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0 - Summary

Summary

The SMASh system is a commonly used tool for targeted degradation of proteins. Thereby, a protein of
interest is fused to the SMASh-tag consisting of the Hepatitis C virus (HCV) NS3 protease and a degron. In
absence of a NS3 protease inhibitor, the SMASh-tag cleaves itself off and releases the protein of interest.
However, the cleavage is prevented in presence of the inhibitor leading to the degradation of the whole

newly synthesized fusion protein.

Previously, we have observed a high cytotoxicity induced by SMASh upon addition of the inhibitor in
protein shutoff experiments. The aim of this work was to characterize this cytotoxicity. To this end, three
different approaches were pursued: Firstly, various cells were tested in killing assays to find a resistant cell
line or cell type. Secondly, apoptosis induced by SMASh inhibition was investigated regarding killing
kinetics, caspase activation, diverse SMASh fusion proteins, and expression systems. Additionally, different
apoptosis-related knockout cells were generated to gain insights on the pathway triggered by SMASh. As
a third approach, the SMASh-tag itself was modified and analyzed for cytotoxic components within the

SMASh-tag.

In fact, all cell lines tested here could be killed by expression of SMASh-tagged proteins and inhibitor
treatment, including cells from different hosts such as mouse, hamster, monkey, and human. Of note, not
only were all cell lines killed by SMASh inhibition, we also were able to prove that SMASh is toxic when
fused to a wide variety of proteins. The fate of cells appeared to be independent of SMASh expression
from viruses or plasmids. Moreover, we have demonstrated that SMASh induces apoptosis instantly after
addition of the NS3 protease inhibitor with detectable Annexin V binding and PARP cleavage already at
one hour post drug treatment. Thereby, the involvement of the initiator caspase-8, -9 and -10 as well as
the effector caspases -3/-7 could be proven. Moreover, various cell lines carrying a knockout of apoptosis
related genes were generated and could be killed indicating a minor or irrelevant role of PKR and FADD,

single caspase-8 and caspase-10 during apoptosis.

Another aim of this thesis was to analyze the SMASh-tag itself in regard of cytotoxic components. For this
purpose, various mutations, alterations, and truncations were introduced into the SMASh-tag. Thereby,
we could show that minor changes did not prevent cytotoxicity, whereas larger alterations of the SMASh-
tag, as shown by different truncated versions of the SMASh-tag, resulted in a loss of the ability to induce

cell death. All in all, these finding led us to the final model that NS3 inhibitor such as DNV or ASV binding
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to the SMASh-tag trigger a conformational change. This could expose the SMASh-tag to the binding of

cellular apoptotic factors such as various caspases, which in turn are drivers of the apoptotic fate.

The second main goal of this thesis was to provide a controllable virus for neurotracing approaches
enabling long term studies in mice. For this reason, a non-cytotoxic tag was generated with the aim to
control RABV replication and spread, even after infection of cells. This so called ttl-tag lacks the NS3
helicase but contains an additional PEST sequence for degradation at the C-terminus. We could
successfully show that the tt1-tag is not toxic, even two days post inhibitor treatment. We demonstrated
that virus control is possible, if tt1-tag is fused to a viral protein like the RABV N or P. In consequence, this

virus could be used for long term neurotracing experiments in the future.
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1 Introduction

1.1 Rabies virus

1.1.1 Overview

Rabies is a zoonotic disease causing acute, highly lethal encephalitis. The name rabies originates from Latin
meaning madness or rage, whereas the ancient Greeks called rabies "lyssa" which can be translated with
rage as well. These names reflect the association of rabies with mad dogs that are furious and bite. Already
around 2300 B.C. rabies was mentioned in the Mesopotamian law of Eshnunna, which is so far the first
known annotation of the disease (Baer 2007). In addition to that, other ancient cultures around the world
like Greece, Rome, Egypt, but also China have documented the disease (Velasco-Villa et al. 2017). Today it
is a proven fact that the causative agent of the disease is a virus of the Lyssavirus genus. Although other
lyssaviruses can induce rabies-like encephalitis, rabies in particular is caused by rabies virus (RABV), the
prototype of this genus. RABV belongs to the order of Mononegavirales, which is characterized by a single
stranded negative-sense RNA genome. Although the order is named non-segmented negative strand RNA
viruses (NNSV), it includes also bi-segmented plant viruses (Dietzgen et al. 2017). As a member of the
Rhabdoviridae family it displays a bullet- or rod-like shape. Of note, the rhabdovirus family is constantly
extended and includes among others the genus of Vesiculovirus with Vesicular stomatitis virus (VSV) as a

prominent member and the Lyssavirus genus including RABV.

Moreover, RABVs are classified into two types of strains: street strains and fixed strains. In contrast to
street strains that are directly isolated from an infected animal or human, fixed strains are obtained from
passaging in cell culture or animals. Street Alabama Dufferin (SAD) was originally isolated from a rabid dog
in Alabama 1935 and named SAD B19 after serial passaging in baby hamster kidney (BHK) cells. Due to the
thereby emerged attenuation, it was widely used as vaccine strain to immunize wildlife populations
(Schneider 1995; Vos et al. 1999). In addition, recombinant cDNA derived from SAD B19 has been
successfully used for the first production of infectious virus particles by reverse genetics. The thereby
generated strain was named SAD L16 (Schnell et al. 1994). In this thesis, SAD L16 strain was used as

"wildtype" strain and served as basis for all further constructs.
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1.1.2 Epidemiology and pathogenicity

Every year, rabies causes approximately 59 000 deaths. More than 95 % of these occur in Asia and Africa,
predominantly in rural areas within poor and vulnerable populations who live remotely and have no access
to medical care. In contrast, the disease displays no problem in big cities or developed countries, where
either preventive vaccine or fast post-exposure treatment is available (Knobel et al. 2005; WHO 2021).
Thus, it is estimated that hundreds of thousands of deaths are prevented through the post-exposure

treatment and vaccination, that more than 29 million people receive each year (WHO 2021).

The causative agent of the disease is rabies virus (RABV), which is in 99 % transmitted by dogs. Usually,
primary infection of a muscle cell occurs after a bite or scratch of the rabid animal. Then, the virus
replicates in the muscle cells before it reaches primary motor neurons via neuromuscular junctions. Once
in the peripheral nervous system, RABV spreads towards the central nervous system (CNS) in exclusively
retrograde manner (Figure 1). The subsequent invasion of the CNS is accompanied by the onset of
symptoms. The appearance of symptoms indicates the stage at which the infection is no longer curable
but in almost 100 % cases fatal (Koyuncu et al. 2013; Davis et al. 2015). So far, only one single case is known

in which a patient survived rabies after the onset of symptoms (Willoughby et al. 2005).

Figure 1: Rabies virus route of infection.

After the bite of a rabid animal in the peripheral muscle tissue, RABV enters the peripheral nervous system via
neuromuscular junctions. By retrograde transport along axons, RABV spreads towards the CNS. Infection of the brain
displays the last step of infection, which is associated with a start of clinical symptoms leading to death (adapted
from (Davis et al. 2015)).
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After initial flu-like symptoms, the disease progresses either in the form of encephalitic rabies or in the
form of paralytic rabies, dependent on the development during the acute neurological phase. In most
cases, encephalitic form occurs including hyperactivity followed by fluctuating consciousness and phobic
spasms. Within a week, the patient falls into a coma and dies due to cardiac arrest. In contrast to the
classical encephalitis, around 20 % of the patients develop the paralytic form of rabies, which is less
dramatic, but takes longer. Often, limb and muscle weakness progress into a gradual paralysis, which is
later followed by coma and death (Jackson 2013). Thereby, incubation time of the disease is not only
dependent on the location of the bite, but also on the transmitted viral load and the RABYV strain. Hence,
typical incubation period is between two and three months. However, it can vary from 7 days up to more
than 6 years (Hemachudha et al. 2002). Interestingly, pathological changes within the CNS are relatively
mild despite the extensive clinical signs. Indeed, RABV has developed various mechanisms to evade the

host immunity to maintain the integrity of the neuronal network (Lafon 2008; Ito et al. 2016).

So far, there is no natural transmission between humans known. However, one case of rabies was reported
after organ transplantation from an infected donor (Vora et al. 2013). In fact, most cases are transmitted
by dogs, but RABV has a wide host range including other carnivorous land mammals such as raccoons and
skunks, but also bats. New hosts are infected at late stage of the disease when rabid animals are
hyperactive and exhibit hypersalivation combined with a high load of RABV particles in the saliva (Jackson

2013; Fooks et al. 2017).

Until now, it is not possible to cure the disease after the outbreak of clinical symptoms. However, active
immunization with rabies vaccines can be administered to prevent rabies before any exposure.
Furthermore, effective post-exposure prophylaxis (PEP), which involves cleansing of the wound, passive
immunization with rabies immune globulin (RIG) and additional vaccination is available (Manning et al.
2008; Zhu and Guo 2016). In addition to pre- and post-exposure prophylaxis in humans, the risk of rabies
exposure can be reduced by vaccination of domestic animals and wildlife populations. For this purpose,
attenuated rabies virus strains such as SAD B19 or recombinant viruses like vaccinia virus or adenoviruses
expressing the rabies virus glycoprotein are used for oral immunization in vaccine baits. With this strategy,
the risk of RABV could be eliminated in North America, large areas of Latin America, Western Europe, and
Japan. Nevertheless, rabies is still endemic in more than 150 countries and therefore an important global
health concern (Rosatte 2013; Hampson et al. 2015; Taylor et al. 2021). For this reason, rabies is included
in the WHO's new 2021-2030 road aiming to reduce dog-mediated rabies death to zero by 2030 (WHO
2018, 2020).
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1.1.3 Organization of virus particles

RABV is a non-segmented negative strand RNA virus, that is composed of five different structural proteins:
the nucleoprotein (N), the phosphoprotein (P), the matrix protein (M), the glycoprotein (G) and the large

protein (L).

RABV N encapsidates the viral genome in a ratio of one N protein per nine ribonucleotides (Iseni et al.
1998). Thereby, a helical structure called nucleocapsid is built protecting the viral RNA from being
recognized by the host innate immune system. Moreover, the nucleocapsid serves as the template for
replication and transcription by the viral RNA-dependent RNA polymerase L (Albertini et al. 2006; Albertini
et al. 2008).

The phosphoprotein has received its name due to a number of serine phosphorylations at the N- and C-
terminus and forms, together with L and the nucleocapsid, the so-called ribonucleoprotein (RNP). Within
the RNP, the highly phosphorylated P serves as a cofactor for the polymerase L (Mavrakis et al. 2004).
Moreover, it functions as chaperone for newly made N. In consequence, oligomerization of N, as well as
binding to cellular RNA is prevented, whereas binding to newly synthesized viral RNA is promoted by P
(Albertini et al. 2008; Wunner and Conzelmann 2013). Moreover, RABV P plays a crucial role in evasion of
the innate immune system by counteracting type | Interferon (IFN) induction as well as IFN-mediated
JAK/STAT response thus limiting expression of interferon-stimulated genes (ISGs), many of which have

antiviral activity (Brzdzka et al. 2005; Ito et al. 2010; Rieder et al. 2011; Wiltzer et al. 2014).

The matrix protein M is the smallest structural protein with a molecular weight of about 25 kDa and
connects the viral RNP with the envelope. By condensing the RNP it is responsible for the bullet-shape of
the virus particle (Mebatsion et al. 1999). Besides its important role in virus assembly and budding, M is

further relevant for balancing replication and transcription (Finke et al. 2003; Okumura and Harty 2011).

As the name suggests the RABV glycoprotein is highly glycosylated. Thus, N-glycosylation is involved in the
transport to the cell surface as well as virus assembly and budding (Okumura and Harty 2011; Hamamoto
et al. 2015). As a type | transmembrane protein, RABV G is the only viral protein that is exposed to the
outside. For this reason, cell tropism is determined by G. Virus entry is mediated by interaction of trimeric
G with a cellular receptor like the nicotinic acetylcholine receptor (nAChR), neuronal cell adhesion
molecule (NCAM), p75 neurotrophin receptor (p75NTR) or the newly discovered RABV receptor
metabotropic glutamate receptor subtype 2 (mGIuR2) (Lafon 2005; Wang et al. 2018). Hence, RABV G

plays an essential role in regard to the transsynaptic spread in neurons and determines the axonal
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transport of viral particles in retrograde direction (Etessami et al. 2000; Mazarakis et al. 2001; Wunner and

Conzelmann 2013).

A

B ? Glycoprotein (G) C

‘ Nucleoprotein (N)

@» Matrix protein (M)

. Phosphoprotein (P)

8 Viral polymerase (L)

Figure 2: Organization of rabies virus particles.

A) Schematic representation of a RABV particle including RNA genome, five structural proteins and envelope. B)
Legend for the viral proteins shown in A). C) Cryo-electron microscopy picture of a RABV particle. Orange arrow: M/N
protein; red arrow: G protein; green arrow: membrane (Guichard et al. 2011);(adapted from dissertation (Wachowius
2016)).

Those five proteins are encoded within the approximately 12 kb single stranded RNA of negative-sense in
the following, highly conserved order: 3'-N-P-M-G-L-5'. The RNA genome together with the five proteins
form the viral particle, that is typically bullet shaped measuring approximately 75 nm x 180 nm (Figure 2;

(Willoughby 2012).
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1.1.4 Life cycle

All members of the rhabdovirus family show a similar life cycle, which can be categorized into three
different phases including virus entry, transcription and replication and finally virus assembly and budding.

Most of the insights of the rhabdovirus life cycle were initially gained by analyzing VSV.

During the first phase, the virion attaches to the cell surface, where it binds a cellular receptor via the
ectodomain of the G protein. For RABV four receptors are described so far: nAChR, NCAM, p75NTR and
mGIuR2 (Lafon 2005; Wang et al. 2018). Thus, the recognition of mainly neuronal receptors determines
the neurotropic character of RABV with nAChR playing an important role for entering the neuronal system
from a muscle cell. The interaction between G and the receptor triggers endocytosis of the viral particle
which is then transported within the endosomes along the axons towards the neuronal cell body in a
retrograde manner. Decreasing pH forces G to change the conformation which leads to the fusion of the
viral envelope with the endosome, and subsequently to the release of RNPs into the cytoplasm. With this

the phase of transcription and replication begins.

The nucleocapsid changes in the cytoplasm into a more relaxed conformation and is available for
transcription by the RNA-dependent RNA polymerase L and its cofactor P within liquid-like inclusion bodies
(Lahaye et al. 2009; Nikolic et al. 2017; Nevers et al. 2020; Su et al. 2021). Due to the negative sense of the
RNA genome, transcription of mRNAs is immediately possible by N, P, and L proteins of the input RNP (so
called primary transcription). The RABV genome contains five monocistronic genes, which are separated
by non-coding, intergenic regions (IGRs). Each gene starts with a transcription initiation signal (TIS) and
ends with transcription termination and polyadenylation signal (TTP). Additionally, the genome is flanked
by non-coding 3'-leader and 5'-trailer regions and has a triphosphate modification at the 5'-end. First of
all, transcription is initiated at a genomic promoter in the 3'-end of the leader. Then, the leader sequence
and the five genes N, P, M, G, and L are transcribed in a sequential manner. After each gene, transcription
is stopped by the TTP, but reinitiates with a certain chance due to the TIS of the following gene depending
on the IGR. This stop-start mechanism naturally creates a transcriptional gradient, with most copies of N-
MRNA and few copies of L-mRNA (Whelan et al. 2004; Albertini et al. 2011; Fodor 2020). The strength of
this gradient differs across rhabdoviruses and is dependent on the length of intergenic regions. RABV
exhibits a steep mRNA gradient, whereas only two nucleotides in each IGR in VSV cause a relatively flat
gradient. At the end, the non-coding leader mRNA contains a 5'-triphosphate, but each coding mRNA is
provided with a 5'-cap-1 structure and a 3'-poly(A) tail and is therefore recognized and translated by the

host's translational machinery.
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Figure 3: Replication of rabies virus.

A) Schematic representation of RABV genome including the five monocistronic genes, 3'-leader and 5'-trailer regions,
as well as the triphosphate modification at the 5' end. B) lllustration of RABV transcription and replication. The
encapsidated RNA genome serves as template for transcription and translation. Transcription is initiated at the 3'
end of the genome. Each coding mRNA is 5 -end capped and 3’-end polyadenylated. The stop-start mechanism leads
to a transcriptional gradient with N as most abundant and L as less abundant mRNA. After primary transcription,
replication begins with encapsidation of the nascent leader RNA, followed by generation of a complete antigenome.
This serves as template for production of a new RNA genome (adapted from dissertation (Wachowius 2016)).

Primary transcription and protein translation must take place before replication can begin, because N is
indispensable for the encapsidation of the new RNA. For this reason, the N levels are crucial for replication.
As soon as enough N protein is produced, it binds the nascent leader RNA. With that replication starts
(Ogino and Green 2019). TTP and IGR sequences, as well as intergenic regions are ignored and a whole
positive sense RNA antigenome is generated. As an essential element, the antigenome RNP serves as
template for the new genome RNP. Importantly, the 3'-end of the antigenome carries the antigenomic
promoter within the trailer region. From that, the trailer is generated, which contains an encapsidation
signal. With that encapsidation of nascent RNA and elongation of the trailer is initiated resulting in an
identical copy of the original genome (Albertini et al. 2011; Hudacek and Schnell 2014). Thereby, P ensures
the encapsidation of exclusively viral RNA by N acting therefore as a chaperone for N. Interestingly, the

strong activity of the replicative antigenome promoter leads to a 49:1 ratio between genomic and
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antigenomic RNA (Finke and Conzelmann 1997). Newly made nucleocapsids can then be used for
secondary transcription or as template for the production of further genomic RNAs (Figure 3) (Whelan et

al. 2004). Once enough RNP copies are produced, the phase of virus assembly and budding can start.

Viral proteins are independently produced by the host cell. As a transmembrane protein, G is synthesized
by ribosomes associated to the endoplasmic reticulum. After association to trimeric complexes, G is
transported to the cell surface via the Golgi apparatus, where it is organized in clusters. M plays a crucial
role in virus assembly and budding, since is serves as hub between the RNP and G. Thus, it is able to bind
newly formed RNPs and recruit them to the cell surface (Mebatsion et al. 1996; Mebatsion et al. 1999).
There, M interacts with the cytoplasmic tail of trimeric G. During this interaction, the RNP is condensed
into a supercoiled structure triggering exocytosis of the viral particle in a process called budding. With the
separation of the budding virion from the cell, the virus is ready to infect a new cell (Jayakar et al. 2004;

Okumura and Harty 2011).
1.1.5 RABV as transsynaptic tracer

Rabies virus is unique among neurotropic viruses, since, once in a neuron, RABV spreads from neuron to
another neuron exclusively via chemical synapses. In natural infections, which in most cases result from
bites or scratches, the virus enters the first neuron via neuromuscular junctions. The glycoprotein is then
responsible for the retrograde transport along the axons. After replication, new viruses are transported to
dendrites and transferred at synapses to presynaptic neurons. While the exact mechanisms involved are
not known, RABV obviously can be used as a natural polysynaptic tracer. By using full-length viruses
expressing eGFP, the tracing signal is amplified through viral replication and can be followed along
neuronal connections. However, since infection of neurons is not synchronous, differentiation between
infected primary, second- and further order neurons is difficult (Figure 4A) (Astic et al. 1993; Ugolini 1995;
Ugolini 2011). Moreover, infection of starter cell by conventional RABV is not specific since experimental
brain infection allows initial access to various neuronal cell types. Thus, even when replication is restricted
like in case RABV AG eGFP (SAD-G), a recombinant RABV which does not encode the glycoprotein but
pseudotyped with it, single neurons can be infected without later spreading, but specific starter cells

cannot be defined (Figure 4B) (Wickersham et al. 2007a).

RABV transsynaptic transmission and spread in the brain requires the presence of G, as first illustrated by
experiments with SAD AG viruses "pseudotyped" with the homologous SAD G (Etessami et al. 2000). This

was exploited in 2007 for establishment of the first monosynaptic tracing system. Specifically, this
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approach provides G only in an initially infected cells, allowing transfer of a G-deficient virus to presynaptic
neurons only. The system developed by Wickersham and colleagues does not only allow to specifically
analyse direct neuron-neuron connections but to select and identify specific starter neuron cells. For this
approach, SAD AG eGFP (EnvA), a recombinant RABV lacking the glycoprotein is used that is pseudotyped
with the avian sarcoma leukosis virus (ASLV) envelope EnvA. Of note, as EnvA originates from ASLV, it is
not able to bind receptors of mammalian neurons. In consequence, SAD AG eGFP (EnvA) is not able to
infect neurons from mammals. Therefore, expression of the EnvA receptor TVA has to be established in
the starter cell in order to allow infection. Moreover, a red fluorescent protein such as DsRed2 can be
expressed in these cells to label them as starter cells. Lastly, the transcomplementation with RABV G is
required to allow further spread to the monosynaptically connected neurons. With those three proteins,
which can be delivered for example by a helper virus with a cell-type-specific promoter, starter cells can
be specifically infected and direct synaptically connected neurons stained. Of note, SAD AG eGFP (EnvA) is
not able to spread further due to the lack of RABV G in secondary infected cells (Figure 4C). In
consequence, the system displays exclusively monosynaptic tracing (Wickersham et al. 2007b; Ghanem

and Conzelmann 2016).
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Figure 4: Neuronal tracing with rabies virus.

A) Spread of full-length SAD eGFP virus resulting in staining of several neurons. B) Infection of neurons with G deleted
and SAD-pesudotyped SAD AG eGFP (SAD-G) virus is limited to a random starter cell. C) After providing the TVA
receptor, SAD-G and a red fluorescent protein in a selected starter cell, for example by recombinant AAV, it can be
infected with SAD AG eGFP (EnvA). SAD-G enables viral spread one additional round. As a result, starter cell and
monosynaptically connected neurons are stained.

N
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1.2 Apoptosis

Viruses exploit host cells for their transcription and replication. In order to prevent the spread of
pathogens various host cell defense mechanisms have evolved. One strategy is the depletion of invaded
cells by regulated cell death. Different forms of cell death could thereby occur. Traditionally, cell death is
categorized in different groups due to morphological changes: type | cell death or apoptosis, type Il or
autophagy and type Il cell death or necrosis. Necrosis is characterized by cell swelling, followed by
membrane disruption and lysis, whereas autophagy involves the formation of autophagosomes and
lysosomal degradation of respective content (Galluzzi et al. 2007; Nagata and Tanaka 2017; Galluzzi et al.
2018; D'Arcy 2019; Tang et al. 2019). In contrast, apoptotic hallmarks are cell shrinkage and chromatin
condensation in first place, followed by nuclear fragmentation. Then, the membrane starts to bleb leading
to the release of so-called apoptotic bodies. These apoptotic bodies are tightly packed with cellular
material and usually phagocytosed by other cells such as macrophages, parenchymal or neoplastic cells
(Kerr et al. 1972; Saraste 2000; Hacker 2000). Phagocytic recognition is mediated by translocation of
phosphatidylserine (PS) residues from the inner to the outer leaflet of the plasma membrane. In contrast,
healthy cells display an asymmetric lipid composition with PS only in appearing the inner leaflet of the
membrane (Chaurio et al. 2009). In consequence, apoptosis is usually considered to be not immunogenic,
but silent. However, in cell culture for example apoptosis can be followed by secondary necrosis (Silva

2010; Pasparakis and Vandenabeele 2015).

Apoptosis is tightly regulated by caspases. Caspases are evolutionarily conserved aspartate-specific
cysteine proteases and exist in precursor form of an inactive procaspase which becomes active upon
cleavage. Apart from inflammatory caspases, apoptotic caspases can be divided into initiator and effector
or executioner caspases. Thus, initiator caspases contain either a DED domain such as caspase-8 and -10
or a CARD domain like in case of caspase-9 (Riley et al. 2015; Huber et al. 2018). Proteins with those
domains belong to the so-called death domain superfamily which also contains proteins with a death
domain (DD) or a Pyrin domain. These domains are responsible for mediating protein interaction of
different stress signal components (Ferrao and Wu 2012). In contrast to initiator caspases that need this
motif to become activated in multi protein complexes, effector caspases do not contain such a domain but
are activated by other caspases. As the name suggests executioner caspases carry out the final death by
hydrolyzing a wide range of substrates. One of them is the Poly(ADP-ribose)-Polymerase 1 (PARP) which

plays an important role in DNA repair within a healthy cell (Hengartner 2000; Morales et al. 2014). Usually,
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apoptosis is distinguished between two major forms: extrinsic and intrinsic apoptosis. An overview of

these both pathways is illustrated in Figure 5.
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Figure 5: Overview of extrinsic and intrinsic apoptosis pathways.

Extrinsic apoptosis is mediated upon ligand binding to a death receptor such as Fas. Trimerization of death receptor
leads to recruitment of the adaptor protein FADD. Subsequent recruitment of procaspase-8 or -10 results in their
autocatalytic activation within the DISC. Then, initiator caspases are able to further activate effector caspases such
as caspase-3, which in turn cleaves remaining procaspases and further substrates like PARP resulting in final apoptotic
outcome. Intrinsic apoptosis is mediated via pro-apoptotic BCL-2 proteins such as Bak and Bax forming a pore within
the mitochondrial membrane. Subsequent mitochondrial outer membrane permeabilization results in cytochrome c
release, which is the key event leading to formation of the apoptosome including procaspase-9, which is then
activated within this complex. Further activation of the effector caspase-3 leads to apoptosis. Crosstalk between
extrinsic and intrinsic pathways are possible through cleavage of Bid by Caspase-8, leading to oligomerization of Bak
and Bax within the mitochondria.
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1.2.1 Extrinsic apoptosis

Extrinsic apoptosis is initiated by extracellular binding of a so-called death ligand to a death receptor.
Currently, there are six known apoptotic death receptors with the most extensively studied interactions
between FasL/FasR, TRAIL/TRAILR1/TRAILR2 and TNFa/TNFR (Daniel et al. 2001). Death ligands are usually
expressed on the surface of activated T lymphocytes, NK cells and macrophages, but appear also on
epithelial cells, or immature dendritic cells (Falschlehner et al. 2009). Thus, Fas or TRAIL act as cytokine
like molecule forcing the aggregation of death receptors upon their binding. Sharing a characteristic DD,
the trimerized death receptors subsequently are able to recruit adaptor proteins such as the Fas-
associated protein with death domain (FADD). Those proteins contain a DD as well interacting with the
one of the receptors, and also a DED allowing to bind the respective DED of procaspase-8 or procaspase-10
(Wu and Lo 2009). With the receptor, FADD and procaspase-8 the death-inducing signaling complex (DISC)
is assembled (Guicciardi and Gores 2009). In contrast to the Fas and TRAIL induced pathway, TNFa binding
to TNFR leads to the formation of the complex I. In complex | the TNF receptor type 1-associated death
domain protein (TRADD) serves as hub for the TNF receptor associated factor 2 (TRAF2) and RIPK1 with
the TNFR. Only if complex | dissociates from the receptor, it is converted into complex Il by binding of
FADD to the available DDs and subsequent recruitment of procaspase-8 or -10. Otherwise, the pro-survival

NF-kB pathway is promoted (Micheau and Tschopp 2003).

In any case FADD is the essential adaptor protein to execute extrinsic apoptosis. After binding of the
procaspase-8 to the DISC or complex I, more procaspase-8 molecules are recruited allowing their
homodimerization and subsequent auto-catalytical activation (Fu et al. 2016). This process is enhanced or
inhibited depending on low or high levels of the large isoform of the cellular FLICE-like inhibitory protein
(cFLIPL). As catalytical inactive homolog of caspase-8 it can bind to the DISC and be incorporated into
caspase-8 filaments (Micheau et al. 2002; Pop et al. 2011). In contrast, the short isoform of cFLIP (cFLIPs)

exclusively counteracts apoptosis initiation (Krueger et al. 2001).

The active initiator caspase-8 cleaves and thereby activates downstream effector caspases such as
caspase -3, -6 or -7 which then hydrolyzes various other target molecules and amplify the signal via further
cleavage of procaspases-8, -9 and -10. Moreover, the signal can be amplified via the mitochondrial
pathway. Thereby, Bid serves as substrate for caspase-8. After cleavage, the truncated version tBid
translocates to the mitochondria and subsequently initiates oligomerization of Bax or Bak leading to pores

within the mitochondrial outer membrane (MOM). In consequence cytochrome c is released into the
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cytosol where it binds to APAF-1 activating the intrinsic pathway (Korsmeyer et al. 2000; Degli Esposti
2002; Kantari and Walczak 2011).

Of note, rodents express caspase-8 but lack caspase-10. Hence, most studies focused on caspase-8. In
humans caspase-10 and caspase-8 are very close homologs sharing the same gene locus. Although
caspase-10 was considered as apoptotic initiator caspase, its role is discussed controversially. Thus, it was
shown to be assembled in the DISC and processed during Fas and TRAIL induced apoptosis. Thereby, some
studies observed that caspase-10 is able to functionally substitute caspase-8 within the DISC (Kischkel et
al. 2001; Wang et al. 2001) whereas others do not (Sprick et al. 2002). Moreover, Horn and colleagues

discovered caspase-10 to counteract caspase-8 mediated cell death (Horn et al. 2017).
1.2.2 Intrinsic apoptosis

Intrinsic apoptosis is usually triggered by an intracellular stress stimulus such as DNA damage, UV and
y-irradiation, or reactive oxygen species (ROS). The following stress signaling is strictly regulated by
members of the BCL-2 family, which function in either pro- or anti-apoptotic favor. BCL-2 proteins share
at least one conserved BCL-2 homology (BH) domain allowing interactions with each other. Thus, anti-
apoptotic proteins such as BCL-2 inhibit pro-apoptotic family members like Bax and Bak by binding their
BH3 domain, which is essential for apoptotic signaling (Kale et al. 2018). This inhibition is in turn
counteracted by the pro-apoptotic Noxa and Puma. Many BCL-2 proteins are under the control of the
tumor suppressor protein p53 transcription factor, which was shown to upregulate pro-apoptotic genes,

whereas transcription of anti-apoptotic proteins is downregulated (Aubrey et al. 2018).

Bak and Bax, activated in response to a stress stimulus, oligomerize to pore-forming complexes that lead
to mitochondrial outer membrane permeabilization (MOMP). Loss of mitochondrial outer membrane
integrity via MOMP is a crucial event during intrinsic apoptosis, allowing pro-apoptotic factors from the
intermembrane space to enter the cytosol (Westphal et al. 2011). One factor is cytochrome ¢ which usually
functions as electron carrier protein during ATP synthesis. Once translocated in the cytosol, cytochrome ¢
binds to APAF-1 promoting its heptamerization (HUttemann et al. 2011). Moreover, procaspase-9 is
recruited and binds to the CARD domain of APAF-1. The thereby formed complex involving cytochrome c,
APAF-1 and procaspase-9 is called apoptosome. Within the apoptosome, procaspase-9 is able to dimerize
resulting in autocatalytic cleavage and in consequence activated caspase-9. Then, caspase-9 dissociates

from the complex leaving space for further procaspase-9 molecules. Furthermore, free caspase-9 activates
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effector caspases like caspase-3, -6 and -7, which in turn hydrolyze further downstream proteins

(Hengartner 2000; Fulda and Debatin 2006).
1.2.3 Apoptosis induction by PKR

Protein kinase R (PKR) is an important stress sensor in mammalian cells that is activated during viral or
cellular stress. Nevertheless, apoptosis mediated by PKR is typically not described within the previously

mentioned categories of extrinsic or intrinsic apoptosis.
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Figure 6: Overview of PKR mediated apoptosis.

PKR is activated either by PACT or double stranded RNA, leading to its dimerization and subsequent
autophosphorylation. Following phosphorylation of elF2a results in shutdown of general translation, whereas
translation of ATF4 is upregulated. This results in activation of CHOP, initiates pore-formation by Bak and Bax
resulting in apoptosis. In addition, PKR activation is associated with FADD activation of caspase-8 leading to
apoptosis.

The serine/threonine kinase consists of two domains: the N-terminal dsRNA binding domain which in turn
contains two dsRNA binding motifs and the C-terminal kinase domain. In healthy cells, PKR is usually
constitutively expressed, but upregulated upon IFN induction (Gal-Ben-Ari et al. 2019). PKR can be
activated for example by ER stress or growth factors via PACT (Marques et al. 2008). However, most

prominent PKR activator is intracellular viral dsRNA originating for example from influenza. Moreover,

endogenous microRNAs are also able to initiate PKR activation (Lee et al. 2007). Thus, dsRNA binding to
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the dsRNA binding domain induces formation of PKR dimers. In consequence, PKR is able to auto-
phosphorylate and thereby activate itself. Once activated, PKR is able to phosphorylate its most
characterized substrate, the eukaryotic initiation factor-2a (elF2a) (Gal-Ben-Ari et al. 2019). EIF2a is a key
factor during mRNA translation. Phosphorylation leads to its suppression and thereby inhibition of general
translation which also implies blocking of virus protein production. In contrast, translation of specific
mRNAs like the activating transcription factor 4 (ATF4) is upregulated. ATF4 in turn upregulates
transcription of CHOP, which then regulates apoptosis by acting as transcription activator of pro-apoptotic

gene or repressor in regard of anti-apoptotic genes (Figure 6) (Scheuner et al. 2006; Hu et al. 2018).

Moreover, PKR mediated induction of apoptosis is associated with activation caspase-8 by FADD. Although
FADD is typically associated within death receptor mediated apoptosis, it has been shown that death
receptors and DISC formation is not needed for FADD activation during PKR signaling. Instead upregulation
of FADD expression might cause caspase-8 activation (Balachandran et al. 1998; Gil and Esteban 20003,

2000b).

Beside initiation of apoptosis fate, PKR activates the NF-kB pathway in order to counteract infection while
maintaining cell homeostasis. Whether the cell finally undergoes cell death or survives is dependent on

the extent and duration of the stress stimuli (Garcia et al. 2007; Garcia-Ortega et al. 2017; Xu et al. 2018).
1.3 The small molecule—assisted shutoff (SMASh) system

In the last decade, CRISPR/Cas9 genome editing has revolutionized the possibilities for studying protein
function. Although this system is easy to utilize and cost-effective, there are some disadvantages. First, a
genetic knockout does not only lead to a complete but also irreversible depletion of the protein. In
consequence, the system is not suitable for studies on essential proteins. Moreover, unwanted off-target
mutations might be introduced into the genome. Besides that, the use of the CRIPSR/Cas9 system is
restricted to application at the DNA level, while control at the RNA or protein level is not possible. For
control at RNA levels, RNA interference (RNAI) systems are used (Wilson and Doudna 2013; Neumeier and

Meister 2020), and CRISPR/Cas approaches are being developed (Wessels et al. 2020).

For proteins, other methods are necessary and available, most of which, however, required genetic
engineering of cells. Examples include Auxin-inducible degron (AiD), Conditionally-stable FKBP12 and
UnaG tag degrons, TRIM away, Affinity-directed PROtein Missile system (AdPROM), DeGradFP and ZIF1
proteolytic systems Hydrophobic tagging (HyT) PROteolysis-TArgeting Chimeras (PROTACs) MDM2-based
PROTACs, Cereblon (CRBN)-based PROTACs VHL c-IAP PROTACs and specific and non-genetic IAP-

17



1 - Introduction

dependent protein erasers (SNIPERs), Keapl-based PROTACs, HALO and dTAG PROTACs (Natsume and
Kanemaki 2017; Réth et al. 2019).

In 2015 Chung and colleagues invented the small molecule—assisted shutoff (SMASh) system, a novel
degradation system allowing targeted proteolysis of a protein of interest (POI) by addition of a small

molecule (Chung et al. 2015).
1.3.1 Regulation of protein levels by SMASh

The SMASh-tag contains the hepatitis C virus (HCV) NS3 protease, a degron-like sequence and a linker
followed by the NS3 cleavage site, where the POl is fused to. In absence of any drug, the SMASh-tag cleaves
itself off and releases an untagged and functional protein, whereas the tag itself is degraded. However, in
presence of a specific NS3 inhibitor such as asunaprevir (ASV) or danoprevir (DNV) cleavage is blocked
resulting in the instant degradation of the whole newly made fusion protein (Figure 7). This process is
reversible by drug removal through washing. Thereby, protein production increases again very rapidly to

normal levels.

This targeted protein degradation has many advantages. Thus, it allows study of essential proteins or viral
proteins from non-DNA viruses like RABV. Furthermore, regulation of protein levels is not only reversible,
but can be adjusted by inhibitor dosage. Of note, the SMASh-tag can be fused either N-terminally or C-
terminally to a POl and is therefore suitable for various targets. Overall, the SMASh system represents an
efficient tool for protein control that requires only minimal genetic modification (Chung et al. 2015;

Hannah and Zhou 2015).
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Figure 7: Protein control by SMASh.

The protein of interest is fused to the SMASh-tag containing an HCV NS3 protease and a degron. Usually, the degron
is cleaved off and degraded. However, in presence of an HCV NS3 protease inhibitor cleavage is blocked, and newly
generated proteins degraded. Blue: Protein of interest; Orange: NS3 protease; Red: degron; Green: NS3 inhibitor.

1.3.2 SMASh-tag sequence

As mentioned above, the SMASh-tag consists of a serine protease, a degron-like sequence, and a linker
with the protease cleavage site at its free terminus. All in all, the SMASh-tag is derived from the HCV
NS3/NS4A protease. HCV belongs to the Flaviviridae family and exhibits therefore a positive single strand
RNA genome which is translated into a polyprotein precursor (Rabaan et al. 2020). The polyprotein is
processed by host and viral proteases into structural and non-structural proteins. One key player in this
process is the bifunctional NS3 serine protease. Beside the protease within the N-terminal region, it
contains a helicase in the C-terminal region. RNA helicase of NS3 is particularly essential for HCV replication
due to its task to bind the HCV RNA genome, but is not required for NS3 protease function (Lin 2006).
Nevertheless, it might affect the efficiency. For an optimal protease activity, the NS3 cofactor NS4A is
required forming a non-covalent complex with the NS3 serine protease (Bartenschlager et al. 1995).
Furthermore, at least the first 180 amino acids of the NS3 N-terminus are necessary for protease activity
containing the catalytic triad with His57, Asp81, and Ser139 (His1083, Asp1107, and Ser1165 of the
polyprotein). Beside self-cleavage of NS3/NS4A, NS4A/NS4B, NS4B/NS5A, and NS5A/NS5B serve as viral
substrate for the NS3/4A serine protease (Manns et al. 2017; Morozov and Lagaye 2018; Chong et al.
2019).
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The HCV NS3 protease activity serves as the basis for the SMASh-tag. In Figure 8 the amino acid sequence
of a C-terminal SMASh-tag is presented. The NS4A/4B cleavage site serves as substrate for the SMASh NS3
protease and is connected via a linker to the protease. The SMASh-tag protease domain consists of 185
amino acids of the N-terminal original HCV NS3 protease, whereas most of the helicase domain is depleted.
Of note, Chung and colleagues inserted four additional amino acids KIDT within the remaining helicase
domain, which cannot be found in the original HCV sequence and is not commented within their
publication (Chung et al. 2015). Nevertheless, since the SMASh-tag lacks most parts of the helicase domain,

KIDT might serve as linker to ensure efficient support of NS4A.

In HCV, NS4A consists of three different domains: the N-terminal membrane anchor domain, a central
domain which is responsible for the NS3 cofactor function of NS4A, and a C-terminal domain including a
kink-region containing the amino acids PAIIP and an acidic region with a high number of acidic amino acids
(Roder et al. 2019). Within the SMASh-tag the membrane anchor domain with its transmembrane domain
as well as the central domain are present, whereas the C-terminus of the acidic region is deleted. Thus,
the original function for assembly end envelopment should be impaired (Roder et al. 2019). Together with
the SMASh helicase domain, NS4A functions like a degron. Chung and colleagues indicated the
involvement of proteasome and autophagosomes in degradation process (Chung et al. 2015). However,

the exact mechanism of how the degron-like sequence functions is not yet understood (Réth et al. 2019).

NS3 protease
DEMEECASQHLPGAGSSGD|MDYKDDDDKGSSGTGSGSGTSAPITAYAQQTRGLLGC|ITSLTG
Cle e site Flagtag 00 helix

* *
RDKNQVEGEVQIVSTATQTFLATCINGVCWAVYHGAGTRTIASPKGPVIQMYTNVDQDLVGWP

*
APQGSRSLTPCTCGSSDLYLVTRHADVIPVRRRGDSRGSLLSPRPISYLKGSSGGPLLCPAGH
NS3 helicase
AVGLFRAAVCTRGVAKAVDFIPVENLETTM RSPVFTDNSSPPAVILTHP[TKlDTKYIMTCMS
Helicase domain deletion

ADLEVVTSTWVLVGGVLAALAAYCLSTGCVVIVGRIVLSGKPAIIPDREVLY
TM helix [B-strand

Figure 8: Sequence of the SMASh-tag.

SMASh-tag consists of an HCV NS4A/4B cleavage site (green), a linker including a flag-tag (black), the NS3-protease
(orange), parts of the NS3 helicase (grey) and NS4A (red). Black asterisks indicate the catalytic triad of the NS3
protease (modified from (Chung et al. 2015)).
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1.3.3 SMASh induced cytotoxicity

Chung and colleagues invented the SMASh system as tool for targeted protein degradation. Although they
performed drug-inducible protein shutoff experiments, no cytotoxic effect was reported (Chung et al.

2015).

Prior to this thesis, SMASh controllable RABV viruses were generated with SMASh fused either to the P or
to the N protein. In fact, a cytotoxic effect of the SMASh-tag was determined upon drug addition in a
shutoff experiment. Thus, viruses including the SMASh-tag fused to the RABV P protein turned toxic when
the inhibitor was added 8 hours or later post infection with a high MOI. Figure 9 represents microscopic
pictures of ASV or DMSO control treatment 4 hours after treatment, which was performed 24 hours post
infection with SAD P-SMASh. Similar outcome was observed with fusion to RABV N or to non-viral YFP-
SMASh. In addition, first experiments suggested a slight cytotoxic effect even after transfection with a non-

viral SMASh-tagged protein.

Figure 9: Induction of cell death by SMASh and ASV.

DMSO control treatment has no effect on cells, whereas ASV treatment after established SAD P-SMASh infection for
24 hours causes cell death within 4 hours. Size bar: 500 um (adapted from master thesis (Masterthesis V. Pfaffinger
2016)).

Although MAVS is a natural cellular substrate of the NS3 protease and cleaved also by SMASh, experiments
with MAVS knockout cells revealed that MAVS is not important for cell death induction. Moreover, IFN-a
and —B were not induced upon SMASh. In contrast, processing of the initiator caspase-8, -9 and -10 as well
as the effector caspase-3 could be shown by Western blot analysis. PARP, which serves as marker for
apoptosis, was cleaved suggesting an apoptotic cell death. Involvement of RIPK1, which functions as a
decision maker towards apoptosis or necroptosis, a form of programmed necrosis, was observed. Thus,

degradation of RIPK1 could be observed in Western blot supporting an apoptotic outcome for the cell. As
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an essential element in TNF mediated apoptosis, the adaptor protein TRADD did not play an important
role in SMASh induced apoptosis, as indicated of SMASh induced cell death in TRADD knockout cells
(Masterthesis V. Pfaffinger 2016). All in all, why and how SMASh induces apoptosis after drug addition

remains unclear.
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1.4 Aim of the thesis

The SMASh system is widely used as a tool for targeted protein degradation, and most studies have used
SMASh in a protein switch-off approach (Fay et al. 2018; Zhu et al. 2019; Wu et al. 2020). Previously, we
observed a high cytotoxicity induced by SMASh upon addition of the inhibitor in protein shutoff
experiments. First analysis indicated the activation of apoptosis including different caspases and PARP.
Within this thesis, induction of apoptosis will be confirmed by additional experiments including
measurement of caspase activity and Annexin V binding to apoptotic cells. In addition, the cytotoxicity of
SMASh is further characterized using various time course experiments to determine the kinetics of cell

death.

It is not yet understood what exactly is needed for SMASh-mediated cell death and which pathway is
triggered in particular. To gain more insights in this regards, different cell lines as well as various cell lines
with knockout of apoptosis related genes will be generated and analyzed with respect to SMASh and
inhibitor induced cell death. In addition, the SMASh-tag itself will be investigated to identify essential toxic
components. Therefore, various deletion or truncation constructs will be generated and tested in regard

of toxicity.

Based on the thereby gained results, a non-toxic controllable SMASh-tag derived tag will be designed,
generated, and characterized. Moreover, the ability of virus control will be investigated. With the aim to
provide an improved tool for neurotracing approaches, controllable non-toxic Cre-expressing AG viruses

will be analyzed.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

Table 1: List of chemicals used in this thesis.

Chemical Manufacturer
Acetic acid, 100 % Roth
Acetone, Rotipuran 99.8 % Roth
Acrylamide Rotiphorese® Gel 30 (37.5: 1) Roth

Agar BD

Agarose, UltraPure Invitrogen

alamarBlue™ HS Cell Viability Reagent

Thermo Fisher Scientific

Albumin Fraction V (BSA)

Roth

Ammonium persulfate

Sigma-Aldrich

Ampicillin sodium salt (Amp)

Roth

Asunaprevir

MedChem tromica

Bis-Tris Santa Cruz Biotech
Blasdicidin Invivogen
Bovine Serum Albumin (BSA) Roth
Bromophenole blue Sigma-Aldrich
Danoprevir MedChem tromica
Dimethyl sulfoxide (DMSO) Roth
Dimethylformamide Merck
Ethanol Merck
Ethidium bromide solution 1 % Roth
Ethylenediamine tetraacetic acid (EDTA) Sigma

G418 Roth
Glycerol, Rotipuran 99.5 % Roth

HEPES Roth
Hydrochloric acid, Rotipuran 37 % Merck
Hygromycin B Invivogen
Isopropanol Merck
Kanamycin monofulfate Sigma-Aldrich
Magnesium chloride hexahydrate (MgCl2 ¢ 6H20) Fluka
Magnesium sulfate heptahydrate (MgS04 ¢ 7H20) Merck
Methanol Roth

Milk powder, blotting grade Roth

MOPS (3-(N-morpholino)propanesulfonic acid) Roth

Orange G Fluka
Paraformaldehyde (PFA) Merck
Poly-D-lysine hydrobromide Sigma-Aldrich
Potassium chloride (KCl) Merck
Potassium dihydrogen phosphate Merck
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Chemical Manufacturer
Puromycin Invivogen
Sodium bisulfite (NaHSO3) Sigma

Sodium chloride (NacCl) Merck

Sodium dihydrogen phosphate Merck

Sodium dodecyl sulfate (SDS) Serva

Sodium hydroxide VWR Chemicals
Tetramethylethylenediamine (TEMED) Roth

Tris, Pufferan 99.9 % Roth

Triton X-100 Merck

Tryptone BD

Tween-20 Roth

Yeast Extract BD
B-Mercaptoethanol Sigma-Aldrich
Zeocin Invivogen
z-AEVD-fmk Selleck Chemicals
z-IETD-fmk Selleck Chemicals
z-LEHD-fmk Selleck Chemicals
z-VAD-fmk Selleck Chemicals

2.1.2 Buffers and solutions

Table 2: List of buffers and solutions used in this thesis.

Agarose gel electrophoresis

10 x TAE 2 M Tris-HCl, (pH 7.8)
0.25 M Sodium acetate trihydrate
0.25 M EDTA

10x TEN 50 mM Tris-HCI (pH 7.4)

1 mM EDTA
150 mM NacCl

1 x TAE + EtBr

200 mL 10 x TAE
1800 mL ddH20
120 pL Ethidium bromide solution (1%)

OG loading buffer

50 % (v/v) 10x TAE

15 % (w/v) Ficoll 400

0.125 % (w/v) Orange G

Store at -20°C, after thawing 4 °C

Mini preparation

Flexi |

100 mM Tris-HCl pH 7.5
10 mM EDTA

200 pg/mL RNase
Stored at 4 °C

Flexi Il 200 mM NaOH
1% (w/v) SDS
Flexi Il 3 M potassium acetate

2 M acetic acid, pH 5.75
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SDS-PAGE
APS 10 % APS (w/v)

Appropriate volume ddH20

Store at -20 °C, after thawing at 4 °C
3.5 x Bis-Tris 1.25 M Bis-Tris HCIl pH 6.8

20 x MOPS buffer

1 M Tris

1 M MOPS
20 mM EDTA
2 % SDS

1 x MOPS buffer (running
buffer)

50 mL 20 x MOPS
2 mL 2.5 M Sodium Bisulfite

SDS sample buffer

62 nm Tris/HCl pH 6.8

10 % SDS

15 % B-mercaptoethanol
30 % Glycerol

0.012 % Bromophenol blue

Separation gel mix (10 %)

1 x Bis-Tris
10 % acrylamide/bisacrylamide 37.5:1
ddH:0 appropriate volume

Separation gel

Separating gel mix (10 %)
1 % APS (v/v)
0.4 % TEMED (v/v)

Stacking gel mix (6 %)

1 x Bis-Tris
6 % acrylamide/bisacrylamide 37.5:1
ddH:0 appropriate volume

Stacking gel

Stacking gel mix (6 %)
1% APS
0.1 % TEMED

Western blotting

Extra-Dry blotting buffer

48 mM Tris

20 mM Hepes

1 mM EDTA

1.3 mM Sodium Bisulfite

1.3 mM Dimethylformamide

TBS 50 mM Tris
150 mM NaCl
pH 7.4 (adjusted with HCI)
TBS-T TBS
0.05 % Tween-20
5 % milk in TBS 1x TBS
5 % (w/v) milk powder
10 % BSA in TBS 1x TBS

10 % (w/v) BSA powder

Flow cytometry

3 % PFA

1xPBS
3 % (w/v) Paraformaldehyd
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2.1.3 Media and cell culture additives

Table 3: List of media and cell culture additives used in this thesis.

Components of cell culture medium Manufacturer
D-MEM (L-Glutamine, high glucose) Gibco
G-MEM (L-Glutamine, high glucose) Gibco
DPBS (no calcium, no magnesium) Gibco
L-Glutamine Gibco
MEM Amino Acids Gibco
Neurobasal medium (no Aspartic Acid, no Glutamic Acid, serum free) Gibco
Tryptose Phosphate Broth Gibco
Penicillin-Streptomycin Gibco
Trypsin-EDTA 0.25 % Gibco
GlutaMAX Gibco
Gentamicin (50mg/mL) Gibco
B27 supplement serum free (50x) Gibco

Table 4: Media compositions for cultivation of mammalian cell lines.

Cell culture medium Composition of media
DMEM 3+ 450 mL D-MEM
50 mL FCS

5 mL L-Glutamine
2 mL Pen-Strep
Stored at 4 °C

GMEM 4+ 450 mL G-MEM

50 mL FCS

4.5 mL Tryptose phosphate
10 mL MEM amino acids

2 mL Pen-Strep

Stored at 4 °C

Neuron medium 97 mL Neurobasal medium
2 mL B27

1 mL GlutaMAX

1uL Gentamicin (50 mg/mL)
Stored at 4 °C

LV-medium 500 mL DMEM

50 mL FCS

10 mL HEPES

5 mL Sodium Pyruvat
2.5 mL Pen-Strep
Stored at 4 °C
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Table 5: Media for E. coli bacteria cultivation used in this thesis.

LB

85 mM NacCl

0.5 % (w/v) Bacto yeast extract
1 % (w/v) Bactotryptone

1 mM MgS04

Stored at 4 °C

LB Amp

1xLB
25 mg/mL Ampicillin
Stored at 4 °C

LB ++

1xLB
20 mM MgS04

10 mM KCl

2.1.4 Kits

Table 6: List of kits used in this thesis.

Kit Manufacturer
NucleoBond Xtra Midi Macherey-Nagel
QlAquick Gel Extraction Kit Qiagen

QlAquick PCR Purification Kit Qiagen

Mammalian Transfection Kit Stratagene

QuantiNova SYBR Green PCR kit Qiagen

PureLink Genomic DNA Mini Kit Thermo Fisher Scientific
RealTime-Glo MT Cell Viability Assay System Promega

RealTime-Glo Annexin V Apoptosis Assay Sytem Promega

Annexin V-FITC Apoptosis Staining / Detection Kit Abcam

LIVE/DEAD Fixable Far Red Dead Cell Stain Kit

Thermo Fisher Scientific

LDH release Pierce LDH Cytotoxicity Assay Kit

Thermo Fisher Scientific

Caspase-Glo3/7 Assay System Promega
Caspase-Glo 8 Assay System Promega
Caspase-Glo 9 Assay System Promega
2.1.5 Enzymes
Table 7: List of enzymes used in this thesis
Enzyme Manufacturer

Restriction Enzymes

New England Biolabs

Q5 DNA Polymerase

New England Biolabs

T4 DNA ligase

New England Biolabs

Alkaline Phosphatase, Calf Intestinal (CIAP)

New England Biolabs

Instant Sticky-End Ligase Master Mix

New England Biolabs

RNase

Macherey-Nagel
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2.1.6 Oligonucleotides

All DNA oligonucleotides that were used in this thesis are listed in the appendix and were ordered from

Eurofins Genomics.

2.1.7 gRNAs

For generation of knockout cells target sites were selected as followed:

Table 8. List of target sites for gRNAs used in this thesis.

Target gene | gRNA name | Target sequence Source

PKR 014 GCAACCTACCTCCTATCATG (Sanjana et al. 2014)
018 TAATACATACCGTCAGAAGC (Sanjana et al. 2014)
019 ATTCAGGACCTCCACATGAT (Schmidt et al. 2015)

FADD 036 GAGCAGCTCGCGCAGGAGCT (Schmidt et al. 2015)

CASP8 032 GCTCTTCCGAATTAATAGAC (Sanjana et al. 2014; Horn et al. 2017)
033 AGTCGTTGATTATCTTCAGC (Sanjana et al. 2014)
034 TCCTTTGCGGAATGTAGTCC (Sanjana et al. 2014)

CASP10 035 GGGGGTCCAAGATGTGGAGA (Horn et al. 2017)
041 GACTGCTGCCCACCCGACAA (Sanjana et al. 2014)
042 TCTTCTGCCGTATGATATAG (Sanjana et al. 2014)
043 GTAGACCTCCCTAAGTTTCC (Sanjana et al. 2014)

2.1.8 Celllines

Table 9: List of Cell lines mentioned in this thesis.

Cell line Description Medium Source
Human embryonic kidney cells expressing | DMEM 3+
HEK 293T SV40 T-antigen ATTC
HEK 293T Cas9 cl. 5 | HEK 293T expressing Cas9 DMEM 3+ | Alexander Ghanem
HEK 293T FADD -/- | HEK 293T containing FADD Knockout DMEM 3+ This work
HEK 293T Casp8 -/- | HEK 293T containing Caspase-8 Knockout | DMEM 3+ This work
HEK 293T containing Caspase-8/-10 DMEM 3+
HEK 293T double Knockout (including in-frame
Casp8/Casp10 -/- mutations) This work
DMEM 3+ Martin Leverkus Lab,
Hela Human cervix carcinoma cells RWTH Aachen
DMEM 3+ Martin Leverkus Lab,
Hela Casp8 -/- Hela containing Caspase-8 Knockout RWTH Aachen
DMEM 3+ Martin Leverkus Lab,
Hela Casp10 -/- Hela containing Caspase-10 Knockout RWTH Aachen
hIPSC derived Human induced pluripotent stem cell Astrocyte Magdalena Gotz,
astrocytes derived astrocytes Medium LMU
U-87 MG Human glioblastoma cells DMEM 3+ Oliver Keppler, LMU
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Cell line Description Medium Source
U-251 MG Human glioblastoma cells DMEM 3+ Oliver Keppler, LMU
Human foreskin fibroblasts (primary DMEM 3+
HFF isolate) Barbara Adler, LMU
N2A Mouse neuroblastoma cell line DMEM 3+ ATTC
DMEM 3+ Christian Wahl-
MEF Mouse embryonic fibroblasts Schott
mESC derived Mouse embryonic stem cell derived Neuron
neurons neurons medium Maximilian Eizinger
DMEM 3+ Christine Engeland,
GL261 new Mouse glioblastoma cells NCT and DKFZ
DMEM 3+ Christine Engeland,
GL261 moko Mouse glioblastoma cells NCT and DKFZ
B16 Mouse melanoma cells DMEM 3+ David Anz
MC38 Mouse colon carcinoma cells DMEM 3+ David Anz
BHK-21 Baby hamster kidney cells GMEM 4+ ATCC
GMEM 4+ (Buchholz et al.
BSR T7 BHK-21-derived cells expressing T7-pol 1999)
Vero African green monkey cells DMEM 3+ | ATCC

2.1.9 Antibodies

Table 10: List of primary and secondary antibodies used in this thesis.

Epitope Host Dilution | Manufacturer Order number

Actin (20-33) Rabbit 1/1000 | Sigma-Aldrich A5060

RABV P (160-5) | Rabbit | 1/50000 | In house -

RABV N (S50) Rabbit | 1/25000 | In house -

GFP (D5.1) Rabbit | 1/1000 | Cell signaling 2956

PARP Rabbit 1/1000 | Cell signaling 9542

Caspase-9 Rabbit 1/1000 | Cell signaling 9502

Caspase-10 Rabbit 1/1000 | Cell signaling 9752

Caspase-8 . . 9746

(1C12) Mouse | 1/500 Cell signaling

pPKR  (pT446) . ab32036

[E120] Rabbit 1/1000 | Abcam

FADD Rabbit 1/1000 | Cell signaling 2782

Rabbit HRP Goat 1/20000 Jackson ImmunoResearch 111-035-045
Laboratories

Mouse HPR Goat 1/20000 Jackson ImmunoResearch 115-1035-003
Laboratories
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2.1.10 Plasmids

Table 11: List of Plasmids used in this thesis.

stop

codon after protease domain

Plasmid Description Source
pCS6_YFP-SMASh Expression plasmid for pCR3 promoter controlled YFP- (Chung et
SMASh al. 2015)
pLV_guide_hyg Plasmid for Lentivirus containing hygromycin resistance | Alexander
Ghanem
pLV_guide_zeo Plasmid for Lentivirus containing zeocin resistance Alexander
Ghanem
pLV_guide_Hyg 032 Plasmid for Lentivirus containing guide RNA for CASP8 This work
(032), hygromycin resistance integrated
pLV_guide_Hyg 033 Plasmid for Lentivirus containing guide RNA for CASP8 This work
(033), hygromycin resistance integrated
pLV_guide Hyg 034 Plasmid for Lentivirus containing guide RNA for CASP8 This work
(034), hygromycin resistance integrated
pLV_guide Hyg 041 Plasmid for Lentivirus containing guide RNA for CASP10 | This work
(041), hygromycin resistance integrated
pLV_guide_Hyg 042 Plasmid for Lentivirus containing guide RNA for CASP10 | This work
(042), hygromycin resistance integrated
pLV_guide Hyg 043 Plasmid for Lentivirus containing guide RNA for CASP10 | This work
(034), hygromycin resistance integrated
pLV_guide_Zeo 035 Plasmid for Lentivirus containing guide RNA for CASP10 | This work
(043), zeocin resistance integrated
pLV_guide_Zeo 036 Plasmid for Lentivirus containing guide RNA for FADD This work
(036), zeocin resistance integrated
pA8.9 lentiviral packaging plasmid A. Lepier,
LMU
pMD2-VSV-G Expression plasmid for VSV G Alexander
Ghanem
pTIT-G T7-Pol and EMCV IRES dependent expression of RABV G | (Finke et al.
2003)
pTIT-L T7-Pol and EMCV IRES dependent expression of RABV L | (Buchholz
et al. 1999)
pTIT-M T7-Pol and EMCV IRES dependent expression of RABV M | (Finke et al.
2003)
pTIT-N T7-Pol and EMCV IRES dependent expression of RABV N | (Buchholz
et al. 1999)
pTIT-P T7-Pol and EMCV IRES dependent expression of RABV P | (Buchholz
et al. 1999)
pCAGGS Eukaryotic expression vector with chicken-B-actin (Niwa et al.
promoter 1991)
pCAGGS SMASh-P Expression plasmid for SMASh-P This work
pCAGGS YFP-SMASh Expression plasmid for SMASh-YFP This work
pCAGGS YFP-SMASh prot Expression plasmid for YFP-SMASh containing a stop This work
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Plasmid Description Source
pCAGGS YFP-SMASh heli Expression plasmid for YFP-SMASh containing a stop This work
stop codon after helicase domain
pCAGGS YFP-SMASh-PEST Expression plasmid for YFP-tt1 This work
dheli
pCAGGS YFP-SMASH-PEST Expression plasmid for YFP-tt2 This work
delta heli NS4A1-20
pCAGGS_YFP- Expression plasmid for YFP-tt4 This work
SMASh_TautzNS3-180-PEST
pCAGGS_YFP- Expression plasmid for YFP-tt3 This work
SMASh_TautzNS3-213-PEST
pSAD-T7-HH-L16-SC Full-length L16 cDNA rescue construct (Ghanem et
al. 2012)
pSAD-T7-HH-G-eGFP-SC Full-length L16 cDNA rescue construct containing an (Ghanem et
extra transcription unit in between G and L with an N/P | al. 2012)
gene border followed by eGFP
pSAD_T7-HH_P Full-length SAD eGFP cDNA rescue construct containing | (Masterthes
SMASh_G_eGFP_SC a C-terminal SMASh-tag at the P gene is V.
Pfaffinger
2016)
pSAD T7-HH_YFP-SMASh_SC | Rescue plasmid for SAD YFP-SMASh (Masterthes
isV.
Pfaffinger
2016)
pSAD T7-HH_YFP-SMASh SAD YFP-SMASh rescue construct containing indicated This work
S139A_SC mutation
pSAD_T7-HHRz_YFP-SMASh- | SAD YFP-SMASh rescue construct with LTHP motif This work
LTHP-AAAA _SC replaced by AAAA
pSAD_T7-HHRz_YFP-SMASh- | SAD YFP-SMASh rescue construct with LTHP motif This work
LTHP-AAHP_SC replaced by AAHP
pSAD_T7-HHRz_YFP-SMASh- | SAD YFP-SMASh rescue construct with LTHP motif This work
LTHP-LTAA_SC replaced by LTAA
pSAD_T7-HHRz_YFP-SMASh- | SAD YFP-SMASh rescue construct with LTHP motif This work
LTHP-LTHA_SC replaced by LTHA
pSAD_T7-HHRz_YFP-SMASh- | SAD YFP-SMASh rescue construct with KIDT replaced by | This work
KIDT-AAAA_SC AAAA
pSAD_T7-HH_dG_eGFP_L- SAD AG eGFP rescue construct containing C-terminally This work
SMASh_SC SMASh-tagged L
pSAD_T7-HH_eGFP_P-ttl SC | SAD eGFP rescue constructs containing C-terminally tt1- | This work
tagged P
pSAD_T7-HH_N-tt1 SC SAD L16 rescue construct containing C-terminally This work
SMASh-tagged N
pSAD_T7-HHRz_DG_eGFP- SAD AG eGFP-Cre rescue construct containing C- This work

T2A-NLS-CRE_N-tt1_SC

terminally tt1-tagged N
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2.1.11 Recombinant viruses

The following recombinant viruses were generated from cDNA by reverse genetics (Ghanem et al. 2012).

Table 12: List of recombinant viruses used in this thesis.

Virus

If not rescued in this thesis, kindly provided by

LV guide_Hyg_014

Alexander Ghanem

LV guide_Hyg 018

Alexander Ghanem

LV guide_Hyg 019

Alexander Ghanem

LV guide_Hyg 032

LV guide_Hyg 033

LV guide_Hyg 034

LV guide_Hyg_041

LV guide_Hyg_042

LV guide_Hyg 043

LV guide_Zeo 035

LV guide_Zeo 036

SAD eGFP

SAD P-SMASh

SAD eGFP P-SMASh

SAD N-SMASh

SAD YFP-SMASh

SAD YFP-SMASh S139A

SAD SMASh

Yassine Haddad

SAD SMASh-ACS

Yassine Haddad

SAD SMASh-YFP

Yassine Haddad

SAD YFP-SMASh-LTHP-AAAA

SAD YFP-SMASh-LTHP-AAHP

SAD YFP-SMASh-LTHP-LTAA

SAD YFP-SMASh-LTHP-LTHA

SAD YFP-SMASh-KIDT-AAAA

SAD AG eGFP L-SMASh

SAD eGFP P-ttl

SAD N-ttl

SAD AG eGFP-T2A-CRE N-ttl

SAD L16 high DI

Alexander Ghanem

SAD TR high DI

Alexander Ghanem

SAD AG eGFP N-SMASh

SAD AG eGFP SMASh-L
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2.1.12 Laboratory equipment

Table 13: List of laboratory equipment used in this thesis.

Equipment Name Manufacturer
Incubators Certomat BS-1 Sartorius

Cell culture incubator Sanyo

37 °Cincubator Heraeus
Centrifuges Centrifuge 5417 R Eppendorf

Centrifuge 5804 R Eppendorf

Centrifuge 5418 Eppendorf

Varifuge 3.0R Heraeus

Table centrifuge Z160-M Hermle
Microscopes Light micoscrope TMS Nikon

UV-Light microscope IX71 Olympus
Freezers Premium No Frost Liebherr

-80 °C Il Shin Nunc

Forma ULT deep freezer Thermo Scientific
Miscellaneous BD FACS Lyrics BD Bioscience

Chemiluminescence developing system (Fusion FX7 ) | Vilber-Lourmat

Luminometer Centro LB 960 Berthold

Magnetic stirrer/heater VELP Scientifica

pH-meter

VWR International

PIPETBOY acu

IBS

Pipettes (2/10/200/1000 pL)

Eppendorf; Gilson

Polyacrylamid gel electrophoresis system Peqlab
Agarose gel electrophoresis system Peqlab
Roller mixer SRT2 Stuart
Semi-Dry blotting system Peqlab
Spectrophotometer Nanodrop ND-1000 Peqlab
Thermocycler T3 Biometra
Thermomixer 5436 Eppendorf
Thermostated hot-block 5320 Eppendorf
Semi-Dry-Blotter Peqlab
2.1.13 Laboratory consumables and miscellaneous
Table 14: Laboratory consumables and miscellaneous used in this thesis.
Consumables Manufacturer
Lipofectamine® 2000 Thermo Fisher Scientific
FITC Anti-Rabies Monoclonal Globulin (#800-092) Fujirebio Diagnostics
WesternBright ECL Spray Advansta
Nitrocellulose membrane (0.45 pum) BioRad
Cell culture plates (6-well, 24-well, 48-well, 96-well) Sarstedt
1.5/2.0 mL reaction tubes Eppendorf

34



2 - Materials and Methods

Consumables Manufacturer
15/50 mL falcons Sarstedt
Cell culture flasks (T25/T75) Falcon

Pierce™ Centrifuge Columns, 10 mL

Thermo Fisher Scientific

Precision Plus Protein™ Standard

Biorad

1 kb DNA ladder

New England Biolabs

PCR Marker

New England Biolabs

LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit

Thermo Fisher Scientific

Annexin V Pacific Blue™ Ready Flow Conjugate

Thermo Fisher Scientific

35




2 - Materials and Methods

2.2 Methods

2.2.1 Plasmid construction

2.2.1.1 Polymerase Chain Reaction (PCR)

As a first step of the generation of a new plasmid, specific DNA sequences were amplified in vitro by

performing a Polymerase Chain Reaction (PCR). Thereby, multiple amplification cycles were carried out

with a heat resistant DNA polymerase. After denaturation of the dsDNA at 98 °C, annealing of specific

primers to the free 3'-OH-end of the DNA template was conducted at primer dependent temperatures

(usually 50-60 °C), followed by elongation at 72°C. Using those steps, the complementary strand of the

original template DNA was synthesized.

The standard PCR reaction was prepared in 50 uL total volume as follows:

Table 15: Components of standard PCR reaction.

Component volume
Template DNA 1 pL (1pg-10 ng)
Forward Primer (10 uM) 2.5uL

Reverse Primer (10 uM) 2.5uL

dNTPs (19 mM) 1puL

Q5 buffer (5x) 10 uL

Q5 high GC buffer (5x) 10 pL

Q5 High-Fidelity DNA Polymerase 0.5 pL

ddH20 22.5

The reactions were carried out in a thermocycler with heated lid. Standard PCR program was conducted

as follows:

Table 16: Standard PCR settings.

Step Time Temperature Cycles
Initiation 30 sec 98°C 1
Denaturation of 30 sec 98°C

dsDNA Template

Primer annealing 30 sec 55°C 35
Elongation/Synthesis | 20 72°C

of complementary sec/kb

DNA

Final Extension 2 min 72°C 1
Cooling oo 4°C
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If two fragments had to be combined and inserted into the vector, an overlap extension PCR was
performed. Therefore, both fragments were amplified individually. The reverse primer of the first
fragment, as well as the forward primer of the second fragment contain overlapping sequences. In the
following overlap extension PCR both fragments were used as template in equimolar proportion and outer
primer for annealing. In order to allow annealing of both fragments in first place, five initial cycles were
conducted at the beginning with an annealing temperature 5°C above the determined melting
temperature of the primers. This was followed by 25 cycles with standard temperatures as described in

the standard PCR.

Table 17: PCR settings for overlap extension PCR.

Step Time Temperature Cycles
Initiation 30 sec 98°C 1
Denaturation of 30 sec 98°C

dsDNA Template

Primer annealing 30 sec 55°C+5°C 5

Elongation/Synthesis of | 20 sec/kb | 72 °C
complementary DNA

Denaturation of 30 sec 98°C
dsDNA Template
Primer annealing 30 sec 55°C 25

Elongation/Synthesis of | 20 sec/kb | 72 °C
complementary DNA

Final Extension 2 min 72 °C 1
Cooling oo 4°C

At the end, amplificated PCR products were validated by agarose gel electrophoresis and purified using
the QIAquick® PCR Purification Kit according to the supplier’s manual. Final elution was done in

35 pL ddH20.

2.2.1.2 Agarose gel electrophoresis

For validation of the correct PCR product, or to separate DNA bands after digestion with restriction
enzymes, an agarose gel electrophoresis was performed. Therefore, a 1 % (w/v) agarose gel was prepared
using 1 x TAE buffer. In case of DNA products < 500 bp, a 2 % agarose gel was prepared. DNA was mixed
with Gel Loading Dye (6X) and loaded into the pocket of the gel. For determination of the size, either 1 kb
marker or PCR marker was loaded in a separate pocket. Electrophoresis was conducted at 120 V for
30-60 min in a chamber with 1 TAE and 0.075 % ethidium bromide as running buffer. Subsequently,

ethidium bromide-stained DNA was visualized by UV-light, and images acquired using the BioRad GelDoc
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system. If DNA fragments were needed further for ligation, fragments were excised from the gel and

purified by the QlAquick Gel according to the supplier’s manual.

2.2.1.3 Restriction enzyme digestion

After amplification of the specific DNA sequence, the purified PCR product and the respective vector
plasmid were separately digested by restriction endonucleases from New England Biolabs (NEB) according
to the manufacturer's protocol. Incubation time and temperature were dependent on each enzyme. For
each digest, 5- 10 ug of the product or 2 ug of vector DNA was used. After digestion the vector was further
incubated with 1 L of the alkaline phosphatase Calf intestine phosphatase (CIP) for 20 min at 37 °C to
circumvent re-ligation events. Then, digested DNA was separated and purified via agarose gel

electrophoresis.

In order to validate successful cloning, analytical check digest was performed. Therefore, 1 uL of the DNA
of a midi preparation was incubated with 0.1 pL of respective enzymes and buffer at corresponding

temperature for one hour. Then, digest pattern was analyzed by agarose gel electrophoresis.

2.2.1.4 Ligation of DNA fragments

Restriction enzyme digestion of DNA insert and vector was followed by ligation of the respective
fragments. In a 10 plL standard reaction, 1 pL of the T4 DNA Ligase from NEB was mixed with 2 pL Ligase
Buffer (10x), 7 uL digested and purified insert and 1 ulL linearized and purified vector DNA. Then, the
reaction mix was incubated 2 hours at RT or overnight at 4 °C. In a next step, the complete ligation mix
was used for transformation into chemical competent E. coli bacteria. Due to the resistant gene within the
plasmid, bacteria were plated on LB plates containing the corresponding antibiotic and incubated over
night at 37 °C. Then, single colonies were picked, cultivated, and analyzed in regard of correct insertion

and DNA sequence.

2.2.1.5 Transformation of plasmid DNA into competent bacteria

For transformation of a ligation mix or plasmid, 50 uL of chemically competent E. coli XL-1 blue were
thawed on ice. Then, either the whole ligation mix or 1 pL of a purified plasmid was added and incubated
for 20 min on ice. After the subsequent heat shock at 42 °C for 2 min, bacterial cells were chilled on ice for
2 min and supplemented with 300 pL LB++ medium for shaking at 37 °C for 30 min. After this step, bacteria
suspension was plated on selective LB plated containing the respective antibiotic. For SAD rescue plasmids
and pCAGGS expression plasmids, 100 pug/mL ampicillin was used. LB plates were then incubated over

night at 37 °C.
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2.2.1.6  Mini preparation of plasmid DNA from bacteria

Mini preparation of plasmid DNA was performed in order to analyze different plasmid clones in regard of
correct ligation of vector and insert. Therefore, single colonies were picked from the LB plate and
transferred into 1 mL selective LB medium. After overnight shaking at 37 °C with 800 rpm, bacterial cells
were harvested by centrifugation (14 000 rpm, 1 min). Then, the pellet was resuspended in 200 pL Flexi |,
followed by 5 min incubation with 200 uL Flexi Il to lyse the bacterial cells. In a third step, 200 pL Flexi Il
was added and suspension was incubated for 5 min on ice for neutralization. After this, centrifugation of
the suspension was conducted for 7 min at 14000 rpm to separate plasmid DNA and cell debris as well as
denatured proteins. The supernatant, which contains the plasmid DNA, was supplemented with 400 uL
isopropanol for DNA precipitation. After an additional centrifugation step for 7 min at 14000 rpm, the
supernatant was discarded, whereas the pellet with the plasmid DNA was dried at RT and solubilized in
50 pL ddH;0. Then, plasmids were validated by check digest and agarose gel electrophoresis. Clones with

correct digest pattern were used for midi preparation.

2.2.1.7 Midi preparation of plasmid DNA from bacteria

For midi preparation single colonies were picked from the selective LB plate and transferred into
50-100 mL LB medium containing the according antibiotic. After shaking at 37 °C overnight, bacterial cell
suspension was harvested by centrifugation for 20 min at 3500 rpm at 4 °C. After discarding the
supernatant, the DNA was extracted from the bacteria in the pellet using the NucleoBond® Xtra Midi/Maxi
Kit. All steps were performed according to the manufacturer's protocol. In brief, bacterial cells were
resuspended in the resuspension buffer containing RNAse. After incubation with lysis buffer, the
neutralization buffer was added. Then, the suspension was transferred in a column containing a filter,
which was earlier equilibrated using the equilibration buffer. Columns and filters were included in the kit.
After loading with the suspension, the column with filter was washed with the equilibration buffer. Then,
the filter was removed and discarded and an additional washing step using the washing buffer conducted.
DNA was eluted from the column and precipitated. After a further washing step with 70 % ethanol, the
DNA was dissolved in 200-400 pL ddH,0 and DNA concentration was determined using UV-Vis

Spectrophotometer Nanodrop ND-1000.

2.2.1.8 Sequencing of DNA
Plasmids were sequenced by Sanger Sequencing, which was conducted by GATC Biotech. Therefore,
sequence specific primers and the plasmid DNA or purified DNA fragments were diluted according to the

GATC Biotech guidelines. Sequence was analyzed with SnapGene 2.6.2.
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2.2.2 Cell culture

If not otherwise mentioned, adherent mammalian cell lines were cultivated at 37 °Cand 5 % CO,in a T25
or T75 flask with appropriate growth media. Cells were monitored every 3-4 days and split depending on
their growth using Trypsin with 0.25 % EDTA. The standard splitting ratio was 1:10 but could vary between

1:4 to 1:15. If required, antibiotics were added every second passage for selection.

For experiments, cells within a flask showing a confluent monolayer were detached with Trypsin/EDTA,
resuspended in growth media, and seeded into wells. Thereby, the cell number was calculated based on

the estimated cell number per flask: T25 flask: 3.1 x 10%; T75 flask: 9.4 x 106,
If not otherwise mentioned cells were seeded as followed:

Table 18: Estimated cell number per well.

Well Number of cells Volume of medium
6 well 1.2 x 10° 2mL

12 well 5x10° 1mL

24 well 2.5x10° 500 pL

48 well 1.3x10° 200 pL

96 well 4.5 x 10* 100 pL

Wells with seeded cells were incubated at 37 °C and 5 % CO; overnight.
2.2.3 Freezing and thawing of cells

All cells were stored for long term purposes in liquid Nitrogen. Therefore, a confluent T25 flask was
trypsinized and resuspended in 5 mL media containing 10 % DMSO. Suspension was aliquoted in cryotubes
and frozen to —80 °Cin NALGENE Mr. Frosty freezing container, which was filled with isopropanol to slowly
freeze the cells by a rate of -1 °C /min. After a minimum of 24 hours, the cryotubes were transferred to a
N,-storange tank. To ensure proper freezing, one aliquot was thawed as control the next day. For large-

scale freezing of cells, confluent T75 flasks were taken for freezing accordingly.

For thawing, cells were thawed at RT, mixed with 9 mL of fresh media in a 50 mL falcon. DMSO was
removed by a centrifugation step at 4°C and 1000 rpm for 10 minutes. Subsequently, the cell pellet was

resuspended in fresh media and transferred to a T25 flask or respective dish.
2.2.4 Microscopic analysis

Cells were analyzed with UV- or transmission light using a fluorescence microscope (Olympus IX 71).

Thereby, equal settings were applied for acquiring images within each experiment.
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2.2.5 Transfection and infection

For transfection of mammalian cells, cells were grown overnight to a confluence of 60 %. Transfection was
performed with 2.5 uL Lipofectamine 2000 per ug DNA. Both, transfection reagent and plasmid DNA were
individually incubated in respective media without supplements for 5 min at RT. After subsequent pooling,

solution was incubated further for 20 minutes, before it was dropped on seeded cells.

For infection experiments, cells were grown overnight to a confluence of 60-80 %. Virus preparation was
diluted in growth media and dropped on cells with a specific multiplicity of infection (MOI). Thereby, the

required volume of the virus preparation was calculated as follows:

MOI x cell number

volume (virus) = - —,
concentration (virus)

2.2.6 Generation of recombinant rabies viruses

2.2.6.1 \Virusrescue

For generation or recombinant RABVs BSR T7 cells were used as standard cells. Cells were seeded in 6 well
plates and incubated overnight at standard conditions. Then, cells were transfected with 10 pug viral cDNA,
together with the helper plasmids pTIT-N (5 pg), pTIT-P (2.5 pg) and pTIT-L (2.5 ug). Thereby, transfection
was performed with calcium phosphate using the Mammalian Transfection Cas(POa); Kit. Transfection was
carried out according to the manufacturer's protocol. Therefore, medium was changed one hour before
transfection to DMEM without supplements and again changed 3.5 hours post transfection to GMEM 4+
media. After three days, supernatant was transferred to fresh cells, whereas fresh medium was added to
transfected cells. Cells were incubated for three additional days. Then, transfected cells were fixed with
80 % acetone and stained with Centocor, a FITC-conjugated antibody against the RABV nucleoprotein,
whereas cells with the passaged supernatant were transferred in a T25 flask and incubated for additional
three days. This step was followed by harvest of the rescue supernatant by centrifugation at 1800 rpm for
10 min at 4 °C to remove the cell debris. Rescue supernatant aliquots were stored at -80 °C and titrated

the next day.

In case of recombinant SAD AG eGFP (SAD-G) viruses, BSR T7 derived MGo,139 cells were used and
transfected as described above with the viral cDNA and the helper plasmids N, P and L. However, the
helper plasmid pTIT-G (2 pg) was included in first place and additional transfection of pTIT-G was done
after day one and two post Cas(P0O,), transfection using the FUGENE HD transfection kit. Thereby, a similar

protocol was applied as for Lipofectamine 2000. Moreover, expression of RABV M and G was induced by
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addition of 1 pL doxycycline per mL media. Cells were monitored each day via fluorescence microscopy
and harvested as described above as soon as cells were infected. Then, virus rescue was titrated on BSR

T7 cells.

2.2.6.2 Virus stock production

For virus stock production a confluent T25 flask of BSR T7 cell was split 1:3 and infected with virus rescue
at a MOI of 0.01. First harvest was taken 3 days after infection including the addition of fresh media onto
cells, whereas a second harvest was conducted after additional four days. During each harvest, the whole
supernatant was collected, centrifuged at 1800 rpm for 10 min at 4 °C to get rid of the cell debris, aliquoted

and stored at —80°C. After a minimum storage of one night, virus titer was determined by titration.

For production of SAD AG eGFP (SAD-G) virus stocks, MG,,139 cells were infected with a MOI of 0.1. Six
hours later medium was replaced by fresh one supplemented with 1 uL doxycycline per mL media.
Supernatant was harvested at day 3 and day 7 post infection, cleared of cell debris and subjected to
ultracentrifugation for further enrichment of viral particles. For this purpose, TEN buffer containing 20 %
sucrose was first provided in ultracentrifugation tubes, onto which the supernatant was then carefully
layered. Viral particles were pelleted by centrifugation for 2 hours at 24000 rpm and 4°C. Then,
supernatant was discarded and the pellet resuspended in OptiMem overnight at 4°C while constantly
shaking, followed by aliquoting, and storing at -80°C. The next day virus stocks were titrated on BSR T7

cells.

2.2.6.3 Titration of virus preparations

The concentration of viral particles in a virus preparation or supernatant was determined by titration. If
not otherwise mentioned BSR T7 cells were used for this purpose. A confluent T25 flask of cells was
resuspended in 30 mL fresh media, seeded in a 96 well plate and incubated for at least 2 h at standard
conditions. Virus preparations or supernatants, that were stored at -80 °C, were thawed, followed by
preparation of a serial dilutions with seven 1:10 dilutions in GMEM media without supplements. Then,
100 pL of each dilution was added to the 96 well plate in duplicates. After allowing virus spread for 2 days
at 37 °Cand 5 % CO,, cells were stained with Centocore. Therefore, media was removed, cells were washed
with PBS, fixed with 70 % acetone at 4 C for 20 min and incubated with a PBS suspension containing
Centocore for 2 h at 37 °C. Of note, in case of RABV viruses lacking the G (SAD AG), virus spread was allowed
for three days. After an additional washing step with PBS, fluorescent foci were counted using the UV
microscopy Olympus IX71. Based on those counts, focus forming units per mL (ffu/mL) were calculated

and served as viral titer.
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2.2.7 Virus growth curve

Growth curves were done on BSR T7 cells. Therefore, a confluent T25 flask was split 1:3 into a new T25
flask and allowed to attach for at least 2 hours at 37 °C and 5 % CO,. For multistep growth analysis cells
were infected with the respective recombinant and wildtype viruses using a MOI of 0.01 and incubated for
3 -5 hours, followed by supernatant replacement with fresh GMEM 4+ media. After additional 30 minutes,
the first 100 uL sample was harvested and stored at —80 °C. Additional harvests followed at 24 h, 48 h,
72 h and 96 h post infection or indicated timepoints. Then, all samples were titrated on BSR T7 cells in a

96 well plate to determine the virus concentration at each timepoint.

2.2.8 Killing assay

Standard killing assay was performed in HEK 293T cells. Therefore, cells were seeded into 24 well plate,
and infected the following day with an MOI of 3 with respective SMASh viruses. Mock treated cells served
as well as cells infected with SAD eGFP or SAD L16 were used as negative controls. After 24 hours, 3 uM of
the HCV NS3 inhibitor asunaprevir (ASV) or danoprevir (DNV) was added. If not otherwise mentioned, cells

were analyzed additional 24 hours later via microscopy and lysed for further Western blot analysis.
2.2.9 Generation of Knockout cells

2.2.9.1 Generation of lentiviral particles

Knockout cells were generated by using lentiviruses as vector for gRNA delivering. For lentiviral vector
production, a lentivirus vector plasmid containing the corresponding gRNA was generated. Therefore,
respective forward and reverse primers were annealed at 95 °C, digested with BsmBI and inserted into the
pLV_guide_hyg or pLV_guide_zeo vector containing an antibiotic resistance. As standard plasmid, the
vector with hygromycin resistance was used. For double knockout, different vectors were taken for each
gene. Then, selection was conducted accordingly. After validation of correct gRNA insertion, 1.25 ug of
each plasmid was transfected with Lipofectamine 2000 in HEK 293T cells in a 6 well plate together with
0.5 pg of the envelope plasmid pMD2-VSV-G and 1.5ug of pA8.9, which is needed for virus packaging.
Six hours post transfection, medium was replaced by LV-medium. After incubation for three days at
standard conditions, lentiviral particles were harvested. Therefore, supernatant was cleared of cell debris
by centrifugation at 4 °C and 1800 rpm for 5 min. Then, supernatant was filtered through a 0.45 um filter
to allow the diffusion of lentivirus particles, aliquoted and stored at -80 °C. Of note, for the following

transduction the concentration of viral particles was not determined.
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2.2.9.2 Lentiviral transduction of mammalian cells

For the generation of knockout cells HEK 293T Cas9 cells were used as parental cells in this thesis. This cell
line was established and validated in regard of functional Cas9 expression previously by Alexander
Ghanem. Cells were seeded in 24 wells and infected with 500 uL or 50 uL Lentivirus suspension.
Additionally, a negative control without any lentiviruses was included. Twenty-four hours post
transduction cells were diluted in a 1:20 ratio and transferred into a 6 well, where they were treated with
10 pL hygromycin per mL media to select for successful transduction. Cells were incubated for 6 days with

selective media under standard conditions.

2.2.9.3 Selection of monoclonal cells

To obtain monoclonal knockout cells, a single cell dilution was conducted. Therefore, cells were serially
diluted to reach an estimated concentration of 10%, 10° and 10 cells per well. Again, cells were grown in
selective media containing hygromycin. Every day, wells were screened for single colonies using a light
microscopy. Approximately after 20 days, or when cells grew to confluency, colonies were transferred into
24 wells. Thereby, fresh media was supplemented again with hygromycin. Four days later, cells were
transferred further into 12 wells, whereby 10 % were lysed and used for Western blot analysis to check
the expression pattern for respective knockout. After gaining confluent 12 or 6 wells, one part of the cells

was frozen and stored at -80 °C for validation. The other part was used for extraction of genomic DNA.

2.2.9.4 Validation of Knockout cells

As mentioned before, knockout cells were checked for absence of respective protein by Western blot
analysis. Moreover, knockout cells were validated by illumina sequencing, which was conducted by the
group of Veit Hornung. For this purpose, genomic DNA was extracted from each knockout clone using the
Genomic DNA Purification Kit in accordance with the manufacturer's instructions. Then, genomic regions
containing the knockout were amplified by two different PCRs. For the first PCR a primer pair (indicated in
blue as P1 in Figure 10) containing an overlapping sequence to the genomic DNA as well as an additional
sequence that overlap partially with a barcode primer sequence was used. For the second PCR, primers
(indicated in green as P2 in Figure 10) of the barcode sequencing set 1 (as defined by AG Hornung) were
used. Those Primer sequences were provided by AG Hornung. Each primer of the primer set contains a
specific barcode sequence. Due to the individual combination of barcode primer pairs for each genomic

DNA, sequence could be assigned to specific knockout clones during analysis.

For each clone and each locus, a unique combination of specific forward and reverse barcode primer (P2)

were used. Then, correct product size was validated by agarose gel electrophoresis using 3 pL of the PCR
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product. Ten uL of each barcode PCR was used without further purification and pooled for sequencing. At

the end, sequencing results were analyzed using the webtool OutKnocker 1.31.

genomic DNA

Figure 10: Schematic illustration of sequencing primer pairs

P1: Primer pair 1 (indicated in blue), that is used for first PCR binding to genomic DNA (indicated in black) and
containing overlapping sequence with P2. P2: Primer pair 2 (indicated in green), that is used for second PCR binding
to P1. Those primers contain an individual barcode at the non-overlapping end indicated by an asterisk. For each
knockout clone, a unique combination of P2 is used.

2.2.10 Flow cytometry analysis

For analyzation of apoptotic cells, flow cytometry analysis was done. Therefore, HEK 293T cells were
seeded in 24 well and directly infected with SAD eGFP or SAD eGFP P-SMASh with a MOl of 3. Mock treated
cells served as negative control, whereas cells treated with 1 UM staurosporine at timepoint of infection
were used as positive control. Twenty-four hours later, cells were treated with 3 uM DNV or DMSO for

4 hours.

Then, cells from the supernatant were harvested by centrifugation of 3000 rpm for 5 minutes at RT and
pooled with trypsinized cells in the well. Cells were washed with PBS, followed by another centrifugation
step and resuspended in 500 pL Annexin V buffer. In parallel, a dead cell control was prepared by boiling
PBS cell solution at 60 °C for 10 minutes. After respective centrifugation, cells were resuspended as well
in 500 pL Annexin V buffer. For staining 0.5 uL of freshly prepared live/dead staining solution was added
to the cells and incubated for 15 minutes without light. Then, one drop of pacific blue coupled Annexin V
dye was added and incubated for further 15 minutes in the dark at 25 °C in accordance with the
manufacturer's instructions. Additionally, single staining controls were performed. This was followed by a
centrifugation step at 3000 rpm, cells were fixed by 4 % PFA in PBS overnight at 4 °C. At the end, cells were
subjected to the BD FACS Lyrics for analyzation. Results were evaluated later by the software

FlowJo 10.6.2.

2.2.11 Western blot analysis

For Western blot analysis, the procedures described in the following were carried out.
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2.2.11.1 Denaturing polyacrylamide gel electrophoresis (SDS-PAGE)
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used for separation of proteins
according to their molecular weight. Therefore, cells in culture dishes were lysed in an appropriate volume

of SDS sample buffer which was dependent on the culture dish (Table 19).

Table 19: Volume of SDS sample buffer per well.

Culture dish Volume of
SDS sample buffer
6 well plate 1mL
12 well plate 750 pL
24 well plate 500 pL
48 well plate 250 pL
96 well plate 100 pL

Before loaded in separate pockets on a Bis-Tris polyacrylamide gel, which was prepared in advance,
samples were heated for 10 minutes at 95 °C. The Bis-Tris polyacrylamide gel is composed of a 6 % stacking
gel in the upper part and a 10 % separating gel below. SDS-PAGE was conducted at 35 V overnight or at
130 V for 3 hours at constant cooling. Thereby, MOPS was used as running buffer. At the end, the gel was

immediately used for Western blotting.

2.2.11.2 Western blotting

After separation of proteins by gel electrophoresis, proteins were transferred from the gel to a
nitrocellulose membrane by Western blotting. For this purpose, the Peglab semi-dry blotting system
having the cathode at the bottom and the anode at the lid and the Xtra-dry blotting buffer was used. Three
layers of Whatman paper on the bottom, followed by the nitrocellulose membrane above, the Bis-Tris gel
with the separated proteins and finally three more layers of Whatman paper as the top layer were placed
in the blotting system. All components have previously been soaked or washed in Xtra-dry buffer. Then,
electroblotting was conducted at 400 A per gel for 1 hour. Subsequently, the membrane was blocked with
5% milk in TBS-t or 2.5 % BSA in TBS-T for another hour in order to circumvent unspecific antibody binding.
This step was followed by membrane washing and incubation with the in TBS-T diluted primary antibody
at 4 °C over night. After three 10 minutes washing steps with TBS-T, the membrane was incubated with
the secondary antibody TBS-T suspension at RT for 2 hours. Again, three 10 minutes washing steps were

applied, before the blot was subjected to immunodetection.
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2.2.11.3 Immunodetection

Due to the conjugation of the secondary antibody to a horseradish peroxidase, immunodetection was
done by incubation of the membrane with the Clarity Western ECL Blotting Substrates. The
chemiluminescent signal was subsequently monitored by the Fusion FX7 system (Viber Lourmat). Thereby,
exposure time was automatically applied by the system. If not suitable, additional images of the Western
blot with adjusted exposure time were acquired. If needed, the membrane was washed and incubated

with an additional primary antibody as described above.
2.2.12 Caspase activity assay

In order to determine relative caspase activity, Promega Caspase-Glo 3/7, Caspase-Glo 8, and
Caspase-Glo 9 assay system respectively, was used according to the manufacturer's protocol. A killing
assay was conducted in advance: HEK 293T cells were seeded in a white-walled 96 well plate and infected
with SAD P-SMASh with a MOI of 3. Mock treated cells as well as SAD L16 infected cells served as control.
Moreover, a control without any cells, but only medium was included. Twenty-four hours later 3 uM DNV
or DMSO was added to the cells and incubated for another 2 hours. Then, substrate for measuring caspase
activity was added in a 1:1 ratio and incubated at RT for 45 min. Subsequently, luminescence of each
sample was measured by a Berthold Luminometer Centro LB 960. In order to obtain the relative caspase

activity, the measured value was normalized to mock undergoing DMSO treatment.
2.2.13 Real time Annexin V assay

In order to analyze kinetic of apoptosis upon SMASh and inhibitor binding, RealTime-Glo Annexin V
Apoptosis assay from Promega was used according to the manufacturer's protocol. In brief, HEK 293T cells
were previously seeded in a white-walled 96 well plate and infected with SAD L16 and SAD P-SMASh at a
MOl of 3. Mock cells were used as negative control, whereas staurosporine served as positive control and
was added at the same time as the HCV NS3 inhibitor at 24 hours post infection. At this timepoint, the
reaction reagent containing the Annexin V NanoBiT Substrate, Annexin V-SmBIT and Annexin V-LgBiT was
added to the cells in a 1:1 ratio. In case of a cell undergoing apoptosis, phosphatidyl serine is exposed to
its surface, allowing Annexin V binding, and therefore colocalization and functioning of the NanolLuc
Luciferase components SmBIT and LgBiT. Luminescence was measured at indicated timepoints using the
Berthold Luminometer Centro LB 960. Then, relative Annexin binding was calculated for each timepoint

by normalizing to DMSO treated mock cells.
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2.2.14 Real time viability assay

RealTime-Glo MT Cell Viability assay from Promega was used to determine cell viability over time.
Therefore, HEK 293T cells were previously seeded in a white-walled 96 well plate and infected with
indicated viruses at MOl of 3. The HCV NS3 inhibitor DNV was either added directly at infection or 24 hours
post infection. At the same time as inhibitor was given, reaction reagent containing the NanoLuc Luciferase
and its substrate was added in a 1:1 ratio to the cells. Then, luminescence was monitored at indicated
timepoints by Berthold Luminometer Centro LB 960. The relative cell viability was calculated by

normalization to mock cells, that were treated with DMSO.
2.2.15 Resazurin assay

For determination of cell viability at one single timepoint, AlamarBlue HS Cell Viability Reagent was used.
Therefore, 10 % of the ready-to-use resazurin-based solution was added to the supernatant of the cells
and incubated at 37 °C until change of color could be notified (usually 10-30 minutes). Medium without
cells served as control. In case the resazurin assay was not conducted in 96 well plate, 100 pL of the
supernatant was transferred into a 96 well plate. Then, fluorescence was measured using the Berthold
Luminometer Centro LB 960 with an excitation wavelength of 560 nm and an emission of 590 nm. To
obtain the relative viability, the medium control value was first subtracted and then normalized to mock
treated with DMSO. If mentioned in respective experiment, cells were lysed in SDS sample buffer and

subjected to Western blot analysis afterwards.
2.2.16 Lactate dehydrogenase (LDH) assay

In order to validate whether cells undergo a lytic cell death, a LDH assay was performed according to the
manufacturer's instructions using the Pierce LDH cytotoxicity assay kit. As a standard, experiment was
conducted in 96 well plate. At desired timepoint, 50 uL of the supernatant was taken and mixed in 1:1
ratio with LDH bottom in a new 96 well plate. Thereby, a positive control containing 100 % dead cells was
included, which was previously generated by addition of 10 x lysis buffer. After a 30 min incubation in the
dark at RT, absorbance was measured at 490 nm and 680 nm by Berthold Luminometer Centro LB 960. At

the end, relative LDH release was calculated as follows:

LDH release [%] = value - mock x 100.

positiv control — mock

48



2 - Materials and Methods

2.2.17 Statistical analysis

For statistical analysis GraphPad Prism 8.3.0 was used. Statistical significance of the data was determined
using a two-way ANOVA test with Sidak's correction for multiple comparison if results were influenced by
two factors (virus construct and treatment). For comparison of only two independent samples, unpaired
t-test was performed. If not otherwise mentioned, data are represented as mean and standard deviation

of three technical replicates of a representative experiment. P values are differentiated as followed:

p > 0.05: n. s. (not significant); p < 0.05: *; p < 0.01: **; p <0.001: ***; p <0,0001: ****,
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3 Results

3.1 Induction of apoptosis by SMASh

With the goal to generate a drug-controllable RABV, the SMASh-tag was previously fused to the C-terminus
of the nucleoprotein and the phosphoprotein, respectively. However, first studies displayed a high
cytotoxic effect, when an inhibitor was applied after establishment of infection. Western blot analysis of
PARP and various caspases revealed evidence of apoptosis activation. Thus, the effector caspase-3, as well
as the initiator caspases-8, -9, -10 could be shown to be involved (Masterthesis V. Pfaffinger 2016). In the
first part of this thesis, induction of cell death by SMASh was further characterized by analyzing various

cells and virus constructs with different immunological experiments.
3.1.1 SMASh viruses can be inhibited in viral growth

Before characterizing the cytotoxicity induced by SMASh, we aimed to know whether the SMASh-tag has
an impact on viral growth in absence of the inhibitor. Therefore, multistep growth curves were conducted
with SAD P-SMASh and SAD N-SMASh on BSR T7 cells. Wildtype SAD L16 served as control. In addition,
SAD YFP-SMASh containing the SMASh-tag fused to a non-viral protein was included (Figure 11A). In the
first approach, growth kinetics were determined in absence of the NS3 inhibitor. Wildtype virus revealed
fastest growth kinetics and yielded highest infectious titers at all time points. Growth of SAD P-SMASh and
SAD YFP-SMASh was only slightly attenuated, and viral titers at late stages (96 h) of infection were reduced
by approximately 10-fold. This indicated that the functions of the viral P protein retaining the few amino
acids DEMMEC at the C-terminus after cleavage were largely unaffected. Growth of SAD N-SMASh
however, was more severely attenuated, as evidenced by slower accumulation, although at late stages
final virus reached 107 ffu/mL (Figure 11B). The extra C-terminal amino acid residues derived from the

SMASh-tag or insufficient cleavage of tagged N could be responsible for this attenuation.

Next step was to evaluate the effect of the inhibitor in regard to viral growth. Multistep growth curves
were performed and 3 uM DNV was added at media exchange 4 h. p. i.. The presence of the inhibitor did
not have apparent effects on the growth and titers of wildtype SAD L16 or SAD YFP-SMASh, carrying the
tag at a non-essential protein, in contrast to SAD P-SMASh or SAD N-SMASh. Although viral growth could
not be blocked completely, viral titers of SAD P-SMASh were reduced by more than 4 logs at 96 hours post

infection by the inhibitor. In case of SAD N-SMASh no viral amplification was detected until 48 h post
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infection and titers reached only 102 ffu/mL at 96 h post infection, which is a 5 log/100000-fold decrease.
(Figure 11C).

All in all, these results suggest that it is possible to diminish amplification of viruses carrying SMASh-tags
at essential proteins, and most effectively by fusion to the nucleoprotein. As it was not possible to
completely block replication, we assumed that protein production by input virus four hours prior inhibitor

treatment might be sufficient to allow further replication.
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Figure 11: Viral growth of SMASh viruses in presence and absence of NS3 inhibitor.

(A) Schematic representation of RABV SMASh viruses. (B, C) Multistep growth curve on BSR T7 cells of SAD L16, SAD
P-SMASh, SAD N-SMASh and SAD YFP-SMASh in absence of inhibitor (B) and in presence of 3 uM DNV after media
exchange at 4 hours post infection (C). Samples were taken at indicated time points and titrated on BSR T7 cells.
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3.1.2 Cell death is induced by diverse SMASh viruses upon drug treatment

Different SMASh viruses cause cell death upon inhibitor treatment. These include SAD P-SMASh,
SAD N-SMASh as well as SAD YFP-SMASh. It could be shown that SMASh-toxicity correlates with the
expression levels of SMASh-tagged proteins (Masterthesis V. Pfaffinger 2016). To underpin those findings,
we performed killing assays in HEK 293T cells with those viruses and quantified cell death via real time
viability assays after addition of DNV 24 h. p. i.. Interestingly, already the control virus SAD L16 affected
cell viability compared to mock, but inhibitor treatment of SAD L16 had no further impact. In contrast to
this, viability of SMASh virus infected cells was dropping few hours when treated with DNV. The strongest
and fastest effect was observed in SAD P-SMASh infected cells, where viability was reduced within five
hours by more than 50 %. Of note, SAD P-SMASh infection caused lower viability in control treated cells as
well, although levels were comparable with those of the SAD L16 control. In case of SAD YFP-SMASh,
viability was significantly reduced 24 h post DNV treatment. Cytotoxicity of SAD N-SMASh could be ranked

in the middle, causing low but significant cell death five hours post infection (Figure 12).
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Figure 12: Diverse SMASh viruses induce cell death after DNV addition 24 h. p. i..

HEK 293T cells in 96 wells were mock-infected or infected with either SAD L16, SAD P-SMASh, SAD N-SMASh,
SAD YFP-SMASh (MOI=3). Twenty-four hours later cells were treated with 3 uM DNV (+) or DMSO (-) and real time
viability measured between 0 and 24 h. p. DNV.. Dots and error bars represent mean + SD of technical triplicates
normalized to mock and DMSO samples of each timepoint. (A) mock + SAD L16; (B) mock + SAD P-SMASh; (C) mock
+ SAD N-SMASh; (D) mock + SAD YFP-SMASh.

For control, a similar experiment was performed, but this time DNV or DMSO was added at the timepoint
of infection. As before, cells infected with SAD L16 displayed a reduced viability 24 h post infection, which
was independent of treatment. Neither SAD P-SMASh nor SAD N-SMASh in treated or non-treated cell
cultures showed cytotoxicity, reflecting inhibition of virus replication, and accumulation of SMASh-tagged
fusion proteins. In striking contrast, SAD YFP-SMASh became progressively cytotoxic after 24 hours post
infection and DNV underlying the hypothesis that a certain amount of SMASh-tagged protein is necessary

for a conditional cytotoxic outcome (Figure 13).
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Figure 13: SMASh fusion to non-viral YFP allows induction of cell death after DNV treatment at infection.

HEK 293T cells in 96 wells were mock infected or infected with either SAD L16, SAD P-SMASh, SAD N-SMASh,
SAD YFP-SMASh (MOI=3). Directly at infection cells were treated with 3 uM DNV (+) or DMSO (-) and real time viability
measured between 0 and 53 h. p. i.. Dots and error bars represent mean + SD of technical triplicates normalized to
mock and DMSO samples of each timepoint. (A) mock + SAD L16; (B) mock + SAD P-SMASh; (C) mock + SAD N-SMASh;
(D) mock + SAD YFP-SMASh.

3.1.3 Apoptosis is induced by plasmids expression of SMASh

First experiments from master thesis of V. Pfaffinger (2016) indicated that SMASh-tags expressed from
transfected plasmids have a conditional cytotoxic effect. However, effects were very small and not
comparable to the cytotoxicity observed after viral infection. Thus, we aimed to further evaluate the
extent of SMASh killing dependent of protein expression after plasmid transfection or viral infection. For

comparison we used N-SMASh provided either in form of SAD N-SMASh or pCAGGS N-SMASh.
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SAD YFP-SMASh and pCAGGS YFP-SMASh were taken to examine YFP-SMASh cytotoxicity in parallel.
HEK 293T cells were either transfected with the respective plasmid (500 ng/24 well) or infected with viral
stock (MOI=3) to reach a transfection or infection of the complete cell culture. Twenty-four hours later,
cells were treated with the inhibitor DNV or DMSO, lysed 6 hours later and subjected to Western blot
analysis. As confirmed by WB, SMASh-tagged proteins were expressed to comparable levels. In both
expression systems SMASh showed induction of cell death upon DNV treatment. PARP was cleaved to a

similar extent after plasmid and viral expression (Figure 14A).

Additionally, we compared P-SMASh cytotoxicity in regard of transfection and infection (Figure 14B).
Therefore, HEK 293T cells were transfected with pCAGGS P-SMASh. Six hours later, infection with
SAD eGFP of transfected cells was performed, as well as individual infection SAD eGFP P-SMASh (MOI=3)
of non-transfected cells. Cells were treated with DNV 26 h. p. i. and lysed 16 hours post DNV treatment.
Though to different degrees, PARP cleavage was observed in all cultures treated with DNV, irrespective of
transfection or infection. Differences regarding PARP cleavage after inhibitor treatment between plasmid
and virus expressed P-SMASh apparently correlated with P expression levels, which was lower in
pCAGGS P-SMASh transfected cells. Moreover, in plasmid-transfected and virus-infected cells, a low PARP
cleavage was observed. In this case, however, correlation with the P-SMASh expression level was not
possible, as the virus additionally expresses wildtype P (Figure 14B). Overall, we concluded that SMASh
proteins expressed from viruses and plasmids are equally toxic. Contrary to findings from the master
thesis, no enhancement by additional viral infection to transfected cells was observed. Generally,

cytotoxicity seems to be indeed related to expression levels, which also fits to previous findings.
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Figure 14: SMASh induces cell death upon inhibitor independent of expression by virus or plasmid.

(A) HEK 293T cells in 24 wells were transfected with 500 ng pCAGGS, pCAGGS N-SMASh, pCAGGS YFP-SMASh, or
infected with SAD N-SMASh or SAD YFP-SMASh (MOI=3). Twenty-four hours later 3 uM DNV (+) or DMSO (-) was
added, followed by lysing the cells for Western blot analysis at 6 h. p. DNV. (B) HEK 293T cells in 24 wells were
transfected with 500 ng pCAGGS P-SMASh or not. 6 hours later, infection with SAD eGFP of transfected cells or
SAD eGFP P-SMASh (MOI=3) of mock-transfected cells was performed. After additional 26 hours 3 uM of DNV (+) or
DMSO (-) was added to the cells, before they were lysed 16 h. p. DNV for Western blot analysis.

3.1.4 Instant induction of apoptosis after drug addition

Apoptosis is a highly regulated process of programmed cell death. It includes activation of a signaling

cascade of initiator and effector caspases leading to physiological changes of the cell.

One hallmark of apoptosis is the loss of membrane asymmetry by translocation of cytosolic
phosphatidylserine (PS) to the outer leaflet of the plasma membrane with its integrity remaining intact
(Chaurio et al. 2009). This process is usually followed by the autolytic process of secondary necrosis in
immortalized cell culture (Wu et al. 2001; Vanden Berghe et al. 2010). When translocated to the outer
leaflet or the membrane is disrupted as in the case of necrosis, phosphatidylserine is accessible for Annexin
V to bind. To study the timing of apoptosis we used this distinctive feature and performed a real time
Annexin V binding assay. In this assay, Annexin V is fused to subunits of NanoBiT® luciferase (Annexin V-

LgBiT and Annexin V-SmBIT) which complement in close proximity leading to a luminescence signal.
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Because SAD P-SMASh has killed the cells at the highest rate (Figure 12), this virus was used for analyzing
SMASh induced toxicity in this and following other experiments. Killing assay was carried out as before:
cells were infected with a high MOI of 3. After infection was established, cells were treated with 3 uM DNV
24 h. p.i. and analyzed at indicated timepoints (Figure 15A). As positive control, cell death was induced by
the apoptosis inducer staurosporine. Strikingly, already one hour post DNV treatment Annexin V bound to
PS in SAD P-SMASh infected cells, whereas in staurosporine treated cells Annexin V binding occurred only
after 24 h of induction. Annexin V binding was also detectable in SAD P-SMASh non-treated control cells

as well as in SAD L16 infected cells at 24 h. p. DNV (Figure 15A).

To ensure that Annexin V binding did not occur due to necrosis or other lytic cell death events, we further
determined LDH release after drug treatment. Therefore, independent killing assays were carried out with
SAD eGFP and SAD eGFP P-SMASh in similar manner as before and stopped for analysis after 4 and
24 h. p. DNV., respectively (LDH release analysis at 24 h. p. DNV was performed by Franz Bauernschmitt).
Except in the positive direct lysis control, LDH release was only basal after 4 hours of inhibitor treatment.
In contrast, 24 h. p. DNV a significant LDH release in staurosporine treated cells could be detected which
was similar to the positive control. However, in SAD P-SMASh eGFP and DNV treated cells only minor, non-
significant LDH release was measured (Figure 15C). Overall, the appearance of Annexin V binding but no
evidence of LDH in the supernatant shortly after cell death induction is a great indication of apoptotic cell

death.
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Figure 15: Annexin V binding detectable at one hour post DNV addition.

(A) Schematic representation of experimental setup. (B) HEK 293T cells in 96 wells were infected with either SAD L16,
SAD P-SMASh (MOI=3) or left uninfected. Twenty-four h. p. i. cells were treated with 3 uM DNV or DMSO and real
time Annexin V binding measured between 0 and 24 h. p. DNV.. As positive control 1 uM staurosporine was added
to cells at timepoint of DNV/DMSO treatment. Bars and error bars represent mean + SD of technical triplicates
normalized to mock and DMSO samples of each timepoint. (C; D) Killing assay was performed as above with SAD eGFP
and SAD eGFP P-SMASh and LDH release measured either at 4 or at 24 h. p. DNV, respectively.
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In order to confirm these results, we next conducted an experiment analyzing Annexin V binding via flow
cytometry. Hence, killing assay with SAD eGFP P-SMASh was performed and cells harvested 4 hours post
treatment. SAD eGFP as well as the apoptosis inducers staurosporine and Raptinal served as controls. In

addition to Annexin V staining, a live-dead staining was done.

To analyze the results, cell debris were excluded and only counts reflecting single cells were selected.
Thereby, more than 90 % of all counts in negative control treated cells (mock, SAD eGFP and SAD eGFP P-
SMASh + DMSO) were selected. However, in SAD eGFP and DNV treated samples, likewise the positive
control samples (Raptinal, Staurosporine), only approximately 60 % of all counts displayed single cells,

whereas almost 40 % revealed a very low granularity and size indicating cell debris (Figure 16B).

Furthermore, selected cells were analyzed for viability (Figure 16C) and Annexin V positivity (Figure 16D).
The respective gating strategy represented in Figure 16A. Approximately 20 % of SAD eGFP P-SMASh and
DNV treated cells could be determined as dead and more than 75 % of selected single cells were Annexin V
positive. Notably, staurosporine revealed significantly less dead and Annexin V-positive cells and also
treatment with the rapid apoptosis inducer Raptinal resulted in similar amounts of dead cells, but only
19 % showed positive Annexin V staining. These results corroborate the instant induction of apoptosis

upon SAD eGFP P-SMASh infection and DNV treatment.
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Figure 16: Annexin V positive cells after 4 hours post DNV addition.

HEK 293T cells in 24 wells were mock-infected or infected with either SAD eGFP, SAD P-SMASh (MOI=3). Twenty-four
hours later 3 UM DNV or DMSO was added to the cells. Treatment with 1 uM staurosporine or 10 uM Raptinal served
as positive control. Four h. p. DNV cells were harvested and subjected to FACS analysis. Staining was done for

Annexin V (pacific blue) and live/dead (far red). (A) overview gating strategy, (B) selected living single cells, (C) dead
cells and (D) Annexin V positive cells.
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In addition to Annexin V binding we analyzed the kinetics of PARP cleavage during SMASh-tag induced cell
death. We again conducted a killing kinetic, infected HEK 293T cells with SAD eGFP P-SMASh and treated
cells with 3 uM DNV. Then, cells were lysed at different timepoint and investigated via Western blot. PARP
was cleaved only in SAD eGFP P-SMASh infected cells that were treated with the inhibitor and, notably,
PARP cleavage could be detected already one hour after induction (Figure 17). This is consistent with the

previous assays. In conclusion, these results illustrate the rapid killing process induced by SMASh.
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Figure 17: PARP cleavage is detectable as early as one hour post DNV addition.

HEK 293T cells in 24 well were infected with the indicated viruses (MOI=3) and treated with 3 uM DNV at 24 h. p. i..
SAD eGFP P-SMASh infected and DNV treated cells were lysed at 0, 0.5, 1, 1.5, 2, 2.5, 3 or 6 hours post treatment,
respectively. At latest timepoint (6 h. p. DNV) control cells were lysed as well and analyzed via Western blot.

3.1.5 Activation of intrinsic and extrinsic apoptotic Caspases

SMASh triggered apoptosis involves activation of several caspases. Specifically, the intrinsic initiator
caspase-9, the extrinsic initiator caspases-8 and -10 as well as the effector caspase-3 were found to be
activated upon NS3 inhibitor treatment (Masterthesis V. Pfaffinger 2016). To confirm these findings, we
performed a Caspase-Glo activation assay. Thereby, a luciferase becomes active after its substrate is
released upon cleavage by corresponding caspase. A killing assay was carried out in HEK 293T cells. Cells
were infected with SAD L16 or SAD P-SMASh (MOI=3) and treated with DNV 24 h. p. i.. Then, luciferase
components were added 2 h post DNV treatment and luminescence measured 45 minutes later. As
expected, Caspase-8, Caspase-9 as well as Caspase-3/-7 were significantly activated in SAD P-SMASh and

DNV treated cells (Figure 18). This is coherent with the results from Western blot analysis in the master
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thesis showing cleaved caspase-8 and -9 as well as the loss of full-length caspase-10 and -3, which indicates

respective activation (Masterthesis V. Pfaffinger 2016).
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Figure 18: Caspase activation during SMASh induced apoptosis.

HEK 293T cells in 96 well were infected with SAD L16, SAD P-SMASh (MOI=3) or not and treated with 3 uM DNV or
DMSO at 24 h. p. i.. Substrate for measuring caspase activity was added two hours post DNV treatment and activity
determined 45 min later. (A) Increase of Luciferase reflecting caspase-8 activity, (B) caspase-9 activity and (C)
caspase-3/-7 activity. Mean + SD represent results of technical triplicates.

Nevertheless, it is still not clear which caspase is activated in first place. To address this question
experiments with direct caspase inhibitors were carried out. Therefore, inhibitors of the initiator
caspases-8, -9 and -10 (z-IETD-fmk, z-LEHD-fmk and z-AEVD-fmk, respectively) were used. First, a killing
assay in HEK 293T cells with SAD eGFP P-SMASh (MOI=3) was conducted, and the cells were treated with
the respective inhibitor or combinations 30 min before DNV addition. PARP cleavage was determined and
used for correlation with toxicity level 16 hours post DNV. Without caspase inhibitor, full-length PARP is
almost completely processed leading to a strong band of the cleaved 89 kDa fragment. This cleavage could
be partially prevented by the pre-treatment with caspase-9 inhibitor, and even more with caspase-8
inhibitor. Strongest effect, however, was observed with caspase-10 inhibitor z-AEVD-fmk, which almost
completely obstructed PARP cleavage. Cell death was almost fully prevented when treated with a
combination of two or all three caspase inhibitors. Additionally, full-length caspase-10 protein levels were
investigated. In presence of DNV and absence of any caspase inhibitor, pro-caspase-10 could not be
detected indicating its full cleavage and thus activation. In contrast, pro-caspase-10 could be detected in

presence of the caspase-10 inhibitor, but also in presence of the other caspase inhibitors z-IETD-fmk and
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z-LEHD-fmk suggesting that either caspase inhibitors or the caspase-10 antibody might be unspecific (see

Discussion) (Figure 19A).

We further investigated the influence of different caspase inhibitors in Hela cells to see whether SMASh
and caspase inhibitors have a similar effect in other human cells. Cells were treated 26 h. p. i. with DNV
and respective inhibitors for 25 h. Processing of pro-caspase-10 appeared to be fully abrogated upon
z-AEVD-fmk and pan-caspase inhibitor treatment, respectively. PARP cleavage was reduced in all inhibitor
conditions. However, again Z-IETD-fmk and z-AEVD-fmk seemed to have a bigger effect on PARP-cleavage

than z-LEHD-fmk (Figure 19B).
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Figure 19: Reduction of apoptosis by caspase inhibitors.

(A) HEK 293T cells in 24 well were infected with SAD eGFP P-SMASh (MOI=3) and treated with 3 uM DNV (+) or DMSO
(-) at 26 h. p. i.. At the same time either 70 uM z-IETD-fmk, 70 uM z-LEHD-fmk, 50 uM z-AEVD-fmk or combination of
inhibitors was added to the cells. Cells were lysed 16 h. p. drug and inhibitor addition for Western blot analysis. (B)
Infection of Hela cells was done in 24 well with SAD eGFP P-SMASh (MOI=3) and 3 uM DNV (+) or caspase inhibitors
added as above at 26 h. p. i.. Lysis of cells was performed 25 hours later for Western blot analysis.

Because caspase-8 and -10 inhibitor had the biggest impact on cell death in HEK 293T and Hela cells, we
assumed that those are the main caspases triggered directly by SMASh, and caspase-9 is only activated in
downstream steps. This would also fit to the fact that caspase-8 can activate the mitochondrial pathway

and thus caspase-9 via Bid (Luo et al. 1998; Li et al. 1998; Schug et al. 2011).

Moreover, experiments with single-round viruses lacking the glycoprotein showed cell death only in
infected cells whereas non-infected cells were not affected (Masterthesis V. Pfaffinger 2016). To confirm
this, we infected BSR T7 cells with SAD AG eGFP P-SMASh (SAD-G) with an MOI of 1 leading to the infection
of approximately 75 % of the cell culture. After 24 hours cells were treated with the alternative NS3

inhibitor ASV and analyzed via microscope 20 hours later. ASV and DNV have been compared in previous
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work and no difference in conditional cytotoxic effect was found (Masterthesis V. Pfaffinger 2016). Indeed,
infected cells underwent cell death displaying typical morphological features of apoptosis such as
fragmentation into membrane-bound bodies. In contrast, non-infected cells stayed healthy (Figure 20).
This corresponds well to the findings from previous master thesis and led to the conclusion that, although
caspases are activated which can mediate apoptosis after extrinsic stimuli, there is no extracellular trigger

in case of SMASh-mediated apoptosis.

Figure 20: Inhibitor induced cell death occurs exclusively in infected cells.

BSR T7 cells in 24 well were infected with SAD AG eGFP P-SMASh (SAD-G) (MOI=1) and treated with 3 uM ASV
24 hours later. After additional 20 hours, cells were analyzed via microscopy. Red arrows indicate infected, dead cells.
White arrows mark non-infected, healthy cells. Scale bar: 100 um.

3.1.6 Various apoptosis related gene knockout cell lines can be killed by SMASh-tag inhibition

So far the trigger of apoptosis is still unknown. In order to gain further insights on the induced pathway,
cell lines in which genes involved in apoptotic functions or signaling were used or specifically generated

with CRISPR/Cas9 and analyzed in regard of SMASh-induced cell death.

3.1.6.1 SMASh related apoptosis is not induced via PKR

Protein kinase R (PKR) is a key player in cellular defense and regulates several biological processes keeping
thereby the balance between cell growth and cell death. Intracellular viral dsRNA generated for example
by Influenza is the most described PKR activator. However, a number of other stimuli such as heat shock
proteins, growth factors, bacterial lipopolysaccharide and amyloid-p (AB) peptide accumulation are able
to activate the serine-threonine kinase as well leading to a shutdown of cellular und viral protein synthesis.
Depending on the stimuli and its threshold, either pro-survival pathways like NF-kB or anti-survival
apoptosis are subsequently initiated. The latter involves the formation of a FADD/Caspase-8 complex but

is also triggered by transcription of the pro-apoptotic factors such as p53. (Kumar et al. 1994; Yoneyama
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et al. 1998; Gil and Esteban 2000a; Garcia et al. 2007; Garcia-Ortega et al. 2017; Xu et al. 2018; Gal-Ben-
Ari et al. 2019).

To investigate whether PKR plays an essential role in SMASh-induced apoptosis, we generated
HEK 293T PKR”" cells. The knockout was first validated by lllumina sequencing (Figure 21A). Successful
knockout on functional protein level was obtained by the observation that a virus causing PKR-dependent
cell death in wildtype cells, namely SAD TR high DI, could not kill HEK 293T PKR”" cells (Alexander Ghanem,
unpublished results). A SMASh-dependent killing assay was performed in knockout and wildtype HEK 293T
cells with SAD P-SMASh and analyzed via Western blot with a phospho-PKR (T446) antibody. Interestingly,
infection with various viruses led to phosphorylation of PKR-T446 in HEK 293T wildtype cells, whereas no
proteins were detected with respective antibody in PKR” cells further confirming PKR-KO identity of those

cells.

Interestingly, PARP cleavage was detectable due to SAD P-SMASh infection and DNV treatment in PKR
knockout cells in a similar manner as in HEK 293T wildtype cells (Figure 21B). In consequence, we
concluded that PKR has no major effect on SMASh induced apoptosis and neither on the mild apoptosis

observed in HEK cells by RABV infection alone.
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Figure 21: SMASh related apoptosis is induced in HEK 293T PKR”" cells.

(A) Schematic representation of lllumina sequencing results of HEK 293T PKR”" clone 20. (B) HEK 293T and HEK 293T
PKR7 cl. 20 cells in 24 well were infected with two different stocks of SAD L16, SAD TR high DI, SAD L16 high DI, SAD
P-SMASh (MOI=3) and treated with 3 uM DNV (+) or DMSO (-) at 24 h. p. i.. After additional 24 hours cells were lysed
and subjected to Western blot analysis. Note that PARP is cleaved in PKR-KO cells in the presence of DNV.

3.1.6.2 FADD does not play an essential role for SMASh induced killing

Since PKR seems to be not important for SMASh induced apoptosis, we further aimed to know whether
FADD is responsible for this particular mode of cell death. Although FADD stands for FAS-associated
protein with death domain, the protein is responsible for apoptotic signal transmission at all known death
receptors. The extrinsic apoptosis pathway is usually triggered by extracellular binding of death ligands
such as TRAIL or Fas to the respective death receptor. This subsequently leads to the formation of a death-
inducing signaling complex (DISC) with FADD as hub between the death receptor and caspase-8/-10. In
consequence, FADD is essential for Caspase-8/-10 activation in the context of extrinsic apoptosis (Bodmer
et al. 2000; Kuang et al. 2000; Sprick et al. 2000). However, FADD is also able to activate caspase-8
independently of ligand binding to a death receptor. This is for example the case when FADD is
overexpressed (Perez and White 1998; Siegel et al. 1998) or in PKR mediated apoptosis (Gil and Esteban
2000b). To answer the question whether FADD is important during SMASh induced apoptosis,
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HEK 293T FADD™" cells were generated. With the aim to completely disrupt the genetic code, we used a

guideRNA targeting an exon close to a downstream intron (see Table 8) (Schmidt et al. 2015).

Identity of the cell clones was subsequently verified on a genetic level via lllumina sequencing. In addition,
Western blot analysis was done to confirm the FADD knockout identity on protein levels. Clone nr. 8
contained only out of frame, but no in-frame mutations and showed no detectable FADD protein levels
(Figure 22A, B). We used this clone to carry out a killing assay with SAD P-SMASh. Therefore, wildtype and
FADD knockout cells were infected with a MOI of 3 and treated with DNV 24 h. p. i.. After additional 24 h

cells, microscopic pictures were taken, and cells were lysed and subjected to Western blot analysis.
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Figure 22: SMASh related apoptosis is induced in HEK 293T FADD " cells.

(A) Schematic representation of lllumina sequencing results of HEK 293T FADD” clone 8. (B) Western blot analysis of
lysed HEK 293T and HEK 293T FADD™" cl. 8 cells. (C, D) HEK 293T and HEK 293T FADD” cl. 8 cells in 24 well were
infected with SAD eGFP, SAD eGFP P-SMASh or not (MOI=3) and treated with 3 uM DNV or DMSO at 24 h. p. i.. After
additional 24 hours cells analyzed via microscopy and lysed for Western blot analysis. (C) Microscopic images of
HEK 293T FADD™" cl. 8 with after SAD eGFP P-SMASh infection and DNV (+) or DMSO (-) treatment. Scale bar 250 um.
(D) Western blot of cell lysates.
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HEK 293T FADD™" cells underwent same apoptotic fate after SMASh virus infection and DNV treatment as
HEK 293T wildtype cells. Thus, DNV addition after SAD P-SMASh infection led to cell death in
HEK 293T FADD” cells (Figure 22C). Furthermore, an 89 kDA band could be detected with PARP antibody
in Western blot, which was specific for this treatment and did not occur in controls (Figure 22D). In

conclusion, these results suggested that FADD is not required in SMASh induced apoptosis.

3.1.6.3 Caspase-8 and -10 are not required for killing

FADD is obviously not needed for caspase activation. Next, the question raised whether those proteins
themselves are the key components for SMASh induced apoptosis. Previous reports show the ability of
the authentic HCV NS3 protein to directly bind caspase-8 and active it (Prikhod'ko et al. 2004). In
consequence, it might be possible to block cell death by depletion of the initiator caspase-8 and/or the
homologous caspase-10. To test this hypothesis, HeLa CASP87 and HelLa CASP107", respectively, as well as
the parental Hela wildtype cells were kindly provided by the Leverkus group (Horn et al. 2017). First step
was to sequence respective clones. Therefore, genomic DNA was isolated and sequenced via illumina
sequencing (Figure 23A). We were able to confirm the identity of caspase-10 knockout having only out of
frame indels. Nevertheless, protein bands of approximately 60 kDa corresponding to the size of
caspase-10, were detected with a polyclonal caspase-10 antibody (Figure 23B), which might be caused by
cross reaction with the closely related caspase-8. Furthermore, Hela caspase-8” reveal not exclusively out
of frame mutations, but also in-frame indels. In order to obtain clones carrying exclusively out of frame
mutations single cell dilution was carried out and monoclonal knockout cells were isolated. After gDNA

isolation of each clone, mutations were analyzed again by lllumina sequencing (Figure 23A).

Next step was to find out, whether those knockout cells were killable. Hence, killing assay was conducted
with Hela parental cells, HeLa CASP107- and HelLa CASP87 subclone 2 and analyzed via microscopic and
Western blot analysis. Cell death was observed not only in parental Hela, but also in cells containing
caspase-8 or caspase-10 knockout upon SAD eGFP P-SMASh infection and DNV treatment. Furthermore,
PARP cleavage could be observed in cells with respective treatment suggesting the induction of apoptosis
(Figure 23C). In addition, cell viability was determined in independent experiments by resazurin assay
4 hours post DNV. Thereby, a reduction of viability upon drug treatment after SAD eGFP P-SMASh infection
could be determined in all three cell lines. Notably, the absence of caspase-8 led to reduced viability even
in SAD eGFP-infected and untreated (DMSO) cells. In contrast, the absence of caspase-10 seemed to have

no effect on viability (Figure 23D).
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Figure 23: Caspase-8 and -10 is not needed for SMASh related killing.

(A) Schematic representation of lllumina sequencing results of Hela CASP107 and CASP87 before and after
subcloning. (B) Hela cells, HeLa CASP87 subcl. 2 and HeLa CASP107-in 24 wells were infected with SAD eGFP P-SMASh
(MOI=3) and treated with 3 uM DNV (+) or DMSO (-) at 24 h. p. i.. Cells were lysed 24 hours later for Western blot
analysis. Note that caspase-10 Antibody is not specific. (C) Killing assay as before with HeLa CASP87 subcl. 2 and
Hela CASP107 cells. (D) Killing assay as before in 96 wells with SAD eGFP, SAD eGFP P-SMASh (MOI=3). Three uM
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DNV was added 24 hours post infection and viability was determined 4 hours later via resazurin assay. Staurosporine
and Raptinal controls were not done in replicates, other bars and error bar represents mean + SD of technical
duplicates.

As pathway studies were so far carried out in HEK 293T cells, we generated HEK 293T CASP8 knockout
cells. Furthermore, HEK 293T CASP107- were planned, but all 28 clones showed parental sequence with no
mutation (data not shown). Caspase-8 single knockout cells were validated by lllumina sequencing
revealing exclusively out of frame mutations (Figure 24A). Then, cells were compared to wildtype HEK 293T
cells in a killing assay. Twenty-four hours post infection with SAD eGFP or SAD eGFP P-SMASh, cells were
treated with the NS3 inhibitor and cell viability was analyzed via resazurin assay additional 24 hours later.
The apoptosis inducer Raptinal and Staurosporine served as control. Of note, equal cell number was
seeded in 96 wells. However, HEK 293T CASP8™"cells grew remarkably slower than HEK 293T wildtype cells.
For this reason, direct comparison of viability of those two cell lines is not possible. As observed already in
other experiments, infection with wildtype or SMASh-tagged RABV caused already substantial reduction
of cell viability in HEK 293T wildtype cells. Interestingly, and in striking contrast to the findings in Hela
cells, HEK 293T CASP87 cells were more resistant to killing in all conditions. Nevertheless, significant drops
in cell viability were measured in SAD eGFP P-SMASh infected cells upon DNV treatment in both cases

(Figure 24B).
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Figure 24: Caspase-8 is not needed for SMASh-related killing.

(A) Schematic representation of Illumina sequencing results of HEK 293T CASP87" clone 4. (B) HEK 293T cells and
HEK 293T CASP8" cl. 4 in 96 wells were infected with SAD eGFP or SAD eGFP P-SMASh (MOI=3) and treated with
3 UM DNV (+) or DMSO (-) at 24 h. p. i.. Cells were analyzed 24 hours later via resazurin assay. One uM Staurosporine
and 10 uM Raptinal served as control and were added to cells at same time as inhibitor treatment. Each bar and error
bar represents mean + SD of technical replicates. (C) Similar experiment was performed with SAD L16, SAD P-SMASh
and SAD N-SMASh in 24 well and cells were lysed 24 h. p. DNV. for Western blot analysis.
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To confirm these results a similar killing assay was performed with SAD L16, SAD P-SMASh or
SAD N-SMASh, and cells were lysed 24 hours post drug treatment for Western blot analysis. In contrast to
resazurin assays, Western blot analysis did not reveal differences in viability between HEK 293T parental
and CASP8” cells as a comparable pattern of PARP cleavage upon infection and DNV treatment was
observed. In addition, we could also detect caspase-9 cleavage in cells with cleaved PARP indicating
respective activation (Figure 24C). Taken together, SAD P-SMASh and SAD eGFP P-SMASh, respectively,
caused cell death upon DNV addition with typical apoptotic PARP cleavage regardless of caspase-8

deficiency. Consequently, we concluded that Caspase-8 is not essential for SMASh related killing.

To assure, that apoptosis is induced in HEK 293T CASP8” cells as well, rather than necroptosis or
pyroptosis, LDH release was measured. Again, killing assay with SAD eGFP and SAD P-SMASh was
performed as before. Indeed, we did not detect significant increase of LDH in the supernatant supporting

the evidence of apoptosis induction in HEK 293T CASP8™- cells (Figure 25).
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Figure 25: LDH release in HEK 293T and HEK 293T CASP8-/- cells.

HEK 293T and HEK 293T CASP87" cl. 4 in 96 wells were infected with SAD eGFP or SAD eGFP P-SMASh (MOI=3) and
treated with 3 uM DNV or DMSO at 24 h. p. i.. LDH release was measured 24 h. p. DNV. Means of technical triplicates
are represented by bars with respective standard deviations indicated by error bars (A) LDH release in HEK 293T cells.
(B) LDH release in HEK 293T CASP8™" cl. 4 cells. n. s.: not significant.

Moreover, CASP8/CASP10 double knockout mutants were generated in HEK 293T cells. We were not able
to sequence the double knockout clones via lllumina sequencing. Instead, we used sanger sequencing for

characterization of the isolated gDNA. Within 46 clones, we found one clone containing mainly out of
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frame mutations in both, caspase-8 and caspase-10, genes. Although we cannot ensure complete genomic
knockout, we might gain evidence of how important caspase 8 and 10 during SMASh induced apoptosis

are.

Again, killing assays were performed as beforehand mentioned and cell viability determined 24 hours post
DNV via resazurin assay. Staurosporine and Raptinal were used as apoptosis inducing controls. Notably,
similar to HEK 293T CASP”cells, HEK 293T CASP8/CASP107 cells grew slower than wildtype cells and RABV
infection had no remarkable effect on cell viability. Nevertheless, infection with SAD eGFP P-SMASh in
combination with inhibitor treatment reduced cell viability significantly. Equal effect was observed with

the apoptosis inducer Raptinal, but not with Staurosporine in this experiment (Figure 26A, B).

For Western blot analysis, same experiment was performed. We could detect a clear band of cleaved PARP
in SAD eGFP P-SMASh and DNV lysates as well as in the Raptinal control in wildtype and
HEK 293T CASP8/CASP107 cells. However, in both cell lines Staurosporine did not lead to major PARP
cleavage. Although the detected band was very weak, we could observe caspase-9 cleavage after
SAD eGFP P-SMASh infection and drug treatment (Figure 26B). These results may suggest that neither

caspase-8 nor -10, are essential for the SMASh-dependent cell death.
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Figure 26: Cell death induction by SMASh in HEK 293T CASP8/CASP107".

(A) HEK 293T cells and HEK 293T CASP8/CASP107" cl. 29 in 96 wells were infected with SAD eGFP or SAD eGFP
P-SMASh (MOI=3) and treated with 3 uM DNV (+) or DMSO (-) at 24 h. p. i.. Cells were analyzed 24 hours later via
resazurin assay. One uM staurosporine and 10 uM raptinal served as control and were added to cells at same time
as inhibitor treatment. Each bar and error bar represents mean + SD of technical replicates. (B) Similar experiment
was performed with SAD L16 and SAD P-SMASh in 24 well and cells were lysed 24 h. p. DNV. for Western blot analysis.

3.1.6.4 Whole genome knockout screen revealed no survivors
So far, no individual gene knockout mutant cell line was found resisting SMASh induced cell death. To

receive a deeper insight of how exactly respective cell death is executed, we aimed to find a SMASh-killing
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resistant knockout mutant. Therefore, a whole genome knockout screen was carried out. A pool of
HEK 293T cells containing single knockouts of the whole genome was generated by lentiviral transduction
and verified by deep sequencing (whole genome knockout pool and sequencing was carried out by
Alexander Ghanem). Subsequently, a killing assay with SAD eGFP P-SMASh was performed with the aim to
analyze the genetic sequence of potentially surviving cells. However, all cells died after inhibitor treatment
(data not shown). It has to be mentioned, that we were not able not exclude the possibility that virus
infection has already stressed and killed some cells independently of SMASh (see Figure 26). Nevertheless,
the fact that no survivors were found in the screen goes along with the fact that neither PKR, FADD, CASP8
nor CASP10 knockout cells are resistant to SMASh-related killing. There is a possibility that a single
knockout is not sufficient to stop killing by SMASh and depletion of multiple proteins is necessary to do so.
Hence, it could be that not only caspase-8/-10 is primarily initiated, but also intrinsic apoptosis, perhaps
even together with the executor caspase-3, is triggered simultaneously. The activation of multiple

pathways would also fit to the speed of executed cell death.
3.1.7 Drug-dependent killing of cell lines from various hosts

Previous studies revealed high cytotoxicity of SAD P-SMASh post inhibitor treatment not only in HEK 293T
cells, but also in Hela, N2A, MEF, Huh7 and Huh7.5 cells (Masterthesis V. Pfaffinger 2016). Investigation
of non-killable cell lines might give insights in how exactly SMASh related cell death is triggered. In order
to find a cell line where SMASh and inhibitor addition has no cytotoxic effect, we performed a killing assay
in various cell lines from different species. All tested cells were infected with SAD P-SMASh and treated
with an inhibitor one day later. A list of the tested cells within this thesis is shown in Table 20. Strikingly,
cell death occurred in all cells including cells lines from various hosts such as human, mouse, hamster, and

monkey. Even primary isolated HFF cells died due to SMASh and inhibitor treatment (Table 20).
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Table 20: Cell lines undergoing cell death upon SAD P-SMASh and NS3 inhibitor

Species

Cell line

Description

Homo sapiens

HEK 293T

Human embryonic kidney cells expressing SV40 T-antigen

HEK 293T FADD -/-

HEK 293T containing FADD Knockout

HEK 293T CASP8 -/-

HEK 293T containing Caspase-8 Knockout

HEK 293T CASP8/10 -/-

HEK 293T containing Caspase-8/-10 double Knockout *

Hela

Human cervix carcinoma cells

Hela CASP8 -/-

Hela containing Caspase-8 Knockout

Hela CASP10 -/-

Hela containing Caspase-10 Knockout

hIPSC derived astrocytes

Human induced pluripotent stem cell derived astrocytes

U-87 MG

Human glioblastoma cells

U-251 MG Human glioblastoma cells
HFF Human foreskin fibroblasts (primary isolate)
Mus musculus | N2A Mouse neuroblastoma cell line
MEF Mouse embryonic fibroblasts
mESC derived neurons Mouse embryonic stem cell derived neurons
GL261 new Mouse glioblastoma cells
GL261 moko Mouse glioblastoma cells
B16 Mouse melanoma cells
MC38 Mouse colon carcinoma cells
Mesocricetus BHK21 Baby hamster kidney cells
auratus BSRT7/5 BHK-21-derived cells expressing T7-RNA pol
Cercopithecus
aethiops Vero African green monkey cells

*in-frame deletions in caspase 8 and caspase 10

3.1.8 Cell death in cancer cells can be enhanced by SMASh

Many cancer cells are resistant to apoptosis due to dysregulation of pro- and anti-apoptotic factors. For
example, disrupted pro-apoptotic transcription factor p53 is associated with various cancers resulting in a
lack of expression of anti-survival Bax, Noxa and Puma (Kandoth et al. 2013; Aubrey et al. 2018). In
contrast, anti-apoptotic members of the BCL-2 family are often overexpressed in tumors (Roberts and
Huang 2017). Moreover, studies with a human colon cancer cell line MC38 revealed resistance to TRAIL
induced apoptosis due to accelerated degradation of caspase-8 (Zhang et al. 2005). Consequently, there
might be cancer cells that are resistant to SMASh-induced apoptosis. To evaluate whether SMASh is able

to induce cell death in those cells as well killing assay with different cancer cell lines was applied.

In a first approach, we infected human glioblastoma U87-MG cells with a high MOI (MOI=3) in order to
infect all cells in culture and treated them with 3 uM DNV 24 h post infection. Cell viability and LDH release

was evaluated via resazurin assay and LDH-assay, respectively, additional 24 h later to look for
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immunogenic cell death. Interestingly, infection alone already led to viability decrease of approximately
50 %. DNV treatment of SAD eGFP P-SMASh infected cells slightly enhanced cytotoxicity. This effect was
significant, when evaluated by single comparison within a t-test (p = 0,0452) but not by 2-way ANOVA. Of
note, the rapid apoptosis inducer Raptinal had no significant effect on cell viability (Figure 27A). LDH was
not released in any sample but the direct lysis control indicating the induction of a non-lytic cell death like
apoptosis (Figure 27B). To receive more insights on cell killing in these specific cancer cells, a similar
experiment was carried out and cells were lysed for analyzing PARP cleavage in Western blot. PARP is
specifically cleaved in 89 and 24 kDa fragments during apoptosis. As this cleavage pattern is characteristic
for apoptosis it is used as marker for apoptotic cell death (Gobeil et al. 2001). In all experiments in this
dissertation, an antibody that detects full-length PARP as well as the cleaved 89 kDA fragment was used.
In consistency with viability analysis, PARP was cleaved in all infected samples. Full-length PARP was
completely gone SAD eGFP P-SMASh and DNV treated cells whereas a faint band was detected in the other
infected samples (Figure 27C).
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Figure 27: Killing of U87-MG by RABV and SMASh and DNV.

U87-MG cells in 96 wells were infected with SAD eGFP or SAD eGFP P-SMASh (MOI=3) and treated with 3 uM DNV
(+) or DMSO (-) at 24 h. p. i.. At time point of inhibitor treatment additional cells were treated with 10 uM Raptinal
for control. Cells were analyzed 24 h. p. DNV by resazurin assay (A) or LDH release assay (B). mean + SD of each
condition is represented by bars and error bars. Additional experiment was performed in 24 well and cells subjected
to Western blot analysis (C). n.s.: not significant.

Next, killing assay was performed with mouse melanoma B16 cells as above. As before, a cytotoxic effect
of RABV infection alone was visible, which could be enhanced by addition of DNV in case of

SAD eGFP P-SMASh infection (Figure 28A). However, this time we could not detect cleaved PARP in
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Western blot, although the band of full-length PARP was very faint. Moreover, the full-length caspase-10
level appears to be slightly reduced, but only in SAD eGFP P-SMASh and DNV treated cells (Figure 28B).
Measuring LDH in an independent experiment revealed a significant increase within the supernatant upon
SAD eGFP P-SMASh and infection DNV treatment (LDH assay was performed by Franz Bauernschmitt;
Figure 28C). In consequence, we assumed that beside the cytotoxicity of RABV infection, SMASh and

inhibitor treatment could induce a lytic cell death in B16 cells.
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Figure 28: Killing of B16 by RABV and SMASh.

B16 cells in 24 wells were infected with SAD eGFP or SAD eGFP P-SMASh (MOI=3) and treated with 3 uM DNV (+) or
DMSO (-) at 24 h. p. i.. Cells were analyzed 24 h. p. DNV via microscope (A) and lysed for Western blot analysis (B).
Similar killing assay was performed in 96 well and LDH release measured at 24 h. p. DNV. Means of technical
triplicates are represented by bars with respective standard deviations indicated by error bars (C). Scale bar 250 um.
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The phenomenon of killing by RABV and enhancement by SMASh was observed in various other cancer
cell lines such as human glioblastoma cells (U-251 MG), mouse glioblastoma cells (GL261 new and moko)

and mouse colon carcinoma cells (MC38; Table 20).

Taken together, RABV reveals a pronounced cytotoxicity already without expression of the SMASh-tag in
different cancer cell lines. This phenomenon can be enhanced by addition of the NS3 inhibitor after

infection with SAD eGFP P-SMASh.
3.1.9 LTHP and KIDT motif of the SMASh-tag are not essential for killing

To understand the initiated pathway, cellular responses after SAD P-SMASh infection and DNV treatment
were so far analyzed and, activation of apoptosis involving numerous caspases could be shown. However,
it was not possible to identify a single protein that is activated in first place, which might be a hint for
numerous activated proteins instead. To receive more insights on the initiation of cell death, we next
addressed the question what part of SMASh is necessary for killing. Previously, Prikhod'ko et al. reported
that HCV NS3 protease is able to bind and activate caspase-8 by the LTHP motif (Prikhod'ko et al. 2004).
Interestingly, the LTHP motif is also included in the SMASh-tag (see Figure 29). Although caspase-8 was
not the only activated caspase, the LTHP motif might be necessary for apoptosis activation allowing
caspase binding and activation. To address this question SAD YFP-SMASh viruses carrying different
mutations within the LTHP motif were generated. Those viruses were named dependent on their mutation
SAD YFP-SMASh LTHP-LTHA, SAD YFP-SMASh LTHP-LTAA, SAD YFP-SMASh LTHP-AAHP and SAD YFP-SMASh
LTHP-AAAA.

Of note, the LTHP motif appears within the NS3 helicase domain, although the main part of NS3 helicase
is deleted within the SMASh-tag with only the parts necessary for degradation left (Chung et al. 2015).
Furthermore, four additional non-HCV related amino acids, KIDT, appear within the SMASh helicase
domain (see Figure 29). This sequence was not further described by the inventors of the SMASh-tag but
might serve as linker. To investigate the role of the KIDT motif in context of conditional cell death, we

generated SAD YFP-SMASh KIDT-AAAA with the KIDT motif replaced by four alanine residues.
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Figure 29: Sequence of SMASh-tag including the LTHP and KIDT motif
LTHP is highlighted within the SMASh sequence by red box. KIDT motif is highlighted by blue box. Black asterisks
indicate catalytic triad of the NS3 protease

All respective viruses were used for killing assays. Hence, HEK 293T cells were infected with a MOI of 3 and
treated with DNV or DMSO 24 hours later. After additional 24 hours cells were lysed for Western blot
analysis. Furthermore, viability was measured in an additional resazurin experiment which was conducted
similarly. All samples with viruses containing mutations in the LTHP motif showed similar PARP cleavage
to the SAD YFP-SMASh control, when treated with DNV. Also, mutations in the KIDT sequence resulted in
PARP cleavage when treated with DNV. However, substantial levels of cleaved PARP could be already
detected in the control treatment of KIDT-AAAA (Figure 30A). Higher constitutive toxicity of this mutant
was also indicated in the viability assay. Mutations within the LTHP motif showed viability similar to the
SAD YFP-control and were also able to conditionally induce cell death. Conditional decrease of viability
was also seen in SAD YFP-SMASh KIDT-AAAA infected cells. Reflecting the results from Western blot
analysis above, a direct comparison of SAD YFP-SMASh and SAD YFP-SMASh KIDT-AAAA DMSO controls
revealed significant reduced cell viability for the latter (unpaired t-test; p = 0.0338). However, significance
was not given by two-way ANOVA test and there is no significant difference regarding viability after DNV

treatment in those cells (Figure 30B).

Taken together, LTHP motif does not play an obvious role in SMASh related killing, whereas the KIDT motif

seems to reduce intrinsic constitutive toxicity of the SMASh-tag.
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Figure 30: LTHP and KIDT motifs are not essential for killing.

(A) HEK 293T cells in 24 wells were infected with SAD eGFP, SAD YFP-SMASh, SAD YFP-SMASh LTHP-LTHA, SAD YFP-
SMASh LTHP-LTAA, SAD YFP-SMASh LTHP-AAHP, SAD YFP-SMASh LTHP-AAAA or SAD YFP-SMASh KIDT-AAAA (MOI=3)
and treated with 3 pM DNV (+) or DMSO (-) at 24 h. p. i.. Cells were lysed 24 hours later for Western blot analysis.
(B) Similar experiment was performed as above in 96 wells. LDH release was measured 24 h. p. DNV.. Each bar and
error bar represent mean + SD of technical triplicates.
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3.1.10 SMASh-tag alone provides for conditional cytotoxicity

Next, we wanted to see whether the SMASh-tag by itself is toxic, or able to conditionally induce
cytotoxicity, respectively. Therefore, viruses expressing the original C-terminal SMASh-tag separately,
without any fusion protein, were generated (SAD SMASh). In addition, we engineered viruses with the tag
lacking the complete cleavage site motif, SAD SMASh ACS. This was cloned, rescued, and produced by
Yassine Haddad (Figure 31A). The new viruses were subjected to a killing assay, followed by Western blot
analysis. As indicated by PARP cleavage, SAD SMASh appeared to conditionally induce apoptosis also
without fusion to another protein. Nevertheless, it was slightly less toxic under DNV condition despite a
similar expression of RABV P and RABV N proteins in infected cells. In contrast to other SMASh-tag
containing viruses SAD SMASh ACS revealed high constitutive cytotoxicity as indicated by very low actin
levels (microscopic data not available), which was not further stimulated by DNV addition. Surprisingly,
typical PARP cleavage could not be detected suggesting that this cytotoxic effect is not related to
apoptosis. Of note, SAD eGFP served as control and led to slight PARP cleavage as well, independent of

DNV or DMSO treatment (Figure 31B).

Additionally, cell viability was determined in an independent experiment with resazurin. As before, the
control (here SAD L16 infected) cells show already a reduced viability, whereas SAD YFP-SMASh and
SAD SMASh appeared to be less toxic in DMSO treatment. When treated with DNV, cells infected with
SAD YFP-SMASh as well as SAD SMASh showed reduced viability. Furthermore, SAD SMASh ACS infection
resulted in viability of approximately 40 % after both, DMSO and DNV treatment (44 % in DMSO treatment,
40 % in DNV treatment; Figure 31C). Thus, this data corroborates data from Western blot analysis before

(Figure 31B).
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Figure 31: NS3 cleavage site is important for conditional cytotoxicity of SMASh.

(A) Schematic representation of YFP-SMASh, SMASh and SMASh ACS. (B) HEK 293T cells in 24 wells were infected
with SAD eGFP, SAD YFP-SMASh, SAD SMASh or SAD SMASh ACS (MOI=3) and treated with 3 uM DNV or DMSO at
24 h. p. i.. Cells were lysed 24 hours later for Western blot analysis. (C) For Quantification of cell death similar
experiment was performed with SAD L16 as control. Resazurin assay was conducted 24 h. p. DNV.

3.1.11 NS3/4A protease activity does not play a role in SMASh related killing

In context of HCV, the serine protease NS3/4A is essential for viral replication processing the polyprotein
at various junctions and releasing thereby other non-structural proteins. In addition to that it plays an
important role combating host cell defense mechanisms. Thus, NS3/4A counteracts innate immunity by
hydrolyzing two key adaptors for innate antiviral signaling pathways, the mitochondrial antiviral signaling
protein MAVS ((Li et al. 2005b; Meylan et al. 2005) and TIRF (TIR domain containing adaptor inducing IFN-
B) (Li et al. 2005a). Furthermore, TC-PTP (T-cell protein tyrosine phosphatase) is downregulated by its

cleaving leading to enhancement of EGF-signaling (Brenndérfer et al. 2009).

84



3 - Results

Since the NS3/4A protease sequence is slightly altered in the SMASh-tag, there might be other substrates
that become accessible for the protease. The three residues His57, Asp81 and Ser139 (referring to the
original HCV NS3 sequence) form the catalytic triad. Mutation of any residue results in disruption of the
catalytic activity. To address the question, whether the NS3 protease hydrolyzes a cellular protein causing
apoptosis, we produced SAD YFP-SMASh S139A containing an inactive NS3 protease and compared it with
the original SAD YFP-SMASh. It has to be mentioned that the residue 139 refers thereby to the original
HCV NS3.
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Figure 32: NS3 protease activity is not important for SMASh related killing.

(A) Representation of the SMASh-tag sequence. Black asterisks indicate the catalytic triad of the NS3 protease. The
mutated HCV NS3 S139 residue is highlighted by an additional green asterisk. (B) HEK 293T cells in 24 wells were
infected with SAD eGFP, SAD YFP-SMASh or SAD YFP-SMASh S139A or SAD SMASh ACS (MOI=3) and treated with
3 uM DNV (+) or DMSO (-) at 24 h. p. i.. Cells were lysed 24 hours later for Western blot analysis. Note that S139A
has lost the ability to (auto)cleave the YFP fusion protein. Black arrow indicates size of cleaved YFP, grey arrow of
respective fusion protein; white arrow indicates additional band (C) Similar experiment was performed in 96 well in
triplicates followed by resazurin assay at 24 h. p. DNV. Each bar and error bar represents mean + SD of technical
replicates. n.s.: not significant.
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By probing with a GFP antibody recognizing YFP as well, cleavage of YFP and inhibition of cleavage by the
inhibitor could be analyzed. SAD YFP-SMASh S139A did not cleave the SMASh-tag resulting in full-length
fusion protein with the size of approximately 59 kDa (grey arrow), also in the absence of inhibitor.
Surprisingly, an additional protein band of approximately 37 kDa (white arrow) in SAD YFP-SMASh and
SAD YFP-SMASh S139A samples differing in thickness in DMSO and DNV treated samples could be
detected. As it appears in S139A, this indicates NS3/4A independent processing of the YFP-SMASh fusion
protein within the SMASh-tag, which was not further followed. Importantly, drug treatment resulted in
comparable toxicity of protease competent and incompetent constructs. A slight PARP cleavage was also
detected in DMSO treatment and in mock treatment (Figure 32B). However, independent viability assay
with resazurin could reveal no significant difference compared to SAD YFP-SMASh (Figure 32C). To further
compare SAD YFP-SMASh and SAD YFP-SMASh S139A, a real time viability assay was applied. In a first
experiment, we measured viability after inhibitor treatment at 24 hours post infection (Figure 33A). In a
second experiment, DNV was added directly at timepoint of infection, followed by viability monitoring
(Figure 33B). In both cases the S139A mutant behaved like SAD YFP-SMASh. For this reason, we concluded
that the NS3/4A protease activity is not important for killing. Instead, these results indicate that binding
of the inhibitor to the active or inactive protease is required for apoptosis, and cleavage is not required.
For this reason, we assumed that the NS3 inhibitor might trigger a conformational change leading to the

initiation of apoptosis.
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Figure 33: Mutation within the catalytic triad of NS3 protease has no effect on killing kinetic.

(A) HEK 293T cells in 96 wells were infected with SAD YFP-SMASh or SAD YFP-SMASh S139A (MOI=3) and treated with
3 UM DNV or DMSO either at 24 h. p. i.. (A) or directly at timepoint of infection (B). Then, real time viability was
determined at various timepoints. Dots and error bars represent mean + SD of technical triplicates.
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3.1.12 Truncated SMASh is not toxic upon inhibitor treatment

Previous experiments displayed that the NS3 protease catalytic activity does not play a role in killing letting
the question of the cytotoxic component within SMASh open. With the aim to gain more insights in how
apoptosis is triggered, we generated plasmids expressing differently truncated YFP-SMASh constructs.
Thus, the original YFP-SMASh was compared with YFP-SMASh-heli-stop and YFP-SMASh-prot-stop, having
a stop codon after the helicase domain or the protease domain, respectively (Figure 34A). All constructs
were subjected to a killing assay. Twenty-four hours post transfection 3 uM DNV was added, and cells
were lysed 28 hours later for Western blot analysis. Additional to the determination of cytotoxicity by
PARP cleavage, we examined the ability of the protease to cleave or degrade the YFP fusion protein,
respectively, by using a GFP antibody. Interestingly, we could detect conditional cytotoxicity only in the
original YFP-SMASh samples. Both truncated versions, YFP-SMASh-heli-stop and YFP-SMASh-prot-stop, did

not induce apoptosis after inhibitor treatment.

DNV should block cleavage leading to the retainment of the fusion protein, which is usually directly
degraded. Hence, in pCAGGS YFP-SMASh transfected cells, almost no fusion protein was detected in
inhibitor condition. In contrast, truncations resulted in impaired degradation ability indicated by clearly
detectable full-length fusion protein of DNV treated cells. This was expected because NS4A served also as
part of the degron. In case of YFP-SMASh-heli-stop YFP-SMASh fusion protein was also present in DMSO
control treatment suggesting that the cleavage between the SMASh-tag and YFP was compromised as well.
This was not observed in YFP-SMASh-prot-stop samples, although it has to be mentioned that expression
levels were lower as well (Figure 34B). Taken together, larger modification of the SMASh-tag, which are
made by truncations, led to the loss of conditional cytotoxicity, but also affected degradation and cleavage
of the fusion protein. All in all, these data support the hypothesis that inhibitor binding induces a

conformational change of the SMASh-tag which is then able to initiate apoptosis.
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Figure 34: Truncated SMASh is not able to induce cell death.

(A) Schematic representation of YFP-SMASh, YFP-SMASh-heli-stop and YFP-SMASh-prot-stop (B) HEK 293T cells in 24
wells were transfected with 500 ng pCAGGS YFP-SMASh, pCAGGS YFP-SMASh-heli-stop and pCAGGS YFP-SMASh-
prot-stop and treated with 3 uM DNV (+) or DMSO (-) at 24 h. p. t.. Cells were lysed 28 hours later for Western blot
analysis. Black arrow indicates size of cleaved YFP, grey arrow of respective fusion protein.

3.1.13 N-terminal fusion of SMASh is slightly toxic without inhibitor

Previous experiments displayed a high cytotoxicity of the authentic SMASh-tag upon inhibitor treatment.
However, studies concentrated on C-terminal fusion of the SMASh-tag. The SMASh-tag can also be fused

N-terminally on a protein of interest. For this approach, Chung and colleagues optimized the tag by
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inserting a 6-aa linker within NS4A. Furthermore, the NS4A domain has three additional amino acids at its
C-terminus (Chung et al. 2015). To evaluate whether N-terminal fusion of SMASh to a protein leads to
apoptosis as well, we compared YFP-SMASh and SMASh-YFP after 6 hours post DNV, which was added
24 hours post transfection. Similar cytotoxic effect was observed in pC6 SMASh-YFP and
pCAGGS YFP-SMASh transfected cells after DNV treatment. Interestingly, SMASh-YFP slightly induced
apoptosis in the non-drug control as well. It has to be mentioned that different vectors were used in this
experiment (Figure 35A). To exclude the vector as reason for cytotoxicity, we generated pCAGGS SMASh-P
and compared it to pCAGGS P-SMASh within a killing assay in HEK 293T cells as before. Again, SMASh-P
had not only a toxic effect in DNV treated cells, but also within the DMSO control. Thus, PARP was cleaved

equally after inhibitor and non-inhibitor treatment (Figure 35B).

In order to confirm these results SAD SMASh-YFP was generated. Killing assay with SAD SMASh-YFP and
SAD YFP-SMASh was conducted, and cell viability determined 24 hours post DNV. After that, cells were
lysed for Western blot analysis. Again, apoptosis was induced after DNV treatment in both,
SAD YFP-SMASh and SMASh-YFP samples. A slight band of cleaved PARP could also be detected in
SAD SMASh-YFP control cells, which corresponds to the drop in cell viability measured via resazurin assay.
Of note, also in SAD L16 control a reduction of cell viability was determined, although no major PARP

cleavage was detectable (Figure 35C, D).

All in all, these results correspond well to findings of previous mentioned experiments. Together, these
data provide evidence that the N-terminally fused SMASh-tag is toxic even in the absence of inhibitor,

although not to a comparable extent as after addition of DNV.
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Figure 35: N-terminal SMASh induces cell death already without inhibitor.

(A) HEK 293T cells in 24 wells were transfected with 500 ng pCAGGS YFP-SMASh or pC6 SMASh-YFP and treated
24 hours later with 3 uM DNV (+) or DMSO (-) followed by lysing the cells for Western blot analysis at 6 h. p. DNV.
(B) Killing assay with pCAGGS P-SMASh and pCAGGS SMASh-P with same kinetic as before. Transfection was done
with 500 ng of pCAGGS P-SMASh or pCAGGS SMASh-P. (C, D) HEK 293T cells were infected with SAD L16,
SAD YFP-SMASh or SAD SMASh-YFP (MOI=3) and treated with 3 uM DNV (+) or DMSO (-) 24 h. p. i.. Additional
24 hours later cells were lysed for Western blot analysis (C) after cell viability was determined via resazurin (D).

3.2 Non-toxic controllable RABV viruses

RABV is a neurotropic virus that spreads from neuron to neuron in exclusively retrograde manner. This
feature was harnessed already decades ago and non-recombinant RABV used as neuronal tracer e.g. for

mapping multiple neurons within a pathway or disease (Astic et al. 1993; Ugolini 1995). In order to map

91



3 - Results

direct neuronal connections a recombinant single-round RABV AG virus is commonly used. Thereby, a
starter neuron that expresses not only the RABV glycoprotein but also the EnvA receptor (TVA), is infected
with RABV AG (EnvA) pseudotyped with the avian viral EnvA envelope protein. Viral spread is supported
by RABV G expression in starter cells but limited to one single round staining thereby only direct connected
neurons. Nowadays, this technique represents the gold standard for monosynaptic tracing and brought
insights on neural connectivity and brain circuitry. However, RABV is to some degree cytopathic, leading
to degeneration of neurons after approximately two weeks. In consequence long term studies are so far
not possible. To overcome this limitation a controllable RABV might be helpful. This could allow a regulated

on-switch of the tracer or shut down before a cytopathic effect.
3.2.1 SAD AG eGFP L-SMASh and SAD AG eGFP SMASh-L are not suitable for virus control

SMASh fused to the RABV P or N induced cell death when the NS3 inhibitor was applied to an established
infection. In contrast, fusion to the RNA-dependent RNA polymerase L had no cytotoxic effect, possibly
because of low expression levels (Masterthesis V. Pfaffinger 2016). Hence, we aimed to clarify whether
viruses containing SMASh-L or L-SMASh are suitable as controllable viruses. Since single-round viruses
lacking the glycoprotein are usually taken for neuronal tracing approaches, experiments were performed
with SAD AG eGFP viruses on mESC derived neurons (mESC derived neurons were kindly provided by Chloé
Scordel and Maximilian Eizinger). In addition to SAD AG eGFP L-SMASh and SAD AG eGFP SMASh-L we used
SAD AG eGFP N-SMASh and SAD AG eGFP as controls. In this experiment, cells were infected with a MOI
of 1 and treated at the same time with DNV or DMSO. In accordance with the standard procedure of
handling mESC derived neurons, two days later half of the media was replaced by fresh one supplemented
with the NS3 inhibitor or DMSO. Four days post infection neurons infected with control viruses began to
degenerate. Neurons lost their pyramidal shape and started to aggregate. In consequence, microscopic

pictures were taken, and lysed cells subjected to Western blot analysis.

Interestingly, DNV had almost no effect in SAD AG eGFP L-SMASh infected cells, showing green cells in
microscopic analysis and similar levels as DMSO treated cells of RABV N and P. In contrast, SAD AG eGFP
SMASh-L was affected by DNV treatment showing only little GFP signal (Figure 36A) and reduced N and P
levels 4 days post treatment (Figure 36B). However, infection was not completely inhibited, possibly
because small amounts of functional L proteins are sufficient for viral transcription and replication (see
Discussion). In consequence, the non-toxic SAD AG eGFP SMASh-L and SAD AG eGFP L-SMASh are not
suitable for neuronal tracing approaches since establishment of infection was in both cases possible, at

least to a certain degree, despite drug treatment.
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Figure 36: The NS3 inhibitor does not prevent infection of mESC derived neurons with SAD AG eGFP L-SMASh and
SAD AG eGFP SMASh-L.

mESC derived neurons were infected with SAD AG eGFP, SAD AG eGFP N-SMASh, SAD AG eGFP L-SMASh; SAD AG
eGFP SMASh-L (MOI=1) and simultaneously treated with 3 uM DNV or DMSO. After two days half of the media was
exchanged, and fresh media was supplemented with 3 uM DNV (+) or DMSO (-). Four days post infection microscopic
pictures were taken (A) and cells were lysed for Western blot analysis (B). Scale bar: 250 um.

3.2.2 Generation of a non-toxic tag

Previous experiments showed that SMASh fusion to the polymerase L is not suitable for complete control

of viral growth. A fusion to the nucleoprotein might be interesting for virus switch-off/on but leads to cell
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death when drug treatment occurs after establishment of infection. In fact, a non-cytotoxic tag that would
allow virus control post infection is of great interest. For example, virus vectors encoding Cre recombinase
for switching on cellular Cre-dependent reporters or indicators could be silenced after Cre delivery and

imaged on long term. For this reason, we aimed to generate a non-toxic SMASh-derived tag.

Experiments with truncated SMASh-tags suggested that major changes within the tag can abolish
cytotoxicity (Figure 34). Although the NS3 protease is enzymatically active without NS4A, this cofactor
enhances cleavage ability by stabilizing the catalytic triad (Butkiewicz et al. 1996; Kramer et al. 2014;
Hamad et al. 2016). In HCV the NS3 helicase is important for RNA binding and unwinding, whereas in
context of SMASh, the major part of the helicase domain is deleted and extant parts serve together with
NS4A as degron. Thus, we decided to remove the remaining SMASh helicase domain and compensate the
impaired degradation ability with a PEST sequence at the C-terminus. PEST sequences are proline (P),
glutamic acid (E), serine (S), and threonine (T) rich motifs that functions as signal for rapid intracellular
degradation (Rogers et al. 1986; Rechsteiner and Rogers 1996). The new tag is called terminator-tagl (tt1).
In an additional construct (terminator-tag2; tt2), we further modified NS4A and depleted its membrane
anchor domain. Another tag was designed similarly to the terminator-tag2, but the minimalized NS4A was
moved to a position upstream of the NS3 protease and connected with a linker (terminator tag4; tt4).
Moreover, we included a construct with the minimalized NS4A N-terminal upstream of the minimal NS3
protease that consists of the first 180 amino acids of NS3 (terminator tag 3; tt3). Plasmids with NS4A-NS3
fusion cDNAs were kindly provided by Norbert Tautz. New plasmids were created by replacing the SMASh-
tag of pCAGGS YFP-SMASh with each of the terminator tags (Figure 37A).

Then, all constructs were compared to the original pCAGGS YFP-SMASh and evaluated with respect to
cytotoxicity, cleavage, degradation, and virus inhibition. Therefore, HEK 293T cells were transfected and
treated with DNV or DMSO 24 hours later. After additional 23 hours cells were lysed and analyzed via
Western blot. As indicated by PARP cleavage only YFP-SMASh was conditionally cytotoxic, whereas all four
terminator-tags did not induce cell death. Notably, similar levels of YFP could be observed in DMSO and
DNV treated cells, and the full-length proteins were not detectable. This suggests that the protease was
not inhibitable by DNV in tt3 and tt4, although the catalytic domain of NS3 was not altered. In case of
YFP-tt2, protein bands corresponding to the uncleaved fusion protein as well as cleaved YFP were clearly
detected after DNV treatment. As consequence, we concluded that inhibition as well as degradation of
terminator-tag2 was impaired. Interestingly, only pCAGGS YFP-ttl transfected samples displayed no

cleaved YFP after drug treatment suggesting a complete inhibition comparable to the authentic SMASh-tag
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(Figure 37B). However, degradation of the full-length protein by the PEST sequence was less effective

compared to the SMASh-tag. We therefore decided to continue with tt1 for further analysis.
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Figure 37: pCAGGS YFP-tt1 is not cytotoxic upon inhibitor treatment.

(A) Schematic representation of SMASh-tag and terminator-tag (tt) 1-4 fused to YFP (B) HEK 293T cells in 24 wells
were transfected with 500 ng pCAGGS, pCAGGS YFP-SMASh, pCAGGS YFP-tt1, pCAGGS YFP-tt2, pCAGGS YFP-tt3 or
pCAGGS YFP-tt4. After 24 h. p. t. cells were treated with 3 UM DNV (+) or DMSO (-). Additional 23 hours later cell lysis
was done for Western Blot analysis. Note that only YFP-tt1 is susceptible to DNV inhibition.
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Thus, viruses with tt1 fused to the nucleoprotein and phosphoprotein, respectively, were generated. In
order to confirm the loss of cytotoxicity, SAD N-tt1 and SAD eGFP P-tt1 were compared to SAD N-SMASh
and SAD eGFP P-SMASh in a killing assay. Therefore, HEK 293T cells were infected with respective viruses
and DNV or DMSO added 24 hours later. To determine any cytotoxic effect, cells were analyzed 48 hours
after DNV treatment. Indeed, ttl did not cause cell death regardless of the fusion protein and DNV or
DMSO treatment (Figure 38A). This corresponds to Western blot results showing no cleaved PARP in
SAD N-ttl and SAD eGFP P-ttl infected cells. Furthermore, substantial reduction of RABV N levels in
SAD N-ttl and of RABV P in SAD eGFP P-ttl could be observed upon inhibitor treatment indicating a
functional, but non-toxic tag (Figure 38B). While non-degraded P fusion proteins are expected to retain

some functionality, this is not expected for N fusion protein (see Discussion) is still functional.
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Figure 38: SAD N-ttl and SAD P-ttl are not toxic upon inhibitor treatment and can be regulated.

HEK 293T cells were infected with SAD N-ttl, SAD eGFP P-ttl (MOI=3). As control infection was done with
SAD N-SMASh or SAD eGFP P-SMASh. After 24 hours cells were treated with 3 uM DNV (+) or DMSO (-) and analyzed
48 h. p. DNV in regard to cytotoxicity via microscope (A) and Western blot (B). Scale bar: 100 um.
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3.2.3 Viral growth of Terminator-tagl viruses is similar to SMASh viruses

In order to investigate if the slightly impaired ability to degrade N- and P- fusion proteins affects viral
replication and inhibition respectively, we compared growth kinetics of tt1 and SMASh viruses. Therefore,
multistep growth curves of SAD N-tt1 and SAD N-SMASh as well as SAD eGFP P-tt1 and SAD eGFP P-SMASh
were determined in BSR T7 cells. For control SAD L16 and SAD eGFP were included. First, growth analysis
was conducted in the absence of DNV. SAD eGFP P-ttl showed similar growth kinetics as
SAD eGFP P-SMASh and the control viruses reaching viral titers of approximately 108 ffu/mL after 48 hours.
Growth of SAD N-tt1 as well as SAD N-SMASh was slightly attenuated and showed about 1 log lower titers

at any measured timepoint compared to the control viruses (Figure 39A, B).

Next, we conducted the same experiment in presence of the inhibitor. Initial infection was done without
inhibition, and DNV was supplied after media exchange at 5 h. p. i.. Addition of DNV led to similarly reduced
viral growth in SAD eGFP P-tt1 and SAD eGFP P-SMASh, reaching a plateau at around 10* ffu/mL between
48 and 72 hours p.i.. In case of SAD N-tt1 reduction of viral titers was even stronger and was even slightly
decreasing after 72 hours. Same was observed with SAD N-SMASh (Figure 39C, D). We assumed that
5 hours of initial infection were enough to allow viral release of tt1 viruses into the supernatant for at least

2 days.

All in all, viruses with tt1 fusion to RABV N or P show identical growth as viruses with SMASh fusion to
respective proteins in presence or absence of the inhibitor. Therefore, we concluded that the ttl1-tag is as
functional as the SMASh-tag, but not toxic. Furthermore, non-degraded fusion protein seems to have no

impact.
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Figure 39: Terminator tag viruses display similar growth kinetic as SMASh viruses.

Multistep growth curves were performed on BSR T7 cells with SAD L16, SAD eGFP, SAD eGFP P-SMASh,
SAD eGFP P-tt1, SAD N-SMASh and SAD N-tt1. Cells were infected (MOI=0.01), followed by a media exchange 5 hours
later. Then, supernatant samples were harvested at the indicated time points. Respective titers (ffu/mL) were
determined by titration on BSR T7 cells. (A, B) Growth kinetic without inhibitor. (C, D) Growth kinetic with 3 uM DNV
addition after media exchange.

3.2.4 Establishment of tt1-virus infection can be prevented

During previous growth curve analysis DNV was added 5 hours post infection in order to initiate infection
beforehand. This led the question open whether an establishment of infection of ttl viruses can be
prevented with the protease inhibitor. To examine this, BSR T7 cells were infected with a high MOI of three
and treated at the same time with DNV or DMSO for 4 days. As before, SAD N-tt1 and SAD eGFP P-tt1 were
compared with SAD N-SMASh and SAD eGFP P-SMASh, respectively.

98



3 - Results

As expected, protein levels of SMASh viruses and respective ttl viruses were similar in each condition. In
SAD eGFP P-ttl infected cells RABV P was almost not detectable and also RABV N levels were slightly
reduced. Strikingly, SAD N-tt1 infected cells display not only complete absence of RABV N, but also RABV P
was almost not detectable as well (Figure 40). We concluded that protein control of P-ttl and N-ttl is
possible in both cases. However, tagging the nucleoprotein might enable a faster virus control because

inactivation or degradation of newly made RABV N had an enormous effect on other viral proteins (see

Discussion).
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Figure 40: Establishment of SAD N-tt11 and SAD eGFP P-ttl infection can be prevented.
BSR T7 cells were infected with SAD eGFP P-SMASh, SAD eGFP P-tt1, SAD N-SMASh or SAD N-tt1 (MOI=3) and directly
treated with 3 UM DNV (+) or DMSO (-). 96 hours later cells were lysed and subjected to Western blot analysis.

3.2.5 Curing of tt1-virus infection

Next, we aimed to investigate the possibility of curing of cell cultures after infection by SAD N-ttl or
SAD eGFP P-ttl. This is of particular interest as it would allow a longer duration for analysis in neuronal
tracing approaches with similar experimental settings as before. For this experiment, neuronal cells were
not available. Instead hIPSC derived astrocytes (kindly provided by Giovanna Sonsalla from AG Go6tz) were
infected with SAD N-tt1 or SAD eGFP P-tt1 with a MOI of 1 for 3 days. Non-tagged SAD eGFP served as
control. After 3 days, media were replaced with fresh ones supplemented with DNV or DMSO. Since regular
media exchange was necessary every 3 to 4 days, these timepoints were used for collecting supernatant

samples to determine viral titers. After 18 days the experiment was stopped due to degeneration of cells.
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A schematic representation of the experimental setup is depicted in Figure 41A. Of note, viral titers
represent virus production of previous 3 or 4 days, depending on the beforehand media exchange. This is
in contrast to growth kinetics, where media was only exchanged after infection initiation and total virus

accumulation was determined afterwards at each timepoint.

As expected, SAD eGFP P-ttl control display equal titers as SAD eGFP, whereas treatment with the
protease inhibitor caused diminished virus production. This effect was even more strikingly in case of
SAD N-tt1, where viral production was completely blocked after 10 days post drug treatment. As seen in
other experiments, SAD N-tt1 was attenuated showing lower virus production as the other viruses (Figure
41B, C). Allin all, these results fit very well to previous experiments. Thus, SAD eGFP P-tt1 can be regulated,
but virus production last longer after infection and inhibitor treatment than in case of SAD N-ttl. In

contrast, virus control of SAD N-tt1 is relatively rapid.
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Figure 41: Curing hIPSC derived astrocytes of SAD N-tt1 is possible.

(A) Schematic representation of experimental setup. hIPSC-derived astrocytes were infected with SAD eGFP, SAD
eGFP P-tt1 or SAD N-tt1 (MOI=1) for three days. Then, media was exchanged and fresh one supplemented with 3 uM
DNV or DMSO. Thereby, supernatant (SN) was collected for later titration on BSR T7 cells. As indicated this step was
repeated every 3 to 4 days until day 18. (A) Viral titer of SAD eGFP and SAD eGFP P-tt1. (B) viral titer of SAD eGFP and
(C) SAD N-tt1.

3.2.6 Generation of SAD AG Cre-T2A-eGFP N-tt1

Since previous experiment revealed ttl fusion to the nucleoprotein as most efficient regarding virus
regulation, we generated a respective SAD AG virus expressing a Cre recombinase linked via T2A to eGFP.
The so-called SAD AG Cre-T2A-eGFP N-tt1 was successfully rescued and pseudotyped with SAD-G for first

experiments. In order to validate whether Cre recombination functions accurately, HEK 293T cells were
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transfected with the reporter plasmid pCDH-EF1-DOI-tdTomato containing a floxed tdTomato followed by
media exchange and infection with SAD AG Cre-T2A-eGFP N-ttl (MOI=1) 10 h. p. t.. For control only
transfection and only infection, respectively, was done. Two days later, cells were analyzed via microscope.
Hence, red fluorescence should only appear after successful recombination. As expected we could not see
any red cells in the control cultures. Only when cells were transfected with the reporter plasmid and
infected with SAD AG Cre-T2A-eGFP N-ttl (SAD-G) at the same time, a red fluorescent signal was
detectable (Figure 42). This indicates a successful recombination, which is indeed Cre dependent. In
conclusion, SAD AG Cre-T2A-eGFP N-ttl appears to be a perfect candidate for long term neuronal tracing
approaches allowing virus shutdown after non-toxic staining with the help of the virus-encoded Cre
recombinase. For monosynaptic tracing, viruses pseudotyped with EnvA as described previously, can be

provided.

Brightfield mCherry

(no transfection)
+ SAD AG Cre-T2A-eGFP N-tt1 (SAD-G)

Figure 42: Cre recombinase in SAD AG eGFP-Cre N-tt1 (SAD-G) is functional.

HEK 293T cells were transfected with 500 ng of the reporter plasmid pCDH-EF1-DOI-tdTomato. A media exchange
was performed 10 h. p. t. and cells infected with SAD AG Cre-T2A-eGFP N-tt1 (MOI=1). Two days later, cells were
analyzed via microscope. Scale bar: 100 um.

pCDH-EF1-DOI-tdTomato
+ SAD AG Cre-T2A-eGFP N-tt1 (SAD-G)

pCDH-EF1-DOI-tdTomato
(no infection)
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4 Discussion

4.1 Induction of apoptosis by SMASh

Apoptosis as a highly regulated form of cell death is an important process within multicellular organisms
to ensure normal homeostasis, physiology, and tissue function. With this process, the organism is able to
remove damaged or malfunctional cells, or cells that are no longer needed. Furthermore, organisms use
apoptosis to eliminate spread of pathogens by depletion of infested cells. For this reason, apoptosis often
plays a crucial role during infection. To evade those host defense mechanisms or to retard them viruses
have evolved different strategies to inhibit the fatal outcome. However, some viruses are known to even

induce apoptosis. In fact, in many cases viruses exhibit both pro- and anti-apoptotic activity.

For example, HCV was shown to inhibit as well as induce apoptosis. Especially the role of the core (Chou
et al. 2005; Saito et al. 2006), E2 (Lee et al. 2005; Chiou et al. 2006), NS3 (Prikhod'ko et al. 2004; Tanaka et
al. 2006) and NS5A (Siavoshian et al. 2005; Wang et al. 2006) protein is controversially discussed and

function either pro- or anti-apoptotically depending on the experimental setting.

Based on HCV NS3/4A, Chung and colleagues invented the SMASh protein degradation tag (Chung et al.
2015). We found that the SMASh-tag alone is not toxic but induces apoptosis after addition of a NS3
inhibitor, most strikingly in case of SAD P-SMASh (Figure 12). Interestingly, a cytotoxic effect of SMASh was
not found by the inventors. Chung and colleagues engineered Measles virus (MeV) and replaced the MeV
P Protein by MeV P-SMASh. (Chung et al. 2015). However, MeV is naturally cytopathic in cell culture (Griffin
et al. 2012; Guillerme et al. 2013), which could be the reason why a SMASh-induced toxicity was not

noticed.

Although a specific host cell protein that is responsible for cell death could not be found in the scope of
this thesis, analysis of different cells as well as different virus constructs gave new insights on SMASh-

induced cytotoxicity. Those will be discussed in the following.
4.1.1 Expression levels are important

Previously, we could identify the induction of apoptosis upon NS3 inhibitor treatment after establishment
of an infection with a SMASh-tagged RABV. Within this thesis one aim was to further characterize cell
death induced by SMASh and inhibitor treatment. Experiments in our group showed already that for

SAD P-SMASh a time duration of 8 hours is needed until cytotoxicity can be induced by DNV. However,
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more time between infection and inhibitor treatment led to higher levels of cell death (Masterthesis V.
Pfaffinger 2016). Therefore, we assumed that expression levels might play an important role for the

cytotoxicity levels.

To further investigate this hypothesis, real time viability experiments were performed with different
SMASh-tagged viruses. SAD P-SMASh killed HEK293T at fasted speed and highest rate, followed by
SAD N-SMASh and SAD YFP-SMASh (Figure 12). Interestingly, this does not correspond to the
transcriptional gradient, that is usually generated by RABV resulting in most abundant N protein levels,
followed by P, M, G and L (Albertini et al. 2011; Fodor 2020). Following this, one would expect
SAD N-SMASh to be the most cytotoxic virus upon drug treatment. However, SAD P-SMASh was found to
be significantly more cytotoxic. Reasons for this observation could be the following: as observed in growth
curve analysis, SAD N-SMASh appears to be slightly attenuated (Figure 11). This attenuation might be
caused by the few extra amino acids, namely DEMMEC, remaining at the C-terminus after cleavage
interfering with proper encapsidation of the viral genome. In contrast, the functionality of RABV P does
not seem to be affected these extra amino acids at its C-terminus. Additionally, SAD L-SMASh and
SAD SMASh-L, which naturally only express low levels of L, did not become cytotoxic upon inhibitor
treatment. In any case, no cytotoxicity was observed when inhibitor was added before infection, as this

prevented virus replication and accumulation of SMASh-fusion proteins.

In contrast to SAD N-, P-, and L-SMASh, respectively, SAD YFP-SMASh represents a special case because
the SMASh is not fused to a viral protein. Thus, viral growth was not affected by inhibitor addition at any
time, leading to constant accumulation of fusion protein (Figure 11). YFP-SMASh was introduced between
the genes G and L. Due to the start stop mechanism during gene expression, a lower expression of
YFP-SMASh than of P-SMASh can be expected at similar time points after infection. This might be the
explanation for the fact that only a low cytotoxicity was observed after a few hours of inhibitor treatment,
which increased significantly over time (Figure 12). Thus, the reason why the inventor of the SMASh-tag
did not observe a cytotoxic effect of SMASh could also be due to low expression levels of SMASh in their
case. Moreover, the establishment of infection before inhibitor treatment seems to be crucial. This fits
also to the fact, that SAD N-SMASh and SAD P-SMASh were not toxic at all, when inhibitor is added at

infection, whereas SAD YFP-SMASh needed a certain time to become cytotoxic in this scenario (Figure 13).

Importantly, we could demonstrate that SMASh was not only toxic when expressed in the viral context,
but also after plasmid transfection revealing that viral trigger is not needed for SMASh-related cytotoxicity.

Moreover, similar expression levels led to similar cytotoxicity within a killing assay. Only P-SMASh was
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higher expressed by SAD which might be the reason for higher toxicity upon DNV addition (Figure 14). As
mentioned before, viruses with tagged viral proteins did not become toxic when inhibitor was applied
directly at infection (Figure 12). All together, these data strongly indicate, that a certain level of expression
level of respective SMASh-tagged protein is indeed essential in order to induce apoptosis upon inhibitor
treatment. Indeed, lower expression levels might also be the reason, why the inventors of the SMASh-tag
did not report any cytotoxicity (Chung et al. 2015). Additionally, Chung generated not RABV, but SMASh-

tagged MeVs, which are naturally cytopathic in cell culture (Griffin et al. 2012; Guillerme et al. 2013).

As mentioned before, the greatest cytotoxicity levels were observed with SAD P-SMASh. Therefore,
standard killing assay included this virus and were performed 24 hours of infection, followed by addition
of 3 UM NS3 inhibitor. Microscopic analysis indicated already a fast induction of apoptosis (Figure 9).
Nevertheless, we were further interested in the exact timing. To this end, a real time Annexin V binding
assay was performed. Annexin V binding to a cell happens during apoptosis due to the exposure of
phosphatidylserine (PS) on the outer leaflet of the membrane. Strikingly, Annexin V bound already after
1 hour of DNV treatment to the SAD P-SMASh infected cells (Figure 15), indicating an instant induction of
apoptosis by the inhibitor binding. Of note, Annexin V is also able to bind PS during necrosis. However, we
excluded this lytic cell death because we could not detect any significant LDH release (Figure 15).
Interestingly, Annexin V binding could also be observed in SAD L16 infected HEK 293T cells as well as in
SAD P-SMASh infected control cells after 24 hours post treatment (Figure 15). We could see this repeatedly
also in other experiments suggesting that wildtype RABV is cytotoxic to some extent independently of
SMASh. Usually, RABV is known to effectively evade the host immune system to silently reach the CNS.
Nevertheless, in the present thesis the attenuated vaccine strain SAD L16 was used, which has been shown
to be slightly cytotoxic. The exact mechanism how RABV induces apoptosis still remains unclear. It could
be shown that cytotoxicity correlates with higher expression levels of RABV G (Finke and Conzelmann
2005; Jackson et al. 2006; Suja et al. 2011). To clarify the induction of apoptosis in the context of RABV

infection particularly in human cells more studies are necessary in the future.

In case of SAD eGFP P-SMASh and DNV, Annexin V binding could be verified by flow cytometry showing
more than 75 % Annexin V positive cells (Figure 16). In fact, not only Annexin V binding could be detected
very early after inhibitor addition. Additional kinetic experiments with subsequent Western blot analysis
using a PARP antibody indicated PARP cleavage already one hour after drug treatment (Figure 17). PARP
is specifically cleaved into two distinct fragments at the late stage of apoptosis and serves therefore

commonly as marker for respective cell death (Gobeil et al. 2001). Altogether, cell death occurred very
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rapidly. This led us to the assumption that activation of a factor directly involved in apoptosis execution is

very likely.
4.1.2 Intracellular induction of apoptosis by SMASh

Many viral proteases cleave cellular factors and thereby modulate immune response. For example, the
Human Rhinovirus 3C protease interacts with cellular pro-survival and apoptotic pathways by cleaving
RIPK1 (Croft et al. 2018). Coxsackievirus protease 3Cpro cleaves the inhibitor of kBa and triggers thereby
apoptosis (Zaragoza et al. 2006). Furthermore, the HCV NS3 protease is known to prevent innate immune
response by cleaving the two cellular adaptor proteins MAVS and TRIF (Li et al. 2005a; Li et al. 2005b).
Previously, we could show that MAVS is cleaved by NS3/NS4A in context of SMASh but, as revealed in
MAVS-KO cells, does not play a role in killing (Masterthesis V. Pfaffinger 2016). By using constructs with
disrupted catalytic center (S139A) we could further confirm that the NS3 protease activity is not important
at all for apoptosis induction (Figure 32, Figure 33). This also fits with the findings showing cytotoxicity of
SAD YFP-SMASh despite complete inhibition which is indicated by the lack of cleaved proteins throughout
the duration of infection (Figure 13). Therefore, we concluded that the protease activity of SMASh is not
the reason for killing. This makes sense because the SMASh-tag only becomes cytotoxic once the protease

is inhibited.

In fact, apoptosis is directly induced by several viruses through various mechanisms. The PB1-F2 of
influenza A virus is one example for a protein, that is able to directly induce apoptosis. Forming pores by
PB1-F2 within the outer mitochondrial membrane in similar manner as by Bak and Bax leads to MOMP,
cytochrome c release and further activation of apoptosis (Chanturiya et al. 2004). Indeed, also indirect
activation by modulation of certain protein levels is possible. The Human Immunodeficiency virus type 1
Tat protein for example upregulates procaspase-8 levels, which leads to increasing apoptosis levels and
higher sensitivity to apoptotic stimuli (Bartz and Emerman 1999). Another example is viral dsRNA binding
to the cellular serine/threonine-protein kinase PKR. PKR activation leads to a shutdown of the cellular
translation machinery and apoptosis. Beside dsRNA, the PKR pathway is induced due to other stress

conditions like ER stress (Lee et al. 2007).

During the HCV life cycle proteins are synthesized at the ER (Moradpour et al. 2007). There, the NS3/4A
protease, beside other HCV proteins, is known to induce oxidative and ER stress (Bureau et al. 2001; Choi
et al. 2004; Rios-Ocampo et al. 2019). Interestingly, induction of PKR was observed during HCV infection
(Kang et al. 2009). Therefore, PKR appeared to be an interesting candidate for triggering SMASh related
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apoptosis. In order to analyze whether PKR also plays a role during SMASh killing, we generated
HEK 293T PKR”" cells. However, we could not detect any difference compared to wildtype cells (Figure 21).
As a consequence, we excluded PKR as key element of cell death triggered by SMASh. This fits also to the
fact, that PKR is unlikely to be triggered by expression plasmid, which led to a similar degree of cytotoxicity

as SMASh viruses (Figure 14).

Interestingly, the flaviviruses West Nile virus, Langat virus and HCV were shown to induce apoptosis in
vitro by binding and activating caspase-8 through the NS3 protease (Prikhod'ko et al. 2002; Prikhod'ko et
al. 2004; Ramanathan et al. 2006). In case of HCV NS3, four amino acids, which can be found also within
the SMASh-tag, played thereby a crucial role: LTHP. In consequence, we hypothesized that direct binding
of caspase-8 by NS3 could be also the reason for cell death induction by SMASh. However, different
mutations disrupting this motif had no influence on cytotoxicity (Figure 30). As the mutants in this thesis
were confined to SMASh-tag, i.e. a small part of the NS3 protease, a role of this motif in the context of

the full-length proteins, as published, remains possible.

By conducting caspase activation experiments, we could confirm that the initiator caspases -8, -9 and as
well as the effector caspase-3/-7 are activated (Figure 18). Involvement of those caspases, together with
caspase-10 was already previously identified by Western blot analysis (Masterthesis V. Pfaffinger 2016).
Furthermore, experiments with individual caspase inhibitors suggested a substantial role of caspase-8
and -10 and a minor role of caspase-9 in first place (Figure 19). Although those caspase inhibitors are
widely used, there are concerns regarding their specificity (Pereira and Song 2008; Pop and Salvesen 2009).
Indeed, we could not verify the major role of caspase-8 and -10 by using inhibitors. In contrast,
experiments with individual caspase-8, and -10 knockouts indicated that the presence of both caspases is
not essential for SMASh related killing (Figure 23, Figure 24, Figure 26). Notably, the caspase-10 antibody
used in this thesis was able to detect a band of about 58 kDa, which indeed corresponds to the size of
caspase-10, not only in wildtype HeLa and HeLa CASP87 cells, but also in HeLA CASP107 cells. Interestingly,
the band disappeared upon treatment with DNV (Figure 23). Since this antibody is a polyclonal antibody
and caspase-8 and -10 are closely related, it is very likely that this caspase-10 antibody crossreacts with

the 55 kDa procaspase-8.

Infection of Hela CASP87 cells led to reduced viability even without SMASh (Figure 23). This was
unexpected and was not observed in HEK 293T CASP8”. Caspase-8 plays a crucial role in the fate of a cell
as it is an important element of extrinsic apoptosis and suppresses the induction of necroptosis once it is

active. Thus, in absence of active Caspase-8, RIPK1 and RIPK3 are able to mediate necroptosis. However,
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this would require the activation of the death receptors by stress molecules such as pathogen-associated
molecular patterns (PAMPS) and danger-associated molecular patterns (DAMPS) (Yan et al. 2020;
Bertheloot et al. 2021), which was so far not shown for RABV. In addition to apoptotic and necroptotic cell
death, caspase-8 also influences inflammatory pathways such as IFN and NF-kB signaling. For instance,
caspase-8 was shown to negatively regulate viral RNA-triggered type | IFN signaling by cleaving RIPK1.
(Rajput et al. 2011). Furthermore, cleavage of RIPK1 by Caspase-8 prevents induction of the NF-kB pathway
(Rébé et al. 2007; Bertheloot et al. 2021). In conclusion, Caspase-8 deficiency may lead to impaired
antiviral response. If this is the case in HeLa CASP8 cells, and which signaling is affected specifically needs

to be determined.

Besides individual CASP8 and CASP10 knockout cells, HEK 293T CASP8/10 double knockouts were
generated. Although genomic sequence exhibited mainly out of frame mutations (data not shown),
complete CASP8/10 double knockout could not be ensured. In consequence, there is a certain probability
that both caspases can substitute each other. In fact, there are studies suggesting that caspase 10 is able
to functionally replace caspase-8 (Kischkel et al. 2001; Wang et al. 2001). However, the ability to substitute
caspase-8 is controversially discussed, as others report that caspase-10 lacks this ability (Sprick et al. 2002).
Interestingly, the group of Leverkus observed an inhibitory role of caspase-10 in regard of caspase-8 (Horn
et al. 2017). Nevertheless, we assumed a pro-apoptotic role for both caspases during SMASh related

apoptosis as both were cleaved during cell death.

Although caspase-8 and -10 are typically associated with extrinsic apoptosis involving ligand binding to a
death receptor (Bodmer et al. 2000; Kuang et al. 2000; Sprick et al. 2000), their activation upon SMASh
and NS3 inhibitor is not of extracellular nature. This could be already shown in previous work, where real
time microscopy with SAD AG eGFP P-SMASh revealed that SMASh related apoptosis is only induced in
infected cells, whereas bystander cells are not affected (Masterthesis V. Pfaffinger 2016). Here, we could
further confirm these findings by additional experiments with AG viruses that were unable to spread
(Figure 20). In addition, the hypothesis of an exclusive intracellular induction of apoptosis is supported by
the fact that HEK 293T FADD™ cells are still killable (Figure 22). FADD is a key adaptor protein during
extrinsic apoptosis and essential for apoptotic signal transmission from external ligands (Tourneur and
Chiocchia 2010). In conclusion, extracellular initiation of apoptosis as well as initiation by FADD were

excluded.

In order to receive more insights in SMASh induced apoptosis, we performed a whole genome knockout

screen. However, all knockout cells died upon SMASh and inhibitor treatment (data not shown). For this

108



4 - Discussion

reason, we assumed that not an exclusive single trigger is responsible for cell death, but rather multiple
pathways might be activated. This is also in line with the instant cell death that could be observed.
However, we could not exclude a major contribution of direct activation of the downstream caspase-3 in
first place leading to further activation of caspase-8, -10 and -9. To clarify this, experiments with CASP3
knockout cells would be required. Moreover, the screen was performed with SAD P-SMASh. As mentioned
above, SAD L16 as well as SAD P-SMASh alone led to slight cytotoxicity, which could be measured two days
post infection (Figure 15). Thus, there is the possibility, that survivors of SMASh were missed due to the

intrinsic cytotoxicity of viral infection.

How exactly SMASh induces apoptosis is still unclear. Co-immunoprecipitation using SAD P-SMASh failed
to determine a direct interaction partner for SMASh (data not shown). Fast degradation of the SMASh
fusion protein after inhibitor treatment might be one reason for this failure. In fact, there was no fusion
protein detectable in case of P-SMASh and N-SMASh and only minor levels of YFP-SMASh could be
observed. Proteasomal overload is one possibility for apoptosis induction. However, previous experiments

with the proteasomal inhibitor MG132 did not support this hypothesis (Masterthesis V. Pfaffinger 2016).

Moreover, the SMASh-tag is constantly degraded in absence of the inhibitor. In case of YFP-SMASh,
SMASh-tag and YFP have similar molecular weight. If proteasomal overload is the reason for cell death,
SAD YFP-SMASh should induce apoptosis also in absence of inhibitor, when reaching high viral titers and
therefore a certain expression level. However, we could not detect any cytotoxic effect in the absence of
DNV or ASV (Figure 12, Figure 13). For this reason, we discarded the hypothesis of proteasomal overload

as trigger for cell death.

Unfortunately, the levels of the different SMASh-tags could not be determined, even in the presence of
proteasome inhibitors. Thus, besides the proteasomal degradation, other pathways such as
endolysosomal or autophagosomal degradation might be involved. The fact that degradation of the
SMASh-tag appears to be fast led us to the assumption that only short binding or interaction is needed for
triggering apoptosis. As high expression is needed for cytotoxicity in addition, it might be that respective

binding is rather unspecific or weak.

4.1.3 Alterations of the SMASh-tag influencing its cytotoxicity

To gain further insights into how inhibition of SMASh activity induces apoptosis, we wanted to know which
parts of the tag are necessary for induction. For this purpose, mutants were generated that contain a stop

codon downstream of the protease domain or the helicase domain, respectively. Strikingly, SMASh lost its
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ability to induce cytotoxicity as soon as NS4A, or NS4A together with the helicase domain were removed
(Figure 34). Similar effect, however, could be observed by depleting the helicase, with the NS4A remaining
(Figure 38), indicating a combined activity. Together, we were not able to find a specific domain which is
responsible for the cytotoxicity. In contrast, the SMASh-tag as a whole appears to be necessary. In
consequence, it might be that NS3 inhibitor leads to a conformational change within the SMASh-tag to
achieve a “toxic conformation”. As soon as alterations are made, conformational change differs, which
seems to influence cytotoxicity. However, small modifications like mutations within the LTHP motif, as

mentioned before, might not influence conformation or its change upon inhibitor treatment.

Conformational changes of NS3/NS4A protease occur naturally during HCV life cycle. There,
conformational state is dependent on the pH modulating the ATPase and helicase activity of NS3 (Ventura
et al. 2014). During allosteric inhibitor binding, NS3 changes its conformation towards an inactive state, as
shown for HCV and other flaviviruses (Erbel et al. 2006; Wichapong et al. 2010; La Cruz et al. 2011; Xue et
al. 2014). The hypothesis of changed conformation after inhibitor treatment fits also to the fact, that slight
cytotoxicity was observed without NS3 inhibitor, when SMASh-tag was fused to the N-terminus of a
protein (Figure 35). Thus, it might be, that in the case of N-terminal fusion, the SMASh-tag takes already a
conformation which allows binding of certain proteins with low affinity inducing thereby apoptosis.
However, cytotoxicity was significantly enhanced by inhibitor addition. In consequence, inhibitor binding
could further alter the conformation of the SMASh-tag which allows binding of respective proteins with
higher affinity enabling more effective killing. Again, it has to be mentioned that we could not identify a

binding partner for SMASh so far.

Although SMASh is also toxic without fusion protein, the cleavage site seems to be important for
conditional cytotoxicity. Strikingly, deletion the cleavage site resulted in induction of high cytotoxicity,
independent of inhibitor treatment. However, no apoptotic markers such as cleaved PARP could be
detected (Figure 31). Thus, it remains unclear, whether another mode of regulated cell death is induced

in this case. To clarify this issue, further research is necessary in the future.

By analyzing the sequence of the SMASh-tag, we found an insert within the helicase domain containing
the four amino acids KIDT. Of note, this KIDT insertion was not further discussed by the inventors of SMASh
(Chung et al. 2015). Nevertheless, we assumed that this could serve as a linker, implemented to ensure
the correct cofactor function of NS4A or to enhance degradation efficiency of SMASh. Interestingly, a
mutant with KIDT replaced by four alanines showed slightly enhanced constitutive cytotoxicity, which was

detectable even before addition of any NS3 inhibitor (Figure 30).
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Altogether, there are various lines of evidence, that inhibitor treatment leads to a conformational change
of the SMASh-tag, which subsequently becomes cytotoxic. Mutations within the inhibitor binding site
could further clarify whether inhibitor binding is required. Thus, R155K and D168A mutations within the
binding pocket of the HCV NS3 protease were shown to lead to multi-drug resistance (Romano et al. 2012;
Soumana et al. 2014). Both amino acids appear in the SMASh-tag (see Figure 43) and might therefore

affect SMASh cytotoxicity. Hence, analyzing these mutations could be interesting in the future.
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Figure 43: ASV resistance mutations of HCV NS3 within the SMASh-tag.

HCV NS3 R155K and D168A mutations were shown to result in ASV resistance. R155 and D168 are indicated within
the SMASh sequence by red asterisks. Black asterisks indicate catalytic triad of the NS3 protease (modified from
Chung et al. 2015).

4.1.4 Model of SMASh induced apoptosis

Taken all findings together, we developed a model, how apoptosis might be induced by SMASh and
inhibitor treatment. As mentioned before, there are several indications that the NS3 inhibitor triggers a
conformational change of SMASh. Alteration in the conformation might allow binding of certain proteins
which are responsible for apoptotic fate. Which proteins are activated upon SMASh and inhibitor
treatment is still not clear. However, experiments with various cells including knockout cells as well as the
whole genome knockout screen indicated induction of multiple apoptotic pathways. Moreover, the need
of high expression levels might suggest a non-specific or low affinity binding or interaction. In
consequence, it could be speculated that several caspases are bound directly or via caspase interacting
proteins to SMASh after inhibitor treatment and induced simultaneously. Rapid induction of cell death
corroborates this theory of direct caspase activation. Once, caspases -8, -10, -9, -3 and-7 are activated,
cross activation of caspases and further progress of apoptosis could occur. This includes induction of the

effector caspase-3 and -7 by the initiator caspases -8, -10, -9, and vice versa.
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Additionally, Bid might be cleaved by caspase-8, which then forms pores in the outer mitochondrial
membrane and induces thereby so called mitochondrial outer membrane permeabilization (MOMP). As
consequence, cytochrome ¢ would be released into the cytoplasm, where it promotes the formation of
the apoptosome including heptamerized APAF-1 as well as pro-caspase-9. Within the apoptosome
dimerization and auto-catalytic cleavage of pro-caspase-9 and thus activation of caspase-9 could occur,
leading to further activation of caspase-3 and -7. As one substrate PARP is cleaved by the effector caspases

representing a hallmark of apoptosis (Figure 44).

Furthermore, it could be that caspase-3 is activated in first place and activates caspase-8, -9 and -10 later
on. Usually, the effector caspase is activated downstream of the initiator caspases -8, -9 and -10. After
activation caspase-3 cleavages further substrates such as PARP, but also amplifies the signal via a feedback
loop. Thereby, it further activates caspase -8, -9 and -10. With this amplification loop other caspase
molecules become activated at a certain time accelerating the apoptotic fate (Fujita et al. 2001; Twiddy
and Cain 2007; Ferreira et al. 2012). In consequence, it might be that caspase-3 is activated directly by
SMASh upon inhibitor binding and is therefore necessary to activate all other caspases. To test this
hypothesis, HEK 293T CASP3 knockout cells could be generated and used in killing assays. If caspase-3 is
directly and exclusively activated by SMASh, those cells should be resistant to cell death induced by
SMASh.

Indeed, another possibility is the induction of caspase-9 alone, which in turn activates extrinsic caspases
as well as effector caspases leading to final cell death. The activation of the mitochondrial apoptotic
pathway and induction of caspase-9 by HCV NS3/4A was already observed by Deng and colleagues (Deng
et al. 2008). In addition, other members of the Flaviviridae like the Japanese encephalitis virus induce
caspase-9 dependent apoptosis by NS3 (Yiang et al. 2013). Nevertheless, experiments with caspase
inhibitors support the first hypothesis involving induction of various caspases at the same time, as
caspase-9 inhibitor alone could not prevent cell death. This theory matches the results of the whole

genome knockout screen revealing no survivors.

In addition to caspase activation, cleavage of RIPK1, a key regulator of TNF-mediated apoptosis,
necroptosis and inflammatory pathways, upon addition of the protease inhibitor was already observed
during the master thesis (Masterthesis V. Pfaffinger 2016). RIPK1 mediates between pro- and anti-survival
pathways and is a natural substrate of caspase-8. Upon its cleavage, apoptotic fate is favored, whereas
necrosis or induction of pro-survival NF-kB is inhibited (Festjens et al. 2007). After activation of caspase-3

and -7, PARP is cleaved, and final cell death initiated.
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Figure 44: Model of apoptosis induction by SMASh upon inhibitor treatment.

After expression of the protein of interest (POI) fused to the SMASh-tag, addition of the NS3 inhibitor prevents auto-
cleavage and induces a conformational change of the fusion protein. This conformational change possibly enables
direct activation of several caspases such as the initiator caspases -8, -10, -9, as well as the effector caspases -3 and -7.
Active caspase-8 prevents NF-kB as well as necrosis induction. In addition, it is able to amplify the apoptotic signal by
cleaving Bid, which then forms pores in the outer mitochondrial membrane, thereby permeabilizing it. In
consequence, cytochrome c (C) is released into the cytoplasm, where it leads to the formation of the so-called
apoptosome including APAF-1 and pro-caspase-9 and thus activation of caspase-9. Active caspase— 9 can further
activate effector caspases -3 and -7, which in turn are also able to activate initiator caspases. Moreover, effector
caspases cleave other substrates such as PARP and cause final cell death.

C: cytochrome c; POI: protein of interest

113



4 - Discussion

4.1.5 Potential of RABV expressing SMASh as oncolytic virus

Beside the previously mentioned knockout cells, several other cells were tested with the idea to find cell
death resistant cells. Those cells would have been interesting for further investigations in order to clarify
the exact pathway triggered by SMASh. To this end, different cell lines from different hosts were analyzed
including human, mouse, hamster, and monkey cells. Strikingly, all cells could be killed upon SMASh and

inhibitor treatment. Interestingly, cytotoxicity was even in primary HFF cells induced.

A list of all tested and killable cells is presented in Table 21, including also tested cell lines from previous
work (Masterthesis V. Pfaffinger 2016).
Table 21: Cell Lines that are killable by SMASh and inhibitor treatment

Species Cell line Description
HEK 293T Human embryonic kidney cells expressing SV40 T-antigen

Homo sapiens

HEK 293T MAVS -/-

HEK 293T containing MAVS Knockout

HEK 293T FADD -/-

HEK 293T containing FADD Knockout

HEK 293T Casp8 -/-

HEK 293T containing Caspase-8 Knockout

HEK 293T
Casp8/Casp10 -/-

HEK 293T containing Caspase-8/-10 double Knockout*

HEK 293

Human embryonic kidney 293, provided by Arnd Kieser

HEK 293 TRADD-/-

HEK 293 cells containing TRADD Knockout, provided by Arnd
Kieser

Hela

Human cervix carcinoma cells

Hela Casp8 -/-

Hela containing Caspase-8 Knockout

Hela Casp10 -/-

Hela containing Caspase-10 Knockout

DG75

Human DG75 B lymphocytes, provided by Arnd Kieser

DG75 TRADD KO

Human DG75 B lymphocytes containing TRADD Knockout,
provided by Arnd Kieser

Huh 7

Hepatocarcinoma cell line

Huh 7.5 Hepatocarcinoma cell line clone 7.5 (RIG-I deficient)
U3A cell line (derived from human sarcoma cells HT1080)
U3A-LC3-GFP expressing an LC3-GFP fusion protein
hIPSC derived
astrocytes Human induced pluripotent stem cell derived astrocytes
U-87 MG Human glioblastoma cells
U-251 MG Human glioblastoma cells
HFF Human foreskin fibroblasts (primary isolate)
N2A Mouse neuroblastoma cell line
MEF Mouse embryonic fibroblasts
Mus musculus mESC derived
neurons Mouse embryonic stem cell derived neurons
GL261 new Mouse glioblastoma cells
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Species Cell line Description

GL261 moko Mouse glioblastoma cells

B16 Mouse melanoma cells

MC38 Mouse colon carcinoma cells
Mesocricetus BHK21 Baby hamster kidney cells
auratus BSRT7/5 BHK-21-derived cells expressing T7-pol
Cercopithecus
aethiops Vero African green monkey cells

*in-frame deletions in caspase 8 and caspase 10

Since we could so far not find any resistant cells, we assumed that multiple pathways or caspases might
be triggered by SMASh inhibition. This fits also to the finding that no survivors were found in the whole

genome knockout screen.

Because many of the listed (killable) cells are derived from cancers cells, SMASh-tagged viruses might be
especially interesting as oncolytic virus. First analysis revealed a cytotoxic effect already of RABV in
different cancer cell lines, which could be enhanced by SMASh and inhibitor treatment (Figure 27, Figure
28, Table 20). Additionally, we could observe a slight release of LDH after inhibitor treatment in some
cancer cells like B16 melanoma cells for example. Often, tumor cells have defects in apoptotic signaling
pathways preventing them from apoptotic death. Hence, the p53 apoptosis suppressor gene is often
affected (Kandoth et al. 2013; Roberts and Huang 2017; Aubrey et al. 2018). In mouse B16 melanoma cell
line loss of the pl6ink4a and p19Arf tumor suppressor expression could be shown, which are usually
responsible for cell cycle arrest and p53 regulation, respectively (Weitzman 2001; Melnikova et al. 2004;
Ozenne et al. 2010). In case of mouse glioma GL261, cells carry point mutations in the K-ras as well as the
p53 gene (Szatmari et al. 2006). In contrast to p53 which is directly invovled in apoptosis, mutations in K-
ras often results in its constant activation leading to cell aberrant signaling such as the excessive
transmission of growth signals (Jinesh et al. 2018). In this thesis GL261 new and GL261 moko cells were
used. Both are original GL261 cells, but grow at different rates with GL261 new growing faster (both cell
lines were kindly provided by C. Engeland). As they were originally obtained from different sources, it
might be that additional mutations affecting growth could manifest as a result of numerous passaging.

Nevertheless, both cell lines were susceptible to SMASh-inhibition dependent killing.

Although different tumor cell models with different mutations were selected, RABV and SMASh were able
to kill all different cancer cells. Indeed, this makes RABV SMASh an interesting tool for viral cancer therapy.
Attenuated RABV was already shown to induce anti-tumor immune response and was already discussed

as possible immune adjuvant for cancer treatment (Altinoz et al. 2017; Bongiorno et al. 2017). Beside
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RABV, many other viruses show natural cancer killing phenotype, for example VSV or measles virus
(Cattaneo et al. 2008; Cattaneo and Russell 2017). Often, those viruses naturally replicate better in cancer
cells due to the high expression of receptors or defective antiviral signaling pathways such as PKR or STING
signaling (Masemann et al. 2017; Queiroz et al. 2019). So far, clinical studies mainly focused on oncolytic
herpesviruses, adenoviruses, measles viruses and reoviruses (Mondal et al. 2020). However, only very few
oncolytic virus have been approved to date: as first oncolytic virus an Enterovirus was approved in Lativa
already in 2004 under the tradename Rigvir to treat melanoma (Tilgase et al. 2018; Alberts et al. 2018). In
2005, Oncorine, an oncolytic adenovirus was approved in China for nasopharyngeal carcinoma in
combination with chemotherapy (Liang 2018). Furthermore, the genetically modified herpes simplex
virus | named Talimogen laherparepvec (T-VEC) expresses the granulocyte-macrophage colony-stimulating
factor (GM-CSF) and was the first approved oncolytic virus in the US and Europe to treat advanced
melanoma (Conry et al. 2018; Hemminki et al. 2020). Recently, Teserpaturev (G47A) was conditionally
approved for malignant glioma in June 2021 by the Japanese Health Authority. It belongs to the third
generation of oncolytic herpes simplex virus | and carries three mutations within the genome to enhance

antitumor efficacy (Fukuhara et al. 2016; Rahman and McFadden 2021).

In contrast to many DNA viruses such as retroviruses or herpesviruses, RNA viruses are not able to
integrate their viral genome into the host genome, which reduces safety concerns. Moreover, RABV and
other rhabdoviruses allow possible delivery of multiple proteins in an easy and straightforward manner.
Simple cloning enables the additional delivery of tumor antigens or immune modulators. Furthermore,
SMASh fused to a viral protein like RABV P or N facilitate control of viral spread. In addition to that, a
single-round virus lacking the glycoprotein could be a possible approach for a safe oncolytic treatment.
Indeed, modifying the glycoprotein could enhance efficacy in regard of tumor selectivity. Muik and
coworkers engineered VSV with a variant glycoprotein of the lymphocytic choriomeningitis virus (LCMV)
allowing the targeted replication in glioblastoma cells, while sparing normal neurons (Muik et al. 2011;

Muik et al. 2014).

In the end, oncolytic RABV could be applied as follows: Injection of the recombinant RABV expressing
SMASh into the tumor could allow effective infection of the cancer cells. Then, oral application or on-site
injection of the already approved NS3 inhibitor ASV could induce high cytotoxicity leading to tumor
destruction. However, so far, only in vitro studies have been performed. How strong SMASh cytotoxicity
appears in vivo has to be further investigated. For this purpose, collaborations with C. Engeland (DKFZ,

Heidelberg) were started. The focus in this collaboration is on experiments targeting glioblastoma in mice.
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As deletion of SAD-G of RABV allows studies under laboratory S1 conditions, SAD AG eGFP P-SMASh will
be used for those studies. Thus, the SMASh virus will be injected into the tumor with a high MOI to infect
a high number of tumor cells, followed by the direct injection of the protease inhibitor later on. Then,

tumor progression/regression will be analyzed.

In case of brain tumors, direct injection of the protease inhibitor into the brain is necessary, since NS3
inhibitors are not able to cross the blood—brain barrier (BBB) representing a huge obstacle for brain

applications.

Nevertheless, as SMASh was able to induce cytotoxicity in different cancer cell lines, the application is not
limited to one specific cancer type. Additionally, since SMASh cytotoxicity is independent of the delivering

vector, the system could be also established within VSV or other oncolytic viruses.
4.2 Non-toxic controllable rabies viruses

RABV is a highly neurotropic virus that spreads from neuron to neuron in an exclusively retrograde manner.
Thus, only pre-synaptically connected neurons are infected. Because of this specific feature, RABV is widely
used as tool for mapping neuronal connections. Thereby, mostly G deleted viruses are used that allow
monosynaptic tracing after infection of a distinct starter cell. However, slight cytotoxicity of RABV like SAD
limits the time frame for studies (Ghanem and Conzelmann 2016). To circumvent this cytotoxicity,
controllable viruses might be useful. Thus, a major goal of this thesis was to investigate and establish non-

cytotoxic controllable viruses.
4.2.1 Terminator-tagl as non-toxic tag

To allow switch-off approaches, we aimed to develop a non-toxic tag which still would be suitable to
control RABV replication by degradation of fused proteins. The SMASh-tag served as a starting point. First,
we deleted the helicase domain, which is a part of the degron within the SMASh-tag. In order to
compensate the impaired ability for degradation, a PEST sequence was further included. A PEST sequence
is rich in proline (P), glutamic acid (E), serine (S), and threonine (T) and functions as signal for rapid

intracellular degradation (Rogers et al. 1986; Rechsteiner and Rogers 1996).

In addition to this terminator-tagl (tt1), we analyzed a variant similar to tt1, that contains the minimal
NS4A lacking the membrane anchor domain (tt2) and other constructs with the minimal NS4A N-terminally
of the normal and minimal SMASh NS3 protease (tt3and tt4, respectively). As mentioned above, larger

alterations like deleting the helicase domain resulted already in loss of cytotoxicity (Figure 34). However,
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NS4 on the N-terminal side of the NS3 protease domain like in case of YFP-tt3 and YFT-tt4 resulted in
drastically impaired protease activity. In contrast, tt1 and tt2 were able to cleave the tag from the fusion
protein but showed impaired protein degradation, which was still better for tt1 than for tt2 (Figure 37).
Viruses with tt1-tags showed similar growth kinetics as respective SMASh-viruses (Figure 39). In fact, RABV
with P or N protein fused to the ttl replicate as efficient as the corresponding SMASh-tagged viruses
(Figure 39). Experiments analyzing the prevention of infection by direct addition of DNV, as well as curing
after infection suggested that virus control by tt1 fusion to P or N is possible. Particularly, in case of SAD
N-ttl we could only detect minor detect any P protein levels when DNV was added at timepoint of
infection. In contrast, DNV treatment of SAD eGFP P-ttl at infection affected only slightly nucleoprotein
production (Figure 40). Moreover, while curing of hIPSC derived astrocyte cultures of RABV was possible
in case of both SAD N-tt1 and SAD P-ttl infections, this occurred faster in case of SAD N-tt1 than in case of
SAD eGFP P-ttl1 (Figure 41). Altogether, these findings strongly indicate that tt1 fused to the RABV
nucleoprotein is most efficient in regard of virus control. One reason therefore could be because one RABV
N molecule is needed to enwrap 9 ribonucleotides leading to the formation of the typical helical structure
(Iseni et al. 1998) and too low N levels prevent replication. Additionally, the nucleoprotein plays an
important role for the transition from primary transcription to replication. Thus, a high copy number of
newly produced soluble N is essential for binding the nascent leader RNA (Albertini et al. 2011). In
consequence, a significant reduction of N levels might be sufficient to block replication completely. On the
other hand, RABV P serves as cofactor for the RNA-dependent RNA polymerase L. Already existing copies
of P allow replication in first place. However, new RNPs cannot be formed due to the lack of newly
generated P in case of SAD eGFP P-tt1 and DNV treatment. At the end, fast virus control is desirable for
various approaches including neurotracing. For this reason, we continued virus generation with tt1 fusion

to the nucleoprotein.

Notably, during the duration of this thesis, other groups reported engineering controllable negative stand
RNA viruses as well. A self-inactivating RABV (SiR) with a PEST sequence on each viral protein, with a
Tobacco Etch Virus (TEV) cleavage site in between, was developed by Ciabatti and colleagues. Only the
addition of a TEV protease separates the PEST sequence and prevents degradation of the respective
proteins (Ciabatti et al. 2017). However, the validity of this approach was challenged, as the C-terminal
degradation tags were found to be removed by introduction of stop codons (Matsuyama et al. 2019).
Furthermore, the group of Wickersham reported that actual introduction of the SIR destabilization domain

to the C-terminus of the RABV Nucleoprotein prevented viral spread, contrary to the claims of Ciabatti and
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colleagues. In fact, this engineered RABV did only spread between neurons if the domain was removed

(Jin et al. 2019).

Other scientists applied different strategies to generate controllable viruses. The group of Takeda used so
called Magnet proteins. Those are paired photoswitchable proteins that heterodimerize upon blue light
illumination. By the insertion of the Magnet proteins into the flexible domain of the viral polymerase
photocontrollable measles and rabies viruses were generated. The resulting viruses showed strong
replication and oncolytic activity when activated by blue light illumination (Tahara et al. 2019).
Furthermore, Leber and colleagues integrated microRNA target sites into the measles virus genome
allowing control of viral replication (Leber et al. 2018). Multiple strategies including inducible expression
of glycoproteins were used by Gao et al. for virus control. One of the approaches targeting viral replication
was similar to the SMASh-derived ttl-tag that was developed in this thesis: namely, use of a linker
containing the HCV NS3 protease and its cleavage site. In this case, the NS3 protease was flanked by the
cleavage site on both sides and incorporated between P and L of RABV. Only in absence of the protease
inhibitor ASV, P and L were separated by proteolytic activity allowing replication, whereas inhibition leads
to loss of functionality of both proteins (Gao et al. 2020). Another linker was generated by Heilmann and
colleagues using a dimeric HIV protease, cleavage site and inhibitor inserted into the P or L gene of VSV.
Thereby, viral replication could be reversibly switched off and on by using HIV protease inhibitors

(Heilmann et al. 2021).

The ttl-tag that was engineered in this thesis functions comparable to the two latter strategies allowing
virus control by addition of a small molecule inhibitor. However, it has to be mentioned that C-terminal
fusion of the tt1-tag to a viral protein in context of a full-length virus might favor the production of escape
mutants having a stop codon before the tag. To circumvent this potential problem an N-terminal tt1 should

be generated similar to the N-terminal SMASh-tag in the future.
4.2.2 SAD AG Cre-T2A-eGFP N-ttl for long term monosynaptic neuronal tracing approaches

As mentioned before, fusion of the tt1-tag to the RABV nucleoprotein allowed most effective virus control.
Therefore, a G deleted N-tt1 virus was generated expressing a Cre recombinase linked via T2A to eGFP and
named SAD AG Cre-T2A-eGFP N-ttl. As controllability was shown already before for SAD N-ttl viruses
(Figure 40, Figure 41), we performed one experiment analyzing the functionality of the Cre recombinase
using a reporter plasmid. In fact, red fluorescence appearing exclusively in case of plasmid transfection

and additional SAD AG Cre-T2A-eGFP N-tt1 virus infection suggested an intact Cre recombination system
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(Figure 42). Therefore, this controllable virus pseudotyped with EnvA can be used for future in vivo long
term monosynaptic tracing experiments. Various reporter mice are available expressing floxed fluorescent
proteins already (Madisen et al. 2010; Li et al. 2018). Thus, a possible approach could look like following:
the starter cells are provided with TVA for viral entry, RABV G for single-round spread and an additional
fluorescent protein such as DsRed2. Of note, virally expressed, starter cell, and Cre dependent floxed
fluorescent protein should be different in their fluorescence excitation spectrum. For example, virally
expressed eGFP, DsRed2 provided within the starter cell and floxed BFP could be one possible
combination. Infection of the starter cells by SAD AG Cre-T2A-eGFP N-tt1 (EnvA) leads to their additional
staining due to the virally expressed eGFP and the recombination of fluorescent floxed BFP. As a result of
the presence of SAD G within the starter cell, RABV can move to second-order neurons and also stain them
in a similar manner as before. Then, virus can be shut down by addition of NS3 inhibitor such as ASV or
DNV. As transport across blood brain barrier has not yet been elucidated for these molecules, local
inhibitor treatment by injection to the brain might be the first choice. Notably, while cells are cured of viral
infection to prevent long term cytopathic effects, Cre dependent BFP staining is preserved while eGFP
fluorescence diminishes. In consequence, staining can be maintained without permanent virus infection.
Using this system neurotracing experiments that require longer duration can be performed that were not
feasible until now. Indeed, even reprogramming experiments may be possible using this controllable N-
ttl virus. As RABV is able to deliver expression of various additional proteins, different reprogramming

factors could be included in the controllable SAD AG N-tt1 vector.
4.3 Conclusion and future perspectives

Apoptosis is induced by the SMASh-tag in combination with NS3 inhibitors like ASV and DNV. In the present
thesis, new insight could be gained in regard of SMASh-mediated cell death induction. We could determine
that the combination of all at least two domains within the SMASh-tag is required for the conditional cell
death in addition to a high expression level of the SMASh-tag. In fact, all domains of the SMASh-tag might
contribute to the conformation adopted after binding of the inhibitor. It is very likely that a conformational
change provides access for interaction with a yet unknown death protein. To clarify this further, mutations
within the inhibitor binding pocket could be introduced and analyzed. Moreover, ASV resistance mutations
R155K and D168A (both annotations refer to the original HCV NS3 protease) could be analyzed regarding

SMASh induced apoptosis in the future.

Various gene knockout and caspase inhibitor treatment experiments suggested the intracellular induction

of multiple pathways that lead to apoptosis. This special feature makes RABV SMASh a potential candidate
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for oncolytic approaches. Nevertheless, it remains unclear how exactly SMASh triggers apoptosis upon
inhibitor treatment. Unfortunately, we were not able to prove a specific interaction partner of SMASh, and
to produce clean CASP8/107 cells to check the importance of the most probable causal interaction
partner. Induction of several caspases in parallel might be one possibility. In order to confirm this
hypothesis, optimized immunoprecipitation experiments using proteasomal inhibitors could be done in
future studies. As we could observe repeatedly YFP-SMASh fusion protein bands in Western blots, but not
P-SMASh or N-SMASh, SAD YFP-SMASh might be the most suitable candidate for this purpose.
Nevertheless, as direct binding of caspases is still speculative, a high-throughput screen might be
interesting to find interaction partners of SMASh. Since the interaction partner of SMASh has not yet been
elucidated, it is still unclear whether a strong or weak, transient, or permanent interaction is involved. For
this reason, immunoprecipitation using chemical crosslinking to freeze transient interactions could be
performed in the future. Tandem affinity purification with subsequent mass spectrometry analysis could
therefore identify one or more interaction partners of SMASh. Additionally, not only stable but also
transient protein-protein interactions could be analyzed by Blue Native PAGE, followed by Mass
Spectrometry as done by Darie and colleagues (Darie et al. 2011). This approach could either validate direct
induction of caspases or identify other binding partners of SMASh. Altogether, focusing on interaction
studies should shed more light on the exact apoptosis inducing protein, that is triggered by SMASh and
the NS3 inhibitor. Although in cancer cells apoptotic pathways are often silenced, RABV SMASh might be
a promising oncolytic virus for cancer treatment. In particular, a RABV lacking the glycoprotein to enhance
safety might be interesting for this approach. To analyze RABV SMASh in regard of possible cancer
treatment, studies in mice are inevitable. Additionally, integration of SMASh within other viruses such as
VSV or measles, that are already extensively used as oncolytic viruses, might increase the acceptability for

cancer treatment in humans in future.

As an alternative to the cytotoxic SMASh-tag, a non-cytotoxic, but controllable tag was engineered within
this thesis to allow virus control without harming infected cells. The newly generated tag called terminator-
tagl, was most efficient in regard of virus control when fused to the RABV nucleoprotein. Although tt1
functions already very well in regard of virus controllability, the tag might be optimized in the future
allowing N-terminal fusion to a protein of choice in order to circumvent the generation of escape mutants.
Additionally, tt1 degradation could be improved. To this end, an additional or stronger degradation
sequence could be implemented. Nevertheless, tt1 as we have generated it in this thesis allows already a

wide range of new experimental approaches.
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A RABV SMASh construct encoding a Cre recombinase as well as the ttl-tag at the nucleoprotein was
shown to be a suitable candidate for future in vivo neurotracing experiments. Indeed, monosynaptic
neuronal tracing is not the only interesting application of ttl. In addition to analyzing the half-life of
different proteins, tt1 could be used for studying protein function. In particular, tt1 fused to viral proteins
such as the phosphoprotein could allow further insights in regard of interferon signaling modulation by
RABV P or its cofactor function for RABV L. Of course, the tt1-tag could not only be used to control RABV
spread but allows shutoff of other RNA viruses as well. In particular, live attenuated vaccine viruses, viral
vectors or oncolytic viruses could be shutoff for the purpose of improved safety. Importantly, this can be

achieved with an already approved drug for HCV, namely asunaprevir (ASV).

Furthermore, not only viral proteins, but also cellular proteins could be studied by using tt1. Specifically,
essential proteins, which are not possible to be studied in knockout cells, could be investigated in the
future using the tt1-tag. This could be achieved by tagging the protein of interest via genetic knock-in using
the CRISPR/Cas9 system. After transfection of a plasmid containing the mutant protein, the native tt-1
tagged protein could be shutoff and effects of respective mutations could be analyzed. In summary, the
non-toxic terminator tagl can be used in a variety of experimental settings and has the potential to

increase safety of viruses used in patients.
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6 Appendix

6.1 List of Oligonucleotides

Table 22: List of Oligonucleotides.

VP-Nr. | Name Sequence (5°- 3°)
1032 f caccgGCTCTTCCGAATTAATAGAC
2 |032_r 2aacGCTCTTCCGAATTAATAGACCc
3|033 f caccgAGTCGTTGATTATCTTCAGC
4 |033_r 23acAGTCGTTGATTATCTTCAGCc
51| 034 f caccgTCCTTTGCGGAATGTAGTCC
6|034_r 23aacGGACTACATTCCGCAAAGGAC
7 | Smash_Bglll_R ATATAGATCTTCAGTAGAGAACCTCCCTG
85 | Sacl_yfp_f ATATgagctcGCCACCATGGTGAGCAAGGG
10 | NS3_S139A_F CTACTTGAAAGGCTCCGCCGGGGGTCCGCTGTTG
11 | NS3_S139A R CAACAGCGGACCCCCGGCGGAGCCTTTCAAGTAG
SMASh_prot_stop
12 | _Nhel_R TATAGCTAGCTCAGTCCGTGAACACCGGGGAT
Smash_heli_stop
13 | _Nhel_R TATAGCTAGCTCACGTGACGACCTCCAGGTCG
14 | 035_f caccgGGGGGTCCAAGATGTGGAGA
15| 035 r 2aacTCTCCACATCTTGGACCCCCc
16 | 036_f caccgGAGCAGCTCGCGCAGGAGCT
17 | 036_r 23acAGCTCCTGCGCGAGCTGCTCc
TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTCGTCATGTTAGCATTAG
PKR_iluseq_R GTAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAGAAGAAATGGCTGGTGA
PKR_iluseq_F TCT
Casp8_032_iluseq
_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTtcaaggatgccttgatgttattcc
Casp8_032_iluseq | TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaatttcttaatctggctccggtgggac
_R atct
18 | 037_f caccgGTTCTGGGGCCAAGTAGCCC
19 | 037_r 23acGGGCTACTTGGCCCCAGAACc
20 | 038 f caccgGCTCCTGGGCGTCATCATAG
21| 038 _r 23acCTATGATGACGCCCAGGAGCc
FADD _iluseq_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTaagcgcaagctggagegegtgcaga
FADD iluseq_R TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTactgaatgctagtattactctcagac
Caspl10_iluseq_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTgctggccatgaaatctcaaggtcaa
Casp10_iluseq_ R | TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTctgccacactgaggtgggcttcact
SMASh-prot-
22 | NS4A_R GCACCCAGGTGCTGTCCGTGAACACCGGGGATCTCATGGTTGTCTCTAG
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VP-Nr. | Name Sequence (5°- 3")
SMASh_prot-
23 | NS4A_F GGTGTTCACGGACAGCACCTGGGTGCTCGTTGGCGGCGTCCTGGCTG
SMASh-NS4A-
24 | PEST_R gggaagccatgGTAGAGAACCTCCCTGTCAGGTATAATTG
SMASh-NS4A-
25 | PEST_F GAGGTTCTCTACcatggcttcccgeeggeggtggce
PEST-
26 | stop_Nhel_R TATAGCTAGCTCAgtgacggtccatccegctctectgg
TautzNS3aal80-
27 | PEST_F agacactcgacgttgttacaaggcatggcttcccgecggeggts
Tautz-NS3aa213-
28 | PEST_F tggcagtggaaagagcaccaagcatggcttcccgecggeggtg
Tautz-NS3aa213-
29 | PEST_R caccgceecggegggaagcecatgettggtgctctttccactgeca
TautzNS3aal80-
30 | PEST-R caccgccggegggaagecatgecttgtaacaacgtcgagtgtct
YFP-
31 | TautzNS4Aaa2l_F | GCTCCGGATCCGGCACTAGTggatgcgtttccatcatcgg
YFP-
TautzNS4Aaa2l_
32 | R ccgatgatggaaacgcatccACTAGTGCCGGATCCGGAGC
SMASh-prot-
33 | NS4A-21-R GACCACGCAGCCGTCCGTGAACACCGGGGATCTCATGGTTGTCTCTAG
SMASh-prot-
34 | NS4A-21_F GGTGTTCACGGACGGCTGCGTGGTCATAGTGGGCAGGATC
Casp8_034 iluseq
_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTgccttttaaaaagatggacttca
Casp8_034_iluseq
_R TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtagaattgtggcactgctgggt
Casp8_033_iluseq
_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTggatattttcatagagatggaga
Casp8_033_iluseq
_R TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTagaaaaagtagagcaggcacgtta
PEST- TATAGCTAGCTCAgtgacggtccatccecgcetctectgggcacaagacatgggeagegtgecate
35 | stop_Nhel_R2 atcctgegecgecaccgecggegggaagecatg
SMASh-prot- CAACCATGAGATCCCCGGTGTTCACGGACGGCTGCGTGGTCATAGTGGGCAG
36 | NS4A-21_F2 G
SMASh-prot- CCTGCCCACTATGACCACGCAGCCGTCCGTGAACACCGGGGATCTCATGGTT
37 | NS4A-21-R2 G
SMASh-NS4A-
38 | PEST_F2 ATTATACCTGACAGGGAGGTTCTCTACcatggcttccecgeeggeggtggc
SMASh-NS4A-
39 | PEST_R2 gccaccgeeggegggaagccatgGTAGAGAACCTCCCTGTCAGGTATAAT
SMASh_prot- TGAGATCCCCGGTGTTCACGGACAGCACCTGGGTGCTCGTTGGCGGCGTCCT
40 | NS4A_F2 GGCTG
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VP-Nr. | Name Sequence (5°- 3")

SMASh_prot- CAGCCAGGACGCCGCCAACGAGCACCCAGGTGCTGTCCGTGAACACCGGGG

41 | NS4A_R2 ATCTCA

42 | 041_f caccgGACTGCTGCCCACCCGACAA

43 | 042_f caccgTCTTCTGCCGTATGATATAG

44 | 043_f caccgGTAGACCTCCCTAAGTTTCC

45 | 041 _r 2aacTTGTCGGGTGGGCAGCAGTCc

46 | 042 _r 2aacCTATATCATACGGCAGAAGAC

47 | 043 _r 2aacGGAAACTTAGGGAGGTCTACc

55 | BstBI_Nsmash_F | atatTTCGAAttgccaccATGGAGCCCGGGCCCATGGATTAC

58 | mP-Ncol_R tataCATGGTTGGGCGATTTTCCATCATCCAGG

59 | Clal-NS3heli_F tataATCGATACCAAATACATCATGACA

60 | P-aal50_R TGTTGTCTCCTTCTTGAGCTCTC

61 | N-aa285_F TATCTGGGAGAGGAATTCTTCGG
N/P-border-

62 | NSMASh-F CTCCTTTCGAACCATCCCAAACatggagcccgggceccatggattac
N/P-border-

63 | NSMASh-R gtaatccatgggeecgggctccatGTTTGGGATGGTTCGAAAGGAG

64 | Pend_C-SMASh_F | CTTGAATCGCTATACATCTTGCGATGAGATGGAAGAGTGCTCTCA
C-
PEST_stop_P3UT

65 | R_xbal_R TTGTCTAGAGGGACTGAGGGGAGAGGTTCGGTCAgtgacggtccatcccgcetctect

66 | Pend_C-SMASh_R | TGAGAGCACTCTTCCATCTCATCGCAAGATGTATAGCGATTCAAG

67 | PEST-stop-Notl-R | TATAGCGGCCGCTCAgtgacggtccatcccgctctectgg

68 | Sacl_mCherry_f | TATAgagctcGCCACCATGgtgagcaagggcgaggaggat
PEST_stop_Nhel_

69 | r TATAGCTAGCtcacacattgatcctagcaga

70 | N-P-seq-F AAAATGCTTTATTTGTGAA

71 | N-P-seq-R ATTATGCCCAGTACATGACCTT
C-
PEST_stop_N3utr | ATGGTTCGAAAGGAGGGGTGTTAGTTTTTTTCATGATGGATATACACAATCC

73 | _bstBI_R GTAGATTTCCGGCATTTTGTTATTCAACTTCTCAgtgacggtccatcccgctctect
Nend_nostop_C-

74 | SMASh_F CAAGACATATTCGAGTGACTCAGATGAGATGGAAGAGTGCTCTCA
Nend_nostop_C-

75 | SMASh_R TGAGAGCACTCTTCCATCTCATCTGAGTCACTCGAATATGTCTTG

76 | mCherry-R TTGGTCACCTTCAGCTTGG

77 | SnaBI_N_R ACATCTACGTAGGAGGTTCATTTTAT

78 | N-aa54_F ACGTACTGATGTAGAAGGGAATTG

79 | N_aa295_F AGGCTTGAGTGGGAAATCTCC

80 | M_aal5_R GGATTTTTGAGTGTCCTCGTCC
EcoRI_SMAShNte

81 | rm_F ATATGAATTCGCCACCATGgagcccgggceccatgga

82 | P_stop_Sphl_R ATATGCATGCTTAGCAAGATGTATAGCGAT
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VP-Nr. | Name Sequence (5°- 3")
PEST-
83 | stop_Nhel_R TATAGCTAGCTCAgtgacggtcca
88 | Nhel_cleave_F ATATgctagcGCCACCATGGATGAGATGGAAGAGTGCT
89 | Nhel _ATG_Flag_F | ATATgctagcGCCACCATGGATTACAAGGATGACGACGATAAG
90 | N/P-border_F GGATTGTGTATATCCATCATGAA
96 | Sacl-ATG-Flag_F ATATGAGCTcGCCACCATGgattacaaggatga
97 | YFP-stop-Bglll_R tataAGATCTtcacttgtacagctcgtccatgeccgagagtgat
HCV-NS3-
98 | P1640A_F CTGACGCACGCAATCACCAA
HCV-NS3-
99 | P1640A_R TTGGTGATTGCGTGCGTCAG
HCV-NS3-KIDT-
100 | AAAA_F ACGCACCCAATCACCGCAGCCGCTGCCAAATACATCATGACATGCA
HCV-NS3-KIDT-
101 | AAAA_R TGCATGTCATGATGTATTTGGCAGCGGCTGCGGTGATTGGGTGCGT
HCV-NS3-LTHP-
104 | AAHP_F CAGCAGTCACCGCGGCGCACCCAATCACCAA
HCV-NS3-LTHP-
105 | AAHP_R TTGGTGATTGGGTGCGCCGCGGTGACTGCTG
HCV-NS3-LTHP-
106 | LTAA-F CAGCAGTCACCCTGACGGCCGCAATCACCAA
HCV-NS3-LTHP-
107 | LTAA_R TTGGTGATTGCGGCCGTCAGGGTGACTGCTG
HCV-NS3-LTHP-
108 | LTAHP_F CAGCAGTCACCCTGACGGCACACCCAATCACCAA
HCV-NS3-LTHP-
109 | LTAHP_R TTGGTGATTGGGTGTGCCGTCAGGGTGACTGCTG
110 | Nhel-ATG-Flag_F | ATATGCTAGCGCCACCATGgattacaaggatga
111 | YFP-stop_Notl_R | tataGCGGCCGCtcacttgtacagctcgtccatgccgagagtgat
HCV-NS3-LTHP-
112 | AAAA-F2 CACCAGCAGTCACCGCGGCGGCAGCAATCACCAAAATC
HCV-NS3-LTHP-
113 | AAAA-R2 GATTTTGGTGATTGCTGCCGCCGCGGTGACTGCTGGTG
114 | Gend_seq_R CTGGTCTCACCCCCACTCTTGTGTGATTCCCATGAA
115 | Lend_seq_F CGATCCTGGAGAGGTCTATGATGACCCTATTGACC
HCV-NS3-LTHP- GAGAACCTAGAGACAACCATGAGATCCCCGGTGTTCACGGACAACTCCTCTC
136 | AAAA-F_2 CACCAGCAGTCACCGCGGCGGCCGCAATCACCAAAATC
HCV-NS3-LTHP- GAGAACCTAGAGACAACCATGAGATCCCCGGTGTTCACGGACAACTCCTCTC
137 | AAHP_F2 CACCAGCAGTCACCGCGGCGCACCCAATCACCAA
HCV-NS3- GAGAACCTAGAGACAACCATGAGATCCCCGGTGTTCACGGACAACTCCTCTC
138 | P1640A_F2 CACCAGCAGTCACCCTGACGCACGCAATCACCAA
TAACACCCCTCCTTTCGGATCTGgctagcGCCACCATGGTGAGCAAGGGCGAG
139 | Nhe-YFP-F2 GA
140 | SMASh_Notl_R2 AGCTAGGTCCGCGGTGGCGGCCgcTCAGTAGAGAACCTCCCTGTC
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VP-Nr. | Name

Sequence (5°- 3")

142 | KS-primer_Seq_F | atcgataccgtcgacctcga

145 | L_end_seq_F2 AGAGGATATCAGATCTAGATCA

146 | M_end_seq2 TGTCAACTATGGTCTGAC

6.2 Abbreviations

Table 23:List of Abbreviations.

Abbreviation Description

uM micromolar

um Micrometers

AAV Adeno-Associated virus

ANOVA Analysis of Variance

APAF-1 Apoptotic Protease Activating Factor-1
ASLV Avian Sarcoma leukosis virus

ASV Asunaprevir

ATP Adenosine Triphosphate

Bak Bcl-2 homologous Antagonist/Killer
Bax Bcl-2-like Protein 4

BBB Blood—Brain Barrier

BCL-2 B-cell Lymphoma 2

BHK Baby Hamster Kidney

Bid BH3 Interacting Domain Death Agonist
CARD Caspase Activation and Recruitment Domain
CASP10 Caspase-10

CASP3 Caspase-3

CASP8 Caspase-8

CASP9 Caspase-9

cDNA copy DNA

CHOP CCAAT-Enhancer-Binding Protein Homologos Protein
CIP Calf Intestine Phosphatase

CIP Calf Intestine Phosphatase

CNS Central Nervous System

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
DD Death Domain

ddH,0 Bidestilled Water

DED Death Effector Domains

DISC Death-inducing Signaling Complex
DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

DNV Danoprevir
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Abbreviation

Description

dsRNA Double Stranded RNA

eGFP enhanced Green Fluorescent Protein
elF2a Eukaryotic Initiation Factor-2a

ER Endoplasmic Reticulum

FADD Fas-associated Protein with Death Domain
ffu Focus Forming Units

h Hours

h. p. DNV Hours Post DNV

h. p.i. Hours Post Infection

HCV Hepatitis C Virus

IFN Interferon

IGR Intergenic Region

ISG Interferon-Stimulated Gene

kDa kilo Dalton

KO Knockout

LCMV Lymphocytic choriomeningitis virus

LDH Lactatdehydrogenase

MAVS Mitochondrial antiviral-signaling protein
MeV Measles virus

min Minutes

ml Milliliter

mM millimolar

MOl Multiplicity of Infection

MOM Mitochondrial Outer Membrane

MOMP Mitochondrial Outer Membrane Permeabilization
nAChR Nicotinic Acetylcholine Receptor

NCAM Neuronal Cell Adhesion Molecule

NF-«kB Nuclear Factor kB

NNSV Non-segmented Negative Strand RNA Viruses
NS3 Non-Structural Protein 3

NS4 Non-Structural Protein 4

p75NTR p75 Neurotrophin Receptor

PARP Poly (ADP-ribose) Polymerase

PCR Polymerase Chain Reaction

PEP Post-Exposure Prophylaxis

PKR Protein Kinase R

POI Protein of Interest

Puma P53 Upregulated Modulator of Apoptosis
RABV Rabies virus

RIP Receptor-interacting Protein
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Abbreviation

Description

RIPK1

Receptor-Interacting Serine/Threonine-Protein Kinase 1

RNAi RNA interference
RNP Ribonucleoprotein
ROS Reactive Oxygen Species
RT Room Temperature
SAD Street Alabama Dufferin
SDS Sodium Dodecyl Aulfate
SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
sec Seconds
SMASh Small Molecule—Assisted Shutoff
TIS Transcription Initiation Signal
TNF Tumor Necrosis Factor
Tumor Necrosis Factor Receptor type 1-associated Death Domain
TRADD Protein
TRAF2 TNF Receptor Associated Factor 2
TRAIL Tumor Necrosis Factor Related Apoptosis Inducing Ligand
tt Terminator tag
TTP Transcription Termination and Polyadenylation
TVA Tumor Virus A
T-VEC Talimogen Laherparepvec
wt Wildtype
YFP Yellow Fluorescent Protein
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