DMSO, and 1 h later stimulated with IFNa or MOCK-treated for 4 h. Ct values were normalized
to the respective housekeeping genes and induction is depicted as fold change relative to mean of the untreated
control. The data show median + /QR of at least 3 independent experiments in technical duplicate. Statistical test:

Kruskal-Wallis without Dunn’s correction. p < 0.05 (*).

To exclude lower ISG induction due to an increased number of dying cells after AZD4604
treatment, the cytotoxic effect of AZD4604 at a concentration of 0.17 yM was evaluated using

an LDH release assay as a readout for cell death. AZD4604 did not cause significant LDH
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release in any of the cell lines compared to the MOCK-treated control at 6 h post-treatment
(Figure 5.21).

ns ns ns

% Cytotoxicity

Figure 5.21. AZD4604 is not cytotoxic to A549, RaNep and SK-6.

LDH release assay of A549, RaNep, and SK-6 treated with 0.17 uM AZD4604 or MOCK-treated with DMSO for 6
h. Background was subtracted from each measurement and cytotoxicity was calculated in relation to completely
lysed wells (high control). The data show median of 3 independent experiments in triplicate. Statistical test: Kruskal-

Wallis without Dunn’s correction. p < 0.05 (*).

Preliminary experiments showed an increase in cell death after combining AZD4604 treatment
and rCedV-nTurbo635 infection. Therefore, a lower AZD4604 concentration of 0.085 pM (=
0.5 pg/ml) was used to investigate the influence of an IFN signaling block on viral replication.
SK-6 had to be excluded from this experiment, since cell death in the AZD4604-treated and
infected wells prevailed, despite the lower AZD4604 concentration. A549 replication curves
deviated from the DMSO control at 24 h p.i., when titers in the DMSO control started to
decrease, whereas titers on JAK-STAT inhibited A549 increased to a maximum of 10° TCID50
after 72 h (Figure 5.22). Differences between DMSO and AZD4604-treated RaNep started
occurring at 48 h p.i. and were more pronounced. Here, titers reached a maximum of 10®
TCID50 at 72 h p.i.
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Figure 5.22. rCedV-nTurbo635 titers increase drastically in JAK-STAT inhibited cells.

A549 and RaNep were seeded in 24-well plates at 1 x 10° cells/well, and on the next day, either treated with
AZD4604 (0.5 pg/ml) or DMSO for 1 h, before rCedV-nTurbo635 infection at MOI 0.1 for 90 min. Subsequently,
medium was changed back to normal cell culture medium, supplemented with AZD4604, or DMSO as a control.
Supernatants were collected at zero, 24 h, 48 h, and 72 h p.i. and titrated in duplicate on BHK-21. Semi-transparent
lines show replication curve for DMSO-treated cells, whereas saturated colors depict replication on JAK1-inhibited

cells. The data show geometric mean + SD of two independent experiments in duplicate.

This strikingly demonstrates the importance of IFN signaling for controlling rCedV-nTurbo635
replication in both A549 and RaNep starting 48h p.i. However, the impact of other JAK1-
mediated signaling pathways, such as those triggered by y-chain cytokines (IL-2, IL-4, IL-13,

etc.), or for example IL-6, could not be excluded 2°.

5.4. Innate immune responses to rCedV-nTurbo635 infection in
vitro

5.4.1. Similar transcriptional induction of innate immune genes in human,
porcine, and ERB-derived epithelial cell lines

Innate immune responses to rCedV-nTurbo635 infection were evaluated by qPCR at four
different time points (4 h, 8 h, 24 h, 48 h) p.i. at MOI 0.1 and 24 h after transfection of synthetic
dsRNA (polyl:C). IFNB induction was of particular interest, as HeV and NiV inhibit type | IFN
induction in susceptible hosts and thereby weaken the innate immune defense '"*. All three
investigated cell lines induced IFNB; however, A549 responded earlier (24 h) than the other
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two and already decreased IFNB levels at 48 h p.i. (Figure 5.23). IFNB transcripts increased
in RaNep and SK-6 at 48 h p.i., with the highest fold changes measured in SK-6.
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Figure 5.23. INFB is induced earlier in A549 than in RaNep or SK-6.

gPCR data of IFNB expression in A549 (A), RaNep (B), and SK-6 (C) 4 h, 8 h, 24 h, and 48 h p.i. with rCedV-
nTurbo635 at MOI 0.1 and after polyl:C treatment for 24 h normalized to a MOCK-infected control. The data show
median + /QR of 3 independent experiments in duplicate. Statistical test: Kruskal-Wallis without Dunn’s correction.
p <0.05 (*), p<0.01(*).

A similar pattern could be observed for the ISG CXCL10 and the pro-inflammatory cytokines
IL6 and TNFA (Figure 5.24, Figure 5.25). CXCL10 increased about 40-fold in A549, in
comparison to almost 1,800-fold in RaNep and 30,000-fold in SK-6.
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Figure 5.24. CXCL10 is induced earlier in A549 than in RaNep or SK-6.

gPCR data of CXCL10 expression in A549 (A), RaNep (B), and SK-6 (C) 4 h, 8 h, 24 h, and 48 h p.i. with rCedV-
nTurbo635 at MOI 0.1 and after polyl:C treatment for 24 h, normalized to a MOCK-infected control. The data show
median = /QR of at least 3 independent experiments in duplicate. Statistical test: Kruskal-Wallis without Dunn’s
correction. p < 0.05 (*), p < 0.01(**), p < 0.001(***).

Regarding the pro-inflammatory cytokines /L6 and TNFA, fold changes were substantially
lower in RaNep compared to SK-6. A549 induced higher levels of IL6 than RaNep, but
responded with similarly low levels of TNFA to the rCedV-nTurbo635 infection. The induction

of IL6 transcripts in RaNep did not reach significance when compared to the uninfected control.
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Figure 5.25. Genes encoding for the pro-inflammatory cytokines IL6 and TNFA are induced 24 h earlier in
A549 than in RaNep or SK-6.

gPCR data of IL6 (left) and TNFA (right) expression in A549 (A), RaNep (B), and SK-6 (C)4 h, 8 h, 24 h, and 48 h
p.i. with rCedV-nTurbo635 at MOI 0.1 and after polyl:C treatment for 24 h normalized to a MOCK-infected control.
The data show median + /QR of at least 3 independent experiments in duplicate. Statistical test: Kruskal-Wallis

without Dunn’s correction. p < 0.05 (*), p < 0.01(**).

IFNL and IL1B expression were only evaluated in RaNep (Figure 5.26). In RaNep, IFNL
induction was measured additionally, as it is an important antiviral defense mechanism of
mucosal surfaces, such as the upper respiratory tract, from which RaNep are derived 279",

IFNL was induced at 48 h p.i., similar to /IFNB, but at a lower magnitude. Expression of the pro-
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inflammatory cytokine associated with inflammasome activation, IL1B, was moderately
increased at 48 h p.i. (Figure 5.26 B).
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Figure 5.26. Expression of IFNL and IL1B is upregulated at 48 h p.i. in RaNep.
gPCR data of IFNL (A) and IL1B (B) expression in RaNep at 4 h, 8 h, 24 h, and 48 h p.i. with rCedV-nTurbo635 at
MOI 0.1 and after polyl:C treatment for 24 h, normalized to a MOCK-infected control. The data show median + IQR

of at least 3 independent experiments in duplicate.

Overall, all cell lines demonstrated similar induction of genes related to innate immune
responses following rCedV-nTurbo635 infection, although there were distinct timing

differences observed in A549.

5.4.2. Comparable proteomic profile in response to rCedV-nTurbo635 infection
in three epithelial cell lines

To obtain an overview of global proteome changes in response to rCedV-nTurbo635 infection,
A549, RaNep, and SK-6 were infected at MOI 0.2, and samples were prepared for mass
spectrometry at 24 h p.i. Volcano plots comparing MOCK and infected cells showed an
upregulation of IFN-induced proteins, such as MX1, ISG15, and members of the IFIT family,
in all three cell lines (Figure 5.27, Figure 5.28, Figure 5.29). Oligoadenylate synthase (-like)
proteins (OAS, OASL), as part of the antiviral defense, were among the most abundant

proteins in all infected samples. CedV-nTurbo635 proteins were readily detected in all infected
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samples with nucleocapsid, respectively, matrix protein, among the most abundant and large

protein (L) expressed at the lowest level.
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Figure 5.27. Increased expression of typical ISGs and antiviral proteins in A549.

Volcano plot of proteomics data. A549 were infected with rCedV-nTurbo635 at MOI 0.2 and samples were prepared
for mass spectrometry 24 h p.i X-axis shows the differences in protein expression levels (log fold changes) between
MOCK and rCedV-nTurbo635 infected samples. The negative logarithmic P values (log1o) for each protein are
depicted as their y-values. rCedV-nTurbo635 proteins are illustrated in blue. Proteome was annotated and t-tests
were performed in Perseus by Dr. Axel Karger. Volcano plots were generated in R Studio (packages: clusterProfiler,

enrichplot, ggstar, ggnewscale, DOSE and org.hs.eg.db).
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Figure 5.28. Increased expression of typical ISGs, antiviral and ERB specific proteins in RaNep.

Volcano plot of proteomics data. RaNep were infected with rCedV-nTurbo635 at MOI 0.2 and samples were
prepared for mass spectrometry 24 h p.i. X-axis shows the differences in protein expression levels (log, fold
changes) between MOCK and rCedV-nTurbo635 infected samples. The negative logarithmic P values (log1o) for
each protein are depicted as their y-values. rCedV-nTurbo635 proteins are illustrated in blue. Proteome was
annotated and t-tests were performed in Perseus Dr. Axel Karger. Volcano plots were generated in R Studio

(packages: clusterProfiler, enrichplot, ggstar, ggnewscale, DOSE and org.hs.eg.db).
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Figure 5.29. Increased expression of typical ISGs and antiviral proteins in SK-6.

Volcano plot of proteomics data. SK-6 were infected with rCedV-nTurbo635 at MOI 0.2 and samples were prepared
for mass spectrometry 24 h p.i. X-axis shows the differences in protein expression levels (log, fold changes)
between MOCK and rCedV-nTurbo635 infected samples. The negative logarithmic P values (log1o) for each protein
are depicted as their y-values. rCedV-nTurbo635 proteins are illustrated in blue. Proteome was annotated and t-

tests were performed in Perseus Dr. Axel Karger. Volcano plots were generated in R Studio (packages:

clusterProfiler, enrichplot, ggstar, ggnewscale, DOSE and org.hs.eg.db).

92



The cell lines also resembled each other in pathway enrichment analysis, highlighting
pathways associated with antiviral defense, viral life cycle, IFN production, and NF-kB
signaling (Figure 5.30, Supplementary Figure 10.10). Differences emerged in
ribosomal/mitochondrial processes, as well as energy metabolism (Supplementary Figure
10.11), which were significantly upregulated only in SK-6, suggesting a demand for increased

protein translation capacities in response to viral infection.
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Figure 5.30. Biological process (BP) pathway enrichment analysis reveals differences in ribosomal
processes in SK-6 24 h p.i.

Differences in protein levels relevant for the annotated pathways are depicted by proportional circle sizes. P values
are visualized by the color of the circles, with lowest P values (= highest significance) colored in red. Gene ontology

(GO) enrichment analysis was done in R Studio (package: clusterProfiler). Statistical test: t-test.

Upon closer examination of the top 50 most upregulated proteins in response to rCedV-
nTurbo635 infection, important ISGs and antiviral effector molecules, such as MX1, ISG15,
ISG20, OAS1, OASL, or IDO1 26272 were among the highest induced proteins (Figure 5.31,
Supplementary Figure 10.13). Members of the OAS family, which were consistently induced
in all three cell lines, among other less-defined functions, inhibit replication by depleting viral

RNA through the activation of RNase L 2"2. When focusing on pro- and anti-apoptotic proteins,
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such as Bak, Bcl-2, and various caspases, the three cell lines exhibited similar responses
(Supplementary Figure 10.14). Notably, caspase-1 and -4 specific peptides were only
detected in A549.
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Figure 5.31. Upregulation of proteins related to antiviral response and innate immune activation.

Heatmap of top 50 most upregulated proteins (gene names) after rCedV-nTurbo635 infection in A549 in comparison
to RaNep and SK-6. The color scale represents differences in protein expression levels (log, fold changes) between
MOCK and rCedV-nTurbo635 infected samples. Whenever values are not available tile is colored in grey. Most
upregulated proteins are salmon-colored, while least upregulated proteins are displayed in light blue. CedV-
nTurbo635 proteins F, G, M, N, P, as well as the Turbo635 fluorescent protein can be detected in all three cell lines.
Heatmap was created in R Studio.

94



When directly comparing A549, RaNep, and SK-6 in terms of differences in protein abundance,
even though RaNep also increased ISG expression, the other cell lines exhibited a stronger
induction in response to the infection. Due to incomplete genome annotation, some of the 50
most abundant proteins in infected RaNep are still unknown, but could play a role in viral
infections or be bat-specific ISGs (Supplementary Figure 10.13). Among the most
differentially expressed proteins, the antiviral proteins OAS3 and TRIM36 stood out as RaNep-
specific. Additionally, A549 reacted to the infection with MX1 induction, whereas RaNep

increased MX2 expression, and SK-6 upregulated both.

5.5. Cellular stress in response to rCedV-nTurbo635 infection

Viral infections cause accumulation of un- or misfolded proteins, which can lead to ER stress,
and if this is not resolved, to cell death 273. Additionally, the henipavirus glycoproteins G and F
are processed in the ER before being transported to the cell surface, placing even more
pressure on the ER machinery ?’*. Since CedV is classified as a non-pathogenic henipavirus,
one aim of this project was to investigate its effects on ER stress and whether it can cause cell
death.

5.5.1. rCedV-nTurbo635 causes cellular stress on a transcriptional level

All three UPR signaling cascades are initiated by the dissociation of BiP from its receptors
(PERK, ATF6, IRE1) #°. Therefore, an increase in soluble BiP is indicative of an activation of
the UPR on the protein level. To investigate whether rCedV-nTurbo635 infection can cause
ER stress, A549, RaNep, and SK-6 were seeded in 6-well plates and infected at MOI 0.1.
Higher MOls lead to low protein yields due to increased cell death, especially in SK-6. Protein
samples were prepared for SDS-PAGE at 8 h, 16 h, 24 h, and 48 h p.i. to analyze BiP
abundance and phosphorylation of eukaryotic translation initiation factor (elF2a), downstream
of PERK activation, within the first 48 h of infection (Figure 5.32). Tunicamycin stimulation
served as a positive control, as it abrogates N-linked glycosylation of newly synthesized

proteins in the ER, causing an accumulation of unfolded proteins 27°.
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Figure 5.32. Unaltered BiP/P-elF2a levels in response to rCedV-nTurbo635 infection.
Western blot analysis of A549, RaNep and SK-6 infected with rCedV-nTurbo635 at MOI 0.1, 8 h, 16 h, 24 h, and
48 h p.i. Tunicamycin (T) stimulation for 2 h, 8 h, and 16 h served as positive control for ER stress. An anti-B-Actin
antibody was used as the loading control. The anti-P-elF2a antibody recognizes Ser51 phosphorylation, indicative

of protein synthesis inhibition. Images are representative of 3 independent experiments.

BiP: 78 kDa

P-elF2a: 38 kDa

Actin

BiP 78 kDa

P-elF2a: 38 kDa

Actin

BiP abundance increased drastically 8 h after Tunicamycin stimulation; however, significant

differences in rCedV-nTurbo635 infected samples could not be measured at any time point

(Figure 5.33). A549 exhibited a marginal increase in response to infection at all time points,

whereas RaNep increased BiP on a small scale at 24 h p.i.
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Figure 5.33. Densitometry analysis reveals unaltered BiP levels in response to rCedV-nTurbo635 infection.
Quantification of BiP amounts in A549 (A), RaNep (B), and SK-6 (C) relative to B-Actin and normalized to the
uninfected control (MOCK). Densitometry measurements and analysis were done using Image lab. Graphs on the
right show data without the Tunicamycin-stimulated positive controls. Plotted are mean + SD.

Regarding elF2a phosphorylation, Tunicamycin stimulation did not present an equally
convincing positive control in A549 and RaNep, as it did in SK-6, which could be due to a
suboptimal sampling time point. In A549, elF2a phosphorylation increased slightly at all time
points compared to the control. In contrast, phosphorylation of RaNep elF2a was only slightly

97



induced at least 24 h p.i.,, which complements the observed increase in BiP. In SK-6,
phosphorylated elF2a was induced to some extent 16 h p.i. (Figure 5.34).
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Figure 5.34. Densitometry analysis reveals unaltered phosphorylation of elF2a in response to rCedV-
nTurbo635 infection.

Quantification of phosphorylated elF2a in A549 (A), RaNep (B), and SK-6 (C) relative to B-Actin and normalized to
the uninfected control (MOCK). Densitometry measurements and analysis were done using Image lab. Graphs on
the right show data without the positive controls. Plotted are mean + SD.
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CedV-nTurbo635, a low-pathogenic henipavirus, did not cause severe ER stress-related

changes on the protein level in any of the tested cell lines.

On a transcriptional level, BiP (HSP5A), the activating transcription factor 4 (ATF4), C/EBP
homologous protein (CHOP), also known as DNA damage-inducible gene (DDIT3), and heat
shock protein 60 (HSP60, only in RaNep, Supplementary Figure 10.9) were examined. ATF4
acts as a transcription factor downstream of PERK/elF2a signaling, and phosphorylation of

209 ATF4 expression is regulated through

elF2a additionally induces ATF4 translation
translation, as it is usually transcribed in abundance ''*2%, As expected, ATF4 transcript levels
remained unaltered in response to rCedV-nTurbo635 infection in all three epithelial cell lines

(Figure 5.35).
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Figure 5.35. ATF4 levels remain unaltered after rCedV-nTurbo635 infection.

gPCR data of ATF4 expression in A549 (A), RaNep (B), and SK-6 (C) infected with rCedV-nTurbo635 at MOI 0.1.
for 4 h, 8 h, 24 h, and 48 h normalized to the uninfected control. The data show median * /IQR of at least 3
independent experiments. Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**), p <
0.001(***)., p < 0.0001(****).
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HSP5A transcription increased marginally in A549 and SK-6 at 48 h p.i., whereas it remained

steady in RaNep over the 48 h time course of infection (Figure 5.36).

A B
§5- 52.5- o
2 . 5
= 4] = 2.0
° o o
prar e}
S 3 S 1.5 o
2 2 $ ¢ .,
%2_ 5)10- ) . .. ®
& 1 Gos| | L 00
o 7 'L# .!. I n ..
2o T T T T T 200 T T T T T
IR IR S S o
1 L) '],“ b"boq)t > Q '1?‘ &bomb‘
NS N
o\% o\%
Q <
(o4
T 67
o °
= °
5, o
= 44
S °
S
£
<
{1
AINr
I
Eo 1 1 1 1 1

SOIIP SIS SEEPS I

bt‘bq'btgbq}
N
)
$

Figure 5.36. HSP5A levels remain unaltered in RaNep in response to rCedV-nTurbo635 infection.

gPCR data of HSP5A expression in A549 (A), RaNep (B), and SK-6 (C) infected with rCedV-nTurbo635 at MOI
0.1.for 4 h, 8 h, 24 h, and 48 h normalized to the uninfected control. The data show median + IQR of at least 3
independent experiments. Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**), p <
0.001(***)., p < 0.0001(****).

However, DDIT3 transcripts were significantly induced in all three cell lines, in A549 within the
first 24 h p.i and in RaNep and SK-6 at 48 h p.i. (Figure 5.37). Polyl:C stimulated samples do
not show an increase in any of the measured parameters. Cellular stress is a transient process,
therefore 24 h after polyl:C stimulation, the cells could have resolved the ER stress and

returned to equilibrium, already.
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Figure 5.37. DDIT3 levels increase significantly at 48 h p.i.

gPCR data of DDIT3 expression in A549 (A), RaNep (B), and SK-6 (C) infected with rCedV-nTurbo635 at MOI
0.1. for 4 h, 8 h, 24 h, and 48 h normalized to the uninfected control. The data show median + /IQR of at least 3
independent experiments. Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**), p <
0.001(***)., p < 0.0001(****).
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5.5.2. rCedV-nTurbo635 differentially promotes apoptosis

When cell membranes are damaged by cellular stress, toxins, drugs, or viruses, LDH is
released into the cell culture supernatant, which can be indirectly quantified in commercially
available assays. To assess the cytotoxic potential of rCedV-nTurbo635, A549, RaNep, and
SK-6 were seeded in 96-well plates and infected at MOI 1. Cytotoxicity was calculated in
relation to a completely lysed positive control and an untreated negative control at 8 h, 24 h,
and 48 h p.i. Significant amounts of LDH were only released in RaNep and SK-6 at 48 h p.i.,
indicating cell death caused by rCedV-nTurbo635 infection (Figure 5.38). A549 showed a
minor, non-significant increase in LDH release when comparing MOCK and rCedV-nTurbo635-

infected samples.
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Figure 5.38. rCedV-nTurbo635 infection differentially causes cell death in human, porcine, and bat epithelial

cell lines.
LDH release assay of rCedV-nTurbo635 infected A549 (A), RaNep (B), and SK-6 (C) in comparison to MOCK control

(black) 8 h, 24 h, and 48 h p.i. Background was subtracted from each measurement, and cytotoxicity was calculated

in relation to completely lysed wells (high control). The data show median of at least 3 independent experiments in

triplicate. Statistical test: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*).
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Since DDIT3 induction, as seen before in RT-gPCR, is a hallmark of ER stress induced
apoptosis 2'°277 we hypothesized that the observed cell death was most likely apoptosis. Both
the extrinsic and the intrinsic pathway lead to apoptosis via caspase-3 and -7 cleavage 2%'???,
which makes it an ideal target to investigate. The three epithelial cell lines were infected with
rCedV-nTurbo635 at MOI 0.1, protein samples were prepared from cell lysates at 24 h and 48
h p.i. and Western blot was performed. The lower MOI was chosen, as SK-6 infected at MOI
1 already show substantial cell death at 48 h p.i., which complicates protein sample
preparation. Nevertheless, even at MOI 0.1 rCedV-nTurbo635 infection caused caspase-3
cleavage, and thereby activation in SK-6 48 h p.i. (Figure 5.39). The resulting amount of the
large fragment (17 kDa) was comparable to the positive control (Staurosporine treatment
(STSP)), however, in infected samples there was no visible reduction in full-length caspase-3.
Cellular poly-(ADP-ribose) polymerase (PARP) is cleaved by active caspase-3 into a large (89
kDa) and a small fragment (not visible in WB) and served here as a second indicator of
programmed cell death. SK-6 samples at 48 h p.i. showed a reduction in 116 kDa PARP, which
for the other cell lines was merely visible in the STSP treated samples. Cleavage of caspase-
3 could not be detected in the A549 samples, but the reduction in full-length caspase-3 in the
STSP control was presumably due to cleavage. In RaNep, substantial caspase-3 and PARP

cleavage were only induced by STSP treatment, not the infection.
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Figure 5.39. rCedV-nTurbo635 infection induces caspase-3 cleavage in SK-6.

Western blot analysis of rCedV-nTurbo635-infected (MOI 0.1) A549, RaNep, and SK-6 at 24 h and 48 h p.i.
compared to a MOCK control and 16 h to 24 h Staurosporine (STSP) treatment as a positive control. In addition to
caspase-3 cleavage, reduction of full-length caspase-3 and PARP cleavage was measured. B-Actin served as the

loading control. Image is representative of 3 independent experiments.
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Since the results from this antibody-based approach were not unambiguous, the data were
further validated with a probe-based assay, which determines caspase-3/7 activation. To this
end, A549, RaNep, and SK-6 were seeded in 96-well plates, infected at MOI 0.1 and after 24
h, respectively, 48 h, they were stained with the green CellEvent™ caspase-3/7 detection
reagent. A549 and RaNep were additionally stained with a viability dye, which stains cells with
compromised membranes, indicating necrosis. High-content image analysis was performed
on fixed cells using the Thermo Scientific Cellinsight CX7 (additional information on the
protocol can be found in Supplementary Figure 10.16). A549 and RaNep exhibited activation
of the effector caspases in response to rCedV-nTurbo635 infection to a comparable extent
with about 3 % of infected cells stained positive for caspase-3/7 activation 48 h p.i. (Figure
5.40 A). In SK-6, on the other hand, 12 % of infected cells showed signs of apoptosis. In
comparison, in MOCK-infected cells, caspase-3/-7 staining did not increase with time, as
indicated by the total percentage of apoptotic cells (Figure 5.40 B). MOCK infected RaNep at
48 h stained positive for caspase-3/7 activation disproportionately often, which might be due
to autofluorescence. These false positive results were, however, mitigated by only counting
the cells stained for caspase-3/7 activation, which were also infected (Figure 5.40 A). Of those
A549 and RaNep, which were counted as apoptotic in response to the viral infection, only very
few were in late stages of apoptosis 48 h p.i., defined by double positive (caspase-3/7 and
Zombie NIR) staining (Figure 5.40 C, D). Even though necrosis increased between 24 h and
48 h p.i., only low percentages of infected A549 and RaNep tested positive for necrosis,

rendering it a negligible form of cell death in rCedV-nTurbo635 infection.
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Figure 5.40. rCedV-nTurbo635 infection differentially causes caspase-3/7 activation in epithelial cell lines.

A549, RaNep, and SK-6 were seeded in 96-well plates, infected at MOI 0.1, and stained using a green caspase-
3/7 activity-based dye (CellEvent™ Caspase-3/7 detection reagent) 24 h/ 48 h p.i. A549 and RaNep were

additionally stained with a viability dye (Zombie NIR) to distinguish late-stage apoptotic and necrotic cells. Then the

cells were fixed in 4% PFA. Image acquisition and data analysis was done using the Celllnsight CX7 high-content

microscopy platform.
(A) Percentage: caspase-3/7 positive (= apoptotic) of infected cells.

(B) Percentage: apoptotic cells of all counted cells.

(C) Percentage: late-stage apoptotic (double positive for caspase-3/7 and Zombie NIR staining) of all infected,

apoptotic cells. One outlier value for A549 at 24 h p.i. is not depicted.
(D) Percentage: late-stage apoptotic of all infected cells

(E) Percentage necrotic of all infected cells.

The data show median + /QR of 3 independent experiments in duplicate. Statistical test: Kruskal-Wallis without

Dunn’s correction. p < 0.05 (*), p < 0.01(**), p < 0.001(***), p < 0.0001(****).

SK-6 detached from the cell culture plates in response to the viability dye staining; therefore,

no data are available on the significance of necrosis or late-stage apoptosis in those cells.

rCedV-nTurbo635 infection caused apoptosis in RaNep and A549, but highest percentages of

affected cells were observed in SK-6.
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5.6. Generation and characterization of primary ERB lung
endothelia-like cells (PELENDO) to assess endothelial barrier
damage in response to rCedV-nTurbo635 infection

Since NiV/HeV pathogenicity and disease symptoms are closely linked to their ability to infect

475 one aim of this

endothelial cells in various organs and disrupt the endothelial cell barrier
project was to investigate the effect of CedV infection on ERB-derived endothelial cells. To this
end, primary ERB lung endothelia-like cells (PELENDO) were generated from the lung tissue
of three healthy adult ERB and cultivated in collagen-coated flasks using endothelial cell

medium.

5.6.1. PELENDO display endothelial cell characteristics

Endothelial cell characteristics were assessed by microscopy, (RT-q)PCR, Von Willebrand
factor (VWF) expression in immunofluorescence and evidence of Weibel-Palade bodies (WPB)
in transmission electron microscopy (TEM). PELENDO grew in a monolayer and exhibited
contact-dependent growth inhibition (Figure 5.41). Some capillary-like structures could be
observed (arrow). PELENDO were cuboid shaped and showed in some cell aggregations the
typical endothelial “cobblestone” morphology (arrowhead). As none of the single-cell dilutions
were successful, each primary cell preparation most likely contained a mixture of ERB lung

derived cells.

Figure 5.41. PELENDO display typical endothelial cell characteristics in culture.
Primary ERB lung endothelia-like cells (PELENDO) were grown in collagen-coated flasks in endothelial cell medium.
PELENDO displayed “cobblestone” morphology (arrowhead) and formation of vascular-like structures (arrow) in

culture. Image was taken using the 10X objective on a Nikon Eclipse microscope. Scale bar: 100 ym.
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Expression of typical endothelial cell markers, Cadherin 5 (CDH5)/VE-Cadherin and vascular
endothelial growth factor receptor 2 (VEGFR2) %'® |, was assessed using RT-qPCR and
conventional PCR (Figure 5.42 A, B). Additionally, ephrin expression in PELENDO was
quantified relative to the housekeeping gene EEF1A1 to assess susceptibility to CedV infection
(Figure 5.42 A). ERB ephrins B1, B2, and to a lower extent, A5 can mediate CedV entry %7,

all of which were expressed in comparably high levels in PELENDO.
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Figure 5.42. PELENDO express CedV entry receptors ephrin B1 and B2 alongside endothelial cell markers.
(A) RT-gPCR data show ephrin expression levels and endothelial cell markers CDH5 and VEGFR2 relative to
the housekeeping gene EEF1A1. Plotted are mean + SD.
(B) Agarose gel showing the expression of CDH5 and VEGFR2 next to the housekeeping gene EEF1A1.

To further characterize PELENDO, cells were stained with anti-human CD31 (PECAM-1) and
CD34 (hematopoietic progenitor cell antigen) antibodies, which unfortunately did not cross-
react with ERB target antigens. Low passages of PELENDO expressed Von Willebrand factor
(VWEF), which is essential for hemostasis and is stored in Weibel-Palade bodies in the intima
of blood vessels (Figure 5.43) 27281 |t is worth noting that not all PELENDO preparations
tested positive for VWF staining, and those that did lost the expression within a few passages.
For comparison, ERB lung epithelial cells (PELEPI) served as a negative control for VWF
expression and as a positive control for the epithelial cell marker, cytokeratin 22, PELENDO,

on the other hand, did not express cytokeratin.

107



Merge

PELENDO

PELEPI

DAPI pan cytokeratin Merge

PELENDO

PELEPI

Figure 5.43. PELENDO express low levels of Von Willebrand factor (VWF) and no cytokeratin.

Immunofluorescence images of PELENDO and PELEPI. Cells were fixed in 4% PFA and incubated with the a-Von-
Willebrand-factor/a-pan-cytokeratin antibody overnight. The a-pan-cytokeratin antibody is FITC-labelled, and a
FITC-conjugated a-rabbit IgG antibody was used for visualizing VWF. Images were captured with the CX7, and

brightness/contrast adjustments were performed in Imaged. Scale bar: 100 ym.

To validate the cross-reactivity of the anti-human-VWF antibody, used for
immunofluorescence, immunohistochemistry (IHC) was performed on ERB lung slices, which

displayed specific staining for the intima of blood vessels (Figure 5.44).
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Figure 5.44. Anti-Von-Willebrand-factor antibody specifically binds to ERB lung blood vessel

endothelium.

Immunohistochemistry (IHC) of ERB lung tissue. ERB lung tissue was embedded in paraffin and incubated with
an anti-von-Willebrand-factor antibody (1:200) overnight (A). The control (B) was only incubated with the
secondary a-rabbit antibody. IHC was performed by Silvia Schuparis (ATB).

Given the expression of VWF in PELENDO, WPB formation was to be determined in electron
microscopy. WPBs are formed in the Golgi apparatus and store VWF in tubules. These tubules
appear as striations when WPBs are viewed in longitudinal sections under transmission
electron microscopy, or as dots in cross-sections 279260283 pPE| ENDO displayed WPB-like
structures (Figure 5.45, arrows), characterized by tightly packed tubules in a less dense

matrix, enclosed by a lipid bilayer 230284,
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Figure 5.45. PELENDO produce Weibel Palade body-like structures in low passage numbers.

Transmission electron microscopy images were taken of PELENDO (animal 2, passage 3). Multiple Weibel-Palade
body-like structures, characterized as tubules, surrounded by a less dense matrix, encapsidated by a membrane,
are visible in the cytosol (arrows). Electron microscopy was performed using a Talos F200i (Thermofisher Scientific)
and images were taken with a digital camera (Ceta, 16 MP, Software Velox). Scale bar: 2 ym (A), 1 um (B, C).

Sample acquisition and analysis was done by Dr. Kati Franzke.

Notably, the WPBs in PELENDO, measuring approximately 1 um in diameter, were
significantly larger than those found in human and rat endothelial cells, which have been

reported to range from 1-5 um in length and 0.1-0.3 um in width in previous studies 230284,
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Species identification by cytochrome c oxidase 1 barcoding (CO17 barcoding) from genomic
DNA was performed to exclude contamination with other cell lines, kept in the lab (Figure
5.46).
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Figure 5.46. PELENDO are of ERB origin.

Agarose gel of CO7 barcoding PCR for species identification established by Cooper et al 2*'. Lanes 1-4 show
positive controls for species, from which cells were cultivated in the lab at the same time. Lanes 6-10 contain
PELENDO genomic DNA samples run with the species-specific primer sets. Amplicon sizes: human: 390 bp, pig:
460 bp, mouse: 150 bp, Tamarin monkey: 400 bp, ERB: 250 bp

In all, PELENDO were demonstrated to originate from ERB tissue and displayed typical
endothelia-like characteristics, which made them a suitable model to proceed with rCedV-
nTurbo635 infection.

5.6.2. PELENDO are susceptible to infection and undergo apoptosis in
response to rCedV-nTurbo635 infection

As PELENDO express the necessary receptors for rCedV infection, ephrin B1 and B2 (Figure
5.42), and cells were generally susceptible to rCedV-nTurbo635 infection (Supplementary
Figure 10.17), further experiments regarding the susceptibility and response to infection were
performed. To this end, PELENDO were seeded in 96-well plates and infected at MOI 0.5 (as
determined on RaNep). At 24 h and 48 h p.i., plates were stained with the CellEvent reagent,
which is activated through cleavage by active caspase-3/7, thereby indicating apoptosis.
Infection rates and apoptosis in response to rCedV-nTurbo635 infection were determined for
PELENDO preparations derived from two different donor animals using the Celllnsight CX7
high-content screening platform. After 24 h, infected PELENDO exhibited significantly more
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apoptosis than the MOCK-infected wells (Figure 5.47 B) and, within an additional 24 h,

apoptosis rates increased to approximately 9% (Figure 5.47 A).
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Figure 5.47. Significant caspase-3/7 activation in PELENDO in response to rCedV-nTurbo635 infection.
PELENDO were infected at MOI 0.5 and stained using the green caspase-3/7 activity-based dye (CellEvent™
Caspase-3/7 detection reagent) at 24 h/ 48 h p.i. Cells were fixed in 4% PFA. Image acquisition and data analysis
were done using the Cellinsight CX7 high-content microscopy platform.

(A) Percentage: caspase-3/7 positive (= apoptotic) of infected cells.

(B) Percentage: apoptotic of all counted cells.

Data stem from 2 independent experiments, each performed in duplicate. Plotted are median + /IQR. Statistical test:
A: Mann-Whitney, B: Kruskal-Wallis without Dunn’s correction. p < 0.05 (*), p < 0.01(**).

As PELENDO were most likely a mixture of ERB lung-derived primary cells that were
differentiated using endothelial cell medium, differences occurred between donor animals and
preparations. Apoptosis induction was markedly higher for PELENDO, originating from animal
2 (Figure 5.48).
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Figure 5.48. Apoptosis rates differ between animal 1 and 2.

PELENDO were seeded in 96-well plates, infected at MOI 0.5 (as titrated on RaNep) and stained using the green
caspase-3/7 activity-based dye (CellEvent™ Caspase-3/7 detection reagent) at 24 h/ 48 h p.i. Cells were fixed in
4% PFA, image acquisition and data analysis were done using the Celllnsight CX7 high-content microscopy
platform. Data stem from 2 independent experiments, performed in duplicate. Individual data points are depicted as
squares (animal 1) or triangles (animal 2). Plotted are median + IQR.

(A) Percentage: caspase-3/7 positive (= apoptotic) of infected cells.

(B) Percentage: apoptotic of all counted cells.

Even though visual assessment did not expose substantial differences in infection rates
between 24 h and 48 h p.i. (Figure 5.49 A), quantitative analysis showed a reduction of
infected cells (Figure 5.49 B). This decrease in infection rate was accompanied by fewer cells
counted in the automated image analysis (Figure 5.49 C). While cell numbers in MOCK-
infected wells increased substantially, infected wells experienced either attenuated growth or

loss of infected cells, which could explain decreasing infection rates.
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Figure 5.49. Infection rate of PELENDO decreases with time.

animal 1 P3 MOCK
animal 1 P3 rCedV
animal 2 P1 MOCK
animal 2 P1 rCedV
animal 2 P3 MOCK
animal 2 P3 rCedV

PELENDO were seeded in 96-well plates, infected at MOI 0.5, and stained using the green caspase-3/7 activity-

based dye at 24 h/ 48 h p.i. Cells were fixed in 4% PFA. Image acquisition and brightness adjustments were done

using the Celllnsight CX7 high-content microscopy platform and images were colorized using Image J (A). Scale

bar: 100 pm.
(B) Infection rate in percent.

(C) Cell count per well.

Individual data points are depicted as squares (animal 1) or triangles (animal 2).
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Overall, PELENDO were susceptible to rCedV-nTurbo635 infection, with a small percentage
of cells beginning to undergo apoptosis at 24 h p.i. While apoptosis rates increased within 48

h p.i., compared to the MOCK control, infection rates decreased after 24 h.

5.7. Original CedV WT isolate infections in vitro and in vivo

Since CedV was first isolated from Pteropus bats in Australia, the original wildtype isolate
(CedV WT) is restricted to the high-containment area (BSL-4) °. Accordingly, experiments
using the original isolate are elaborate and rare. Here, we have expanded the significance of
our previous findings by including data generated at the BSL-4 facilities at the FLI. Infection
experiments in the BSL-4 area were conducted by Dr. Sandra Diederich, all subsequent

experiments and data analysis was done by the author.

5.7.1. CedV WT replicates to similar titers on A549 and RaNep

RaNep and A549 were infected with CedV WT, respectively Nipah virus Malaysia (NiV-M) for
comparison, at MOI 0.1 and viral RNA copy numbers in the supernatants were determined by
RT-gPCR. In accordance with previous publications on experimental NiV infections of ERB
and ERB derived cell lines *°, RaNep did not support NiV replication, whereas in A549, NiV
RNA copies increased by approximately 256-fold within 48 h (Figure 5.50 A). CedV WT
replication was comparable in A549 and RaNep with a difference of about 8-9 Ct values within
the first 48 h (Figure 5.50 B), even though CedV WT infection of ERB in vivo was not
successful, as reported *. It is important to keep in mind, that the RT-gPCR measures viral
RNA copies, which does not automatically translate to infectious viral particles produced.
Nonetheless, CedV WT seemingly replicated on both A549 and RaNep, whereas NiV-M RNA

copy numbers only increased in A549.
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Figure 5.50. NiV-M and CedV WT replication are similar in A549, whereas RaNep only support CedV WT
replication.

RT-gPCR results of NiV-M (A) and CedV WT (B) replication in A549 and RaNep. The cells were infected at MOI
0.1 in the BSL-4 lab by Dr. Sandra Diederich and the supernatants (6 h, 24 h, and 48 h p.i.) were transferred to the
BSL-2 area for RNA extraction and RT-gPCR (performed by the author). RT-gPCR was run according to the

protocols published by Mohl et al. 4 and Feldman et al. 25, The data show median of 3 biological replicates. Each

sample was tested in duplicate.

As expected, syncytia formed in A549 in response to NiV-M infection (Figure 5.51 A), however,
no obvious morphological changes occurred in those cells in spite of CedV WT replication.
RaNep, on the other hand, reacted to CedV WT infection with substantial cell death (Figure
5.51 B), but did not exhibit any syncytia formation in response to NiV-M infection.
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Figure 5.51. CedV WT infection causes cell death in RaNep.
Bright field images of A549 and RaNep infected with NiV-M (A) and CedV WT (B) at MOI 0.1 at 24 h/ 48 h p.i.
Images were taken by Dr. Sandra Diederich in the BSL-4 lab on a Nikon Eclipse TS100 (10X objective).



5.7.2. IFN induction in upper respiratory tract of ERB in response to CedV WT
infection in vivo

Next to the published study, investigating the susceptibility of ERB to CedV WT infection *,
our aim was to asses early IFN responses to CedV WT in different organs of ERB. After
intranasal infection at 8 x 10* PFU (plaque forming units) per animal, none of the bats showed
clinical signs, shed virus or seroconverted **, indicating that ERB were either refractory to the
infection or the mode and route of infection were not optimal. Nonetheless, one animal
euthanized on day 6 p.i. showed a trend towards IFNL upregulation in the respiratory tract
(Figure 5.52).
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Figure 5.52. Indications of IFNL induction in the upper respiratory tract of one ERB in response to CedV WT
infection.

RT-gPCR results of /FNL induction in ERB organ samples, 2 and 6 days p.i. normalized to the uninfected control.
Graphs show median and all available data points. 4 animals were euthanized 2 d.p.i. and 2 animals were

euthanized 6 d.p.i.
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On the other hand, IFNB was induced 2 d.p.i. in nose and trachea, compared to the MOCK-
infected bats (Figure 5.53). Only one of the infected bats tested positive for viral RNA in the

kidneys, which is consistent with low IFNB and IFNL levels in all but one sample.
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Figure 5.53. Indications of IFNB induction in the upper respiratory tract of ERB in response to WT CedV
infection.

RT-gPCR results of IFNB induction in ERB organ samples, 2 and 6 days p.i. normalized to the uninfected control.
Graphs show median and all available data points. 4 animals were euthanized 2 d.p.i. and 2 animals were

euthanized 6 d.p.i.

The group sizes were too small to reach significance in any of the measured parameters.
Future studies will evaluate, whether alternative routes of infection lead to establishment of a

productive infection.
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6. Discussion

Most emerging human diseases are zoonoses, and among those, RNA viruses predominate

285-289  As humans encroach on previously undisturbed natural

as causative agents, by far
areas and growing overlaps between human and wildlife territories, the risk of spillover events
is increasing constantly 28728921 Bats (Chiroptera) and rodents stand out as orders that harbor
a disproportionate number of zoonotic viruses, which have either already caused outbreaks

286,292

and epidemics or have the potential for spillover . Bats are reservoir hosts for

coronaviruses 2%, filoviruses (such as MARV) ®®  henipaviruses (e.g., HeV/NiV) 2628

2942% " and many other pathogens 22, Characterizing viruses that originated from

lyssaviruses
important reservoir species, regarding susceptibility of potential host species, their tissue
tropism, and induced immune responses, is an essential task within the scope of emergency
preparedness. This project examines host cell entry, elicited innate immune responses, and
cell death upon CedV infection, thereby contributing to the field of henipavirus research in
general. The knowledge gained here provides deeper insight into host-pathogen interactions

during henipavirus infections, laying the foundation for more application-oriented research.

6.1. CedV entry via ERB ephrins: consequences for tissue tropism
and reservoir potential

HeV and NiV enter cells via the Eph-receptor ligands, ephrin B2 and B3 %, In contrast, CedV
G protein attaches to ephrin B1 and B2 to enter human cells, and it additionally shows a
marginal binding affinity for ephrin A2 and A5 °''?%_ Since ephrins are highly conserved
among vertebrates, henipaviruses potentially have a very broad host range ®'?°’. CedV
originates from black flying foxes (P. alecto), and henipavirus sequences with the highest
similarity to CedV have been found in ERB %2, In this work, ERB cells were shown to be
susceptible to rCedV-nTurbo635 infection, and viral entry was mediated by ERB ephrin B1 and
B2. Contrary to studies on human ephrins °, CedV entry was not observed via ERB ephrin A2,
and ephrin A5 usage was only detected by flow cytometry experiments with prolonged infection
times. This discrepancy in results could be due to differences in the expression levels of the
ERB ephrins, which was accounted for by analyzing large cell quantities in flow cytometry and
high-content microscopy. However, a more recent study also questions the importance of A
ephrins as relevant CedV receptors ?*°. The findings from artificially expressed ERB ephrins
were additionally validated by knocking down ephrin B2 and B1/B2 expression in an
immortalized ERB cell line, which led to a significant decrease in infection rates. Unfortunately,

the establishment of RaNep single ephrin B1 knockdown cells was not successful, which limits
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the informative value as to which B ephrin can be considered the major CedV receptor. Since
the receptor binding domains of P. alecto and ERB ephrins proved to be almost identical, entry

receptors discussed for ERB, most likely apply to P. alecto, the CedV reservoir, as well.

The abundance and tissue distribution of viral receptors significantly influence disease
outcome and virus spread. The ability of HeV and NiV to utilize ephrin B3 for cell entry has
been linked to disease-determining pathology, such as vasculitis, endothelial barrier damage,
and encephalitis “”°. However, the difference between severe neurological symptoms seen in
NiV/HeV patients and the non-pathogenic CedV cannot be solely attributed to the usage of
ephrin B3 vs. ephrin B1, as many ephrins, especially ephrin B2, are also expressed in certain

76,298

parts of the adult brain 390 Along those lines, Dufloo et al. report similar and overlapping

tissue preferences for NiV and CedV pseudotypes 2%.

From ERB nose epithelium-derived
RaNep, as well as ERB endothelia-like cells, expressed high levels of ephrin B1 and B2, and
both proved to be susceptible to rCedV-nTurbo635 infection. The results regarding replication
efficiency differed between the TCID50 titrations using rCedV-nTurbo635 and the PFU/ml
calculated from the RT-qPCR of CedV WT-infected cells. This was either a real discrepancy
between recombinant and WT virus or due to the fact that different parameters were measured
in these assays, which do not necessarily result in identical titers. Using RT-qPCR, the number
of genome copies in the supernatant of infected cells is determined by the abundance of the
nucleocapsid gene, which does not automatically translate to infectious virus. Titrating the
supernatant on permissive cells, on the other hand, is a less sensitive and less accurate
method, which only measures infectious viral particles. To dispel any doubts, the supernatants
of rCedV-nTurbo635-infected cells should also be analyzed by RT-qPCR. CedV WT was able
to replicate efficiently on RaNep; nevertheless, intranasal inoculation of ERB is not followed by
productive infection or seroconversion **. A subsequent animal trial is necessary to draw more
definitive conclusions about the reservoir capacity of ERB for CedV. This study should
compare multiple routes of infection and include a broader representation of ERB across
different sexes and age groups. It is worth noting how NiV did not replicate in RaNep, even
though these cells express the NiV receptors, ephrin B2 and B3. This indicates that CedV
tissue distribution and absence of specific lesions may similarly be limited by additional factors,

independent of receptor expression and entry.

The ephrin G-H-loop, which mediates binding to Eph-receptors and henipavirus G proteins,
only makes up a 12 amino acid-long stretch of the extracellular domain and is highly conserved
among the B ephrins . Differences in Eph-receptor or G protein binding affinities are based
on small-scale amino acid substitutions, e.g. mutation of the Tyr-Met motif within the ephrin B1

G-H-loop to the Leu-Trp, found in ephrin B2 and B3 at the equivalent position, enables NiV G
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protein to use ephrin B1 for entry ®8. Furthermore, HeV and NiV G proteins are able to bind to
ephrin B3, because the tyrosine residue within the G protein’s first pocket (P1) forms a pi-stack
with the tyrosine Y120 of the ephrin B3 G-H-loop, thereby stabilizing the interaction °. The
CedV G protein’s asparagine residue N602 lacks the necessary benzol ring for a stable
interaction, therefore ephrin B3 usage is sterically unfavorable °. Laing et al. suggest in their
in-silico predictions that single amino acid mutations in the G protein sequence could confer
ephrin B3 usage to CedV °. Whether this holds true in vitro, could be investigated using
different pseudovirus systems and recombinant viruses, which would also give more insight

into the relevance of receptor preferences for disease pathology.

6.2. Type | IFN signaling: Innate, but indispensable

HeV and NiV P gene products, V and W protein, are major virulence factors that inhibit type |

5.13-16,174,176.177.180,181,189.191192 " thereby enhancing viral replication

IFN induction and signaling
and disease pathogenesis “*1942%* The CedV genome does not encode for a V or W protein,
and its P protein cannot efficiently suppress STAT signaling ®’. This work investigated whether
any of the CedV proteins, in addition to the M protein’s influence on IKKe ', have evolved
mechanisms of inhibiting the host’s IFN response. Unlike NiV C protein 7419319519 ' Cedy C
did not affect IFNB induction. In line with previous findings on HeV and NiV '8, CedV N protein
reduced /FNB induction significantly; however, the exact mechanism remains to be elucidated.
IRF3 translocation to the nucleus remained unchanged by expression of CedV N protein, and
an unspecific effect on transcription or translation was not observed either. The sensitivity of
both the Western blot and the luciferase assays could have been low, as no positive control
for inhibition of /FNB induction or IRF3 translocation was employed. Results from luciferase
assays indicated no influence on STAT signaling, which contradicts published data on HeV/NiV

N proteins '8

and remains to be verified in immunofluorescence assays, assessing co-
localization and STAT translocation to the nucleus. An influence of CedV N protein on NF-kB
signaling, similar to the interaction of NiV W protein with 14-3-3, which reduces p65-dependent

191,192

transcription , was not investigated in this work. It could, however, be a possible

mechanism of inhibiting /FNB induction. As bat genomes show positive selection and gene

losses related to NF-kB signaling "°*'%®

, it would be of particular interest to directly compare
the effect of CedV N protein expression on NF-kB signaling between human and ERB cells.
Unfortunately, the establishment of a comparable luciferase assay in RaNep was
unsuccessful, as human RIG-I-CA overexpression did not result in significant IFNB promoter

activation. Since ERB and human RIG-I are similar in sequence and signaling **', the human
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RIG-I-CA is expected to induce a strong IFNB promoter activation in ERB cells. The efforts to

optimize this assay and delineate innate signaling pathways in ERB cells need to be continued.

In infected cells, N protein directly interacts with viral genomic RNA and the P protein 26202303,

which could limit its accessibility and thereby diminish its IFN inhibitory properties during
infection. Nevertheless, henipavirus N proteins are produced in excess during infection, as
paramyxovirus genomes are transcribed in a decreasing gradient, starting with the N protein
1 To better understand the intricate processes of a real infection and the role of the N protein,

additional experiments need to be performed using co-transfections and live virus.

Even though CedV retained some IFN inhibitory properties, these were not sufficient to
significantly impair innate immunity, as demonstrated by the strong induction of IFNB and ISGs
in infected cell lines at later time points p.i. It is undisputed that IFN is essential for antiviral
defense. This was reiterated by the substantial titer increase in human and bat cells, treated
with AZD4604, compared to the untreated control. The fact that the replication curve in
AZD4604-treated RaNep deviated 24 h later from the untreated control, as compared to A549,
reflected the delayed IFNB and ISG induction observed in gqPCR. An increase in viral titers in
response to inhibition of IFN signaling in vitro allows speculations about the effects of
generalized immunosuppression on viral shedding in naturally infected, free-ranging bats in
response to environmental, nutritional, or reproductive stress. Animal trials, including an
artificially immunosuppressed group, e.g., by AZD4604 or dexamethasone treatment, could
further explore this. The informative value of a similar approach has been demonstrated by
MARYV infection of immunosuppressed ERB, which has elucidated bat-specific correlates of

protection, such as localized foci of controlled inflammation 3.

The data presented here emphasize that functional IFN induction and signaling play a major
role in controlling henipavirus replication and pathology. In comparison to its highly pathogenic
relatives, CedV is severely limited in virulence by its reduced ability to inhibit the host’s innate

immune response.

6.3. ISG induction in response to rCedV-nTurbo635 infection

A549, RaNep, and SK-6 are all immortalized epithelial cell lines that originate from different
tissues (lung, nose, and kidney). Their innate immune response to rCedV-nTurbo635 infection
was similar in terms of IFNB and ISG induction; however, differences in the timing and

magnitude of fold changes were observed. Whether those were species- or tissue-specific
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could not be conclusively determined. To specifically elucidate inter-species differences,
improved results could be achieved by using primary cells of comparable tissue origin, which
was not feasible due to limited access and the increased expenditure associated with working
with primary cells. Nevertheless, the low induction of pro-inflammatory cytokines, such as
TNFA and IL6 in RaNep aligns with the reduced pro-inflammatory phenotype published for

bats 103142156165 gnd js most likely translatable to other ERB tissues.

Analysis of the proteome at 24 h p.i. provided a non-biased overview of relevant pathways
during the infection and enabled large-scale comparisons between the cell lines. Even though

generally similar proteins and pathways were enriched, some differences are worth discussing.

Even though all cell lines enriched NF-kB signaling and its regulation in response to rCedV-
nTurbo635 infection, only A549 and SK-6 reacted with substantial TNFA and /L6 expression.
Many sites of positive selection in bat genomes, combined with gene losses related to NF-kB
signaling, suggest bat-specific modifications within these pathways 921183 Qne distinction
between human and bat cells in NF-kB signaling is the c-Rel-dependent suppression of TNFA
transcription observed in bat cells '%°. NF-kB also regulates the NLRP3 inflammasome at the
transcriptional level by promoting the transcription of pro-IL1B, pro-IL18, and NLRP3 3%.
Altered NF-kB signaling could be another mechanism for dampening inflammasome activation
in bats, leading to the low induction of /L 1B transcription, as measured in RaNep, similar to the

113165 " In addition, other mechanisms,

dampened /L 1B expression observed in other bat cells
possibly influencing other cytokine promoters, must also take effect and need to be

investigated further.

In contrast to the other cell lines, RaNep increased the expression of OAS3, in addition to
OAS2 and OASL. OAS3 is required for RNase L activation in response to viral RNA sensing

160,306

in human and ERB cells , Which provides antiviral protection by degrading viral RNA and

67 Furthermore, RNAse L cleaves

amplifies IFN responses via additional RIG-I activation
cellular and viral RNA and can contribute to apoptosis '°2. The proteomics data presented in
this work indicate OAS3 induced RNase L activation in rCedV-nTurbo635-infected ERB cells,
emphasizing its role in viral control. Unlike in P. alecto ", ERB RNASEL expression is not
inducible by IFN . Consistently, our proteomic analysis only shows significant upregulation

of OAS3 expression, but not RNase L.

Potent antiviral effector molecules, such as MX1/MX2, ISG15, or ISG20, were enriched at 24
h p.i. in all three cell lines. Whether induction of homologous proteins leads to the same effect
on viral replication remains to be investigated. Recently, Morales et al. have demonstrated

significant differences between ISG15 from different bats and human ISG15 in their capability
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to restrict virus replication '®3. Their data suggest that ISG15 from a species that co-evolved
with a pathogen is a more potent inhibitor of that pathogen. Assessing the efficiency of the
induced antiviral proteins was not within the scope of this project. It could, however, shed more

light on species-specific antiviral responses.

RaNep controlled rCedV-nTurbo635 infection by a strong IFNB response, combined with low
pro-inflammatory cytokine (IL6, TNFA, IL1B) expression, induction of antiviral proteins (ISG15,
ISG20, OAS3, MX2), and controlled apoptosis (Caspase-3/-7 activation). These observations
suggest, once more, that bats do not merely tolerate viral infection, but rather mount an

effective antiviral response while restricting inflammatory tissue damage.

6.4. Is anti-viral apoptosis the answer?

Even though rCedV-nTurbo635 infection did not induce severe ER stress, it caused apoptosis
in all three epithelial cell lines and the primary ERB lung endothelial cells. Apoptosis is a tightly
regulated, ATP-dependent process. Unlike lytic forms of cell death, such as pyroptosis,
necroptosis, or necrosis, which lead to the release of cytokines/chemokines and DAMPs,

apoptosis does not cause additional inflammation 307-3%°

PELENDO initiated apoptosis earlier than RaNep, and a higher percentage of cells were
affected, even at the low MOI used. PaKi cells react similarly to CedV infection, but in contrast
to RaNep, TNFA is highly induced, leading to death-receptor-mediated apoptosis °. HeV can
counteract the IFN and ISG response in PaKi and HeLa (human cervical carcinoma) cells and
initiate apoptosis in various bat and human cell lines 2°2%, While apoptosis is induced in cell
lines from both species, PaKi cells retain more viability despite HeV infection 2°*'°, Apoptosis
is not a bat cell-specific reaction to henipavirus infection; nevertheless, it plays a vital role in
infections with both highly and non-pathogenic viruses. Since NLRP3 activation and therefore
pyroptosis induction are reduced in bats, they may be more prone to non-inflammatory cell
death alternatives, such as apoptosis or autophagy 0101104311312 * A tendency towards non-
inflammatory cell death aligns with bats being able to control viral replication while efficiently
mitigating hyperinflammation. In line with this assumption, no caspase-1 or -4 specific peptides
were detected in RaNep, whereas both were induced in A549 following infection. Caspase-1
functionality and IL-1B cleavage are dampened in many bat species, but it has not been

demonstrated for ERB specifically '.

Whether rCedV-nTurbo635 induced apoptosis via the extrinsic or intrinsic pathway was not
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investigated in depth. While DDIT3/CHOP *'3 induction suggested ER stress-mediated intrinsic
apoptosis, increased TNFA expression, in addition to marginally increased FAS/DAXX 3
abundance, provided evidence for death receptor-mediated cell death. Future studies will

determine the contribution of the two apoptosis pathways.

In conclusion, although CedV is a non-pathogenic virus, it can induce apoptosis in various cell
lines and primary cells. In case of henipavirus infections, apoptosis could be beneficial to the

host as a means to limit viral spread while maintaining a low inflammatory profile.

6.5. Endothelial cells as a “gateway” to the CNS

Endothelial cells from human veins, brain, and lung, but not the aorta, can be infected by NiV
and mount a strong IFN and cytokine/chemokine response, which attracts immune cells
195315316 According to the “gateway theory” localized inflammation or regional stimulation of
sympathetic nerves can open gateways to overcome the blood-brain barrier (BBB) without
causing gross lesions and massive immune cell infiltration *'73'8, Satterfield et al. suggest that
NiV replication in endothelial cells may cause these small leakages, thereby leading to the
central nervous system (CNS) pathology observed in ferrets and humans '**. The opening of
those gates into the CNS is triggered and amplified by IL17/IL6, which induces chemokine
release via NF-kB/STAT3 signaling *'". The challenge studies in the ferret model, performed
by Satterfield et al., show that as soon as NF-kB signaling is no longer dampened by W protein,
neurological symptoms increase drastically, which could indicate an NF-kB-mediated
mechanism of CNS invasion by NiV #%'**_This hypothesis also explains why bats do not exhibit
neurological symptoms following NiV infection. Their generally dampened NF-kB signaling
156,163,165

could protect the CNS from gateway-mediated viral spread and immune cell

infiltration.

Susceptibility of endothelial cells to NiV infection is dependent on ephrin B2 expression 3'°.
PELENDO expressed high levels of ephrin B2 and were, as expected, permissive to rCedV-
nTurbo635 infection. Apoptosis was initiated in response to the infection at a low MOI.
PELENDO were a mixture of lung-derived primary cells, which limits the validity of the obtained
results. Nevertheless, VWF staining, lack of cytokeratin expression, evidence of WPBs, and
expression of endothelial cell markers demonstrated a dominance of endothelial cells in low
passages, which were exclusively used for infection experiments. Future studies will focus on
establishing primary brain endothelial cells to investigate potential CedV- or NiV-induced

breaches of the BBB in ERB. Recent advances in the development of primary cells and
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immortalized cell lines from bat tissues, as well as the successful generation of stem cells from
P. alecto, will facilitate future studies *'°3?'. In addition to the published methods for
investigating innate immunity in ERB #*42%5, this work provides the necessary tools to assess

ephrin expression, investigate cellular stress, and quantify apoptosis in ERB cells.
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7. Summary

Henipaviruses, like Hendra and Nipah virus (HeV, NiV), cause outbreaks with devastating
mortality rates in Australia and Southeast Asia. In recent years, novel henipaviruses have been
identified in various countries, elevating the genus to a global public health concern. Fruit bats
are reservoir hosts for many highly pathogenic viruses, including henipaviruses like HeV and
NiV. Unlike humans or intermediate hosts like pigs, bats can harbor these viruses with minimal
to no clinical symptoms, and they do not succumb to the infection. Deciphering why bats are
this impervious to these viral diseases and how the bat immune system reacts to pathogens
in comparison to other species is an important objective in the field of bat immunology. This
work provides novel insights into the susceptibility of Egyptian fruit bat (ERB) cells to
henipaviruses, exemplified by the non-pathogenic Cedar virus (CedV) and elucidates
similarities and differences in innate immunity by comparing cell lines from potential host

species.

Different entry assays using a recombinant, fluorescent CedV (rCedV-nTurbo635), identified
ERB ephrins B1 and B2 as the main CedV receptors. Furthermore, low entry efficiency could
also be mediated by ephrin A5. To further confirm those findings, stable ERB ephrin B1/B2
knockdown cells were generated using the lentivirus shRNA system. Reduced infection rates,
measured in the knockdown cells, highlighted the importance of ephrin B1/B2 as CedV

receptors.

To investigate the interactions between CedV and the host cell IFN response, CedV proteins
were tested for their potential to inhibit /FNB induction, and CedV-nTurbo635 replication was
evaluated on IFN signaling-deficient cells. The CedV nucleocapsid protein N suppressed IFNB
induction by an unknown mechanism, but its influence was not sufficient to substantially impair
IFN responses in an infection with replication-competent virus. A sharp increase in rCedV-
nTurbo635 replication in IFN signaling-impaired cells impressively demonstrated the

importance of intact IFN signaling in restricting CedV replication.

To comprehensively compare innate immune responses of human, pig, and ERB in vitro, three
epithelial cell lines were chosen and infected at a low MOI. Interferon and ISG transcript
induction, in combination with proteome analysis, revealed the enrichment of similar pathways
in response to rCedV-nTurbo635 infection. While all cell lines presented a strong IFNB
response, ERB cells deviated from the others by producing low levels of pro-inflammatory
cytokines (TNFA, IL6, IL1B). Antiviral proteins, such as MX1, MX2, OAS-family members,

ISG15, or ISG20 were similarly upregulated; however, some of the identified proteins were
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induced explicitly in ERB cells. In addition to the unidentified loci, which could be hitherto
uncharacterized ISGs, OAS3 was one example of the most prominent upregulated proteins. It
develops its antiviral function by activating RNaseL, which degrades cellular and viral RNA and
thereby reduces viral burden while simultaneously enhancing IFN induction. In addition to
potent antiviral responses, apoptosis was identified as a non-inflammatory mechanism for
controlling viral burden in epithelial cell lines, as well as in the primary ERB lung endothelia-

like cells.

In conclusion, this project demonstrated the susceptibility of ERB cells to CedV infection in
vitro and showed that ERB ephrins B1 and B2 mediate viral entry. In line with the relevant
literature, bat cells controlled viral burden without inducing excessive inflammation.
Importantly, a functional IFN | response limited CedV replication, allowing conclusions to be
drawn regarding the importance of IFN competence in infections with highly pathogenic
henipaviruses. This work contributes to fundamental research on henipaviruses and bat
immunology, paving the way for the prevention of outbreaks and the development of novel

therapeutic interventions.

129



8. Zusammenfassung (Deutsch)

Henipaviren, wie das Hendra und das Nipah Virus (HeV, NiV), verursachen in Australien und
Sudostasien Ausbriiche mit verheerenden Sterberaten. In den letzten Jahren wurden immer
mehr neuartige Henipaviren in verschiedenen Landern entdeckt, wodurch die Gattung zu einer
globalen Bedrohung fir die 6ffentliche Gesundheit wurde. Flughunde sind Reservoirwirte fur
viele hochpathogene Viren, darunter auch Henipaviren wie HeV und NiV. Im Gegensatz zum
Menschen oder zu Zwischenwirten wie Schweinen kénnen Fledermause mit diesen Viren
infiziert sein und zeigen dabei wenige bis gar keine klinischen Anzeichen und versterben auch
nicht an der Erkrankung. Zu entschlisseln warum Fledermause so unempfindlich gegentber
Viruserkrankungen sind und wie das Immunsystem von Fledermausen im Vergleich zu
anderen Arten auf Krankheitserreger reagiert, ist ein wichtiges Ziel auf dem Gebiet der
Fledermausimmunologie. Diese Arbeit bietet neue Einblicke in die Infizierbarkeit von Zellen
des Agyptischen Flughundes (ERB) mit Henipaviren am Beispiel des nicht-pathogenen Cedar
Virus (CedV) und deckt Gemeinsamkeiten und Unterschiede in der angeborenen Immunitat

zwischen Zelllinien potenzieller Wirtsspezies auf.

Verschiedene mit einem rekombinanten, fluoreszierenden CedV (rCedV-nTurbo635)
durchgefiihrte Eintrittsassays identifizierten die ERB Ephrine B1 und B2 als die wichtigsten
CedV Rezeptoren. Daruber hinaus konnte eine geringe Eintrittseffizienz auch durch Ephrin A5
vermittelt werden. Um diese Ergebnisse weiter zu bestatigen, wurden stabile ERB Ephrin
B1/B2-Knockdown-Zellen mit Hilfe des Lentivirus-shRNA-Systems erzeugt. Die in den
Knockdown-Zellen gemessenen verringerten Infektionsraten unterstrichen die Bedeutung von
ERB Ephrin B1 und B2 als CedV Rezeptoren.

Um die Wechselwirkungen zwischen CedV und der Interferonantwort der Wirtszelle zu
untersuchen, wurden CedV Proteine auf ihr Potenzial die IFNB Induktion zu hemmen, getestet
und die CedV Replikation auf Zellen mit inhibiertem Interferonsignalweg analysiert. Das CedV
Nukleokapsidprotein N unterdriickte die IFNB Induktion auf unbekannte Weise, aber sein
Einfluss reichte nicht aus, um die Interferonantwort im Falle einer Infektion mit
replikationsfahigem Virus mafRgeblich zu beeintrachtigen. Ein starker Anstieg der rCedV-
nTurbo635 Replikation in Zellen mit beeintrachtigtem Interferonsignalweg zeigte eindrucksvoll

die Bedeutung von Interferonkompetenz fir die Wirtszelle.

Um die angeborene Immunantwort von Menschen, Schweinen und ERB in vitro umfassend zu
vergleichen, wurden drei Epithelzelllinien ausgewahlt und mit einer niedrigen Virusdosis

infiziert. Die Interferon- und ISG-Induktion in Kombination mit der Proteomanalyse ergab, dass
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ahnliche Signalwege als Reaktion auf eine rCedV-nTurbo635 Infektion ausgelést wurden.
Wahrend alle Zelllinien eine starke IFNB-Antwort zeigten, unterschieden sich die ERB-Zellen
von den anderen durch eine geringe Produktion proinflammatorischer Zytokine (TNFA, IL6,
IL1B). Antivirale Proteine wie MX1, MX2, Mitglieder der OAS-Familie, ISG15 oder ISG20
wurden in ahnlicher Weise hochreguliert, einige der identifizierten Proteine wurden jedoch
speziell in ERB-Zellen induziert. Neben den nicht identifizierten Loci, bei denen es sich um
bisher nicht charakterisierte ISGs handeln kdnnte, war OAS3 ein Beispiel flir die am starksten
hochregulierten Proteine. Es entfaltet seine antivirale Funktion durch Aktivierung von RNaseL,
die zellulare und virale RNA abbaut und dadurch die virale Belastung reduziert, wahrend
gleichzeitig die Interferoninduktion verstarkt wird. Zusatzlich zu den starken antiviralen
Reaktionen zeigte sich Apoptose als bedeutsame nicht-entziindliche Methode zur viralen
Kontrolle in den Epithelzelllinien sowie in den primaren ERB-Lungenendothel-ahnlichen

Zellen.

Zusammenfassend lasst sich sagen, dass dieses Projekt die Infizierbarkeit von ERB-Zellen
mit CedV zeigen konnte sowie, dass der Eintritt des Virus durch die ERB-Ephrine B1 und B2
vermittelt wird. Im Einklang mit der einschlagigen Literatur konnte festgestellt werden, dass
Fledermauszellen die virale Belastung kontrollieren, ohne eine Ubermalige
Entzindungsreaktion auszulésen. Wichtig ist, dass eine funktionierende Interferonantwort die
CedV Replikation einschrankte, was Rdulckschlisse auf die Bedeutung von
Interferonkompetenz bei Infektionen mit hochpathogenen Henipaviren zulasst. Diese Arbeit
tragt zur Grundlagenforschung tber Henipaviren und Fledermausimmunologie bei, die den
Weg zur Pravention von Ausbrichen und zur Entwicklung neuer therapeutischer Malnahmen

ebnen wird.
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Supplementary Figure 10.1. Protein alignment of human, ERB, and P. alecto ephrins reveals little
differences.

The G-H-loop of B ephrins is identical in all three species and marked in purple. Alignment of the amino acid
sequences from NCBI Genbank (Reference genomes: P. alecto: GCF_000325575.1, ERB: GCF_001466805.2,
human: GCF_000001405.40) was done with Geneious Prime (2021.0.1) and graphic was generated using ESPript
3.0. This figure was modified from the one published by Lenhard et al. 2%,
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Supplementary Figure 10.2. No rCedV-nTurbo635 entry via ERB ephrins A1-5 and B3.

Immunofluorescence images of CHO-K1 stably expressing ERB ephrins or the empty vector infected with rCedV-
nTurbo635 at MOI 2. FLAG-tagged ephrins were stained with an Alexa488 fluorophore and Turbo635 was visualized
in the Cy3 channel. The cells were fixed 24 h p.i. and visualized using a Nikon Eclipse Ti microscope. Images are
representative of 3 independent experiments. Image processing in the FITC channel was done separately for
EFNB1/B2 and the rest of the ephrins. Brightness and contrast adjustments in the Cy3 channel were standardized for

all images. Scale bar: 100 ym. This figure was modified from the one published by Lenhard et al. 236,
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Supplementary Figure 10.3. High content imaging microscopy using the Celllnsight CX7.

(A) Details on the algorithm used to quantify infected cells. First, cells are recognized by their DAPI stained nuclei
and then filtered by size and shape. The resulting “valid objects” are counted as positive events, if fluorescence
above background levels is detected in the red channel (ex. 561 nm) and in close vicinity to a nucleus. In analysis
only “highly positive events were counted as infected. Thresholds were set according to values determined by
infected BHK-21, as positive control, and rCedV-nTurbo635 inoculated CHO-K1 as negative control. Image shows
example of infected CHO-B2 with nuclei surrounded by a blue mask and red fluorescence recognized in a green
mask. Scale bar: 100 ym.

(B, C) Infection rate at MOI 5, as determined by high content microscopy.

CHO-K1 stably expressing ERB ephrins were re-transfected (A ephrins) or directly infected with rCedV-nTurbo635
at MOI 5 and infection rate was determined 24 h later. Graphs show median and range of 3 independent
experiments in duplicate. p < 0.05 (*), p < 0.01(**). Statistical test: Kruskal-Wallis without Dunn’s correction. This

figure was modified from the one published by Lenhard et al. 2%,
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Supplementary Figure 10.4. Gating strategy for analysis of infection rate in flow cytometry.

Cell population of interest was determined by area and granularity. Doublets and dead cells were excluded before
placing one gate on FLAG-expressing (BV421 positive) and one gate on rCedV-nTurbo635 infected (CF594
positive) populations. To determine infection rate of ephrin knockdown cells, similar gates were applied except for
the ephrin staining. Measurements were performed on a BD FACSymphony™ A3 and analysis was done in

FlowJo_v10.9.0. This figure was modified from the one published by Lenhard et al. 2%,
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Supplementary Figure 10.5. Species identification of RaNep EFN KD cells by CO7 barcoding.

ERB origin of RaNep ephrin knockdown cells was confirmed by cytochrome ¢ oxidase 1 (CO7) barcoding PCR.
Amplicon sizes of controls: human: 390 bp, pig: 460 bp, mouse: 150 bp, Egyptian Rousette bat: 250 bp, Tamarin
monkey: 400 bp. This figure was modified from the one published by Lenhard et al. 2%.
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Supplementary Figure 10.6. Western blot analysis of HEK-293T expressing CedV proteins P, N, and C.

HEK-293T cells were seeded in a 12-well plate and transfected with plasmids encoding for the CedV proteins
phosphoprotein P (84 kDa), nucleocapsid protein N (57 kDa), and the P gene-derived C protein (20 kDa). GFP-
tagged proteins were visualized using a mouse anti-GFP antibody (Invitrogen) and transfection of the empty

pEGFP-C1 vector served as a control. Loading control: B-Actin.

o
]

o
1

w
1

N
1

l

LI L L
COQPIR O H&O0
4°<}\£\\$$

Lucia luciferase (fold)
n

o

Supplementary Figure 10.7. Lucia luciferase assay of RaNep cells transfected with human RIG-I-CA does
not show sufficient luciferase induction in the positive control.

RaNep cells were transfected with human RIG-I-CA, a plasmid expressing Lucia luciferase under the ERB /FNB
promoter, and plasmids encoding for the different CedV proteins, Nipah G and F (Dr. Sandra Diederich), or the
empty vector. The negative control consisted of just the luciferase plasmid and the empty vector, adjusted to the
same total amount of transfected DNA. The data show median + /QR of 3 independent experiments in duplicate

normalized to the negative control.

168



oo
%

Lucia luciferase (fold)

- (X
1 1
oo

*r—oo

o

r T 1T 1T 1T 1
«$ 0N NR O ¢
9
40

Supplementary Figure 10.8. Lucia luciferase assay of HEK-293T cells transfected with MDA5 does not show
sufficient luciferase induction in the positive control.

HEK-293T cells were transfected with MDAS, a plasmid expressing Lucia luciferase under the murine IFNB
promoter and plasmids encoding for the different CedV proteins, or the empty vector. The negative control consisted
of just the luciferase plasmid and the empty vector, adjusted to the same total amount of transfected DNA. The data

show median + /IQR of 3 independent experiments in duplicate normalized to the negative control.
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Supplementary Figure 10.9. HSP60 levels remain unaltered in RaNep in response to rCedV-nTurbo635
infection.

gPCR data of HSP60 expression in RaNep infected with rCedV-nTurbo635 at MOI 0.1. for 4 h, 8 h, 24 h, and 48 h
and after polyl:C stimulation for 24 h normalized to the uninfected control. The data show median + /QR of at least

3 independent experiments.
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Supplementary Figure 10.10. Biological process (BP) pathway enrichment analysis reveals differences in

energy metabolism in SK-6 24 h p.i.

Differences in protein levels relevant for the annotated pathways are depicted by proportional circle sizes. P values

are visualized by the color of the circles, with lowest P values (= highest significance) colored in red. Gene Ontology

enrichment analysis was done in R Studio (package: clusterProfiler). Statistical test: t-test.
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Supplementary Figure 10.11. Cellular component (CC) pathway enrichment analysis reveals differences in
mitochondrial function in SK-6 24 h p.i.

Differences in protein levels relevant for the annotated pathways are depicted by proportional circle sizes. P values
are visualized by the color of the circles, with lowest P values (= highest significance) colored in red. Gene Ontology

enrichment analysis was done in R Studio (package: clusterProfiler). Statistical test: t-test.
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Supplementary Figure 10.12. Molecular function (MF) pathway enrichment analysis.
Differences in protein levels relevant for the annotated pathways are depicted by proportional circle sizes. P values
are visualized by the color of the circles, with lowest P values (= highest significance) colored in red. Gene Ontology

enrichment analysis was done in R Studio (package: clusterProfiler). Statistical test: t-test.
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Supplementary Figure 10.13. Upregulation of proteins related to antiviral response and innate immune
activation.

Heatmap of top 50 most upregulated proteins (gene names) after rCedV-nTurbo635 infection in RaNep in
comparison to A549 and SK-6. The color scale represents differences in protein expression levels (log. fold
changes) between MOCK and rCedV-nTurbo635 infected samples. Whenever values were not available tile is
colored in grey. Most upregulated proteins are salmon-colored, while least upregulated proteins are displayed in
light blue. CedV proteins F, G, M, N, P, as well as the Turbo635 fluorescent protein can be detected in all 3 cell
lines. The heatmap was created in R Studio.
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Supplementary Figure 10.14 Differentially regulated pro- and anti-apoptotic proteins.

Heatmap of selected proteins, involved in apoptosis. The color scale represents differences in protein expression
levels (log; fold changes) between MOCK and rCedV-nTurbo635 infected samples. Whenever values were not
available tile is colored in grey. Most upregulated proteins are salmon-colored, while least upregulated or
downregulated proteins are displayed in light blue. The heatmap was created in R Studio.
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Supplementary Figure 10.15. High content image analysis of infection rate.
A549, RaNep and SK-6 were seeded in 96-well plates and infected with rCedV-nTurbo635 at MOI 0.1. Infection
rate was quantified by SpotCount in channel 2 (ex. 561 nm) at 24 h/48 h p.i.

(A) Mean infection rate of duplicate on each plate that was run for cell death assay.

(B) Infection rate of duplicate with outlier removed, showing replication on A549 and SK-6 within 24 h.
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Supplementary Figure 10.16. High content image analysis of caspase-3/7 activation in response to rCedV-

nTurbo635 infection.

A549, RaNep, and SK-6 were seeded in 96-well plates and infected with rCedV-nTurbo635 at MOI 0.1. 24 h/48 h
p.i. plates were stained with the green CellEvent™ Caspase-3/7 detection reagent and fixed in 4% PFA. A549 and
RaNep were additionally stained with the Zombie NIR viability dye to quantify late-stage apoptosis and necrosis.
Excitation wave lengths: rCedV-nTurbo635: 561 nm; caspase-3/7: 485 nm; Zombie NIR: 650 nm;

PELENDO cell death assay protocol was adjusted to primary cell shapes and sizes and no Zombie NIR staining

was performed.
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Supplementary Figure 10.17. PELENDO are susceptible to rCedV-nTurbo635 infection.

PELENDO were seeded in 96-well plates, infected at MOI 0.5, and fixed in 4% PFA at 48 h p.i. Pictures were
taken using the Nikon Eclipse Ti microscope and brightness/contrast adjustments were done in ImageJ. Scale
bar: 100 pm.
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11. Abbreviations

Abbreviation

Meaning

ATF 4 Activating transcription factor 4

ATF 6 Activating transcription factor 6

AIM2 Absent in melanoma 2

Asp, D Aspartic acid

Bak Bcl-2-associated K protein

Bax Bcl-2-associated X protein

BBB Blood brain barrier

BiP/GRP78 Binding immunoglobulin protein/ 78 kDa
glucose-regulated protein

BSL Biosafety level

CARD Caspase recruitment domain

CedV Cedar virus

CedV WT Cedar virus wildtype isolate

rCedV-nTurbo635

Recombinant Cedar virus with a Turbo635
fluorescent signal localized to the nucleus of
infected cells

CHOP/GADD153 C/EBP homologous protein/ growth arrest-
and DNA damage-inducible gene 153

CNS Central nervous system

DAMP Damage associated molecular patterns

DAPI 4' 6-diamidino-2-phenylindole
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DDIT3

DNA damage inducible transcript 3 (CHOP
gene)

DR5 Death receptor 5

dsRNA Double strand RNA

ECGS Endothelial cell growth supplement

EFN ephrin

EGF Epithelial growth factor

ELMI Electron microscopy

ER Endoplasmic reticulum

ERAD ER-associated protein degradation

ERO1a ER oxidoreductase 1 alpha

ERB Egyptian Rousette bat, Rousettus
aegyptiacus

elF2a Eukaryotic translation initiation factor 2 a

GADD34 Growth Arrest and DNA Damage-Inducible
Protein 34

GAS Gamma interferon activation site

GPI Glycosylphosphatidylinositol

HeV Hendra virus

HSPAS Heat Shock Protein Family A (Hsp70)
Member 5 (BiP gene)

IF Immunofluorescence

IFI Interferon inducible gene

IFN Interferon

179



IFNGR

Interferon gamma receptor

IFNLR Interferon lambda receptor

IKKe I-kappa-B kinase €

IL Interleukin

IQR Interquartile range

IRE1 Inositol-requiring enzyme 1

IRF Interferon regulatory factor

ISG Interferon stimulated gene

ISRE Interferon stimulated response elements

JAK Janus kinase

KD Knockdown

LGP2 Laboratory of genetics and physiology 2

MARV Marburg virus

MAVS Mitochondrial antiviral signaling protein

MDAS5 melanoma differentiation-associated gene 5

Met Methionine

MOl Multiplicity of infection

MX1 Myxoma resistance 1

MYD88 myeloid differentiation primary response-88

NF-kB Nuclear factor k-light-chain-enhancer of
activated B cells

NiV Nipah virus
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NLRP3 NOD-, LRR- and pyrin domain-containing

protein 3

OAS 2'5'-oligoadenylate synthetase

OASL 2'5'-oligoadenylate synthetase 1-like
protein

ORF Open reading frame

PaKi P. alecto kidney cells

PAMP Pathogen associated molecular patterns

PARP Poly(ADP-ribose)-Polymerase

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PELENDO Primary ERB lung endothelia-like cells

PELEPI Primary ERB lung epithelial cells

PERK PKR-like ER kinase

PFU Plaque forming units

PIV Parainfluenza virus

PKR Protein kinase R

polyl:C Polyinosinic-polycytidylic acid

PP1 Phosphatase 1

PRR Pattern recognition receptor

PYHIN PYRIN and HIN domain

RaNep Rousettus aegyptiacus nose epithelial cells

RBP Receptor binding protein
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RdRp RNA-dependent RNA polymerase

RIG-I Retinoic acid inducible gene |

RIPA Radioimmunoprecipitation assay

RLR RIG-I-like receptors

ROS Reactive oxygen species

RSV Respiratory syncytial virus

SD Standard deviation

SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel
electrophoresis

Ser, S Serine

SeV Sendai virus

STAT Signal transducer and activator of
transcription 1

STSP Staurosporine

TCID50 Tissue culture infection dose 50

TBK1 TANK-binding kinase 1

Thr, T Threonine

TRAF6 Tumor necrosis factor receptor associated
factor 6

TRIF Toll/IL-1R domain-containing adaptor-
inducing IFNf

TRIM Tripartite motif

TLR Toll-like receptor

TNFA tumor necrosis factor a
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TYK2 Tyrosine kinase 2

Tyr, Y Tyrosine

UPR Unfolded protein response
us United States

VSV Vesicular stomatitis virus
VWF Von Willebrand factor

wB Western blot

XBP1 X-box binding protein 1
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