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1 Abstract 1

1 Abstract

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in early child-
hood. Despite recent advances in the treatment regimes of rhabdomyosarcoma, the
5-year survival is still alarmingly low for the more aggressive metastasizing alveolar
rhabdomyosarcoma subtype. Novel treatment strategies are needed in order to increase
the overall survival rate.

One hallmark of tumor cells is to evade cell death induction and evade immune system
surveillance. This is mediated in part by the up-regulation of so called inhibitor of
apoptosis (IAP) proteins. With the development of Smac mimetic compounds mim-
icking the endogenous TAP antagonist Smac, this tumor evasion mechanism became

exploitable.

In this PhD thesis, a combinatory approach for a putative treatment option of RMS will
be presented. Here, the Smac mimetic compound BV6, will be used as a pre-treatment
of RMS cells. This pre-treatment leads to a sensitizing effect within the tumor cells,

increasing the killing efficacy of natural killer (NK) cells.

Subtoxic concentrations of BV6 were chosen to sensitize RMS cells. At the same time,
these concentrations were non-toxic for IL-15 activated primary expanded NK cells. To
represent two different RMS subtypes, RD (embryonal) and RH30 (alveolar) cell lines
were chosen. To remodel the solid tumor characteristics of RMS, a cultivation method
to mimic the three-dimensional shape was utilized. Thus multicellular RMS tumor
spheroids were generated.

In both tumor spheroids and conventional monolayer cell culture BV6 induced the
degradation of IAP proteins (cIAP1, cIAP2, in spheroids XIAP). Further, BV6 led
to the activation of both, the canonical and non-canonical NF-xB signaling pathways.
This was demonstrated by an increased IkBa and p65 phosphorylation, and nuclear
translocation of p-p65, indicative for an active canonical NF-xB signaling. On the other
side, cIAP degradation led to the stabilization and accumulation of NIK and down-
stream partial degradation of p100 to p52 and its nuclear translocation, indicating
non-canonical NF-xB signaling pathway activity. A bulk RNA sequencing approach of
BV6 treated RH30 cells validated the NF-xB signaling involvement and identified 182
differentially expressed genes. Among the interesting target genes are NFKBIA (IkBa),
BIRCS3 (cIAP2), NFKB2 (p100), CCL5 and SSTR2. SSTR2 was thoroughly validated
as being up-regulated on a transcriptional and on protein level. Here, SSTR2A, one

of the two alternative splicing variants, is up-regulated and opens a hypothetical tar-
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geted treatment strategy, as SSTR2 expression is not associated with RMS, but rather
described with neuroendocrine tumor entities. In addition, CCL5 was thoroughly val-
idated as a BV6 induced target. Again, the up-regulated mRNA transcription was
validated by an increased translation and by increased secretion of CCL5. As CCLb5
being associated as pro-migratory and activating of NK cells, CRISPR/Cas9 mediated
CCL5 knock-out studies were performed to evaluate the influence of CCL5 within a BV6
pre-treatment and NK cell co-cultivation setting. It was shown that CCLS5 knock-out
does not rescue BV6 pre-treated RMS spheroids from NK cell attack and killing.

The previous mentioned transcriptional activity by BV6 stimulation was NIK mediated
as knock-down of NIK reduced the mRNA transcription of several interesting genes.
However, NIK mediated down-stream signaling had no influence on the BV6 induced
sensitizing effect towards NK cell mediated attack. A NIK knock-down had no rescue

effect upon BV6 pre-treatment and NK cell co-treatment.

As cIAP proteins are present in receptor bound complexes, e.g. complex I at the TNF
receptor 1 (TNFR1), a putative involvement of death receptors in general was evaluated.
Indeed, BV6 treatment of RMS cells could increase the surface presentation of DR5,
a death receptor ligating TRAIL. Functionally, co-treatment of BV6 with TRAIL led
to an additive cell death inducting effect. However, within the NK cell co-cultivation
setting, addition of a neutralizing TRAIL anitbody could not rescue BV6 pre-treated
RMS spheroids from NK cell killing. A similar effect was observed when neutralizing
TNFa by adding Enbrel during the NK cell co-cultivation. BV6 sensitization of RMS

spheroids seems to be independent of death receptors.

In addition to activating NF-xB, BV6 as a Smac mimetic is supposed to be able to
release caspases bound by IAP proteins. Indeed, BV6 pre-treatment of RMS spheroids
and co-cultivation with NK cells could cleave and thereby activate the executioner
caspase-3. Further, treatment with a pan-caspase inhibitor, zZVAD.fmk, could reduce
the BV6 mediated sensitizing effect towards NK cell attack in RD spheroids.

Taken together, BV6 does induce a thoroughly validated NF-xB signaling pathway, lead-
ing to a NIK mediated transcriptional signature change. However, the NF-xB activation
might not be responsible for the observed sensitization. Further, BV6 in combination
with NK cells led to a seemingly death receptor independent, caspase dependent cell
death induction of RMS spheroids. Although the mechanism remains partially con-
cealed, a therapeutic benefit by combining a cell death sensitizing compound, i.e. BV6,

with cytotoxic lymphocytes is evident.
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2 Introduction

2.1 Rhabdomyosarcoma

In 1854, as one of the earlier reports, Weber and Virchow described a neoplasm of the
tongue, made out of various stages of embryonal skeletal muscle fibers [1]. In 1946, this
case was post-hoc identified as a putative embryonal rhabdomyosarcoma (eRMS) by
Stout, who further characterized a case of alveolar rhabdomyosarcoma (aRMS) [2].
Although relatively rare, rhabdomyosarcoma is the most common soft tissue sarcoma
(STS) with 4.5-5% of all pediatric tumors [3, 4]. RMS cells show a rhabdomyoblastic
phenotype and resemble skeletal muscle progenitor cells, expressing MyoD1 and myo-
genin [4]. Additionally, the tumor entity can also originate in non-skeletal muscle cells,
like endothelial-progenitor cells [5]. Horn and Enterline classified rhabdomyosarcoma
into four subtypes, the pleomorphic, embryonal, alveolar and botyroid [6]. Within 60
years, the classification of RMS, based on their histopathological appearance changed
only slightly. The most recent proposed classification system in 2015 removed the
differentiation of an own botyroid subtype, instead added a spindle cell/sclerosing, but
kept the embryonal, alveolar and pleomorphic subtypes [7].

Within this quartet, the embryonal (= 60-70%, eRMS) and alveolar (=20 % aRMS)
subtypes arose to be the majority of clinical cases [7, 8]. As classical histopathologi-
cal criteria might not be sufficient for a detailed classification, molecular, cytogenetic
descriptions of RMS subtypes needed to be found. Figure 2.1 depicts the molecu-
lar differentiation for the aRMS and eRMS subtypes. Alveolar RMS, alternatively
termed fusion-positive RMS (FPRMS), are characterized based on genetic transloca-
tions (t(2;13)(q35;q14) and t(1;13)(p36;q14)) of the transcription factors PAX3 (2q35)
or PAX7 (1p36) to the transcription factor FOXO1 (13q14) [9]. These translocations
are present within ~85 % of all aRMS cases [8]. As presented in fig. 2.1, a minority of
aRMS do not show a characteristic translocation, rather a loss of heterzygosity (LOH)
at the chromosomal region 11p15.5, leading to a loss of tumor suppressor functions (H19,
CDKN1C) and increased expression of oncogenes (IGF2, HRAS) [8, 10, 11]. Such LOH
at 11p15.5 and other chromosomal losses or chromosomal gains are mainly associated
with eRMS, alternatively termed fusion-negative RMS (FNRMS) [10, 11]. FNRMS
subtype mutations are predominantly associated to the tumorigenic RAS pathway [12].
Worth to mention is that mutated p53 emerged in a higher frequency in stable RMS
cell lines, rather than within primary RMS samples [13].
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Fig. 2.1: Depiction of the characteristics of aRMS (fusion-positive) and eRMS (fusion-
negative) subtypes. Figure adapted from Ramadan et al. [10].

Recent treatment advances and multimodal strategies have increased the overall survival
rate of RMS patients up to around 70 % [14, 15]. However, the 5-year survival rate
declines to ~ 46 % for fusion-positive RMS. Whereas, the rate for fusion-negative RMS
stays at ~75% [16]. Alarmingly, the 5-year survival rate drops even further to ~21 %,
if the primary RMS has shown metastases at the time of diagnosis [17].

Until today, the classical treatment strategies consists of chemotherapy (vincristine,
dactinomycin in combination with cyclophosphamide or ifosfamide), radiotherapy and
surgical resection. Hence, novel treatment strategies are needed, particularly for the
hard to target and more aggressive alveolar/fusion-positive RMS subtype [3, 18]. In
contrast to the ever optimizing chemotherapeutic regiments [19], novel therapies and
targeted approaches, like immune-checkpoint inhibitors [20], cellular-immunotherapies
(CAR T/NK cells) [21], blockade of PAX-FOXOT1 co-regulators by epigenetic targeting
[22], sensitizing pro-cell death pathways (autophagy, apoptosis) [23, 24] or combination
of mentioned strategies [25, 26] are being investigated.

Focusing on a cellular based immunotherapeutic approach might be challenging, due
to an immunosuppressive tumor microenvironment (TME) within the solid RMS tissue
[27]. Based on this characteristic, RMS are termed immunological cold tumors, evident
by a low tumor infiltrating lymphocyte number, compared to other solid tumor entities

(e.g. bladder cancer, melanoma, ovarian cancer) [28].
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2.2 Relevant cellular signaling pathways

Hanahan and Weinberg initially described six hallmarks of cancer, among them is the
evasion of apoptosis. More generalized, the resistance to cell death pathways [29]. Later
added was evasion of immune destruction as another hallmark referring to cell death [30].
Other identified hallmarks of cancer development, e.g. sustained angiogenesis, tumor
promoting inflammation, non-mutational epigenetic regulation, are closely associated
with the transcriptional master regulatory pathway, termed nuclear factor of x light
polypeptide gene enhancer in B cells (NF-£B) signaling pathways [31, 32]. The following
section will give an introduction to apoptosis regulation and the activation patterns of

the NF-xB signaling pathways.

2.2.1 Apoptosis

In contrast to spontaneous/accidental cell death, by means of physical, chemical or
mechanical stress, apoptosis belongs to the regulated /programmed forms of cell death
induction [33].

In 1972, Kerr et al. proposed the term apoptosis (greek; apo (amd): away from,
ptosis (m7@wos): falling) for an observed form of cell death, where the cells are falling
apart, forming apoptotic bodies, preceded by nuclear and cytoplasmic condensation
and fragmentation [34].

In the case of apoptosis, two cellular signaling pathways are generally accepted to be of
relevance. Firstly, the intrinsic form of apoptosis, regulated from within the cell with
a mitochondrial involvement. Secondly, the extrinsic form of apoptosis, where signals
from outside the cell are relayed by cell surface receptors to activate cell death [33, 35,
36].

2.2.1.1 Intrinsic apoptosis

Upon internal disruption of cellular homeostasis, e.g. DNA damage, ROS induced
cell stress or suppressed growth factor stimulation, leading to the perforation of the
mitochondria, subsequent formation of the apoptosome and activation of the caspase
cascade [33, 38]. Involvement of the mitochondria and mitochondrial outer membrane
permeabilization (MOMP) is strictly controlled by pro- and anti-apoptotic BCL-2 pro-
tein family members [39]. Upon activation, the pro-apoptotic members BAX, BAK
and BOK cluster at the mitochondria and oligomerize within the outer mitochondrial
membrane (OMM) to form pores [39, 40]. Upon permeabilized OMM, proteins (e.g.
cytochrome ¢ and second mitochondria-derived activator of caspases (Smac)) within

the intermembrane space are released into the cytoplasm [40, 41].
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Fig. 2.2: Depiction of both, intrinsic (see sec. 2.2.1.1) and extrinsic (see sec. 2.2.1.2)
apoptotic cell death inducing signaling pathways. On the left, binding of death
ligands (TNFa, TRAIL, FasL) to their respective death receptors (TNFR1,
TRAIL-R, Fas) trigger receptor complex (DISC) formation. DISC leading to
the activation of initiator caspase-8, caspase cascade activation and execution
of cell death. On the right, internal stimuli, e.g. genotoxic stress, activate
pro-apoptotic BCL-2 proteins, leading to BAX/BAK dependent pore forma-
tion of the outer mitochondria membrane. Among other, releasing cytochrom
¢ and Smac. Formation of the apoptosome, activation of initiator caspase-9.
Again, caspase cascade activation and execution of cell death. Smac, fur-
ther suppressing inhibitor of apoptosis proteins, subsequent increased caspase
activation. Figure adapted from Cavalcante et al. [37].

Pore formation, induced by the pro-apoptotic BCL-2 proteins BAX, BAK and BOK,
and MOMP are blocked by anti-apoptotic BCL-2 family members (BCL-2, BCL-x,,
BCL-w, MCL-1, BFL and DIVA). Those anti-apoptotic BCL-2 proteins, within the
hydrophobic environment of the mitochondrial membrane, can bind to the BH3 domain
of BAK and BAX, by that preventing the pore formation activity and inhibiting MOMP
[39, 40]. The third party of this activation mechanism are BH3-only proteins (BID,
BAD, BIM, BMF, BIK, HRK, BLK, BNIP3, NIX, PUMA, NOXA). As the name
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implies, they contain at least one BH3 domain, which can bind to the complex of
previously described anti-apoptotic BCL-2 family members and displace BAX and
BAK by binding to the anti-apoptotic proteins [39]. This releases BAX and BAK,
leading to their oligomerization and eventually MOMP [39, 40].

Apoptotic protease-activating factor 1 (APAF1), dATP and sequestered cytochrome
¢ form a heptameric complex termed apoptosome. This complex formation, leads to
a conformational change and exposure of the caspase recruiting domain (CARD) of
APAF1. This exposure enables a CARD-CARD interactions of APAF1 and the CARD
of pro-caspase-9 [42]. The CARD-CARD binding initiate a putative proximity induced
activation and cleavage of pro-caspase-9 to its active state [42, 43]. This in turn cleaves
and activates pro-caspase-3 and pro-caspase-7. As executioner caspases, they cleave
their target proteins, i.e. ICAD, nuclear lamins, gelsolin, actin, and resulting in the
characteristic nuclear fragmentation, presentation of phosphatidylserine and blebbing

into apoptotic bodies, leading to apoptotic cell death [33, 44, 45].

2.2.1.2 Extrinsic apoptosis

In contrast to the intrinsic apoptosis activation, the extrinsic activation pathway in-
volves surface residing receptors to relay a death inducing signal to the inside of the
cell [33]. Those surface residing receptors can either be functioning as dependence
receptors, where the ligation and receptor activation is needed to survive and upon
signal deprivation a caspase dependent form of cell death is activated [46, 47]. Other
surface receptors binding to death ligands and inducing cell death signaling pathways,
are named death receptors (DR) [48]. Death receptors belong to the tumor necrosis
factor receptor superfamily (TNFRSF) with their corresponding ligands within the
TNF superfamily (TNFSF) [49, 50]. A common characteristic of DR is their intra-
cellular death domain (DD). Upon binding to their respective ligands (FasL, TRAIL:
TNF-related apoptosis inducing ligand) the DRs, CD95 (Fas), TRAIL-R1 (DR4) or
TRAIL-R2 (DR5), recruit an adapter protein FADD (Fas-associated death domain
protein) and further two pro-caspase-8 molecules [50, 51]. Together with pro-caspase-
10 and FLICE-inhibitory protein (FLIPj,s) this complex is termed death-inducing
signaling complex (DISC) [52, 53]. In contrast to the depicted DISC assembly on
CD95, TRAIL-R1 and TRAIL-R2, the DR TNFRI1 initially recruits a different adapter
protein, TRADD (TNFRI1-associated death domain protein), which in turn recruits
FADD, leading to complete DISC assembly. Further, recruitment of TRAF2, cIAP1/2
and receptor-interacting protein kinase 1 (RIPK1) to the receptors can mediate NF-xB
signaling pathways [37, 54-56].

Full DISC assembly, results in the cleavage and activation of caspase-10 and caspase-8,
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which in turn can cleave and activate the executioner caspases-3 and -7 [57]. The final
state is the proteolytic processing of target proteins leading to cell death, i.e. ICAD,
nuclear lamins, gelsolin, actin, and resulting in the characteristic nuclear fragmentation,
presentation of phosphatidylserine and blebbing into apoptotic bodies [33, 44, 45, 55].
Active caspase-8 can also connect the extrinsic to the intrinsic apoptotic pathway by
cleaving and activating the BH3-only protein BID, forming a truncated form [57]. tBID
leads to BAK/BAX dependent MOMP and full activation of the intrinsic apoptotic
pathway [58].

Further, ligated death receptors are able to be internalized and signal within intracel-
lular CD95 or TNFR1 receptosomes [59]. This results in active acid sphingomyelinase,
ceramide production, activation of cathepsin D, generation of tBID and among others

the activation of the caspase cascade [60-62].

2.2.2 Nuclear factor-xB signaling pathways

One of the main signaling pathway coordinating proliferation, survival, cellular differ-
entiation and inflammation is the NF-xB signaling pathway [63, 64]. In humans, the
NF-£B family comprises of five monomeric transcription factors sharing a N-terminal
Rel homology domain (p50, p52, p65/RelA, RelB, cRel), encoded by NFKB1, NFKB2,
RELA, RELB, REL, respectively [63, 65].

Dimers of some of these transcription factors residing in an inactive state in the cy-
toplasma, bound by one of three classical inhibitor of KB proteins, [kBa (NFKBIA),
IxkBfS (NFKBIB) or 1kBe (NFKBIE). The heterodimer p65/p50 is mainly bound by
[kBa. IkBf and IkBe are structurally similar to IkBa and can adopt the binding and
inactivation of p65/p50. However, they seemingly differ in their proteolytic processing
kinetic and re-expression rate [63]. Further, the functional p50 and p52 transcription
factors are inhibited differently, as they are bound in precursor protein forms, p105 and
p100, respectively. Upon activation they are partially degraded to generate the active
p50 and p52 transcription factors [66].

The release and activation of NF-xB transcription factors from IkB proteins is in
turn regulated by phosphorylation by further upstream IxB kinases (IKK), i.e. IKK«
(CHUK), IKKfj (IKBKB) and IKKv (NEMO, IKBKG) [63, 65]. These up-stream initia-
tor kinases are activated by three pathways, the canonical, non-canonical and atypical
pathway [63, 65, 67]. Here, the focus will be on the canonical and non-canonical NF-xB

signaling pathways.
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Fig. 2.3: Depiction of keystones for both, the canonical (left) and non-canonical (right)
NF-kB signaling pathways. Both pathways, use cell surface receptors to relay
signals outside-in. On the left, the canonical pathway uses TAK1 as an apical
initiator kinase, activating the IKK complex. In turn, phosphorylating and
partially degrading p105 to p50, completely degrading IxBa, further phos-
phorylating p65, dimerization and nuclear translocation. On the right side,
NIK is used as an apical initiator kinase, activating IKK complex. Phospho-
rylation of p100 and its partial degradation leading to dimerization, nuclear
translocation and transcription of target genes. Figure adapted from Pflug
and Sitcheran [68].

2.2.2.1 Canonical NF-xB signaling

The canonical NF-xB signaling pathway is characterized by phosphorylation and degra-
dation of IkBa and a further down-stream activation and phosphorylation of p65/Rel A
(left side of fig. 2.3) [63].

Exemplary for activating the canonical NF-kB pathway is the binding of TNFa to
TNFRI1. In contrast to the cell death inducing complex, described in section 2.2.1.2,
complex I is recruited (complex I can be seen in fig. 2.2). This complex I consists of
TRADD, TRAF2, cIAP1, cIAP2 and RIPK1 [69]. K63 poly-ubiquitylation of RIPK1
on K377 by cIAP1 and cIAP2 is responsible for the recruitment of the linear ubiquitin
chain assembly complex (LUBAC) to complex I of the TNFR1 [70]. LUBAC adds M1
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linear polyubiquitin chains to RIPK1 [71]. Subsequent, leading to the recruitment of
a complex containing TAK1, TABI, 2 and 3 [72]. Additionally, another TKK complex
including NF-xB essential modulator (NEMO, IKK~), IKKa and IKKf is being as-
sembled at the TNFRI1 signalosome [50, 73]. Kinase activity of TAK1 is needed to
further phosphorylate IKK within the previous assembled IKK complex and induce
down-stream NF-xB signaling [74-77]. Upon activation, the IKK complex further phos-
phorylates IxkBa at S32/36, leading to its ubiquitylation and proteasomal degradation,
releasing p65/RelA from its bound form [78-80]. Free, cytoplasmic p65/RelA is further
phosphorylated by IKK complex proteins at various phosphorylation sites, probably
depending on the physiological setting. Thus, leading to its full activation, that is homo-
and /or heterodimerization, nuclear translocation and binding to DNA target motifs for
transcriptional activation [81-85]. One heterodimerization partner is p50, which is kept
inactivated in its unprocessed p105 form. Upon phosphorylation, possibly by IKK}3,
at various serine residues, acting as binding sites for a E3 ubiquitin ligase and partial

proteasomal degradation [84].

2.2.2.2 Non-canonical NF-xB signaling

In contrast to the canonical TAK1 mediated activation of the IKK complex and subse-
quent IkBa degradation, the non-canonical NF-xB pathway uses the NF-xB-inducing
kinase (NIK) as an apical kinase of IKK«a phosphorylation (right side of fig. 2.3) [64].
Under basal conditions, NIK is constitutively ubiquitylated, thus tagged for proteasomal
degradation. Ubiquitylation is mediated by cIAP1/2, within a needed complex with
TRAF2/3 [86, 87]. By that, under basal, unstimulated conditions the non-canonical
NF-xB pathway is not being activated.

Upon external stimulus, that is activation of surface residing receptors, e.g. TN-
FRSF12A (TWEAK-R), lymphotoxin ( receptor (LTSR), receptor activator of NF-xB
(RANK), the adapter proteins TRAF2/3 are degraded. Thus, cIAP1/2 are not able to
bind and ubiquitylate NIK, leading to its stabilization and accumulation [86, 88, 89].
Followed by a NIK dependent phosphorylation of IKK« at S176 [90]. Further, p100 is
phosphorylated at various sites by IKKa and other unidentified kinases. Phosphory-
lated p100 at specific N- and C-terminal sites (599, S108, S115, S126 and S872) leads
to its ubiquitylation and partial degradation, generating the active transcription factor
p52 [91, 92]. p52, similar to p65/RelA, can act as homo- and/or heterodimers, shuttle
into the nucleus and bind to and activate target gene transcription [68, 85]. One main
binding partner of p52 is the transcription factor RelB, which might act as an inhibitor
of p100 processing, as binding to pl00 increases RelB stability. Phosphorylation of
RelB at S472 by IKKa/f could demonstrate a transcriptional induction [84].
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2.3 Inhibitor of apoptosis proteins

Smac, released from the intermembrane space during MOMP (see section 2.2.1.1), acts
as an antagonist of inhibitor of apoptosis (IAP) proteins [93]. As the name implies, IAP
proteins can suppress the apoptotic execution by binding to and inhibiting caspases.
Especially x-linked inhibitor of apoptosis (XIAP), binds to caspase-3 and -7 [94]. As
stated in section 2.2.2, cellular IAP proteins (cIAP1 and cIAP2) are involved in NF-xB
signaling modulation, residing in complex I they ubiquitylate RIPK1, and drive acti-
vation of the canonical NF-xB pathway. At the same time blocking the non-canonical
NF-xB pathway, by ubiquitylation of NIK, leading to its degradation [95].

IAP proteins share at least one common baculovirus IAP Repeat (BIR) domain [95].
The baculovirus, where the domain name originates, expresses two proteins containing
BIR domains and function by binding to caspases [96]. Until now, there have been eight
human [AP proteins identified, NAIP (NAIP), cIAP1 (BIRC?2), cIAP2 (BIRC3), XIAP
(XIAP), Survivin (BIRC5), Apollon (BIRC6), Livin (BIRC7) and ILP-2 (BIRCS) [95,
97]. Except for ILP-2, the other IAP family members can bind directly to and block
caspase activation. This binding is facilitated by type II BIR domains (BIR2 and BIR3)
harboring a tetrapeptide IAP binding motif (IBM), type I BIR domains (BIR1) lack
the IBM [94, 98]. In addition to BIR domains, cIAP1 and cIAP2 further contain a
CARD, a ubiquitin binding associated (UBA) and a RING (really interesting new gene)
domain. With this RING domain cIAP1 and cIAP2 are able to add poly-ubiquitin
chains to their targets (e.g. NIK, caspase-3, -7, -9, TRAF2, and others), tagging the
targets for proteasomal degradation [86, 87, 99-101]. By that, IAP proteins have a

direct negative impact on apoptotic signal processing.

For the cell to be able to induce pro-apoptotic signaling, those IAP proteins need to be
suppressed upon cell death induction. The endogenous protein Smac, released during
MOMP, adopts this function. In the case for XIAP, it could be shown, that Smac uses its
N-terminal tetrapeptide (Alanine-Valine-Proline-Isoleucin) to bind to the BIR3 domain
of XIAP [102]. This binding, putatively leads to conformational changes, autoubiquity-
lation and subsequent degradation of IAP proteins [103]. Thereby, previously bound
caspases are released and exert their effector functions and onset of apoptotic signaling
[104].
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2.4 Smac mimetic

This TAP binding function of Smac and triggered release of caspase activity, sparked
the research on using this mechanism as a therapeutic strategy.

Using peptide mimicry and remodelling of the AVPI binding motif, potent nonpeptidic
Smac mimetics were developed [105]. Further, a successful structural-based design of
IAP antagonistic compounds could increase their binding affinity and cell-permeability
[106]. Natural occurring Smac proteins form homodimers, thereby being able to bind
to the BIR2 and BIR3 domain of XIAP, releasing not only caspase-9, bound by XIAP’s
BIR3 domain, but releasing caspase-3/-7 bound by XIAP’s BIR2 domain [107]. This
dimeric binding mechanism translated into the synthesis of bivalent compounds har-
bouring two mimetic motifs [107]. A variety of Smac mimetic compounds are under
preclinical development, or even in clinical trials. Up to the date of the thesis submis-
sion, a total of 15 active (“recruiting”, “active, not recruiting” and “not yet recruiting”)
clinical trials could be identified using IAP antagonist either alone or in combination,
ranging from phase 1-3 clinical trials. The active clinical trials are either using ASTX660
(six trials), Debio 1143 (three trials), Birinapant (two trials) or APG-1387 (four trial)

(inquiry on clinicaltrials.gov, see table 2.1).

Still under pre-clinical development is the bivalent Smac mimetic BV6. Using B-cell pre-
cursor acute lymphoblastic leukemia (BCP-ALL) and pediatric primografts, BV6 could
increase the survival in an synergistic manner together with conventional vincristine,
dexamethasone and asparaginase treatment [108]. In another pediatric ALL xenograft
model, BV6 together with dexamethasone reduced tumor growth and prolonged survival
[109]. Additional studies, could show synergy between BV6 and death inducing ligands
(TRAIL, FasL) inducing extrinsic cell death, in apoptotic and necroptotic manners
[110-114]. Here, it could also be shown that BV6 in lower concentrations is more
potent in activating cell death pathways, compared to LCL161 and Birinapant [114].
As can be seen in section 2.2.2, IAP proteins are not only involved in cell death reg-
ulation, but additionally in the regulation of NF-xB pathways. Indeed, it could be
described that BV6 and other Smac mimetics induce NF-xB pathways [115, 116]
Although not in clinical trials today, BV6 is being used to identify fundamental molec-

ular mechanisms induced by Smac mimetics/IAP antagonists.
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Tab. 2.1: Clinical trials, “recruiting”, “active, not recruiting” and “not yet recruiting”,
using Smac mimetics/IAP antagonists for solid cancer and hematological
malignancies either as single or in combination treatment (clinicaltrials.gov

accessed on 23.08.2022)

NTC-#  Smac mimetics phase first posted
02503423 ASTX660 1/2 2015
03386526 APG-1387 1 2017
03803774 Birinapant 1 2019
03871959 Debio 1143 1 2019
1
1

04155580 ASTX660 2019
04284488 APG-1387 2020
04362007 ASTX660 1/2 2020

04459715 Debio 1143 3 2020
04553692 Birinapant 1 2020
04568265 APG-1387 2 2020
04643405 APG-1387 1 2020
05082259 ASTX660 1 2021
05245682 ASTX660 1 2022
05386550 Debio 1143 3 2022
05403450 ASTX660 1 2022

2.5 Natural Killer cells as cellular immunotherapy

Additionally, to the increased cell death by single Smac mimetic (IAP antagonist) treat-
ment, they can also induce an immunomodulation within cancer cells, leading to an
enhanced susceptibility to a cytotoxic lymphocyte attack. Overexpression of a pro-Smac
fusion protein containing either a cleavage site for granzyme B or caspase-8 could sensi-
tize melanoma cells to a lymphokine-activated killer (LAK) cell attack. The complete
mechanism remains elusive. However, it was demonstrated that LAK cells kill their tar-
get by activating the granzyme B pathway, rather than the caspase-8 dependent death
receptor pathway [117]. In a variety of Hogkin lymphoma cancer cell lines, treatment
with a Smac mimetic (obtained from Tetralogic Pharmaceuticals) could restore killing
susceptibility to freshly enriched natural killer (NK) cells, with a proposed caspase
dependent mechanism and putative involvement of the death receptor and granzyme B
mediated cell death pathways [118]. A novel Smac mimetic, APG-1387, could increase
the susceptibility of hepatocellular carcinoma to NK cell mediated killing with elevated
levels of cleaved caspase-3 [119]. However, a detailed mechanism on how caspase-3 is
activated by NK cells and co-treatment with APG-1387 is missing. In addition to NK
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cells, Her2 targeting chimeric antigen receptor (CAR) expressing T-cells could attack
Her2" patient-derived colorectal tumoroids and further increase their killing effect in a
TNFa dependent manner upon Birinapant, Smac mimetic, co-treatment [120]. Further,
the Smac mimetic BV6 could induce a sensitizing effect in rhabdomyosarcoma cell lines,
leading to an enhanced killing by cytokine-induced killer (CIK) [121] and NK [25] cells.
Within RMS cells, the proposed sensitizing mechanism involves caspases and putatively
TRAIL:TRAIL-R activation [25, 121].

NK cells belong to the cellular innate immune system and as cytotoxic lymphocytes,
they are characterized by the expression of CD59 and lack the expression of CD3 [122].
As their name implies, they can kill other cells. For that, they need to be able to induce
cell death in their target cells by either activating the extrinsic apoptotic pathway, or
by secreting cytotoxic granula, inducing an alternative cell death pathway [122]. NK
cells present death ligands, i.e. FasL. and TRAIL, on their surface and are able to bind
to death receptors on their target cell’s surface. The second killing mechanism, is the
secretion of cytotoxic proteins, e.g. perforins, granzymes and granulysin. Here, perforin
forms prepore oligomers on the cell membrane of the target cells. Upon Ca?* binding
and induced conformational changes, these oligomers form g-barrel pores within the cell
membrane [123]. Granzyme B and other secreted cytotoxic proteins can pass through
the formed perforin pore into the target cell to cleave caspases and other target proteins,
eventually leading to cell death [124]. It could be shown that secretion of two to four
cytotoxic granula of NK cells could lead to the induction of target cell death [125]. Both
mechanisms, are taking place at the immunological synapse [126, 127]. Further, NK
cells are known to be serial killer. That is, they can attack and kill multiple target cells
by using different cell death inducing mechanisms, e.g. switch from cytotoxic granula to
death receptor induced killing, and from apoptosis, necrosis or mixed forms of induced
cell death [124, 128].

Before the killing can happen, NK cells need to migrate, recognize their target cells and
subsequently be activated for cytotoxic attack. The target cell recognition and activa-
tion is performed by an intricate interplay of activating and inhibitory receptors on NK
cells and is independent from MHC class I antigen recognition (figure 2.4) [129]. Upon
binding to their respective ligands, activating receptors, e.g. NKp44, NKp46, CD16,
DNAMI, lead to cytoskeleton remodelling, formation of the immunological synapse and
induction of the so called “kiss of death” [130]. On the other side, binding of inhibitory
receptors, including the killer immunoglobulin-like receptor (KIR) family and NKG2A,
blocks the cytotoxic function of NK cells by clustering to and suppressing activating

receptor signaling [131].
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Fig. 2.4: Depiction of selected activating and inhibitory receptors on NK cells and
ligands on tumor /target cells. Figure modified from [132] and generated with
BioRender.com.

Tumor cells generated mechanisms to evade the recognition by immune cells, i.e. NK
cells. Such evasion strategies were included as an additional hallmark of cancer in
2011 [30]. As depicted in figure 2.4, cancer cells present on their cell surface either NK
cell activating or inhibitory ligands. KIR-L receptors on NK cells recognize classical
HLA-A,B,C molecules on the target cell surface and inhibit NK cell cytolytic functions.
Non-classical HLA molecules, e.g. HLA-E, can be recognized by NKG2A and inhibit
NK cell cytotoxicity. Activating ligands on tumor cells include MICA /B and ULBP1-6,
which are recognized by the NKG2D receptor and activating cytolytic functions in NK
cells [133].

Evasion mechanisms of tumor cells include, down-regulation or shedding of activating
ligands,e.g. of MICA /B, ULBPs [134, 135], up-regulation of an endogenous granzyme
B inhibitor [136], evading extrinsic apoptosis by decoy receptors or increased expression
of caspase inhibitory (IAP) proteins [137].

One way to counteract such immune evasion mechanisms was previously described using
Smac mimetics. As described above, Smac mimetics lower the apoptotic threshold for a
second immunological hit to fully induce cell death in target cells [25, 121]. In addition
to Smac mimetics, several other co-treatment strategies were investigated to re-sensitize
cell death resisting tumor cells towards an NK cell attack. For example, treatment of

melanoma cells with panobinostat, an HDAC inhibitor, in combination with a MICA /B
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antibody could synergistically increase the surface expression of MICA /B on tumor
cells, leading to an increased NK cell activation and killing of target cells [138]. Further,
proteasome inhibition by bortezomib, could increase death receptor (Fas and DR5) pre-
sentation, down-regulation of inhibitory HLA-E, subsequently leading to an enhanced
NK cell killing [139]. Increased Fas presentation on breast cancer cells, induced by
doxorubicin treatment, further enhanced killing by the stable NK-92 cell line, derived
from peripheral blood of a non-Hodgkin lymphoma patient [140]. In the field of classi-
cal immunotherapy, that is therapeutic approaches with immune checkpoint inhibitors,
attack and killing by NK cells could also be influenced. Here, blockade of PD-L1 and a
novel immune checkpoint PVRIG on NK cells could enhance killing sensitivity towards
colon cancer xenografts [141]. The other way around, expression of granzyme B could
be increased upon inhibition of CDKS8 and CDK19 in NK cells, leading to an enhanced
growth control of breast and melanoma cancer xenografts. In addition, co-treatment
with anti-PD-1 antibody and a Smac mimetic further enhanced the survival of breast
cancer bearing mice [142].

NK cells are powerful cytotoxic cells of the innate immune system, although tumor cells
developed strategies to evade destruction by immune cells, novel treatment strategies

exist and are in pre-clinical development to counteract those evasion mechanisms.
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3 Research rationale

Previous publications described a favorable therapeutic strategy, not only for RMS,
by using Smac mimetics in combination with cytotoxic lymphocytes, i.e. with CAR
T-cells [120], CIK cells [121], NK cells [25, 118, 119].

Based on these studies, the aim of the presented project was to elucidate the molecular
mechanisms driving the sensitizing effect of BV6 in combination with NK cells.

To remodel the solid RMS tumor phenotype more closely, a three dimensional multi-
cellular RMS spheroid system was chosen. Here, GFP expressing RMS cells were used
to follow the spheroid growth and size by quantifying the GFP fluorescence intensity
as a read-out of spheroidic change. As introduced, RMS can be classified into several
subtypes. To understand, if the BV6 sensitizing mechanism is RMS subtype specific,
or a pan-RMS mechanism, the alveolar RH30 cell line and the embryonal RD cell line

were utilized.

Earlier investigations could identify an involvement of TRAIL upon XIAP blockade in
pancreatic carcinoma [143], described an up-regulation of DR5 upon BV6 stimulation
[110] or re-sensitization to a TRAIL induced cell death by the Smac mimetic Birinapant
[144] or BV6 [112] in a variety of tumor cell lines. Within this background, the aim of
the first part is to analyze the death receptor signaling upon BV6 treatment and will
focus on the TRAIL:TRAIL-R system. As death receptor induced apoptosis involves
activation of caspases, a hypothesis was formulated that the observed BV6 induced
sensitization might depend on a death receptor mediated extrinsic form of cell death
and putatively depends on caspase activation. Thus, analysis of caspase activation

pattern and targeted knock-down studies will be carried out to resolve this hypothesis.

As BV6 is able to activate transcriptional pathways we hypothesized if this transcrip-
tional effect might be responsible for the sensitization towards an NK cell attack. NIK,
as part of the non-canonical NF-xB pathway, is directly tagged for proteasomal degrada-
tion by cIAP1/2 mediated ubiquitylation [145]. Thereby, the role of NIK as a putative
central facilitator within a BV6 induced transcriptional regulation will be analyzed in

more detail.

This transcriptional regulation will comprehensively be analyzed by RNA sequencing,
to identify novel BV6 regulated target genes. Thereby, we aimed to unravel a BV6
induced transcriptional signature and help to understand the molecular mechanisms

driving BV6 sensitization in RMS cells towards an NK cell mediated killing.
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4 Materials and Methods

4.1 Materials

4.1.1 Caell lines

Table 4.1 depicts used human cell lines. RD and RH30 cell lines constitutively expressing

green fluorescent protein (GFP) and luciferase (Luc) were produced at the institute of

cellular immunology (AG Ullrich, University Hospital, Frankfurt a. M., Germany) by

Dr. Juliane Wagner [146].

Tab. 4.1: Used human cell lines with appropriate culture medium

Cell line Supplier Culture Medium

RD (embryonal RMS) ATCC DMEM

RD-GFP/Luc AG Ullrich, Frankfurt a. M., DMEM
Germany

RH30 (alveolar RMS) DSMZ RPMI-1640

RH30-GFP/Luc AG Ullrich Frankfurt a. M., RPMI-1640
Germany

HEK293T (embryonal kid- ATCC DMEM

ney cells)

primary NK cells (isolated GRC-Blood donor service NK MACS®

from PBMCs)

Frankfurt a. M., Germany

4.1.2 Cell culture reagents

Tab. 4.2: Used reagents for cell culture maintenance

Reagent

Supplier

StemPro™ Accutase™

Enzyme free dissociation buffer

Trypsin/EDTA (0.05 %, phenol red)

Life Technologies,

many

Life Technologies,

many

many

Life Technologies,

Darmstadt, Ger-
Darmstadt, Ger-
Darmstadt, Ger-
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Tab. 4.2: Used reagents for cell culture maintenance — continued

Reagent

Supplier

Dulbecco’s Modified Eagle
(DMEM) GlutaMAX™.-T

Dimethyl sulfoxid (DMSO)

Dulbecco’s phosphate buffered saline

(PBS)
Fetal calf serum (FCS)

human AB blood plasma

NK MACS®

Opti-MEM®

Penicillin/Streptomycin (10000 U/ml)

Roswell Park Memorial Institute (RPMI)-

1640 GlutaMAX™-] medium

Roswell Park Memorial Institute (RPMI)-
1640 GlutaMAX™-T medium without phe-

nol red

Sodium pyruvate (100 mM)

Trypan blue solution (0.4 %)

Medium

Life Technologies, Darmstadt, Ger-

many
Sigma-Aldrich, Deisenhofen, Germany
Life Technologies, Darmstadt, Ger-

many
Life Technologies, Darmstadt, Ger-
many

GRC-Blood donor service, Frankfurt a.
M., Germany

Miltenyi Biotec, Bergisch Gladbach,
Germany

Life Technologies, Darmstadt, Ger-
many

Life Technologies, Darmstadt, Ger-
many

Life Technologies, Darmstadt, Ger-

many

Life Technologies, Darmstadt, Ger-

many

Life Technologies, Darmstadt, Ger-

many

Life Technologies, Darmstadt, Germany
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4.1.3 Inhibitors

Tab. 4.3: Used inhibitors and neutralizing antibodies

Inhibitors  Target and function Supplier

BV6 TAP antagonist / Smac mimetic Genentech, San Francisco,
CA, USA

zVAD.fmk  pan-caspase inhibitor Bachem, Heidelberg, Ger-
many

zAAD-cmk  Granzyme B inhibitor Sigma Merck, Darmstadt,
Germany

Enbrel anti-TNFa antibody Sigma Merck, Darmstadt,
Germany

antiTRAIL anti-TRAIL antibody Enzo LlIfe Sciences, Lorrach,

Germany

4.1.4 Antibodies

Primary antibodies used for western blot are listed in table 4.4. All western blot antibod-
ies were diluted in 2 % BSA:PBS-T. Secondary antibodies for western blot were diluted
1:10000 in 5% skimmed milk:PBS-T and are listed in table 4.5. Table 4.6 depicts fluo-

rochrome conjugated primary antibodies for flow cytometric and immunofluorescence

analysis.
Tab. 4.4: Used primary antibodies for western blot detection

Target Catalog-# Dilution Species Supplier

a-Tubulin ~ CP06 1:5000  mouse Calbiochem, San Diego, CA,
USA

Caspase-3 96625 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA

Caspase-8  ADI-AAM-118-E 1:1000 mouse Enzo, Lorrach, Germany

Caspase-9 95025 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA

cIAP1 271319 1:1000  mouse Santa Cruz Biotechnology

Santa Cruz, CA, USA
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Tab. 4.4: Used primary antibodies for western blot detection — continued

Target Catalog-# Dilution Species Supplier
clAP2 3130 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA
DR5 AB16942 1:1000  rabbit  Sigma-Aldrich, Darmstadt,
Germany
GAPDH NB-29-00852 1:5000  mouse BioTrend, Cologne, Ger-
many
Histone H3 ab1791 1:1000  rabbit  Abcam, Cambridge, UK
IkBa 9242 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA
LaminB1 ab16048 1:10000 rabbit  Abcam, Cambridge, UK
NIK 4994 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA
p50 7178 1:1000  rabbit  Santa Cruz Biotechnology
Santa Cruz, CA, USA
po2 05-361 1:1000  mouse Sigma-Aldrich, Darmstadt,
Germany
p65 372x 1:1000  rabbit  Santa Cruz Biotechnology
Santa Cruz, CA, USA
p-p65 3033S 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA
p-IkBa 9246L 1:1000  mouse Cell Signaling, Beverly, MA,
USA
p-RIP1 657465 1:1000  rabbit  Cell Signaling, Beverly, MA,
USA
RIP1 133102 1:500 mouse  Santa Cruz Biotechnology
Santa Cruz, CA, USA
SSTR2 365502 1:1000  mouse Santa Cruz Biotechnology
Santa Cruz, CA, USA
Survivin AF886 1:1000  rabbit R&D Systems

Minneapolis, MN, USA
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Tab. 4.4: Used primary antibodies for western blot detection — continued

Target Catalog-# Dilution Species Supplier
XIAP 610716 1:1000 mouse BD Bioscience, Heidelberg,
Germany

Tab. 4.5: Used secondary antibodies for western blot detection and immunofluorescence

Target Conjugation Host Catalog-#  Supplier

species species

anti-mouse HRP goat ab6789 Abcam, Cambridge, UK

anti-mouse FITC goat 115-097-003  Jackson ImmunoResearch
Cambridgeshire, UK

anti-rabbit HRP goat ab6721 Abcam, Cambridge, UK

Tab. 4.6: Fluorochrome conjugated antibodies for flow cytometric and immunofluores-
cence analysis

Target & Catalog-# c(final) Species Supplier
fluorochrome #8/ml

CCL5 MAB278-100 3.3 mouse IgG;  R&D Systems
CD3 BV510 564713 2.5 mouse IgGy4  BD Bioscience
CD16 PE 302008 2.5 mouse IgGy,  Biolegend
CD45 APC 17-0459-42 0.6 mouse IgGy,  Invitrogen
CD56 BV421 562751 2.5 mouse IgGop  BD Bioscience
Fas PE 556641 ) mouse IgG;  BD Bioscience
DR4 PE FAB347P 5 mouse IgG;  R&D Systems
DR5 PE FAB6311P 5 mouse IgGop  R&D Systems
Isoypte PE I1C002P ) mouse IgG;  R&D Systems
Isotype PE I1C0041P 5 mouse IgGyp  R&D Systems
Isotype PE ICO03P 5 mouse IgGys  R&D Systems
Isotype PE 130-113-462 4 REA human Miltenyi Biotec
SSTR2 PE FAB4224P 5 mouse [gGos  R&D Systems
TNFR1 PE 130-106-286 4 REA human Miltenyi Biotec
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4.1.5 Small-interfering RNA constructs (siRNA)

All small-interfering RNA construct where purchased from ThermoFisher Scientifc
(Silencer® Select siRNA, Roskilde, Denmark)

Tab. 4.7: Used small-interfering RNA construct for specific knock-down

Target Construct  Assay-#
#1 §2427
Caspase-8  #2 $2425
#3 $2426
#1 52428
Caspase-9  #2 $2429
#3 s2430
#1 s12575
CCL5 #2 s12576
#3 s12577
#1 s17187
MAP3K14  #2 s17186
#3 s17188
non specific ns $4390843

4.1.6 Primer sequences for gRT-PCR

All oligonucleotide primers were acquired from Eurofins Genomics (Ebersberg, Ger-

many).

Tab. 4.8: Used oligonucleotide primers for in-house performed qRT-PCR

Target gene Sequences (5’ —3")

human Forward Reverse

28S-rRNA TTGAAAATCCGGGGGAGAG ACATTGTTCCAACATGCCAG
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Tab. 4.8: Used oligonucleotide primers for in-house performed qRT-PCR — continued

Target gene

Sequences (5'—3’)

human Forward Reverse

BIRC?2 GATATTGTGTCACGACTTCTTAATGC TCTGTTCTTCCGAATTAATGACAA
BIRCS GATGAAAATGCAGAGTCATCAATTA CATGATTGCATCTTCTGAATGG
CcCLS5 CGCTGTCATCCTCATTGCTA GAGCACTTGCCACTGGTGTA
cREL TGAACATGGTAATTTGACGACTG ACACGACAAATCCTTAATTCTGC
G6PD ATCGACCACTACCTGGGCAA TTCTGCATCACGTCCCGGA
GAPDH CAAGGTCATCCATGACAACTTTG GGGTCCAAGTTGTCCAGAATGC
1L-8 CTCTTGGCAGCCTTCCTGATT TATGCACTGACATCTAAGTTCTTTAGCA
IRF1 ACAGCACCAGTGATCTGTACAAC TTCCCTTCCTCATCCTCATCT
MAPS3K1 CCAGCTGCCATCTCTATCATC AAAAAGTGGGGCTGAACTCT
MMP9 CTTTGAGTCCGGTGGACGAT TCGCCAGTACTTCCCATCCT
NFKB2 CTCGACTACGGCGTCACC GATGATGGCTAGGTGCAGTG
NFKBIA GTCAAGGAGCTGCAGGAGAT ATGGCCAAGTGCAGGAAC
RELA TCATGAAGAAGAGTCCTTTCA GGATGACGTAAAGGGATAGGG
RELB GCTCTACTTGCTCTGCAGACA GGCCTGGGAGAAGTCAGC
RPIT GCACCACGTCCAATGACAT GTGCGGCTGCTTCCATAA
SSTR2 GCAGCGGAAAAGCAAAGATGTC TCCATTGAGTGGCTCATCCG
SSTR2A-1 GGAGCGGAGTGACAGTAAGC GGTCTCCATTGAGGAGGGTC
SSTR2A-2 CCAGAATGTCCTCTGCTTGGT ATTCAGCCGGGATTTGTCCT
SSTR2B-1 CAGCAAAAGCGGCGAAGAAGG TTTTGCGGTTTTTGTTGTTGCGA
SSTR2B-2 CCAGAATGTCCTCTGCTTGGT TGCGGTTTTTGTTGTTGCGAA
TNFRSF10A GGGTCCACAAGACCTTCAAGT TGCAGCTGAGCTAGGTACGA
TNFRSF10B AGACCCTTGTGCTCGTTGTC TTGTTGGGTGATCAGAGCAG
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Tab. 4.9: Used oligonucleotide primers for qRT-PCR Fluidigm® validation

Gene of interest

human

Sequences (5'—3’)

Forward

Reverse

BIRC?
CAMKIG
CCL5
CTSS
ESYTS
HPRT1
[FITS
IL7R
ITGAM
MMP9
MSTN
NFKB2
NFKBIA
NUPR1
PLA2GC
PLCH?
SSTR2
TBP
TLR5
TNFRSF9
TRAF1
TRIBS3
TRIM29
UNC134
VEGFC

GTGAGTTCTTGATACGAATGAAAGG

ATGACATCTCCGACTCTGCAAAAG

GCATCTGCCTCCCCATATTCC

TTTCTTCCTCTACAGAAGTGGTGTC

GAAGACACATACAAGTAAGACCTG

TGACACTGGCAAAACAATGCA

GGAAACAGCCATCATGAGTGAGG

AAGTGGCTATGCTCAAAATGGAGAC

CCTGAAACTACAGTTGCCGAATTG

ATTTGTTCAAGGATGGGAAGTACTG

CATTACCATGCCTACAGAGTCTGAT

AAAGACCTATCCCACTGTCAAGATC

TTCACAGAGGACGAGCTGCC

CTGAGACAGAGCTGGAGATGAG

AAGCTAAGGATTGAGGCTGATGAGG

TATGCCTTCATCAAGAATGAGTACC

GCAGCGGAAAAGCAAAGATGTC

GAGCCAAGAGTGAAGAACAGTC

TTCTGCTAGGACAACGAGGATCA

ATATGCAGGCAGTGTAAAGGTGTT

GGCTGTACCTGAATGGAGATG

CGCTGACCGTGAGAGGAAGA

CAATCTCTATGGCACCAAAGGTAAC

AAACATGGCAAGGGATTAGAAAAGG

CCTCGGATGCTGGAGATGAC

GGTCCAAAATGAATAATTGGTGGGT

GACTCGTGGATGTTTTTGTTGAGG

CCACTGGTGTAGAAATACTCCTTGA

CATTAAGATCACCATAGCCAACCAC

CTGGTCATCATCAAGCACCTTC

GGTCCTTTTCACCAGCAAGCT

TAAGTTCCAGGTGAAATGGCATTTC

GCCCCACATATTTCAAATTCCAGAT

ATGTTGTCATTGCCACAATTCTTCT

GAAGAAAAGCTTCTTGGAGAGCC

CTCGACGGGTCTCAAATATATCCAT

AGGTTGTTAAATTGGGCAGTCATG

AGTGTGCAGTGTGGATATAAGTACA

CTCAGTCAGCGGGAATAAGTCCTAG

TAGAGAGAAGATATTGCCCAAGTGG

CATTTTCTTCTGCTGGATGACACTG

GCCCAGAGATCTTATTCTCACCTTA

GCTCCCCACCATATTCTGAATCT

CAGAAACGATAAAAGGCTATTCGG

TTCTGATCGTTAAATGTCCCAAAGC

GTTCTGGTCCAGCAGCATGAA

TGAGTATCTCAGGTCCCACGTAG

AGAGTTCTGAATGCTGGAGGAGTA

CTTCTTCTCGTACCATGTGATCCTT

CACATTGGCTGGGGAAGAGT
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4.1.7 Guide RNAs used for knock-out generation of CCL5

All oligonucleotides for the generation of gRNAs were manufactured by Eurofins Ge-
nomics (Ebersberg, Germany). Sequences for the generation of gRNAs were taken from
the Brunello library [147].

Tab. 4.10: Used oligonucleotides for gRNA generation targeting CCLJ5, stock concen-
tration of 100 uM

Construct Comment Sequence (5'—3’)
target AAGGAGTATTTCTACACCAG
gRNA #1 forward CACCGAAGGAGTATTTCTACACCAG
reverse AAACCTGGTGTAGAAATACTCCTTC
target GCAATGTAGGCAAAGCAGCA
gRNA #2 forward CACCGGCAATGTAGGCAAAGCAGCA
reverse AAACTGCTGCTTTGCCTACATTGCC
target GTAGAAATACTCCTTGATGT
gRNA #3 forward CACCGGTAGAAATACTCCTTGATGT
reverse AAACACATCAAGGAGTATTTCTACC
target TCAAGACCAGGACTTACATG
gRNA #4 forward CACCGTCAAGACCAGGACTTACATG
reverse AAACCATGTAAGTCCTGGTCTTGAC

4.1.8 Chemicals

Tab. 4.11: Used chemicals, compounds and ready-to-use solutions

Chemical Company

2-propanol Carl Roth, Karlsruhe, Germany
Acetic acid Carl Roth, Karlsruhe, Germany
Acrylamide mix, 30 % Carl Roth, Karlsruhe, Germany

Agar Carl Roth, Karlsruhe, Germany
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Tab. 4.11: Used chemicals, compounds and ready-to-use solutions — continued

Chemical

Company

Albumin fraction V (BSA)
Ammonium persulfate (APS)
[-Glycerophosphate
Blasticidine

Brilliant stain buffer

Bromphenol blue
Calcium chloride (CaCly)

Carboxyfluorescein succinimidyl ester

(CFSE)
CasyTon

CellTrace™ far red

CellTrace™ Violet

DAPI

Dimethyl sulfoxide (DMSO)
Dihydrothreitol (DTT)
Disodium phosphate (Nay,HPO,)
Ethanol

Ethylene
(EDTA)

FACS Clean solution

FACS Rinse solution

FACS Flow sheath fluid

FACS Shutdown solution
Formaldehyde

FuGENE®HD transfection reagent

diamine tetraacetic acid

Glycerol

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Deisenhofen, Germany
Carl Roth, Karlsruhe, Germany

BD Bioscience, Franklin Lakes, NJ,
USA

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
ThermoFisher Scientific, Roskilde, Den-

mark

OMNI Life Science, Bremen, Germany

Life Technologies, Darmstadt, Ger-
many
Life Technologies, Darmstadt, Ger-

many
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Darmstadt, Germany
Merck Millipore, Darmstadt, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

BD Bioscience, Heidelberg, Germany
BD Bioscience, Heidelberg, Germany
BD Bioscience, Heidelberg, Germany
BD Bioscience, Heidelberg, Germany
Carl Roth, Karlsruhe, Germany
Promega, Madison, WI, USA

Carl Roth, Karlsruhe, Germany
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Tab. 4.11: Used chemicals, compounds and ready-to-use solutions — continued

Chemical

Company

Glycine

Histopaque-1077

Hoechst33342

Hydrochloric acid (HCI)
Hydrogen peroxide (HyO2, 30 %)
LB medium

Magnesium Chloride (MgCly)
Methanol

NP-40 (IGEPAL CA-630)

Nuclease-free water

Octreotide acetate
Skimmed milk powder

S.0.C medium

PageRuler™ Plus Prestained Protein

ladder

Phenylmethylsulfonyl fluoride (PMSF)
Potassium chloride (KCI)

phosphate

Potassium  dihydrogen

(KH,PO,)
Protease Inhibitor Cocktail (PIC)

Propidium iodide (PT)
RNAlater
RNAIMAX tranfection reagent

ROENTOROLL HC X-Ray Developer
Sodium chloride (NaCl)

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Darmstadt, Germany
Sigma-Aldrich, Deisenhofen, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
ThermoFisher Scientifc, Roskilde, Den-

mark

Selleckchem, Planegg, Germany

Carl Roth, Karlsruhe, Germany

Ger-

Life Technologies, Darmstadt,

many

ThermoFisher Scientific, Roskilde, Den-

mark

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

Roche Diagnostics, Mannheim, Ger-
many

Sigma-Aldrich, Deisenhofen, Germany
Sigma-Aldrich, Darmstadt, Germany
Ger-

Life Technologies, Darmstadt,

many

TETENAL, Norderstedt, Germany
Carl Roth, Karlsruhe, Germany
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Tab. 4.11: Used chemicals, compounds and ready-to-use solutions — continued

Chemical

Company

Sodium dodecyl sulfate (SDS)
Sodium fluoride

Sodium hydroxide (NaOH)
Sodium orthovanadate
SUPERFIX MRP X-Ray Fixer

Tetramethylethylenediamine
(TEMED)

Thiazolyl Blue Tetrazolium Bromide
(MTT)

TrisBase

TrisHCI

Triton X-100

Tween 20

Vision X®X-ray developer and fixer

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Deisenhofen, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Deisenhofen, Germany
TETENAL, Norderstedt, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany

rontgen bender, Baden-Baden, Ger-

many

4.1.9 Consumables

Tab. 4.12: Used consumables

Material

Supplier

Aluminium foil
CasyCups
Cell culture dishes (6, 10 or 15cm di-

ameter)

Cell culture flasks (25, 75 or 175 cm?)

Cell culture plates (6, 12, 24, 48 or 96

well, transparent)

Cell scraper

Car Roth, Karlsruhe, Germany
OMNI Life Science, Bremen, Germany

Greiner Bio-One, Frickenhausen, Ger-

many

Greiner Bio-One, Frickenhausen, Ger-

many

Greiner Bio-One, Frickenhausen, Ger-

many

BD Bioscience, Heidelberg, Germany




4.1.9 Consumables

30

Tab. 4.12: Used consumables — continued

Material

Supplier

Combitips (bulk, different sizes)

Centrifuge tubes (Falcon tubes, 15 or
50 ml)

CELLSTAR® microclear black plate
(96 well)

Corning®Costart® 96 well ultra-low at-

tachment plates

Cryogenic vials (1.8 ml)

Disposible bags

Filter tips (sterile, all sizes)

Filter paper

Hybond ECL nitrocellulose membrane
X-ray Hyperfilm ECL

Leukosilk® tape

MicroAMP™ optical reaction plate (96
well)

MicroAMP™  optical reaction plate
(348 well)

Microcentrifuge tubes (unsterile, all

sizes)

Nitrile gloves, powder-free
Parafilm

Pasteur pipettes

PCR tubes

Round-bottom FACS tubes
Scalpel

Sterile filters (0.22, 0.45 ym)
Sterile stripettes

Eppendorf, Hamburg, Germany

Greiner Bio-One, Frickenhausen, Ger-

many

Greiner Bio-One, Frickenhausen, Ger-

many

Sigma-Aldrich, Darmstadt, Germany

Starlab, Hamburg, Germany

Carl Roth, Karlsruhe, Germany
Starlab, Hamburg, Germany

Carl Roth, Karlsruhe, Germany

GE Healthcare, Buckinghamshire, UK
GE Healthcare, Buckinghamshire, UK
BSN Medical, Hamburg, Germany
ThermoFisher Scientific, Roskilde, Den-

mark

ThermoFisher Scientific, Roskilde, Den-

mark

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

VWR, Deisenhofen, Germany

Carl Roth, Karlsruhe, Germany
Starlab, Hamburg, Germany

BD Bioscience, Heidelberg Germany
B. Braun, Melsungen, Germany
Merck Millipore, Darmstadt, Germany

Greiner Bio-One, Frickenhausen, Ger-

many
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Tab. 4.12: Used consumables — continued

Material

Supplier

Syringes (5, 20, 50ml)
Whatman filter paper

BD Bioscience, Heidelberg, Germany
ThermoFisher Scientific, Roskilde, Den-

mark

4.1.10 Assay kits

Tab. 4.13: Ready-to-use kits used throughout the project

Kit

Catalog-#  Supplier

ELISA targeting hCCL5

GenelJet Plasmid-Miniprep Kit

peqGold DNAse I digestion kit
peqGOLD MicroSpin Total RNA
kit

peqGOLD Total RNA kit

Pierce™ BCA protein assay

Pierce™ ECL western Blot detec-

tion substrate

PureLink™ Genomic DNA Mini
Kit

PureLink™ HiPure Plasmid Max-
iprep Kit

Qiagen RNeasy Micro Kit
QIAquick Gel Extraction Kit

RevertAid First Strand cDNA
synthesis kit

DRNO0OB R&D Systems, Minneapolis, MN,
USA

K0482 ThermoFisher Scientic, Roskile,

Denmark
13-1091-01  PeqlLab, Erlangen, Germany
13-6831-02 PeqlLab, Erlangen, Germany

13-6834- PeqlLab, Erlangen, Germany
02P

23225 Thermo Scientific, Roskilde, Den-
mark

32106 ThermoFisher Scientific, Roskilde,
Denmark

K182000 Invitrogen, ThermoFisher Scien-
tific, Roskilde, Denmark

K210006 ThermoFisher Scientific, Roskilde,

Denmark

74004 Qiagen, Hilden, Germany

28704 Qiagen, Hilden, Germany

K1612 ThermoFisher Scientific, Roskilde,
Denmark
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Tab. 4.13: Ready-to-use kits used throughout the project — continued

Kit

Catalog-#

Supplier

SYBR™ Green PCR master mix 4309155

Venor® GeM Mycoplasma PCR  MP0025

detection kit

Germany

many

Minerva-Biolabs,

Applied Biosystems, Darmstadt,

Berlin, Ger-

4.1.11 List of Buffers

Tab. 4.14: Used buffers

Buffer Components Final concentration
Tris-HCI 10 mM
Antibody dilution buffer NaCl 0.9%
(ABD, pH 7.5) EDTA 5mM
BSA 18/
TrisBase 5.88/1
Glycine 2.98/
Blotting buffer (1x)
SDS 0.04 %
Methanol 20 %
PBS 1x
CFSE-staining buffer
FCS 5%
PBS 1x
EasySep buffer FCS 2%
EDTA 1 mM
PBS 1x
FACS-staining buffer
FCS 2%
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Tab. 4.14: Used buffers — continued

Buffer Components Final concentration
Isotonic buffer (pH 7.4) Hris-HC tomM
NaCl 150 mM
Tris-Base 30mM
NaCl 150 mM
Triton-X100 1%
Glycerol 10%
Lysis buffer (pH 7.4) PIe b
PMSF 0.5 mM
DTT 2mM
Sodium-orthovanadate 1mM
[-glycerophosphate 1mM
Sodium-fluoride 5mM
HEPES-OH 10 mM
MgCl, 1.5 mM
Nuclear extraction buffer A KCl 10 mM
(PH 7.9) DTT 0.5mM
Sodium-orthovanadate 1mM
PIC 1x
HEPES-OH 20 mM
NaCl 420 mM
MgCl, 1.5 mM
Nuclear extractio buffer B EDTA 0.5mM
(pH 7.9) Glycerol 25%
DTT 0.5mM
Sodium-orthovanadate 1mM
PIC 1x
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Tab. 4.14: Used buffers — continued

Buffer Components Final concentration
NaCl 80/1
Phosphate buffered saline  KCl 28/
(PB87 ]-0X7 pH 74) KHQPO4 25/1
NayHPO, 144 g/l
PBS 1x
PBS-T
Tween 20 0.01%
TrisBase 15.18/
Running buffer (5x) Glycine 94 ¢/
SDS 0.5%
TrisBase 360 mM
Glycerol 30 %
SDS-PAGE Loading dye DS 109
(6x, pH 6.8) ’
DTT 93¢/
Bromophenol blue 128/

4.1.12 Equipment

Tab. 4.15: Used equipment and instruments

Instrument

Company

ARE heating magnetic stirrer

Autoclave VX-150

Avanti J-26 XP ultracentrifuge

Biowizard biosafety cabinet

Blotting chamber

VELP Scientifica, Usmate, Italy

SysTec, Bergheim-Glessen, Ger-

many

Beckman Coulter, Krefeld, Ger-

many

Kojair, Vilpuppla, Finland

Bio-Rad, Munich, Germany
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Tab. 4.15: Used equipment and instruments — continued

Instrument Company

CASY cell counter OMNTI Life Science, Bremen, Ger-
many

Centrifuge MIKRO 200 R Hettich, Baden-Baden, Germany

Centrifuge ROTIXA 50 RS Hettich, Baden-Baden, Germany

Centrifuge ROTANTA 460 R Hettich, Baden-Baden, Germany

COg incubator MCO-19-AIC SANYO, New Brunswick Scien-
tific, Edison, NJ, USA

COg incubator MIR-262 SANYO, New Brunswick Scien-
tific, Edison, NJ, USA

Cryoextra 40, liquid nitrogen tank ThermoFisher Scientific, Roskilde,
Denmark

BEasypet® 3 Eppendorf, Hamburg, Germany

Electronic analytical laboratory scale EW Kern, Balingen, Germany

Electronic precision scale 770 Kern, Balingen, Germany

FACS Canto I1 BD Bioscience, Franklin Lakes,
NJ, USA

Freezer (-20°C) EWALD Innovationstechnik, Bad
Nenndort

Freezer (-80°C) SANYO, New Brunswick Scien-
tific, Edison, NJ, USA

Fridge (4°C) EWALD Innovationstechnik, Bad
Nenndort

Glass plates for SDS-PAGE Bio-Rad, Munich, Germany

ImageXpress Micro XLS widefield, transmit- Molecular Devices, San Jose, CA,

ted light option USA

Infinite M100 microplate reader Tecan, Crailsheim, Germany

Innova 4230 bacteria shaker New Brunswick Scientific, Edison,
NJ, USA

Mastercycler® pro Eppendorf, Hamburg, Germany

Microcentrifuge Benning, Bocholt, Germany
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Tab. 4.15: Used equipment and instruments — continued

Instrument

Company

Microscope CKX41, cell culture

Microscope IX71, fluorescence

Mini-PROTEAN Tetra Cell electrophoresis

system

Multichannel pipette eppendorf Research® 10

ul

Multichannel pipette eppendorf Research®

Plus 200 ul

Multichannel pipette eppendorf Research®

300 pl
Multipette® M4

Nalgene® Mr. Frosty™ freezing container

NanoDrop 1000 spectrophotometer

Neubauer improved counting chamber

PerfectBlue Dual Gel Twin L electrophoresis

system

pH meter inoLab pH7310

Pipette eppendorf Research® Plus 2.5 ul
Pipette eppendorf Research® 10 ul
Pipette eppendorf Research® 20 ul
Pipette eppendorf Research® 100 ul
Pipette eppendorf Research® 200 ul
Pipette eppendorf Research® 1000 ul
Power Pac HC high-current power supply
QuantStudio™ 7 Flex qRT-PCR System

Rocking shaker

Roller mixer

Olympus, Hamburg, Germany
Olympus, Hamburg, Germany
Bio-Rad, Munich, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany
Sigma-Aldrich, Darmstadt, Ger-

many
Peqlab, Erlangen, Germany
Carl Roth, Karlsruhe, Germany

PeqLab, Erlangen, Germany

WTW, Weilheim, Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Munich, Germany

Applied Biosystems™,  Darm-

stadt, Germany
MS-L, Wiesloch, Germany

Ratek, Victoria, Australia
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Tab. 4.15: Used equipment and instruments — continued

Instrument

Company

Spinning whel
Sunrise microplate reader

Thermomixer comfort

Trans-Blot SD semi-dry transfer chamber

Vacuum pump HLC
Vortex mixer ZX classic
Water bath SWB20
X-ray cassette type G

MS-L, Wiesloch, Germany
Tecan, Crailsheim, Germany
Eppendorf, Hamburg, Germany
Bio-Rad, Munich, Germany
Ditabis, Pforzheim, Germany
VELP Scientifica, Usmate, Italy
Medingen, Arnsdorf, Germany
Rego, Augsburg, Germany

4.1.13 Software

Tab. 4.16: Software used throughout the project

Software Version Company

EndNote X7.8 Thomson Reuters, Toronto,
Canada

FACS-DIVA 6.1.3 BD Bioscience, Heidelberg,
Germany

FIJI-ImageJ 1.53¢ National Institute of Health,
USA [148]

FlowJo 10.6.2 BD Bioscience, Heidelberg,
Germany

GraphPad Prism 9.3.1(471) GraphPad Software, San
Diego, CA, USA

Magellan data analysis 7.2 Tecan, Crailsheim, Ger-
many

MetaXpress 6.7.1.157  Molecular Devices, San Jose,
CA, USA

Metascape 3.5 [149]

Microsoft-Office 2019 Microsoft, Redmond, WA,

USA
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Tab. 4.16: Software used throughout the project — continued

Software Version Company

NanoDrop Software 3.8.1 ThermoFisher Scientific,
Roskilde, Denmark

QuantStudio™ Real-Time v1.3 Applied Biosystems, Darm-

PCR Software stadt, Germany

Tecan i-control 1.10 Tecan, Crailsheim, Ger-
many

4.2 Methods

4.2.1 Cell culture

The following section describes the methods for routine maintenance of stable cancer
cell cultures, i.e. cultivation, freezing and treatment. Further, it will contain methods
for 3-dimensional multicellular spheroid formation, treatment protocols, generation of
knock-down and knock-out cell lines and enrichment and maintenance of primary NK
cells. All mentioned cell lines, kits, instruments, chemical and cell culture reagents are
listed in the material section 4.1.

All stable cancer cell lines were regular tested negative for mycoplasma contamination
using the Venor®GeM Mycoplasma PCR detection kit (Minerva-Biolabs). Further,
stable cell lines were authenticated by STR (short tandem repeat) analysis and DNA
profiling at the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ).

4.2.1.1 Maintenance of stable cell lines

All stable cell lines and primary cells were cultivated in a humidified atmosphere con-
taining 5% COy at 37°C. The embryonal RMS cell line RD and RD-GFP /Luc were
cultured in DMEM GlutaMAX™-I complete growth culture medium. The alveolar
RMS cell line RH30 and RH30-GFP /Luc were cultured in RPMI1640 GlutaMAX™-
I complete growth culture medium. For complete growth medium, both basal media
were supplemented with 10 % FCS, 1 % penicillin/streptomycin (P/S) and 1 mM sodium
pyruvate. The embryonal human kidney cell line HEK293T, used for lentiviral particle
production, was cultured in DMEM GlutaMAX™L-I, supplemented with 10 % FCS, 1%
P/S and 1 mM sodium pyruvate.

Cells grew until confluent and passaged twice a week. For cell detachment, either
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Trypsin/EDTA dissociation reagent, or an enzyme free detachment reagent was added
at a sufficient volume to cover the growth surface and incubated at 37°C for 5min.
After incubation, the dissociation reagent was neutralized with the same volume of
complete growth medium and used for further experiments or routine cell culture.

Cells were cultivated until reaching a passage number of 30-35. Higher cell passages

were autoclaved and discarded.

4.2.1.2 Freezing cells as cryo-stocks

For generating cryo-stocks, cells were detached as described above, centrifuged for 5 min
at 1800 rpm by room temperature and supernatant discarded. Depending on the size,
cell pellets were re-suspended in 10 % DMSO in FCS to fill 1 ml per cryo-vial, transferred
into a Mr.Frosty™to ensure a constant freezing rate and stored at -80°C. For long time

storage, cryo-vials were transferred into the vapor phase of a liquid nitrogen tank.

4.2.1.3 Treatment of tumor cell lines for in vitro experiments

Treating adherent growing RMS cell lines cultured on a 2D growth surface, was either
performed in 96 well plates for cytotoxicity measurements (cell death determination:
PI/Hoechst staining), or in culture dishes (6 cm, 10cm) for isolation of proteins and
RNA. The standard seeding cell density was 0.2 x 10° cells/cm? and cells were seeded
24 h pre-treatment in complete growth culture medium, for complete cell attachment.
On the day of treatment, medium was aspirated and either fresh culture medium as
control or medium containing the final concentration of treatment was carefully added
into the wells/dishes (for treatment see respective figure legends). After addition of
treatment, cells continued to grow in an incubator at 37°C, with 5% CO, for desired

time of treatment (see respective figure legends).

4.2.1.4 siRNA transfection of cell lines

Knock-down of interesting targets by small interfering RNA followed the reverse siRNA
transfection protocol of the manufacturer of the Lipofectamine™RNAIMAX reagent
(Invitrogen, Thermo Fischer Scientific). In brief, Lipofectamine RNAIMAX was di-
luted in OptiMEM in a ratio of 3:50 ul. Subsequently, target siRNA was diluted in
OptiMEM to reach a concentration 20x higher than the final concentration. This
siRNA:OptiMEM mixture was further diluted 1:2 with the previously prepared Lipofec-
tamine RNAIMAX:OptiMEM mixture and incubated for 5min at room temperature.
During the incubation time, target cells were detached and counted.

Following incubation, the transfection mixture was distributed into needed well/dish
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numbers. For a 96 well plate 10 ul per well, for a 6 cm dish 400 pl and for a 10 cm dish
800 pl of transfection mixture was needed. The final concentration of all used siRNA
constructs was 10nmol/l. After distribution of transfection mixture, cell suspension
was seeded into the needed wells/dishes at desired cell density. By adding the cell
suspension, the previously added transfection mixture was diluted 1:10 reaching final
concentration (10nmol/l). Plates and dishes were cultivated at 37°C with 5% COq
humidified atmosphere. 24 h after transfection, either medium was changed to complete
growth medium and cultivation continued, or medium was changed with added treat-
ment for the desired treatment time. Knock-down efficiency was validated by either
western blot and/or mRNA isolation and qRT-PCR.

4.2.1.5 Formation of multicellular tumor spheroids

Multicellular tumor spheroids, as an in vivo-like 3D model, were formed by seeding
the initial cell numbers in ultra-low attachment plates. By that, RMS cells could not
adhere to the surface and self-assemble into spheroidic clusters. For assessing spheroidic
growth, GFP expressing RMS cell lines were used and fluorescence intensity acquired
on an ImageXpress Micro XLS. After seeding the appropriate cell number per 100 ul
per well (see table 4.17), the plate was centrifuged at 1000xg for 10min at room
temperature with lowest active break setting (Setting R =1). Initial accumulated cells
were cultivated in the same conditions as described above in section 4.2.1.1. After
centrifugation, spheroids grew for 3 days before adding the treatment. Treatment was
added, by adding 100 ul of fresh medium, or medium containing treatment, double the
desired concentration. The solution was slowly added into the spheroid containing wells,
as not to agitate the settled spheroid. If co-cultivation with NK cells was desired, NK cell
were added at day 4 post spheroid seeding and continued to co-cultivate for additional 5
days (120h) (see figure 4.1). For that, 150 ul medium was carefully removed and fresh
medium containing the needed amount of NK cells, reaching wanted E: T ratios, added.
On day 7 post spheroid formation (day 3 post NK cell addition), the medium was again
changed by removing 100 mul and carefully adding the same amount of fresh medium.

Followed by continued incubation.
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Tab. 4.17: Empirical determined initial cell numbers for the formation of multicellular
tumor spheroids

Cell line initial cell number
per well

RH30-GFP/Luc 2500

RD-GFP/Luc 5000

m v

NK cell - NK cell — Endpoint
isola(%i)n NK cell expansion (15 days) addition co-cultivation (5 days) ana?ysis
IL-15 IL-15 IL-15 IL-15 IL-15 IL-15

P
15 11 -8 | T+ o . [ | | [ [

seeding of tumor  BV6
spheroids  pre-treatment

day

Fig. 4.1: Experimental setting of the 3D co-culture experiments. Figure was created
with BioRender.com.

4.2.1.6 Enrichment of human NK cells from PBMCs

NK cells were enriched from peripheral blood monocytic cells (PBMC). For that,
buffy coats were acquired from the german red cross blood donation service (GRC-
blood donation service Frankfurt). Blood of the buffy coat bag was transferred into a
50ml falcon tube and diluted with the same volume of PBS. 35ml of this blood:PBS
mixture was layered onto 15ml Histopaque-1077 (Sigma Aldrich, Merck) for density
centrifugation and centrifuged at 800xg for 20min at room temperature without a
brake. After density centrifugation, the upper layer containing blood serum was halved.
Using a transfer pipette the cloud fraction on top of the Histopaque layer, containing
blood leukocytes, was carefully removed and transferred into a fresh 50 ml falcon tube.
Initial leukocytes were washed trice with PBS and centrifuged at 400xg for 7min at
room temperature with full brakes. The final pellet was again respuspended in 50 ml
PBS and cells counted.

Enrichment of NK cells of PBMCs was carried out following the instructions for the
negative EasySep human NK cell enrichment kit (StemCell). Routinely, 50 x 10°
PBMCs were used to isolate NK cells from. The volume to reach said cell number
was transferred from the initial PBMC preparation into a fresh tube and centrifuged
at 400xg for 7min at room temperature. The pellet was resuspended with 1ml of
EasySep buffer (1xPBS, 2% FCS, 1mM EDTA) to reach a cell concentration of
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50 x 10 cells/ml and transferred into a 5ml round bottom tube (with cap). 50 ul
of antibody enrichment cocktail was added into the cell suspension, gently vortexed and
incubated for 10 min at room temperature. After incubation, 100 ul magnetic particles
were added, again gently vortexed and incubated for 5 min at room temperature. 1.35ml
EasySep buffer was added to the cell suspension, to reach a final volume of 2.5 ml, before
placing the tube into a pink EasySep magnet (StemCell) for 2.5 min without the cap
on the tube. Following magnetic separation, the cell suspension was transferred into
a new 15ml falcon tube by leaving the tube:magnet assembled and decanting the cell
suspension in one smooth movement into a new tube. Enriched NK cells were again
washed with PBS, centrifuged (400xg, 7 min, room temperature) and resuspended in
complete NK MACS®growth medium (Miltenyi, basal medium supplemented with 5 %
human AB plasma, 1% Pen/Strep, 1% non-generic manufactures supplements) at a
cell concentration of 2 x 10° cells/ml and seeded in a 48 well plate with the addition of
IL-15 (Peprotech) at a final concentration of 10ng/ul. Cultivation took place at 37°C,
enriched with 5% COs.

Purity of the initial enriched NK cell population and PBMCs were determined using
an antibody staining panel and flow cytometric analysis (see section 4.2.3.3). IL-15
activated NK cells expanded for 15 days in NK MACS®are referred herein as NK cells.
On day 11 and 15 post enrichment, purity of expanded NK cells were again analyzed.

4.2.1.7 Maintenance of NK cells

As described above (section 4.2.1.6), primary enriched NK cells were cultivated in
complete NK MACS®growth medium supplemented with IL-15 (final concentration
10ng/pl), at 37°C, humidified air enriched with 5% COs. Every 3-4 days half of
the medium per well was carefully removed and fresh complete NK MACS®growth
medium supplemented with fresh IL-15 carefully added into the well. Additionally, NK
cells were counted and if necessary split into new wells, reaching a cell concentration of
2x10% cells/ml. On day 7 and 11, a complete medium exchange was performed. For that,
all NK cells lying on the bottom of the wells were resuspended and transferred into a
15ml falcon tube, centrifuged (400x g, 7 min, room temperature), supernatant discarded
and pellet resuspended in fresh complete NK MACS®growth medium supplemented
with IL-15, reaching a cell concentration of 2 x 10° cells/ml. Cell suspension was then
reseeded into a 48 well plate. If NK cells were used on day 15 of expansion, day 11 was

the last time were cultivated NK cells received fresh IL-15.
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4.2.2 CRISPR/Cas9 mediated knock-out generation

The following section comprises methods to perform a CRISPR/Cas9 mediated knock-
out of a target gene in RMS cells. First, cloning of the needed gRNAs into the respective
plasmid will be illustrated, including transformation of E.coli bacteria. Followed by the
production of lentiviral particles for the transduction of mammalian target cells and
the final validation of the induced knock-out.

A two step protocol was used for the knock-out generation. The first step, generating
doxycycline inducible Cas9 expressing target cells, by transducing pCW-Cas9-Blast
plasmid via lentiviral particles. The second step includes the lentiviral transduction of
the Cas9 expressing target cells with the gRNA containing plasmid pLentiguide-Puro.
After the second transduction step, the bulk culture is screened for a successful knock-
out and cultivation of single clone cultures. Finally, the validation process of single

clone cultures with a putative knock-out will be described.

4.2.2.1 Cloning of gRNA into pLentiguide-Puro

First step was the digestion of the circular plasmid pLentiguide-Puro. For that, 5 ug of
the plasmid was incubated with: 5 ul FastDigest BsmBI (Fermentas), 5 ul restriction
buffer NEB 3.1, 0.6 ul and filled with nuclease-free water reaching 50 ul in total. The
digestion mixture was incubated for 2h at 55°C. After which, the enzyme was heat-
inactivated by incubation for 20 min at 80°C. The digested plasmid was gel purified on
an agarose gel using QIAquick® Gel Extraction Kit (Qiagen).

The forward and reverse gRNA oligonucleotides needed to be annealed, to form the
double stranded gRNA. For that, 10 ul of each was mixed with 80 ul nuclease-free water,
incubated for 5 min at 95°C, before left to cool down to room temperature.

For the ligation of gRNA oligo-duplexes into digested pLentiguide-Puro plasmid, 1 ul
of digested plasmid was mixed with: 0.5 ul annealed gRNAs, 1 ul T4 NDA ligase buffer,
1l T4 DNA ligase and 6.5 ul nuclease-free water. Ligation took place over night at
16°C.

E. coli Stbl3 bacteria were used for the multiplication of the final plasmid containing
gRNA. The Stbl3 bacteria were thawn on ice for 10 min. Using 100 ul of bacteria
suspension 10 ul of ligation mixture was added, mixed by gentle tipping and incubated
for 30 min on ice. The heat shock transformation was performed for 42 seconds at 42°C
and cooled down on ice for 2min. 250 ul of 37°C pre-warmed SOC medium was added
to the bacteria suspension and incubated for 1h at 37°C on a shaker with 225 rpm. The
bacterial suspension was then spread onto a pre-warmed LB-Agar plate supplemented
with the respective antibiotic, respective to the plasmid requirements. Agar-plates were

incubated upside-down at 37°C over night. On the next day, single colonies were picked
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and resuspended in 5ml LB-antibiotic medium and cultured over night at 37°C. The
plasmid was isolated out of the bacterial cell suspension according the manufacturer,
using a GenelJet Plasmid-Miniprep kit (ThermoFisher Scientifc).

As a quality control step, isolated plasmids (12 ul) including either fwd or rev primers
(3ul) were send to Microsynth for sequencing (Microsynth Seqlab GmbH, Gottin-
gen, Germany). Following primers were used for the sequencing, U6 forward 5 —3’
GAGGGCCTATTTCCCATGATT and hGATA4 reverse 5'—3" ATTGTGGATGAAT-
ACTGCC.

4.2.2.2 Lentiviral particle production

Successfully generated plasmids, with error-free sequence, were further used to generate
lentiviral particles for target cell transduction. The general protocol for lentiviral
particle generation is as follow, 1.1 ug of pLentiguide-Puro gRNA containing plasmid,
mixed with 1.0 ug of pMD2.g, 2.7 ug psPAX2 as plasmid mixture. To this mixture
trice the volume of FuGENE® HD transfection reagent (Promega) was added, using
the volume of the plasmid mixture as reference. To the complete transfection mixture
OptiMEM was added to reach a total volume of 200 ul and incubated for 15 min at
room temperature. This solution was dropwise added to one well of 24 h pre-seeded
HEK293-T cells (4 x 10° cells per well, in 6 well plate).

From now on, every waste needs to be inactived by UV irradiation for 1h prior to
autoclaving. One day after transfection, medium was changed to complete DMEM
growth medium and cultivation continued. On day 2 and 3 after transfection started,
the viral particle containing culture supernatant was collected and filtered through a
0.45 pm filter, stored at 4°C and fresh culture medium added onto the cells. On the
last day of harvesting viral particles, the combined viral particle containing solution is

shock frozen by submerging in liquid nitrogen and stored at -80°C until further use.

4.2.2.3 Target cell transduction

Target cells are seeded in 6 well plates at a density of 30 %, one day before the addition
of viral particles. After 24 h, 500 ul of the viral particle containing supernatant was
added dropwise into one well. As an transduction enhancer protamine sulfate in a
concentration of 4 ug/ml was added into the same well. The plate was then centrifuged
for 2h, at 37°C, with 1200x g, acceleration setting "1’ and no brake. After centrifugation,
the plate was cultivated at 37°C and 5% CO,. After 24 h, the transduction medium
was aspirated and inactivated by UV irradiation for 1h and fresh complete growth
medium supplemented with puromycin added, to select for positive transduced cells.

The final concentration of puromycin ranged from 1 ug/ml to 20 ug/ml.
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4.2.2.4 Knock-out validation

First, the CCL5 knock-out generation was validated on an mRNA level by qRT-PCR
and agarose gel electrophoresis. Second, exon 2 was PCR amplified on isolated genomic
DNA and send for DNA sequencing to detect a possible deletion.

For the first part, the RNA isolation and qRT-PCR analysis was performed according
to the manufacturers manuals and as described in section 4.2.6.

For the second part, genomic DNA was isolated using the PureLink™ Genomic DNA
Mini Kit (Invitrogen, ThermoFisher Scientific). Using the isolated genomic DNA, exon
2 was amplified by PCR with following primers, forward: GAATCCCCACTCTGC-
CACTG and reverse: GTGGAAGTGGGTAGGGCATC. For the PCR reaction 100 ng
of genomic DNA as template was used. Adding 2.5 ul of each primer (stock concentra-
tion 10 uM), 1 ul of 10 mM dNTP mix, 1 unit (0.5 ul) of Phusion polymerase, 10 ul of
5x HF buffer (Phusion high-fidelity DNA polymerase buffer) and filled up to a total
volume of 50 ul with nuclease-free water. The thermocycler protocol can be found in
table 4.18. PCR was followed by agarose gel electrophoresis, excision and purification
of interesting bands by QIAquick gel extraction kit (Qiagen). Excised and purified
bands were send for sequencing using CCLS exon 2 primers (Microsynth Seqlab GmbH,
Gottingen, Germany). Sequencing results were aligned to CCLS of the human reference

genome and deletion sites identified.

Tab. 4.18: Thermocycler protocol for CCL5 exon 2 amplification from genomic DNA

Step Time Temperature Number of cycles
Initial denaturation 30 sec 98°C 1

Denaturation 10 sec 98°C

Annealing 20 sec 65°C X35

Extension 45 sec 72°C

final extension 10 min 72°C 1

hold indefinetly 4°C 00
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4.2.3 Flow cytometric methods

The following section will describe methods for flow cytometric analysis using a BD
FACS Canto II. It was used to assess the NK cell cytotoxicity in 2D co-cultivations,
to determine the state of receptor surface presentation and to assess the purity of
the NK cell population within PBMCs or enriched and expanded NK cell cultures.

Post-acquisition analysis was performed using FlowJo (v10.6.2).

4.2.3.1 NK cell cytotoxicity assay in 2D co-cultivations

Target cells, i.e. wild type RMS cells, were seeded before the start of the co-cultivation,
the time for possible pre-treatments was taken into account. NK cells were used on day
15 of IL-15 activation and expansion as described in section 4.2.1.7.

On the day of co-cultivation, target cells were stained with CFSE. For that, target
cells were detached as previously described and 1.5 x 10° target cells washed with PBS,
transferred into a 15ml falcon tube and centrifuged for 5min, at 300xg. The pellet
was resuspended in 1 ml CFSE staining buffer. Subsequently, 20 ul of a 1:100 in PBS
diluted CFSE stock solution (CFSE stock concentration = 5mM) was added to the
target cell suspension, to reach a final CFSE concentration of 1 uM and incubated for
5min, at room temperature in the dark. Stained target cell suspension was washed with
CFSE-staining buffer and centrifuged for 5 min, at 300xg. Supernatant was discarded
and the stained target cell pellet resuspended in 6 ml complete growth medium, to reach
a cell concentration of 0.25 x 10 cells per ml. 100 pl of this cell suspension was pipetted
into a 96 well U-bottom plate, thereby seeding 25000 cells per well.

Effector NK cells were washed with PBS, centrifuged for 5 min, at 300xg, left unstained
and resuspended in complete NK cell growth medium. The effector NK cell concentra-
tion depend on the desired effector to target (E:T) cell ratio, with the restriction of
adding only 100 pul of effector cell suspension to the target cells. By that, reaching a
total volume of 200 pl within the 96 well U-bottom plate. After addition of the effector
cells to their targets, the plate was incubated for 4 h at 37°C with a 5% CO, enriched
humidified air.

After 4h of co-cultivation, the supernatant was transferred into a labeled FACS tube
and remaining cells detached by adding 50 ul Accutase and incubated for 5 min at 37°C.
Subsequently, 100 ul PBS was added into the wells and gently resuspending the remain-
ing cells and transferring them into the same labeled FACS tube. FACS tubes were
then centrifuged for 5min, 1800 rpm, at 4°C. Supernatant discarded and cell pellet
resuspended in 100 ul PBS. Directly before acquisition 5 ul of a 1:300 in PBS diluted
DAPI solution was added into the tubes, incubated for approximately 3 min, to reach

a final dilution of DAPI of 1:6 000 within the FACS tube. Using the flow cytometer,
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fluorescence intensities of the FITC and Pacific blue channels were acquired. By that,
the FITC channel could be used to distinguish between CFSE positive target and CFSE
negative effector cells. By using the Pacific blue channel, dead, DAPI positive target
cells could be identified by their CFSE and DAPI double positivity. Figure 4.2 shows
an exemplary gating strategy to identify dead target cells. Equation 4.1 displays how
the specific NK cell lysis was calculated [150]. Using the % CFSE:DAPI double positive
target cells of the untreated control as the basal cell death, and % CFSE:DAPI double

positive target cells of each treatment as the sample cell death.

((% sample — % basal))
(100 — % basal)

specific lysis : % specific lysis = 100 x* (4.1)
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Fig. 4.2: Gating strategy for flow cytometry based NK-RMS cell killing assay. Exem-
plary identification of dead DAPIT CFSE™ target cells.

4.2.3.2 Detection of surface proteins

Surface proteins were detected by antibody mediated staining and fluorescent signal
acquisition by flow cytometry (see table 4.15). Adherent cells were washed with PBS
and detached using an enzyme free dissociation buffer (see table 4.2), volumes were
chosen to sufficiently cover the growth surface. Single cell suspension was counted and

1 x 10° cells per sample transferred into a round bottom FACS tube, for each sample
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an additional tube was prepared for isotype staining.

500 1 PBS was added and cell suspension centrifuged for 5min at 4°C at 1800 rpm.
Supernatant was discarded and the cell pellet resuspended in 50 ul FACS-staining
buffer (table 4.14) in which the primary antibodies were diluted to reach the desired
final concentration. Used primary antibodies and respective concentrations are listed
in table 4.6.

The cell suspension:antibody dilution was incubated at 4°C in the dark for 30min,
after which 500 ul FACS-staining buffer was added and centrifuged for 5 min, at 4°C
at 1800 rpm. Washing was repeated in total for three times. All primary antibodies
were directly conjugated to the fluorochrome PE, no secondary staining was required.
The final cell pellet was resuspended with 100 ul PBS and covered in tinfoil until
measurement. Before a tube was acquired, 5 ul DAPI (1:300 pre-diluted in PBS, final
dilution 1:6 000) was added into the 50 ul stained cell suspension and incubated 3 min

on ice, after which the tube was measured and 10000 alive cells acquired.

4.2.3.3 Determination of NK cell purity

Following the enrichment of primary NK cells from PBMCs, see section 4.2.1.6, the
purity of the NK cell population was determined compared to the initial PBMC pop-
ulation. To observe changes within the NK cell population, purity was checked on
day 11 and day 15 post enrichment. Measurement on day 15 was specially important,
confirming the NK population purity for co-cultivation cytotoxicity assays.

The staining of a minimum of 200 000 cells was performed in 5ml FACS tubes. After
washing with 1ml PBS and centrifugation for 5min at 500xg, the supernatant was
discarded and the pellet resuspended in 82.5 ul brilliant stain buffer (BD Bioscience).
Into which the fluorochrome conjugated primary antibodies were added, see table 4.19.
Antibody containing cell suspension was incubated for 20 min at 4°C in the dark. Again,
the cell suspension was washed with 1ml PBS, centrifuged for 5min, at 500xg and
supernatant discarded. Cell pellet resuspended in 100 pul PBS and 2.5 ul 7-AAD added,
followed by an incubation for 5-10 min, at 4°C in the dark. At the flow cytometer, the
respective fluorescence channels, as indicated in table 4.19, were chosen. Figure 4.3
depicts an example on the gating strategy to determine NK cell population purity. For

further down-stream assays a purity of at least 95 % was desired.
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Tab. 4.19: Application of fluorochrome conjugated antibodies for NK cell population
purity assessment

Surface target Volume (ul) conjugated fluorochrome Channel

CD3 5) BV510 FITC
CD16 2.5 PE PE

CD45 5 APC APC

CD56 5 BV421 Pacific blue
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Fig. 4.3: Gating strategy to define the purity of the NK cell population defines as
CD45" CD56™ double positive. Shown are exemplary scatter plots for one
healthy donor pre- and post-enrichment and on the last day of expansion.

4.2.4 Microscopy based methods

The following section will describe methods based on using microscopical techniques,
i.e. cell death evaluation by PI and Hoechst staining, acquisition of multicellular tumor
spheroids using z-stacks and staining of NK cells for migration analyses. The Imag-
eXpress Micro XLS Widefield Analysis System (IXM XLS, Molecular Devices) with
environmental control and transmitted light option was used throughout the project.

Down-stream semi-automated analysis was performed using MetaXpress analysis soft-
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Find & define GFP spheroid

Logic: AND

find Violet-stained NK cells

Count NK cells

RH30-Spheroid
CellTrace Violet: NK cells within inner core  clusters around  NK within spheroid

Fig. 4.4: Depiction of the MetaXpress algorithm to identify GFP expressing spheroids
and CellTrace™ violet stained NK cells. Upper path: signals within the FITC
channel were used to generate a binary mask for the spheroid by applying an
intensity and size threshold. Lower path: signals within DAPI channel were
used to generate binary mask for NK cells by applying an intensity threshold
and size threshold.

ware (Molecular Devices) and FIJI as an image manipulation software for color adjust-

ments, crop and scale bar integration.

4.2.4.1 Measurement of tumor spheroids

Multicellular tumor spheroids generated using GFP expressing RD or RH30 cells were
imaged by an IXM XLS fluorescence microscopy. Based on the GFP expressing cells,
morphological changes could be detected and visualized by acquiring the fluorescence
signal taking the FITC filter cube.

For finding the best focus plane, a z-stack of 12-25 layers was acquired per well and one
best focus image was saved into data storage. Using this image and applying a custom
made algorithm to detect only the GFP positive spheroid, a binary mask was generated
based on the FITC channel. Using this mask, the GFP fluorescence intensity could
be measured and exported. Intensity was measured in arbitrary fluorescence intensity

units. Further analysis used the untreated spheroids on day 0 as a reference point.

4.2.4.2 Cell death evaluation in 2D and 3D

Cell death in 2D and 3D cultures was assessed by the uptake of propidium iodide (PI).
This dye does not pass through an intact plasma membrane of healthy cells. On the
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other hand, the plasma membrane of dead and dying cells becomes leaky, PI passes
through and stain dead and dying cells.

The PI stock solution (stock concentration 1mg/ml) was pre-diluted 1:100 in PBS.
This working solution was used to achieve a final concentration of 1 ug/ml, followed by
an incubation for 5min at 37°C in the dark.

As an overall cell co-staining, Hoechst33342 was used. This dye can pass through both,
intact and leaky plasma membranes and specifically stains DNA.

Hoechst33342 was used in a final concentration of 10 ug/ml, using a 1:100 pre-diluted
working solution in PBS (stock concentration 10 mg/ml). Before image acquisition,
stained cells were incubated for 5min at 37°C in the dark.

On the IXM XLS microscope, PI fluorescence was acquired using the TRITC filter cube.
Hoechst33342 fluorescence signal was acquired using the DAPI filter cube. Within the
MetaXpress analysis software a pre-made cell scoring algorithm was used to calculate
the percentage of PI stained cells, taking all Hoechst33342 stained cells as a reference

value.

PI staining as an end-point measurement was performed to detect cell death in GFP
expressing multicellular tumor spheroids (3D cultures). For that, a final concentration
of 2 ug/ml was adjusted in a total volume of 200 pul per well. Before image acquisition
on the IXM XLS microscope, PI counter-stained spheroids were incubated for 30 min
at 37°C in the dark. PI fluorescence was acquired by using the TRITC filter cube. To
detect the remaining spheroid, the GFP signal was acquired using the FITC filter cube.
Image analysis was performed using customized algorithm within the custom module
editor of MetaXpress analysis software (see fig. 4.4). Integrated fluorescence intensity
measured in arbitrary fluorescence intensity units of both channels were exported to

calculate PI/GFP ratios, normalized to untreated samples as a reference value.

4.2.4.3 Measurement of NK cell migration into tumor spheroids

To evaluate the migratory behaviour of NK cells into GFP expressing RMS multicellular
spheroids, NK cells were labeled with CellTrace™ violet. By that, labeled NK cells
could be tracked and migration pattern detected.

On the day of NK cell addition to the GFP expression RMS spheroids, NK cells were
stained. For that, 1 x 10° NK cells were used (day 15 post enrichment), washed with
PBS and centrifuged for 5min at 1800 rpm. After discarding the supernatant, the
remaining cell pellet was resuspended in 1 ml CFSE staining buffer. To which 60 ul
of a 1:100 in PBS pre-diluted CellTrace™ violet (stock concentration 5mM) solution

was added. The final staining concentration was set to 3 uM. After incubation for
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20 min at room temperature in the dark, 5ml of CFSE staining buffer was added to the
NK cell suspension. Centrifuged for 5min at 1800 rpm and the remaining cell pellet
resuspended in complete growth medium reaching a cell concentration needed for the
E:T ratio of respective experiment.

The final volume of the co-culture was 200 ul per well. As the generation and treatment
of spheroids took place in 100 ul, NK cells in the appropriate cell concentration reaching
the desired E:T ratio was added in 100 ul culture medium supplemented with IL-15.
Fluorescence signal of CellTrace™ violet stained NK cells was acquired using the DAPI
filter cube on the IXM XLS microscope.

Migration of labeled NK cells was observed within a time period of 8h. Every hour
images were acquired. By that, being able to follow the labeled NK cells into the
respective spheroids. To identify the GFP labeled spheroids, fluorescence signals in the
FITC channel were acquired.

Using a custom module algorithm, a mask of the GFP fluorescent tumor spheroid was
made. Using this mask, i.e. identified spheroid, CellTrace™ violet labeled migrated
NK cells were counted within the spheroid. Values were exported for further statistical
analysis. Figure 4.4 depicts the used algorithm to illustrate mentioned masks, to identify
either GFP positive spheroids, or CellTrace™ violet labeled NK cells.

4.2.4.4 Immunofluorescence staining of RMS cells

Intracellular proteins were stained within adherent RMS cells in 2D culture systems.
For that, cells were seeded in a cell density of 0.5 x 10°cells per cm?, higher than
indicated in section 4.2.1.3, to account for cell losses due to excessive washing steps.
Cells were seeded in 96-well black clear bottom plates in a volume of 100 ul growth
medium.

After respective treatment was added for the desired time, cells were fixed by adding
100 1 7.4 % formaldehyde into the well, reaching a final concentration of 3.7 % formalde-
hyde. Fixation took place at room temperature for 20 min, after which the solution
was removed and discarded. For staining intracellular proteins the cells needed to be
permeabilized. For that, 100 ul of a 0.1 % Triton-X100 in PBS solution were added into
the well. Incubated for 10 min at room temperature and solution discarded afterwards.
Subsequently, wells were washed trice by adding 100 1 PBS into the wells and washing
solution discarded. After washing, cells were blocked by adding 100 pl antibody dilu-
tion (ABD) buffer into the wells and incubated for 30 min at room temperature. The
blocking solution was again discarded and primary antibody added in a volume of 50 ul
and incubated over night at 4°C. On the next day, primary antibody was collected
to be reused. Wells were washed with 100 ul PBS per well for five times. Followed
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by addition of the secondary antibody, diluted in the desired concentration in ABD
buffer and incubated for 90 min at room temperature in the dark. Together with the
secondary antibody, a nuclear stain, i.e. DAPI, in a final dilution of 1:6 000 was added.
The wells were subsequently washed trice with 100 4l PBS. Finally, 100 4l PBS were
added into the wells and stored at 4°C until microscopic image acquisition. Appropriate
filter cubes at the IXM XLS microscope were chosen, depending on the used secondary

antibody. Chosen objective is indicated in the respective figures legend.

4.2.5 Analysis of protein expression

Apart from the protein analysis on the cell surface by flow cytometry (section 4.2.3.2)
or intracellular by microscopy (section 4.2.4.4), endogenous protein expression was de-
tected by western blot. For that, whole cell lysates were generated (section 4.2.5.1),
protein lysates electrophoretically separated (section 4.2.5.4), blotted and detected
using chemiluminescence (sections 4.2.5.5 & 4.2.5.6). All methods belonging to this
experimental setup will be described in the following section. Additionally, the gener-
ation of nuclear fragments as input material for protein detection by western blot is

explained in section 4.2.5.2.

4.2.5.1 Whole cell lysate generation

All Steps to generate whole cell lysates were performed on ice. Adherent cells were
mechanical detached using a cell scraper. Cell suspension was transferred into a falcon
tube and centrifuged at 1800 rpm for 5min at 4°C. Pellets were washed with 1 ml
PBS, transferred into a new labeled 1.5 ml reaction tube and centrifuged at 1800 rpm
for 5min at 4°C. Washed cell pellets were resuspended in lysis buffer (see table 4.14)
using an equal volume of the pellet. Incubation of the lysates were performed on ice
for 45 min. To increase the protein yield, lysates were frozen at -20°C over night. On
the next day, lysates were thawed on ice and centrifuged at 14 000 rpm for 20 min at
4°C. Soluble proteins were contained within the supernatant, which was transferred
into a new labeled 1.5 ml reaction tube. Undissolved cell components were discarded
and the protein concentration of the supernatant, i.e. whole cell lysate, determined
(section 4.2.5.3).

4.2.5.2 Nuclear fragmentation

For a subcellular fragmentation to enrich the cell nucleus, cells were harvested as
described above (section 4.2.5.1). The 1.5ml reaction tube containing the washed cell

pellets were resuspended in 150-300 ul nuclear fragmentation buffer A (see table 4.14),
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without vortexing, only by careful pipetting. Resuspended cells were incubated on ice
for 15 min, before a 10 % NP-40 (IGEPAL CA-630) solution was added into the tube
and vortexed for 30sec. The added volume of the NP-40 buffer was 10 % of the total
resuspended cell volume. This suspension was centrifuged at 2500 rpm for 5min at
4°C. Supernatant aspirated and transferred into a new tube labeled with “cytosolic
fraction”. The remaining pellet, containing the cell nuclei, was washed by resuspending
the pellet in 500 ul isotonic buffer and centrifugation at 2500 rpm for 5min at 4°C.
Supernatant discarded and pellet resuspended in 40-80 ul nuclear fragmentation buffer
B and incubate for 20 min on ice. After incubation the suspension was centrifuged by
14000 rpm for 10 min at 4°C. Again, the supernatant, containing nuclear proteins, was
transferred into a new tube labeled with “nuclear fraction”. Protein concentration of
both fractions were determined (section 4.2.5.3). For long time storage, fractions were

snap frozen in liquid nitrogen and stored at -80°C.

4.2.5.3 Protein determination and samples generation

Protein concentration in either whole cell lysates or subcellular fractions were deter-
mined using the Pierce™ BCA protein assay. It was carried out according to the
manufacturer’s manual regarding the determination on 96-well plates. In brief, the first
nine wells contained 10 ul of a BSA protein calibration standard in a serial dilution of
2mg/ml to 15.6 u/ml. Additionally, a 0 ug/ml water sample at position A2 was placed.
Unknown samples were measured in triplicates in a 1:10 dilution, i.e. 1 ul of sample
per well. To the wells containing the calibration standard or samples, 200 ul per well
of the assay master mix was added. Assay master mix consists of a 1:50 diluted assay
solution B in assay solution A. After addition into the wells, the 96-well plate was
incubated for 30-45min at 37°C, during which the colorimetric change happened. The
change in color is detected by measuring the absorbance at 560 nm on a TECAN sun-
rise microplate reader. Absorbance values were exported, blank corrected and further
analysed. Using the protein standard, a calibration curve was plotted and the unknown
protein concentration of the samples calculated using linear regression analysis.

For SDS-PAGE sample generation a protein amount of 70 ug per gel lane was used.
Those SDS-PAGE samples were generated using the SDS-PAGE loading buffer (see
table 4.14), which was diluted to 1x with the sample volume and distilled water. Pre-
pared samples were incubated for 5min at 96°C, shaking at 550 rpm. Final samples

were either used directly, or frozen at -20°C until further used.



4.2.5 Analysis of protein expression 55

4.2.5.4 SDS-PAGE

For separation of the complex protein mixture, a polyacrylamide gel electrophoresis
(PAGE) was carried out. For that, a discontinuous polyacrylamide gel was home-made
with a 12 % separation gel and a 5% stacking gel on top (see table 4.20). Additional
to the samples containing 70 ug total protein per gel lane, 4-5 ul of a protein ladder
(PageRuler™ ThermoFisher) was pipetted into a pocket adjacent to the sample lane of
the gel. Electrophoresis was performed in 1x running buffer (table 4.14) at constant
voltage. The run started with 100V, so that the samples can slowly migrate into
the stacking gel. After 30 min, voltage was increased to 140V continued until the

bromophenol blue migration front reached the bottom of the gel.

Tab. 4.20: Recipe for home-made polyacrylamide gels

Gel Solution Final concentration
30 % Acrylamide 12%
1.5M Tris (pH 8.8) 375 mM

12 % separation gel 10 % SDS 0.1%
10% APS 0.1%
TEMED 0.04%

30 % Acrylamide 5%
1M Tris (pH 6.8) 125 mM

5% stacking gel 10% SDS 0.1%
10% APS 0.1%
TEMED 0.01%

4.2.5.5 Western blotting

Successful separated proteins, as indicated by the protein ladder, were transferred
onto the surface of a nitrocellulose membrane using a semi-dry blotting procedure.
For that, a sandwich of Whatman filter paper, nitrocellulose membrane and protein-
containing gel was constructed. As a first layer, two Whatman filter papers soaked
with 1x blotting buffer were placed on the bottom electrode (anode). The second
layer was a nitrocellulose membrane, wetted with 1x blotting buffer. On top of the
nitrocellulose membrane, the polyacrylamide gel was carefully placed. Using a small
drum, air bubbles trapped between the membrane and the gel were rolled out, as not
to block the migration pathway. The top layer consisted of two Whatman filter papers
soaked in 1x blotting buffer. The sandwich was closed with the top electrode (cathode).
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Electroblotting was performed using a constant current of 1mA /cm? for 1:40h. After
which the membrane was blocked by incubation for 1h in 5% skimmed milk powder

dissolved in PBS-T (milk:PBS-T).

4.2.5.6 Protein detection

After blocking, the membrane was washed trice with PBS-T. Subsequently, the first
primary antibody was added (see table 4.4) and incubated over night at 4°C under
constant agitation. The next day, primary antibody was collected and stored at -20°C
to be reused. Again, the membrane was washed trice with PBS-T, each 20 min under
constant shaking. Followed by the addition of the horseradish (HRP) conjugated
secondary antibody (1:10000 dilution in 5% milk:PBS-T, see table 4.5) targeting the
respective host species of the primary antibody. The secondary antibody was incubated
for 1h at room temperature under constant shaking. Followed by, trice washing the
membrane for 20 min each. Subsequently, the membrane was placed on a transparent
foil, covered with ECL substrate master mix according to manufacturer (Pierce™ ECL
western blot detection substrate, ThermoFisher), incubated for 1 min. Afterwards, the
solution was removed, membrane placed into an X-ray cartridge and chemiluminescence
signal acquired using X-ray hyperfilms. Exposed X-ray films were developed using Vision
X®X-ray developer and fixer solution within a dark room and scanned for digital post-
hoc analysis.

In order to reuse the membrane for an additional incubation with a different primary
antibody, the HRP of the first round was inactivated. Inactivation was performed
by placing the membrane into a 30 % HyO4 solution for 15 min at room temperature
under constant shaking. Subsequently, the membrane was washed with ddH,O and
PBS-T, before re-blocking with 5% milk:PBS-T for 1h at room temperature under
constant shaking. Blocking solution was removed and membrane washed trice with
PBS-T. Afterwards, the second primary antibody was added and procedure followed as
described above. In total, the membrane could be reused to apply 3-4 different primary

antibodies, as previously described [151].

4.2.6 Relative RNA quantification

To determine the gene expression status in cells, the total RNA content was isolated
and analyzed by quantitative real time-polymerase chain reaction (qRT-PCR). Relative
quantification was performed using an untreated sample as reference and calculation
of fold change expression values by 27427 procedure [152]. The following section will

describe the overall procedure beginning with total RNA isolation, cDNA synthesis and
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qRT-PCR. Additionally, the steps for the exploratory RNA sequencing (RNAseq) and
high throughput qRT-PCR using a Fluidigm® platform are described. Both, RNAseq
and analysis by Fluidigm® were performed by a cooperation partner, the Medical
Genomics department of TRON gGmbH in Mainz.

4.2.6.1 RNA isolation

Total RNA was isolated by following the manufacturer’s protocol. Two kits were used
depending on the initial cell number and prospective RNA content of the cell. For 2D
cultures of RMS and RMS-GFP cells, the peqGOLD total RNA kit was used. For 3D
multicellular RMS-GFP spheroids and NK cells, the peqGOLD MicroSpin total RNA
kit was used.

In brief, samples were lysed with 350 ul of the respective lysis buffer. Depending on
the kit, the lysate was directly applied on a homogenization column, or was further
centrifuged. Cleared lysates were diluted with an equal volume of 70 % ethanol and
applied onto a RNA binding column. Using both kits, the optional peqGOLD DNAse I
digestion was included following the manufacturer’s manual. After washing twice with
washing buffer, the bound RNA was eluted with nuclease-free water. RNA concentration
was analysed with a Nanodrop 1000 spectrophotometer (PeqLab). RNA purity was
determined by calculating a ratio of the optical density at 260/280 nm. RNA samples

with a value higher than 1.9 were further used.

4.2.6.2 cDNA synthesis

Highly pure RNA samples were further used to synthesized cDNA (complementary
DNA). For that, the Revert Aid First Strand ¢cDNA synthesis kit (ThermoFisher) was
utilized, according to manufacturer’s manual. A constant amount of 1 ug RNA was
added into a PCR reaction tube and topped up to 11 ul with nuclease-free water, to
which 9 ul of the cDNA master mix was added. This master mix consisted of 5x reaction
buffer, 20 U Riboblock RNAse inhibitor, 20 nmol dNTP mix, 0.1 nmol random hexamer
primer, 200 U RevertAid reverse transcriptase. The PCR reaction tube including cDNA
and master mix was briefly centrifuged and placed in a Thermocycler, settings are
listed in table 4.21. The final synthesized cDNA samples were further diluted 1:10 with
nuclease-free water. Samples were either stored at -80°C or used directly for qRT-PCR

reaction.
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Tab. 4.21: Thermocycler protocol for cDNA synthesis from isolated total RNA

Step Time Temperature Number of cycles
Primer extension 5min 25°C 1

Polymerisation 60 min 42°C 1

Termination 5 min 70°C 1

hold indefinitely 4°C 00

4.2.6.3 qRT-PCR

For all qRT-PCR experiments SYBR™ green, a double-strand DNA intercalating dye,
was used to quantify the amplicon amount. Being able to maximize the analyzed genes
of interest (GOI), qRT-PCR experiments were performed on a 384-well plate. Within
each well 10 pl of assay master mix was added. This assay-master mix consisted of 0.25 ul
forward and 0.25 ul reverse primer specific for the GOI, each of a working concentration
of 10 pmol/ul (stock concentration 100 pmol/ul), 4.5 ul nuclease-free water and 5 pul
of 2x SYBR™ green PCR master mix (including AmpliTaq Gold® DNA-polymerase,
dNTPs, SYBR™ green, passive reference ROX). Together with these 10 ul of assay-
master mix, 1pl previously 1:10 diluted ¢cDNA sample (section 4.2.6.2) was added
into the well. All measurements for the GOI and water non-template controls were
performed in technical triplicates. Primers for the GOI are listed in table 4.8, each was
designed to reach a primer melting temperature of approximately 60°C.

After complete pipetting of the plate, qRT-PCR and fluorescence signal acquisition was
carried out using a QuantStudio™ 7 Flex System (Applied Biosystems™). Table 4.22
shows the PCR protocol for the qRT-PCR system.

Threshold and Cq determination was software aided and Cq values exported for further
statistical analysis. Data was normalized using three reference genes, 285-rRNA, RPII,
G6PD [153]. Further analysis was performed using the 2-24Y7 calculation [152, 154].
Each GOI and respective water non-template control was validated by analyzing the
melting curve for possible inconsistencies. If needed, final amplified samples were further
analyzed on a 2.5 % agarose gel, validating the predicted amplicon size and identifying

possible additional unwanted bands.

4.2.6.4 RNA sequencing

For an exploratory global RNA transcriptome approach, BV6 treated RH30 cells and
untreated control cells were send to TRON gGmbH Mainz for bulk RNA sequencing.
RH30 cells were treated for 24 h with 5 uM BV6 within a 10 cm cell culture dish, further
see section 4.2.1.3. On the next day, cells were detached and 1 10° RH30 cells washed
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Tab. 4.22: Protocol for the qRT-PCR assay, except for melting curve acquisition, a
constant 1.6 °C/sec was used.

Step Time  Temperature Number of cycles
2 mi °
Initial denaturation S0°C x1
10min 95°C
15 95°C
Amplification nee x40
Imin 60 celsius
15sec  95°C
melting curve Imin  60°C one cycle with constant signal
15sec  95°C acquisition by 0.05°C/sec

with PBS, centrifuged (5min, 500xg, RT), supernatant discarded and cell pellet snap
frozen in liquid nitrogen. Frozen samples were stored at -80°C until transferred on
dry ice to Mainz. At TRON gGmbH, RNA was isolated, mRNAseq library prepared,
sequencing carried out and inital data analysis performed.

A threshold of a p value <0.05 and a logy fold change > |1| was used to define differ-
ential expressed genes (DEG) within the comparison of BV6 treated RH30 cells using
untreated RH30 cells as a reference.

Additionally to the analysis performed by TRON gGmbH, data was further analysed us-
ing web-based analysis platforms by myself (https://metascape.org, [149], https://www.
grnpedia.org/trrust/ [155]). For CCL5, a survival analysis was performed using Onco-
Inc.org and data exported for further analysis [156].

4.2.6.5 Fluidigm® platform

As an RNA sequencing validation, TRON gGmbH also performed a high-throughput
qRT-PCR Fluidigm® analysis. Again, BV6 treated and untreated RH30 cells were
used (section 4.2.6.4). As targets, previously identified GOIs by RNAseq were chosen.
Those target genes, with the respective primers, can be found in table 4.9. The AACq
and fold change data analysis was performed by TRON gGmbH, using HPRT1 and
TBP as reference genes. Further down-stream comparisons and interpretation was done

in-house by myself.
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4.2.7 Quantification of secreted proteins

Secreted proteins were quantified using an enzyme-linked immunosorbend assay (ELISA)
specific for CCL5/RANTES, following the manufacture’s protocol. In brief, samples
were collected by removing the supernatant, where the secreted protein of interest is
present, and adding 25x protease inhibitor cocktail reaching a final 1x concentration.
These samples were either frozen at -20°C or used directly for ELISA analysis.

First, 100 ul of assay diluent RD1W was pipetted into each ELISA well, into which
100 pl sample, or protein standard was added. The plate was then incubated for 2h at
RT. Afterwards, the solution was aspirated and wells washed trice with 400 pl wash
buffer. Second, 200 ul RANTES conjugate was added into the well and incubated for
1h at RT. Again, the wells were washed trice with 400 ul wash buffer. To measure
the colorimetric signal, 200 pl substrate solution was added into the well, incubated
for 20 min at room temperature in the dark, after which 50 ul stop solution was added
and the plate gently tapped to ensure thorough mixing. Using a TECAN infinite M100
microplate reader the optical density was measured at a wavelength of 450 nm, together
with a corrective wavelength set to 540nm. Values exported and a calibration curve
calculated by the help of the protein standard using a four parameter logistic (4-PL)
curve-fit. Using the equation of the 4-PL fit the unknown sample concentration was

calculated.

4.2.8 Statistical analysis

Descriptive statistical analysis was performed using Microsoft Excel and GraphPad
Prism (table 4.16). For inferential statistical data analysis the software GraphPad
Prim was used. Depending on the respective performed experiment, the appropriate
statistical test was chosen. Where two groups needed to be analysed a two-side Student’s
t-test was used. For more than two groups either a one-way or two-way ANOVA was
chosen, including a post-hoc analysis for multiple comparison. Where appropriate a
two-way ANOVA with repeated measurements were applied.

For all statistical tests a significance level of a p value of 0.05 was applied. Below or
equal that threshold, differences were assumed to be significant and not significant (ns)
with >0.05. Further, significance levels are depicted as asterisks: * <0.05, ** <0.01,
4% <0.001 or *F** < 0.0001. Data depicted in figures are expressed as mean and either
SD, or SEM (further defined in respective figure captions). Data included within the

text is exclusive expressed as mean = SEM.
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5 Results

The following chapter is split into three parts. Part 5.1 illustrates the observed sensitiz-
ing effect by BV6 in combination with NK cells. Part 5.2 characterizes a transcriptional
effect of BV6 on NF-xB signaling pathways. Part 5.3 shows the results of an exploratory

RNA sequencing approach and its validation.

5.1 Sensitization by BV6 towards NK cell attack

5.1.1 BVG6 induced cell death in RMS cells

As the overall project deals with the effect of the Smac mimetic BV6 on rhabdomyosar-
coma cells, the first step was to assess BV6’ cytotoxicity on RH30 (aRMS) and RD
(eRMS) cells. Fig. 5.1 depicts the dose response curves for both cell lines. Based on the
sigmoidal dose-response curve fit for the RH30 cells (fig. 5.1(a)) a EC50 (24h) value of
(5.5 £ 0.2) uM and an EC50 (48h) of (4.0 £ 0.2) uM could be calculated. The same
can be applied to RD cells (5.1(b)), resulting in an EC50 (24h) value of (6.5 + 0.3) uM
and an EC50 (48h) value of (6.2 + 0.5) uM. To achieve a sensitizing and no killing
effect of BV6 on both cell lines, concentrations of 2.5 uM and 5.0 uM were chosen to

continue throughout the project.
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Fig. 5.1: Dose-response curves for RH30 (a) and RD (b) cells upon BV6 treatment.
Cell death was measured by PI staining as an end-point measurement at 24
and 48 h post treatment. Data is depicted as mean &= SEM
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5.1.2 Induced IAP degradation

The molecular function of BV6 as a Smac mimetic is a proposed degradation of TAP
proteins. 5.2 shows western blots of a kinetic BV6 treatment of RMS cells, grown in
2D monolayers.

In both, RH30 (5.2(a)) and RD (b) cells, BV6 induces a rapid cIAP1 degradation,
starting after 30 min (0.5h) of BV6 addition at 2.5 and 5uM. After 24h of BV6
treatment no re-expression of cIAP1 can be observed. Concerning cIAP2, it is rapidly
degraded in RH30 cells after 30 min of BV6 treatment at both concentrations. After 24 h,
a slight re-expression might be observable. RD cells do not express cIAP2. Survivin
and XIAP are not degraded upon BV6 treatment in 2D RMS cell cultures.
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(a) Western blot of RH30 cells (b) Western blot of RD cells

Fig. 5.2: Western blot of BV6 treated RMS cells in 2D with 2.5 and 5 uM, identifying
IAP degradation. RMS cells, cultured in 2D, were treated with BV6 for the
indicated concentrations and incubation times. Images are representative of
two independent western blots of different biological replicates. Membranes
were re-probed after stripping (section 4.2.5.6).

Multicellular RMS spheroids, treated with BV6 for 24 h behave similar. In both, RH30
(5.3(a)) and RD (b) spheroids, cIAP1 is degraded by BV6 at 24 h treatment. In RH30
spheroids, cIAP2 degradation is not present. Here, the incubation time of 24 h might
already induce re-expression, similarly to 2D treated RH30 cells. In contrast to 2D
cultures, in both RH30 and RD spheroids, XIAP degradation can be observed.

BV6’s ability to degrade IAP proteins is visible in both cell culture methods, with an
additional degradation of XIAP in RMS spheroids.
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Fig. 5.3: Western blot of BV6 treated RMS spheroids, identifying IAP degradation.
RMS spheroids were treated with BV6 for 24 h using the indicated concen-
trations (2.5 & 5uM). Images are representative of two independent western
blots of different biological replicates. *: unspecific signal. Membranes were
re-probed after stripping (section 4.2.5.6).

5.1.3 Sensitization of TRAIL mediated cell death

One aspect of the project is to characterize the sensitizing effect towards an NK cell
mediated killing. As described in section 2.5 one killing mechanism relies on the death
receptor-death ligand interaction. Following this aspect, the basal expression levels of
death receptors DR4, DR5, Fas and TNFR1 were analyzed on RH30 (fig. 5.4) and RD
(fig. 5.5) cells by flow cytometry.

It can be seen that RH30 cells do not present DR4 (fig. 5.4(a)) and Fas (fig. 5.4(c))
on their surface. As the fluorescence signal of the specific antibody does not shift to
higher intensities compared to the isotype control. However, a minor TNFR1 surface
presentation by a shift towards higher fluorescence intensities can be seen (fig. 5.4(d)).
DR5 (fig. 5.4(b)) shows a very high fluorescence intensity, translating to a strong

surface presentation on RH30 cells.
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Fig. 5.4: Flow cytometric analysis of basal death receptor expression on RH30 cells.
Images are representative of three independent flow cytometric experiments.

On RD cells (fig. 5.5) the basal expression pattern look different. Fas (fig. 5.5(c))
and TNFRI1 (fig. 5.5(d)) could note be observed as surface presented by RD cells. For
both, the signal of the specific antibody does not show a shift towards higher intensities,
compared to the isotype control. A minor shift for DR4 is visible (fig. 5.5(a)) and very
high shift for DR5 (fig. 5.5(b)).
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Fig. 5.5: Flow cytometric analysis of basal death receptor expression on RD cells.
Images are representative of three independent flow cytometric experiments.

As Fas is not expressed on RH30 and RD cells, Fas is disregarded for further analysis.
Fig. 5.6 shows the flow cytometric data, analyzing surface presentation of DR4, DR5
and TNFR1 on RH30 cells upon BV6 treatment. It can be seen that RH30 cells
remained DR4 negative (fig. 5.6(a)). Again, the fluorescence intensity using a specific
DR4 antibody, did not differ from the isotype control. Surface presentation of TNFR1
on RH30 cells remained on a similar levels upon BV6 treatment (fig. 5.6(c)) compared to
untreated conditions. Nevertheless, a slight intensity shift of TNFR1 is visible, compared
to isotype control. In regard to DR5, the treatment with BV6 (24 h, 5 uM) increased
surface presentation, as indicated by a shift towards higher fluorescence intensities (fig.

5.6(b)).
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Fig. 5.6: Flow cytometric analysis of death receptor expression on RH30 cells treated
for 24 h with BV6. Grey line-saturated filled: unstained (unst) control sample,
black line-tinted filling: isotype control, dotted line-not filled: DR specific
staining untreated sample, dashed line-not filled: DR specific staining treated
with 2.5 M BVG6, solid line-not filled: DR specific staining treated with
5uM BV6. Images are representative of three independent flow cytometric
experiments.

Fig. 5.7(a) depicts the surface presentation of DR4 on RD cells, which is not changed
upon BV6 treatment. The fluorescence intensities remained on a similar level upon
BV6 treatment, but differ from the isotype control. Similarly to RH30 cells, RD
cells increased DR5 surface presentation upon BV6 treatment (5.7(b)). Compared to
untreated RD cells, the fluorescence intensity of BV6 treated RD cells (24h, 5 M)
shifted to higher intensity values. Fig. 5.7(c) shows that RD cells stay TNFR1 negative,
even after BV6 treatment. As the staining with a specific antibody targeting TNFR1

does not increase the fluorescence intensity, compared to isotype staining.
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Fig. 5.7: Flow cytometric analysis of death receptor expression in RD cells treated for
24 h with BV6. Grey line-saturated filled: unstained (unst) control sample,
black line-tinted filling: isotype control, dotted line-not filled: DR specific
staining untreated sample, dashed line-not filled: DR specific staining treated
with 2.5 M BVG6, solid line-not filled: DR specific staining treated with
5uM BV6. Images are representative of three independent flow cytometric
experiments.

The increased surface presentation of DR5 on RH30 cells, as shown in fig. 5.6(b), was
further validated using qRT-PCR and western blot. Only DR5 was further analyzed
in RH30 cells, as DR4 is not being expressed. First, fig. 5.8(a) shows the mRNA fold
change of DR5 upon a time dependent BV6 stimulation, using untreated RH30 cells
as a reference. Over time, an increased transcription using both BV6 concentrations
can be seen. Between 4 to 8 h, a plateau was reached, seemingly decreasing at 24 h of
BV6 stimulation. This increased mRNA fold change, is followed by an increased DR5
protein translation. DR5 protein content in whole cell lysates can be seen in fig. 5.8(b).
DR5 shows a double band, as the antibody might detect the short and long isoform of
DR5. The western blot depicts an increased protein expression, for 5 uM BV6 treatment

beginning at 6 h, indicated by an increased chemiluminescence signal. DR5 signals for
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both stimulations using 2.5 and 5 uM concentrations are reaching a maximum at 24 h.
By that, the protein expression in fig. 5.8(b) follows the induced mRNA transcription
in fig. 5.8(a), which might led to the increased surface presentation on RH30 cells (fig.

5.6(b)).
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(b) Western blot analysis of DR5 in RH30 cells treated with BV6

Fig.5.8: qRT-PCR (a) and western blot (b) analysis of DR5 in RH30 cells. Expres-
sion was normalized to untreated RH30 cells. Treatment was performed for
the indicated time points and concentrations of BV6. Data is depicted as
mean + SEM, N =3. Western blot images are representative of two indepen-
dent experiments of different biological replicates.

The transcriptional regulation of DR4 and DR5 also applies to RD cells. Fig. 5.9(a)
shows the mRNA fold change of DR4 and fig. 5.9(b) the mRNA fold change of DRJ,
using untreated RD cells as reference. Both target genes (DR/ & DRJ5), only showed
an increased transcription using 5 uM BV6. Regarding the kinetic, for DR4 (fig. 5.9(a))
the highest mRNA fold change is reached at 24h. For DR5 (fig. 5.9(b)), the onset
started at approximately 8 h of BV6 stimulation and reached a maximum at 24 h.
The transcriptional up-regulation of DR4 and DR5 in RD might be translated into the
previous described increased surface presentation (fig. 5.7(a) & fig. 5.7(b)).
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Fig. 5.9: Relative mRNA quantification of DR4 (a) and DR5 (b) by qRT-PCR in
RD cells. Expression was normalized to untreated RD cells. Treatment was
performed for the indicated time and concentration of BV6. Data is depicted
as mean + SEM, N =3.

Functionally, 24 treatment with BV6 induced a sensitization towards a TRAIL induced
cell death. Fig. 5.10 depicts the cell death analysis of RH30 (fig. 5.10(a)) and RD
(fig. 5.10(b)) cells, measured by PI uptake upon co-treatment with BV6 and TRAIL.
In both cell lines, cell death is induced upon single treatment with 5 M BV6 at 24 h.
Treatment with TRAIL (100 ng/ml) alone induces cell death to a lesser extend at 24 h,
compared to BV6 alone in both cell lines. Combined TRAIL and BV6 treatment,
showed a significant additive effect for 5 uM BV6 in both RH30 and RD cells. For the
lower 2.5 uM BV6 concentration, this effect seems to be highly additive only in RH30
cells (not tested for synergy).
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Fig. 5.10: Cell death measurement of RH30 (a) and RD (b) cells co-treated with BV6
and TRAIL for 24h. Concentrations of BV6 and TRAIL are indicated
within the figure. Dead cells were identified by PI positive staining and
counterstained with Hoechst33342. Data is depicted as mean + SEM. ns:
p>0.05, *: p<0.05, **: p<0.01, ¥*: p<0.001, ***: p<0.0001.

5.1.4 Sensitization towards NK cell mediated cytotoxicity

As previous stated, the project’s objective is to elucidate the molecular mechanisms of
a BV6 sensitization towards NK cell mediated killing. For that, the cytotoxic effect
of BV6 on NK cells needed to be tested. Figure 5.11 depicts the dose-response curve
of BV6 treated NK cells at different concentrations for 24 h. The uptake of PI was
chosen as a cell death indicator. It can be seen that with increasing concentrations,
higher percentage of NK cells appear to be dead. At the highest used concentration of
20 uM BV6, up to (31£5.0) % cells died. Throughout the project, BV6 was used at
concentrations of 2.5 uM and 5 uM. At those concentrations, NK cells show a cell death
induction of (7.3+1.7) % and (124 2.6) %, respectively. With that, the cell death of
NK cells was within an acceptable level for further co-cultivation and co-treatment

experiments.
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Fig. 5.11: Dose-response curve of BV6 treated primary expanded, IL-15 activated NK
cells. Data is depicted as mean = SEM, N=9. *: p<0.05

After subtoxic concentrations of BV6 (figure 5.1 & 5.11) were established, co-culture
experiments of RMS cells and NK cells followed.

RMS cells, grown in 2D monolayers, were pre-treated with 5 M BV6 for 24 h. After
BV6 was removed, pre-treated RMS cells were co-cultured for 4 h together with NK
cells at an effector to target (E:T) ratio of 5:1. Figure 5.12 illustrates the specific
lysis, i.e. the NK cell derived killing (see equation 4.1) towards RMS cells. It can be
seen that in 2D co-culture experiments, untreated RH30 cells are killed with a higher
specific lysis (48.0 £5.1) %, than are untreated RD cells (12.14+3.9) %. Pre-treatment
with BV6 resulted in a sensitization of both RH30 and RD cells towards an NK cell
attack. Resulting in a higher killing effect from NK cells. The specific lysis towards BV6
pre-treated RH30 cells increased to (67.3 +4.2) %, with a p-value of 0.0057 compared
to untreated RH30 cells. The specific lysis towards BV6 pre-treated RD cells increased
to (39.4+10.8) %, with a p value of 0.0895 compared to untreated RD cells. Although
non-significant, NK cell killing of RD cells +BV6 resulted in a higher difference with
A = 27.3%, than for RH30 cells A = 19.3 %.
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Fig.5.12: NK cell cytotoxicity measurement in co-culture with BV6 pre-treated RMS
cells. NK cell cytotoxicity is measured by FACS based method (see section
4.2.3.1) with an E:T ratio of 5:1. RMS cell were pre-treated for 24 h with
BV6. Data is depicted as mean + SEM, and analysed by Student’s t-test.

The co-culture experiments in figure 5.12 were performed in a 2D culture setting
(according to method 4.2.3.1). However, rhabdomyosarcoma is a solid growing tumour
entity. For a better representation of the solid nature, a culture method in 3D was
chosen (see method 4.2.1.5). Figure 5.13 shows the co-cultivation of GFP expressing
RMS spheroids + BV6 with or without NK cells. The experimental setting how this
3D co-culture was performed is depicted in figure 4.1 (page 41).

Over the observation period, untreated RH30-GFP spheroids form a heterogenous 3-
dimensional structure with a rim high in fluorescence intensity, correlating to a putative
high proliferative area (subfigure 5.13(a)). Pre-treatment with BV6 alone does not
induce a phenotypic change, rather a slight growth retention, as the highly fluorescent
rim developed at later time points. Co-cultivation with NK cells alone does induce a
phenotypic change. It seems, as if the spheroid is braking apart, still being able to form
smaller microspheres. Overall, no significant loss of GFP intensity could be detected, as
shown in subfigure 5.13(b). Phenotypically, combination of BV6 pre-treatment with NK
cell co-cultivation led to a perforation of the spheroid, no formation of a proliferative
rim is visible and reduction of microspheres. The phenotypic loss of spheroid integrity
is also evident in the GFP intensity quantification. It shows a significant reduction
(5.13(b)).

In contrast to the heterogenous RH30-GFP spheroid morphology, RD-GFP cells form
highly homogenous, compact, ball-like spheres (subfigure 5.13(c)). In contrast to the
RH30-GFP spheroids, where NK cells attack more perforative, RD-GFP spheroids are
seemingly attacked from outside inwards. Quantification of the GFP intensity confirm,

that the BV6 pre-treatment alone did not change alter the spheroidic growth. On the
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other hand, NK cell addition alone induces a growth control, as the intensity is not
increasing over the observation period. Again, combining BV6 pre-treatment with NK
cell co-cultivation led to a significant reduction in spheroid size and GFP intensity,

indicating a combinatory effect towards spheroid killing.
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Fig. 5.13: BV6 pre-treated RMS-GFP spheroids co-cultivated with NK cells. On day
3 of spheroid growth treatment with BV6 for 24 h was performed. NK cells
in an E:T ratio of 1:1 were co-cultivated with RMS-GFP spheroids for 5
days. GFP fluorescence intensity was measured every day. Data is depicted
as mean += SEM, N =5 and analyzed by two-way ANOVA, *: p <0.05,, **:
p <0.01, ***: p<0.001.

As another measurement of cell death in RMS-GFP spheroids, dead cell were stained
with PI at the last day of co-cultivation. Figures 5.14(a) & 5.14(c) depicts the overlay
of GFP and PI signal of RMS-GFP spheroids on day 5. Again, combining BV6 pre-
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treatment with NK cells increased cell death induction, visible by an increased overall
PI signal intensity. All the characteristics described previously can be observed. Using
both fluorescence channel intensity quantifications, a PI to GFP fluorescence intensity
ratio could be calculated, as indicator for cell death induction.

Figures 5.14(b) & 5.14(d) illustrate the PI/GFP ratios of NK cell co-cultivations at
different E:T ratios. For RH30-GFP spheroids the BV6 sensitizing effect is only visible
using an E:T ratio of 1:1. As expected, higher NK cell E:T ratios led to a higher
RH30-GFP spheroid killing, i.e. higher PI/GFP ratios.

For RD-GFP spheroids, the BV6 sensitizing effect is visible using all three E:T ratios.
Again, higher E:T ratios leads to higher RD-GFP spheroid killing and higher PI/GFP
ratios. The biggest BV6 sensitizing effect is visible at an E:T ratio of 1:1. For that

reason, an E:T ratio of 1:1 was chosen throughout the project.
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Fig. 5.14: Depiction of BV6 pre-treated RMS-GFP spheroid killing by NK cells at
different E:T ratios. Figures (a) and (c) depict the GFP fluorescence of alive
RMS cells with PI counterstained dead cells at day 5 post NK cell addition.
Figures (b) and (d) illustrates the quantification and ratio calculation of PI
to GFP fluorescence intensity. Data is depicted as mean + SEM.

5.1.4.1 TRAIL dependency

TRAIL, as a cell death inducing ligand on the surface of NK cells is one mechanism
how cytotoxic effector cells induce target cell killing. In section 5.1.3 it was shown that
co-treatment of BV6 with TRAIL had an additive effect on cell death induction.
Figure 5.15 depicts the role of TRAIL within RMS-GFP spheroid NK cell co-cultivation.
First, in both, RH30-GFP (a) & (b) and RD-GFP (c) & (d) spheroids the BV6 induced
sensitization towards an NK cell mediated killing could be reproduced in this experi-
ment again.

However, co-treatment with an antibody targeting TRAIL (oTRAIL) during the co-
cultivation of RMS-GFP spheroids and NK cells, did not affect the NK cell mediated
killing, as no change at the PI/GFP ratio is visible upon aTRAIL co-treatment. Ex-
amination by fluorescence microscopy did not show a changed phenotype compared to

the samples without o TRAIL co-treatment.
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Fig. 5.15: Influence of TRAIL neutralization on BV6 pre-treated RMS-GFP spheroids
in co-culture with NK cells (E:T 1:1). Figures (a) and (c) depict the GFP
fluorescence of alive RMS cells/spheroids with PI counterstained dead cells.
Figures (b) and (d) illustrates the quantification and calculation of PI to
GFP fluorescence intensity ratio. Data is depicted as mean +SEM, N =3
and analyzed by two-way ANOVA, *: p <0.05.
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The neutralizing effect of the used aTRAIL antibody at the used concentration was
validated by co-treatment of RMS-GFP spheroids with exogenous TRAIL (100 ng/ml)
and can be seen in fig. 5.16. Treatment with TRAIL induced cell death in RMS-GFP
spheroids, indicated by an increased PI/GFP ratio. This TRAIL induced cell death
could be blocked by addition of the aTRAIL antibody (1 ug/ml), indicated by the
reduction of PI/GFP ratio to the untreated RMS-GFP spheroid level.
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Fig. 5.16: Validation of zVAD.fmk within RMS spheroids upon exogenous TRAIL
treatment. Treatment was performed for 24 h, with a TRAIL concentration
of 100ng/ml and an aTRAIL antibody concentration of 1 ug/ml. Data of
one biological replicate. Control samples of only spheroid and exogenous
TRAIL treatment are shared in fig. 5.16 and fig. 5.22.

5.1.4.2 TNF« dependency

Apart from TRAIL, as a cell death inducing ligand, TNF«a can activate the extrinsic
apoptosis by TNFRI1 ligation. Figure 5.17 depicts BV6 pre-treated RMS-GFP spheroids
co-cultivated with NK cells for a duration of 5 day with an endpoint PI measurement.
Here, Enbrel, as an TNFa neutralizing compound, was added as a co-treatment starting
at the BV6 pre-treatment and continued during the NK cell co-cultivation period.
Again, pre-treatment with BV6 could successfully sensitize both RH30-GFP (a) & (b)
and RD-GFP (c) & (d) spheroids towards an NK cell mediated killing, indicated by
an increased PI positive edge around the spheroids and an increased PI/GFP ratio. In
the presence of Enbrel, RMS-GFP spheroids are not rescued from the NK cell attack,
evident by a lost spheroidic integrity (RH30-GFP (a) & RD-GFP (c) spheroids) and
unchanged PI/GFP ratio compared to the samples without Enbrel.

Although the PI endpoint measurement did not show any change, Enbrel might have
an impact on a time dependent level. Figures 5.17(e) & (f) illustrates a kinetic GFP
fluorescence intensity measurement of the RMS-GFP spheroids. Again, RH30-GFP (e)
spheroids co-treated with Enbrel (dotted lines) did not alter the NK cell mediated attack.
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However, a slight rescue effect from the NK cell attack might be present at Enbrel co-
treated BV6 pre-treated RD-GFP (f) spheroids. This change is not significant, only a
slight upwards trend of the Enbrel treated curves (dotted lines) might be apparent.
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Fig. 5.17: Influence of TNFa neutralization on BV6 pre-treated RMS-GFP spheroids
in co-culture with NK cells (E:T 1:1). Figures (a) and (c) depict the GFP
fluorescence of alive RMS cells/spheroids with PI counterstained dead cells.
Figures (b) and (d) illustrates the quantification and calculation of PI to
GFP fluorescence intensity ratio as a read-out for cell death induction within
RMS spheroids. A kinetic measurement of GFP fluorescence over time is
depicted in fig. (e) and (f). Data is depicted as mean + SEM and analyzed
by two-way ANOVA.

5.1.4.3 Granzyme B dependency

Another killing mechanism deployed by NK cells is the release of cytotoxic granules,
containing granzymes (see section 2.5). Blocking granzyme B using zZAAD-CMK within
the NK cell co-culture of RMS-GFP spheroids should reduce the NK cell mediated
killing. Figure 5.18 depicts the results of the granzyme B inhibition within RH30-GFP
(a), (b) & (e) and RD-GFP (c), (d) & (f) spheroids co-cultured with NK cells. Again,
the BV6 induced sensitization towards an NK cell mediated attack could be reproduced.
Evident by the increased PI positive edge around RMS-GFP spheroids (a) & (c) and
increased PI/GFP ratios (b) & (d).

Treatment with two concentrations of zZAAD-CMK did not significantly change the
NK cell killing, indicated by an equal level of PI/GFP ratios compared to untreated
RMS-GFP spheroids (b) & (d). In contrast to RD-GFP (c) spheroids, RH30-GFP
(a) spheroids co-cultured with NK cells show a slightly different morphology when
co-treated with zZAAD-CMK. Here, it seems that the spheroidic integrity is marginal
retained. Although not significant, this retention is also visible by a time dependent
observation of RH30-GFP (e) spheroids co-cultured with NK cells and co-treated with
zAAD-CMK (dotted lines). RD-GFP (f) spheroids co-treated with zAAD-CMK show a
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slight delay of NK cell killing, compared to only BV6 pre-treated, NK cell co-cultured

samples.
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Fig. 5.18: Influence of a granzyme B inhibitor (zZAAD-CMK) on BV6 pre-treated RMS-
GFP spheroids in co-culture with NK cells (E:T 1:1). Figures (a) and (c)
depict the GFP fluorescence of alive RMS cells/spheroids with PI counter-
stained dead cells. Figures (b) and (d) illustrates the quantification and
ratio calculation of PI to GFP fluorescence intensity. A kinetic measure-
ment of GFP fluorescence over time is depicted in fig. (e) and (f). If not
shown otherwise, a concentration of 20 uM of zZAAD-CMK was used. Data
is depicted as mean & SEM and analyzed by two-way ANOVA, *: p <0.05,
. p <0.01, ¥ p<0.001.

5.1.4.4 Caspase dependency

For a mechanistic understanding of the BV6 pre-treatment and induced sensitizing
effect, the caspase activation was evaluated by western blot in RMS cells (2D) (fig.
5.19). Figures 5.19(a) and (c) depicts western blots probed against caspase-8 and 9 at
different time points. After 24h of BV6 treatment RH30 cells (a) show a signal for a
cleaved, putative active form for caspase-8, and a less intense signal for the cleaved,
active form of caspase-9. Whereas, RD cells (c¢) show no signal for the cleaved, active
form of caspase-8 and a similar cleaved, active signal for caspase-9.

Western blots probed against caspase-3 are depicted in the figures 5.19(b) and (d).
For RH30 cells (b), a cleaved, active caspase-3 fragment is visible after 24 h of BV6
treatment. For RD cells (d), a cleaved, active caspase-3 fragment is only visible upon
a long exposure of the film. Here, a signal of the cleaved, active form starts to become
visible after 6-8 h of BV6 treatment.

Overall, after 24 h of BV6 treatment, active forms of caspase-8, 9 and 3 are visible in

both, RH30 and RD cells.
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Fig. 5.19: Western blot of BV6 treated RMS cells in 2D, identifying caspase activation.
RMS cells, cultured in 2D, were treated for the indicated concentrations
and time with BV6. Images are representative of two independent western
blots of different biological replicates. *: unspecific signal

Following the caspase activation upon single BV6 treatment, figure 5.20 illustrates
caspase activation patterns of BV6 pre-treated (24h) RMS spheroids co-cultivated
with NK cells for further 24h. In both, RH30 (a) and RD (c) spheroids no cleaved,
active form (< 25kDa) of caspase-8 is visible. Upon co-cultivation with NK cells, an
intermediate (= 40-45kDa) pro-form of caspase-8 is detectable, with a reduced signal
of this intermediate pro-form upon BV6 pre-treatment combined with NK cells.

Figures (b) and (d) depicts western blots of RH30 and RD spheroids probed against
caspase-3. Again, no cleaved, activated form is visible within the single BV6 pre-treated

samples. Whereas, NK cell co-cultivation resulted in the characteristic cleaved, active
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caspase-3 pattern. Combination of BV6 pre-treatment with NK cell co-cultivation

resulted in an increased signal of the lower cleavage fragment with a molecular weight

of =~ 15kDa.
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Fig. 5.20: Western blot of BV6 treated RMS spheroids, co-cultivated with NK cells for
24 h, before co-lysates were generated. Caspase activation was identified by
western blot. Images are representative of two independent western blots
of different biological replicates. The western blots in (a) and (b) have the
same loading control, and in (¢) and (d) have the same loading control,
membranes were re-probed after stripping (section 4.2.5.6).

The increased caspase-3 activation (fig. 5.20) and subsequent induction of cell death
within the BV6 pre-treated RMS spheroids co-cultured with NK cells, is evident in the
microscopic images in fig. 5.21(a) and (c). A higher PI fluorescence is visible around
the spheroids indicative for an increased cell death.

The involvement of caspases within the NK cell mediated killing is apparent when adding
a pan-caspase inhibitor (zVAD.fmk) to the RMS spheroid-NK cell co-cultivation. In
both, RH30-GFP (b) and RD-GFP (d) spheroids, zZVAD.fmk significantly reduces the
PI/GFP ratio, i.e. spheroid killing by NK cells. This rescue from NK cell attack can also
be seen in the microscopic images, where the spheroidic integrity remains intact upon
zVAD.fmk co-treatment. Although, the images for the RD-GFP spheroids, co-cultured
with NK cells and co-treated with zVAD.fml show a high PI positive edge.
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Fig.5.21: Influence of caspase inhibition by zVAD.fmk on BV6 pre-treated RMS
spheroids in co-culture with NK cells (E:T 1:1). Figures (a) and (c) de-
pict the GFP fluorescence of alive RMS cells with PI counterstained dead
cells. Figures (b) and (d) illustrates the quantification and ratio calculation
of PI to GFP fluorescence intensity. Data is depicted as mean + SEM, N =3
and analyzed by two-way ANOVA, *: p <0.05, **: p<0.01.

To validate the pan-caspase inhibitory effect of zVAD.fmk, RMS-spheroids were treated
with TRAIL and co-treated with zVAD.fmk. Figure 5.22 shows that treatment with



5.1.4 Sensitization towards NK cell mediated cytotoxicity 86

TRAIL induces cell death within RMS-spheroids, as illustrated by the increased P1/GFP
ratio. Co-treatment of TRAIL with zVAD.fmk successfully reduced the PI/GFP ratio,

i.e. cell death induction, to a level comparable to untreated spheroids.
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Fig. 5.22: Validation of zVAD.fmk within RMS spheroids upon exogenous TRAIL
treatment. Treatment was performed for 24 h, with a TRAIL concentration
of 100ng/ml and zVAD.fmk of 50 uM. Data of one biological replicate.
Control samples of only spheroid and exogenous TRAIL treatment are shared
in fig. 5.22 and 5.16.

As caspase-9 is slightly activated upon BV6 treatment and is important within the
intrinsic apoptotic pathway (fig. 5.19), caspase-9 was knocked-down in RMS-GFP
spheroids by siRNA technology.

The previously described BV6 sensitization towards NK cell attack could be reproduced
in RH30-GFP and RD-GFP spheroids, shown in fig. 5.23. Knock-down of caspase-9
did not alter NK cell mediated killing, as PI/GFP ratio is not reduced (fig. 5.23(b) and
(d)) compared to siRNA control cells. Further, no phenotypical change can be observed
upon caspase-9 knock-down. Loss of spheroidic integrity is apparent spheroids in all
tested conditions of RMS-GFP spheroids (fig. 5.23(a) and (c)).

Knock-down of caspase-9 in RMS-GFP spheroids was validated by western blot (fig.
5.23(e)). RH30-GFP and RD-GFP spheroids treated with two different caspase-9
targeting siRNAs showed a reduced caspase-9 expression, compared to a non-specific
targeting siRNA control (siCtrl).



5.1.4 Sensitization towards NK cell mediated cytotoxicity

87

siRNA-Caspase-9

UM siCtrl #1 # ns
A
15
o 31 0 uMBV6E *
only RH30-GFP = 2.5uMBV6 [ ]
spheroids 2 10{mm 5 uM BV6
. e
o
T8
o
z 5
0
+ NK cells 0
ET11 siCtrl #1  #2 siCtrl #1  #2
5
+ NK

(a) Microscopic illustration of RH30- (b) Quantification and calculation of PI

GFP (alive) and PI (dead) flu- to GFP fluorescence ratio in BV6
orescent cells/spheroids. Scale pre-treated caspase-9 knock-down
bar =500 pm RH30-GFP spheroids co-cultured

with NK cells

—
% % %k %k
* %k kK % %k %
siRNA-Caspase-9 ]
uM siCtrl #1 #2 * % % % —‘
% 3k %k %k % 3k %k %k
0 60+
=3 0uMBV6 1
ly RD-GFP
ony R = 2.5 UM BV6
spheroids °
5 E 401 mm 5 puM BV6
o
e
(4
o 204
0
+ NK cells
ET1:1 0-
siCtrl  #1 #2 siCtrl  #1 #2
5
+ NK

(c) Microscopic illustration of RD-GFP (d) Quantification and calculation of PI
(alive) and PI (dead) fluorescent to GFP fluorescence ratio in BV6

cells/spheroids. Scale bar =500 pym pre-treated caspase-9 knock-down
RD-GFP spheroids co-cultured with

NK cells



5.1.4 Sensitization towards NK cell mediated cytotoxicity 88

RH30-sph RD-sph
kDa siCtrl #1 #2 siCtrl #1 #2

N i -— - Caspase 9
35
35

(e) Caspase-9 expression level in
siRNA treated  RMS-GFP
spheroids analyzed by western
blot

Fig. 5.23: Influence of siRNA mediated caspase-9 knock-down in BV6 pre-treated RMS
spheroids in co-culture with NK cells (E:T 1:1). Figures (a) and (c) depict
the GFP fluorescence of alive RMS cells with PI counterstained dead cells.
Figures (b) and (d) illustrates the quantification and ratio calculation of PI
to GFP fluorescence intensity. (e) shows the expression levels of caspase-
9 analyzed by western blot. Data is depicted as mean 4+ SEM, N =3 and
analyzed by two-way ANOVA, *: p <0.05, ****: p <0.0001.

Caspase-8, as an initiator caspase at the DISC and mainly responsible within the
extrinsic apoptotic pathway, was knocked-down in RMS-GFP spheroids.

Here, the BV6 sensitization is clearly visible and could be reproduced (fig. 5.24). In
RH30-GFP spheroids, knock-down of caspase-8 had no influence on NK cell mediated
killing. That is, no phenotypical change of the microscopic images is visible between
caspase-8 knocked-down and control RH30-GFP spheroids (fig. 5.24(a)). Caspase-8
independency is also visible within the fluorescence intensity quantification and PI/GFP
ratio calculation (fig. 5.24(b)), as no difference can be seen among the RH30-GFP
spheroid NK cell co-cultivated samples.

In contrast to RH30-GFP spheroids, RD-GFP spheroids show a caspase-8 dependency.
Here, siRNA construct #3 leads to a rescue and stabilization of spheroidic integrity
(fig. 5.24(c)), further leading to a reduction of PI/GFP ratio (d), i.e. rescue from NK
cell induced Kkilling.

Caspase-8 knock-down was validated by western blot (fig. 5.24(e)). RH30-GFP and RD-
GFP spheroids were treated with three different caspase-8 targeting siRNAs. Construct
#1 had no effect on caspase-8 expression and was dismissed from further experiments.
Construct #2 and #3 reduced the expression of caspase-8 in both RMS-GFP spheroids.
However, in RD-GFP spheroids construct #2 had a lesser knock-down effect than
construct #3.
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Fig. 5.24: Influence of siRNA mediated caspase-8 knock-down in BV6 pre-treated RMS
spheroids in co-culture with NK cells (E:T 1:1). Figures (a) and (c) depict
the GFP fluorescence of alive RMS cells with PI counterstained dead cells.
Figures (b) and (d) illustrates the quantification and ratio calculation of PI
to GFP fluorescence intensity. (e) shows the expression levels of caspase-
8 analyzed by western blot. Data is depicted as mean + SEM, N =3 and
analyzed by two-way ANOVA, *: p<0.05.

5.1.5 NK cell migratory behaviour

The previous section 5.1.4 described killing effects of NK cells on RMS-GFP spheroids
and the BV6 induced sensitization of it. As yet, the migratory property of NK cells
into the 3-dimensional sphere was ignored and only assumed. The following section
depicts evidence on the NK cell migratory behaviour and how BV6 affects the migratory
behaviour.

Figure 5.25 illustrates GFP expressing RH30 and RD spheroids co-cultivated with
CellTrace™ violet stained NK cells (CT stained, blue signals). As can be seen in fig.
5.25(a), NK cells are able to penetrate and migrate into both RH30-GFP and RD-GFP
spheroids. The CellTrace™ violet signal intensities within the RMS-GFP spheroid was
quantified, as described in section 4.2.4.1 and illustrated in fig. 4.4.

By comparing NK cell migration into RH30-GFP and RD-GFP spheroids, it becomes
apparent that NK cells more readily migrate into RD-GFP (5.25(a) right panel & (c)),
than RH30-GFP spheroids (5.25(a) left panel & (b)). This observation is robust at
different E:T ratios. Fig. 5.25(b) illustrates that even at E:T ratios of 5:1 and 10:1, NK
cells are not as easily penetrating RH30-GFP spheroids, than into RD-GFP spheroids

(c).
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Fig. 5.25: Migration of NK cells into RMS-GFP spheroids at different E:T ratios.
Figure (a) depicts the GFP fluorescence of RMS spheroids co-cultivated
with CellTrace™ violet stained NK cells (E:T 5:1). Images were taken at
indicated time points. Figures (b) and (c) illustrates the quantification
of CellTrace™ violet fluorescence intensity of NK cells within RMS-GFP
spheroids at different time points and different E: T ratios. Data is depicted
as mean + SEM, N =3.

Figure 5.26 illustrates the quantification of CellTrace™ violet stained NK cells inside of
RH30-GFP 5.26(a)-(c) and inside of RD-GFP 5.26(d)-(f) spheroids. Here, RMS-GFP
spheroids were pre-treated with BV6 and migratory NK cell behaviour measured over a
time period of 8 h. As illustrated in fig. 5.26, no significant difference between BV6 pre-
treated and untreated RMS-GFP spheroids regarding the NK cell migratory behaviour

at different E: T ratios is visible.
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Fig. 5.26: Quantification of CellTrace™ violet stained NK cells within BV6 pre-treated
RMS-GFP spheroids at different E:T ratios. RMS-GFP spheroids were pre-
treated for 24 h with BV6 before CT stained Nk cells were added and violet
fluorescence (Pacific Blue channel) was measured at the indicated time points.
CT violet stained NK cells were added at different E:T ratios, 1:1 (fig. (a)
and (d)), 5:1 (fig. (b) and (e)) or 10:1 (fig. (c) and (f)). Data is depicted as
mean = SEM, N =3.
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5.2 Induced NF-xB signaling pathways by BV6

5.2.1 Activation of canonical NF-xB signaling pathway

The proteins cIAP1/2 interacting within complex I at surface receptors and are able
to activate NF-xB signaling pathways (see section 2.2.2). Based on that, BV6’s ability
to activate the classical, canonical NF-xB signaling pathway was analyzed. Figure 5.27
depicts a western blot of RMS cells, cultured in 2D and probed for phosphorylation,
activation status, of IkBa (at S32/36) and of the transcription factor p65 (at S536).
Fig. 5.27(a) shows the results for RH30 cells, cultured in 2D. It can be seen that IxBa
is slightly phosphorylated over the time of BV6 treatment. The phosphorylation starts
to appear around one to two hours of BV6 treatment. This phosphorylation is not
accompanied by a complete degradation of IxBa, although a slight decrease of signal
intensity might be observed around two hours of BV6 treatment. RD cells 5.27(b),
show a slightly higher phosphorylation of 1xBa, compared to RH30 cells. Here, the
phosphorylation appears around two hours of BV6 treatment. Again, no degradation
of IkBa is visible.

Further, phosphorylation and activation of p65 occurs at a late stage within the canoni-
cal NF-xB pathway. In both, RH30 5.27(a) and RD (b) cells, a strong phosphorylation
of p65 can be observed. Seemingly, with a first maximum of signal intensity at 4 h and

a second maximum at 24 h of BV6 treatment.
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Fig. 5.27: Western blot of BV6 treated RMS cells in 2D, identifying canonical NF-
kB activation by phosphorylation events of [kBa and p65. RMS cells,
cultured in 2D, were treated for the indicated concentrations and time
with BV6. Images are representative of two independent western blots of
different biological replicates. Membranes were re-probed after stripping
(section 4.2.5.6).

The behaviour of 3D cultured RMS spheroids regarding the canonical NF-xB activation
(fig. 5.28) follows that of the 2D cultures. In both, RH30 5.28(a) and RD (b) spheroids,
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a high signal intensity of the phosphorylated IxBa form can be seen at 24h BV6
stimulation. A similar intense signal is visible of phosphorylated p65 at 24 h of BV6
stimulation. RD spheroids show a reduced p65 phosphorylation at 24 h stimulated with
5 uM BV6.

In both cell culture methods, the classic, canonical NF-xB signaling pathway is activated

by BVG.
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Fig. 5.28: Western blot of BV6 treated RMS spheroids, identifying canonical NF-xB
activation by phosphorylation events of IkBa and p65. RMS spheroids
were treated for the indicated concentrations and time with BV6. Images
are representative of two independent western blots of different biological
replicates. Membranes were re-probed after stripping (section 4.2.5.6).

5.2.2 Activation of non-canonical NF-xB signaling pathway

In addition to the canonical NF-xB signaling pathway, the non-canonical NF-xB sig-
naling pathway was analyzed, as cIAP1/2 are directly involved in the proteasomal
degradation of NIK. Figure 5.29 depicts the non-canonical NF-xB activation pattern
of RMS cells, cultured in 2D. As can be seen, RH30 5.29(a) and RD (b) cells, behave
similarly. Upon stimulation with BV6, a time dependent accumulation of NIK is visible,
culminating at a time point around 24 h of BV6 stimulation. Following this kinetic,
p100 is partially degraded to the transcriptional active p52 form. Which is visible by

the time dependent increase of signal intensity of the p52 form.
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Fig. 5.29: Western blot of BV6 treated RMS cells in 2D, identifying non-canonical
NF-xkB activation by NIK accumulation and p52 generation. RMS cells,
cultured in 2D, were treated for the indicated concentrations and time with
BV6. Images are representative of two independent western blots of different
biological replicates. *: unspecific signal

Stimulation of RH30 5.30(a) and RD (b) spheroids with BV6 lead to a similar activation
pattern of the non-canonical NF-£B signaling pathway. Again, NIK accumulation is
evident in both RMS spheroids. The partial degradation of p100, with associated loss
of signal intensity, is not as pronounced as for the 2D RMS cell culture. However, an
increase of signal intensity of the transcriptional active p52 form is visible in both, RH30
and RD spheroids. Here, RH30 spheroids already show a signal for the p52 fragment
at untreated conditions.

Both cell culture methods are able to activate the non-canonical NF-xB signaling

pathway upon BV6 stimulation.
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Fig. 5.30: Western blot of BV6 treated RMS spheroids identifying non-canonical NF-
kB activation by NIK accumulation and p52 generation. RMS spheroids
were treated for the indicated concentrations and time with BV6. Images
are representative of two independent western blots of different biological
replicates.

5.2.3 Nuclear fragmentation of BV6 treated RH30 cells

Active NF-xB forms, as seen in fig. 5.27(a) and 5.29(a), were further analyzed regarding
their nuclear translocation. Fig. 5.31 depicts the results of a subcellular fragmentation
of RH30 cells cultured in 2D treated with BV6 for different time points.

The canonical NF-xB pathway, based on the active phosphorylated form of p65 (at
S536), arises within the nuclear fraction around 4 h of BV6 treatment, with a second
signal at 24 h of BV6 treatment with 2.5 yuM.

The non-canonical NF-£B signaling pathway, with its active p52 form shows a signal
within the nuclear fraction starting from 4 h of BV6 treatment towards 24 h.

Purity validation of the subcellular fractions was performed by probing for the cytosolic
protein GAPDH, which shows no signal within the nuclear fraction. As a positive
nuclear marker the nuclear envelop protein LaminB1 was chosen, showing a signal

around 70 kDa. Here, this signal is only present at the nuclear fraction.
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Fig. 5.31: Western blot analysis of nuclear fragmented BV6 treated RH30 cells. RH30
cells were treated for the indicated concentrations and times with BV6,
followed by nuclear fragmentation and identification of NF-xB proteins by
western blot. Membranes indicated by the same numbers were re-probed
after stripping (section 4.2.5.6). *: unspecific signal

5.2.4 Transcriptional regulation of NF-xB target genes

Section 5.2.1 and 5.2.2 shows evidence on a protein level that BV6 activates both
NF-xB signaling pathways. Activated transcription factors bind to their target genes
and induce the transcription of their targets.

Figures 5.32 (RH30) and 5.33 (RD) shows qRT-PCR results of NF-xB target gene
transcription indicated as mRNA fold change upon BV6 stimulation in RMS cells
cultured in 2D. mRNA fold changes were calculated by the 27224¢7 method, using
multiple reference genes and using untreated samples as references (dotted line) [152—-
154].

In RH30 cells, BV6 induces a maximum transcription at 24 h of ¢c[AP1 with ~ 2.5 fold
change (fig. 5.32(a)) and of ¢c[AP2 with ~ 15 fold change (fig. 5.32(b)), reaching a
plateau around 8 h of BV6 treatment. Transcription of IkBa is also induced with a
peak of =~ 4 fold change at 4-8 h of BV6 treatment, followed by a decrease to =~ 2 fold
change until 24 h of observation. BV6 does not induce the transcription of p65, as no
distinct fold change is visible. BV6 induced transcription of NIK culminates at =2 fold
change around 4 h of 5 uM BV6 treatment and reaches a plateau of ~ 1.5 fold change
around 1h of BV6 treatment with 2.5 uM. mRNA transcription of p100 starts around
4h of BV6 treatment at both BV6 concentrations, reaching a plateau of ~ 2 fold change
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with 5 M BV6 and ~ 3 fold change with 2.5 uM BV6 stimulation.
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Fig. 5.32: mRNA analysis of BV6 treated RH30 cells by qRT-PCR . identifying NF-
kB target genes. Dotted line depicts untreated level. Data is depicted as
mean + SEM, N =3.

In contrast to the transcriptional induction of ¢cIAP1 in RH30 cells upon BV6 treatment,
BV6 treated RD cells do not induce ¢/[AP1 mRNA transcription upon BV6 treatment.
Transcription of Ik Ba in RD cells treated with 2.5 muM BV6 shows a peak at 4-5h of
BV6 treatment with ~ 3 fold change, which decreases over time to ~ 2 fold change at
24 h. Treatment with 5 M BV6 induces a rapid Ik Ba transcription reaching a plateau
around 2h of BV6 treatment at ~2.5 fold change.

Comparable to RH30 cells, BV6 does not induce a transcription of p65 in RD cells.
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Fig. 5.33(d) shows a rapid transcription of NIJK mRNA, which peaks at an =~ 2 fold
change for 2.5 uM, and ~ 1.5 fold change for 5 uM BV6 treatment, starting from 0.5h
to &~ 10-15h BV6 treatment. This peak decreases at 24 h of BV6 stimulation to the
basal transcriptional level.

BV6 induces p100 transcription in RD cells comparable to RH30 cells. The mRNA fold
change increases at &~ 2 h, reaching a plateau of ~ 5 fold change for 2.5 uM, and a plateau
of ~ 8 fold change for a BV6 treatment of 5 M. This elevated p100 transcription is

stable for the observed time period.
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Fig. 5.33: mRNA analysis of BV6 treated RD cells by qRT-PCR identifying NF-xB
target genes. Dotted line depicts untreated level. Data is depicted as
mean + SEM, N =3.
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Figure 5.34 shows mRNA fold change values for RMS spheroids treated with BV6 (2.5 &
5 uM) for 24 h. The transcriptional activation in RH30 spheroids 5.34(a) is comparable
to the activation pattern seen in 2D RH30 cell cultures. BV6 induced transcription
of cIAP2 is higher than for the transcription of ¢[AP1, comparable to the induction
in 2D RH30 cultures. In a similar behavior to 2D RH30 culture, mRNA transcription
of IkBa, NIK and p100 in RH30 spheroids are induced upon BV6 treatment. p65
transcription is not induced in 3D, similar was observed in 2D cultures. A significant
increased transcription of DR5 can be observed in RH30 spheroids, comparable to the
regulation in 2D (fig. 5.8).

Comparison of the BV6 induced transcriptional activation of RD spheroids (fig. 5.34(b))
to the activation pattern in 2D cultured RD cells (fig. 5.33) can be seen as similar.
mRNA transcription of ¢cI[API and p65 is not up-regulated upon BV6 stimulation.
Ik Ba, NIK and p100 are up-regulated in RD spheroids, comparable to the regulation
in 2D cultures.

Further, both RMS spheroids show an increased transcription of RelB, as an additional
NF-xB target gene. In this line, cRel is not regulated upon BV6 treatment. In RD
spheroids IL-8 is not regulated on a transcription level. In contrast to RH30 spheroids,
where the transcription of IL-8 can be seen as decreased. Further, comparing RH30
5.34(a) to RD 5.34(b) spheroids, BV6 induced mRNA transcription of CCL5 and
SSTR2 is only visible in RH30 spheroids, not in RD spheroids.
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Fig. 5.34: mRNA analysis of BV6 treated RMS spheroids by qRT-PCR targeting NF-
kB target genes. Dotted line depicts untreated level. Data is depicted
as mean &= SEM, N =4-5, analysed by two-way ANOVA, *: p<0.05, **:
p <0.01, ***: p<0.001.
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5.2.5 NIK as central player for BV6 induced transcription

Sections 5.2.2 shows that BV6 induces non-canonical NF-xB signaling pathway. Within
this pathway, NIK is directly regulated by ubiquitylation by ¢cIAP1/2 and might play
a major role in the BV6 induced transcriptional regulation observed in section 5.2.4.
NIK was knocked-down using siRNA technique, to evaluate its function role within
BV6 induced sensitization.

Figure 5.35 and 5.36 shows qRT-PCR and western blot data to validate the knock-down
effect on NIK expression. As can be seen in fig. 5.35(a), NIK mRNA is down-regulated
upon siRNA treatment in untreated RH30 cells. Both siRNA constructs reduce the
NIK mRNA to ~50% compared to its basal transcription. Western blot analysis (fig.
5.35(b)) of BV6 treated RH30 cells, pre-treated with NIK targeting siRNA, shows a

missing signal accumulated NIK upon BV6 treatment, compared to siCtrl samples.
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Fig. 5.35: Validation of NIK knock-down RH30 cells, treated with BV6 for 24 h. Data
of qRT-PCR analysis is depicted as mean &= SEM, N =3, analyzed by one-
way ANOVA, ****. p <0.0001.

Figure 5.36(a) shows the qRT-PCR results of BV6 treated RD cells pre-treated with
NIK targeting siRNA constructs. In contrast to RH30 cells, in RD cells show no reduced
NIK mRNA levels under untreated, basal conditions. However, the knock-down effect
of NIK becomes visible upon BV6 treatment, where siRNA treatment suppress BV6
induced NIK mRNA up-regulation. On a protein level, analyzed by western blot (fig.
5.36(b)), knock-down of NIK mRNA results in a missing signal for NIK accumulation,
comparable to RH30 cells.

In both, RH30 and RD cells, siRNA mediated knock-down of NIK was successfully
validated.
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Fig. 5.36: Validation of NIK knock-down in RD cells, treated with BV6 for 24 h. Data
of qRT-PCR analysis is depicted as mean + SEM, N =3, analysed by two-
way ANOVA, *: p<0.05.

Figure 5.37 (RH30) and 5.38 (RD) show effects of siRNA mediated NIK suppression
on NF-kB signaling pathways.

In RH30 cells (fig. 5.37(a)), cIAP1 and cIAP2 is degraded upon BV6 treatment. Here,
the re-expression of cIAP2 is visible in the siCtrl samples. This effect seems to be NIK
dependent, as in samples with NIK knock-down, this re-expression can not be observed.
Non-canonical NF-xB activation is characterized by the partial degradation of p100 to
p52. Here, the NIK knock-down in RH30 cells show a slightly higher signal of p100 upon
BV6 treatment, accompanied with a faint or no signal for the transcriptional active p52
form. Figure 5.37(b) shows the signal for p65 and its phosphorylated form (at S536)
upon BV6 treatment. siRNA mediated NIK knock-down in RH30 cells suppress the
phosphorylation of p65 upon BV6 treatment for 24 h using 2.5 and 5 uM.
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Fig. 5.37: Western blot analysis of BV6 induced NF-xB signaling within N/K knocked-
down RH30 cells. Images are representative of two independent western
blots of different biological replicates. *: unspecific signal

RD cells (fig. 5.38) treated with NIK targeting siRNA constructs show comparable
effects as described for RH30 cells. As expected, cIAP1 is degraded upon BV6. No
signal for cIAP2 could be detected, as the protein is not being translated.

NIK knock-down in RD cells show a reduced partial degradation of p100 to p52.

In figure 5.38(b) p65 and its phosphorylated form (at S536) is depicted. It can be
seen that p65 is phosphorylated in untreated conditions and a slight increased signal
intensity can be observed upon BV6 treatment in siCtrl samples. Knock-down of NIK
vaguely suppresses p65 phosphorylation, as slightly less intense phospho-p65 signals

are visible.



5.2.5 NIK as central player for BV6 induced transcription 104

untr 2.5uMBV6 5uMBV6  24h treatment
kDa siCtrl #1 #2 siCtrl #1 #2 siCtrl #1 #2  siRNA construct

- e
70 t - clAP1
- e .

35 e meme®e® e \oH

untr 2.5uM BV6 5uMBV6 24h treatment
kDa siCtrl #1 #2 siCtrl #1 #2 siCtrl #1 #2 siRNA construct

130 | g wse QIDEED @ @ @ = == - 100
70 o o G - — - - = - 0065
70
5 = - ~Epeeo@ -
- - -p52 7O - ————— o ——_ 565

- GAPDH
-oweeSaw
35 - : 35 | w—— - - GPDH

(a) Western blot of canonical NF-xB sig- (b) Western blot of non-canonical NF-xB
naling components signaling components

Fig. 5.38: Western blot analysis of BV6 induced NF-x£B signaling within N/K knocked-
down RD cells. Images are representative of two independent western blots
of different biological replicates. *: unspecific signal

The previously shown effects of siRNA mediated knock-down of NIK on NF-xB signal-
ing, can be further traced down to a transcriptional effect.

Figure 5.39 depicts qRT-PCR analysis of NF-xB target genes upon BV6 treatment, of
RH30 cells pre-treated with NIK targeting siRNA constructs. It can be seen, that the
level of mRNA fold change for cIAPI1 (a), cIAP2 (b), DR5 (c), IL-8 (d) and MMP9
(e) does not increase upon BV6 treatment, if NIK is targeted by siRNA construct, in

contrast to siCtrl samples, where an increase of mRNA fold change is visible.
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(a) cIAP1 mRNA fold change (b) cIAP2 mRNA fold change



5.2.5 NIK as central player for BV6 induced transcription 105

kKK *okKk
* I I
% %k %k * Kk
* Hokk
2.001 2.257 .
8 o 3 siCtrl 2 5004 ’7 O siCtrl
> T 5 2 = #1
§ 1759 = #1 8§ 1751 T .
s . #2 S 1501
3 150 3 125
S 425 g 1001 M
'E ’ % 0.751
5 1.00- o 0507
5 = 0.251 .j
0.75- = 0.00
0.0 2.5 5.0 0.0 25 5.0
UM BV6 (24h) UM BV6 (24h)
(c) DR5 mRNA fold change (d) IL-8 mRNA fold change
ook kK *kkk
I I
% %k %k X%k Kk
g 4% r ] O sictr
s :g = #
G - #2
T 30
2 5
< 2]
g 151
§ 101
s 5
o.
0.0 25 5.0

UM BV6 (24h)

(e) MMP9 mRNA fold change

Fig. 5.39: mRNA analysis of BV6 treated NIK knocked-down RH30 cells by qRT-PCR.
Data is depicted as mean &= SEM, N =3, analysed by two-way ANOVA, *:
p <0.05, **: p<0.01, *¥**: p<0.001, ****: p<0.0001.

The transcriptional suppression of NF-xB target genes in NIK targeted siRNA construct
pre-treated RD cells is no as pronounced as in RH30 cells. Here, only for cIAP2 (b)
and MMP9 (e) a suppressed BV6 induced mRNA transcription is visible. It seems, as
if the ¢cI[AP2 mRNA is transcriptional regulated in RD cells, although not translated
into a protein.

The BV6 induced transcription of ¢c[AP1 (a), DR5 (c) and IL-8 (d) in RD cells is not
impaired upon NIK knock-down.



5.2.5 NIK as central player for BV6 induced transcription 106

k% kk %k kk
41 l*** J‘***
g = sictl o 150 ] = sict
g - g = #
5 3 - 2 S - 2
o © 1004
2 L
s 7 s
['4 ['4
£ £ 501
= " g
< H <
° % ° ol = Y ul
0.0 25 5.0 0.0 25 5.0
UM BV6 (24h) UM BV6 (24h)
(a) ¢cI[AP1 mRNA fold change (b) ¢IAP2 mRNA fold change
2,01 = 6
g ns ° = sictrl
c = 2 = #
% 1.51 - s -
3 o 4
L o
1.0 2
g <
& Z 2
E o5 £
(-]
8 3
0.0- 0
0.0 25 5.0 0.0 2.5 5.0
UM BV6 (24h) UM BV6 (24h)
(c) DR5 mRNA fold change (d) IL-8 mRNA fold change
*
S 4 * =3 siCtrl
s = #
S 31 -
z
L
< 2
4
o
E
o 11
o
s
s
0-
0.0 2.5 5.0

uM BV6 (24h)

(e) MMP9 mRNA fold change

Fig.5.40: mRNA analysis of BV6 treated NIK knocked-down RD cells by qRT-PCR.
Data is depicted as mean &= SEM, N =3, analysed by two-way ANOVA, *:
p <0.05, ¥***: p <0.0001.
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5.2.6 NIK dependency on NK cell mediated killing

Section 5.2.4 shows evidence of a BV6 induced transcription in RH30 and RD cells. As
section 5.2.5 illustrated, this transcriptional regulation is putatively controlled by NIK
as a main facilitator.

The following section will show the results (fig. 5.41) of an RMS-GFP spheroid ap-
proach combining siRNA mediated knock-down of NIK, 24h BV6 pre-treatment and
co-cultivation with NK cells at an E:T ratio of 1:1. The efficiency of siRNA mediated
NIK knock-down in a spheroid model is shown in 5.41(e). No accumulation of NIK can
be observed upon BV6 treatment, validating the successful knock-down of NIK.
Within the spheroid killing assay, the BV6 sensitizing effect can be reproduced in all
sample conditions, in RH30-GFP (fig. 5.41(b)) and RD-GFP (d) spheroids. However,
no significant change is shown comparing the PI/GFP fluorescence ratios of samples
showing a NIK knock-down compared to siCtrl spheroids. Apart from the PI/GFP
ratio, observation of the microscopic images does not show a phenotypic difference
neither in RH30-GFP (fig. 5.41(a)), nor in RD-GFP (a) co-cultivated with NK cells
upon NIK knock-down compared to siCtrl. Concluding, that the loss of GFP signal
intensity and diminished spheroid size upon NK cell attack with an additional BV6

induced sensitization is independent of the presence of NIK.
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Fig. 5.41: Influence of siRNA mediated NIK knock-down in BV6 pre-treated RMS
spheroids in co-culture with NK cells (E:T 1:1). Figures (a) and (c) depict
the GFP fluorescence of alive RMS cells with PI counterstained dead cells.
Figures (b) and (d) illustrates the quantification and ratio calculation of PI
to GFP fluorescence intensity. (e) shows the expression levels of NIK in BV6
treated RMS-GFP spheroids, analyzed by western blot. Data is depicted
as mean + SEM, N =3 and analyzed by two-way ANOVA, *: p<0.05, **:
p <0.01, ****: p < 0.0001.
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5.3 Transcriptomic analysis of RH30 cell

5.3.1 RNA sequencing of RH30 cells upon BV6 treatment

As described in section 5.2, treatment of RMS cells with BV6 activates transcriptional
NF-«B signaling pathways. To deepen the understanding of the BV6 mediated regu-
lation and to identify novel target genes putatively responsible for the BV6 induced
sensitization a bulk RNA sequencing was performed on RH30 cells £ BV6 (5 uM, 24 h).
The sequencing was performed in cooperation with TRON gGmbH, Mainz.

Figure 5.42 shows the principle component analysis (PCA) of untreated and BV6 treated
RH30 cells. Untreated RH30 cell samples are depicted in black dots and reside in the
upper left corner, whereas BV6 treated RH30 cell samples reside in the lower right
corner of the PCA (red dots). A variability within each group of the replicates is visible.
The samples of the group cluster together, at different corners of the PCA analysis. By

that, illustrating differences between the group.
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Fig. 5.42: Principle component analysis of RNAseq results for RH30 cells treated with
BV6, black dots: untreated RH30 cells, red dots: BV6 treated RH30 cells
(5 M, 24 h)

The PCA analysis shows that the two groups differ from each other. Based on this, a
differentially expressed gene (DEG) analysis was performed. By applying a threshold of
Pagj Value < 0.05 and logs fold change > |1|, 182 genes were identified to be differentially
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expressed in BV6 treated RH30 cells compared to untreated RH30 cells. These identified
DEGs were plotted to generate a volcano plot (see fig. 5.43(a) and tab. A.1) and the
top 50 up- and down-regulated DEGs are shown as a heatmap (fig. 5.43(b)). Among
the top 50 candidates are cellular inhibitor of apoptosis protein 2 (¢cIAP2, BIRCS),
C-C motif chemokine 5 (CCL5), matrix metalloproteinase-9 (MMP9), somatostatin
receptor type 2 (SSTR2) and NF-xB inhibitor o (IkBo, NFKBIA).
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genes expressed genes

Fig.5.43: RNA sequencing analysis of differentially expressed genes in BV6 treated
RH30 cells. (a) depicts 182 DEGs in a volcano plot with applied threshold
of pag; value <0.05 and logy fold change > |1|. (b) shows top 50 up- and
down-regulated DEGs.

Identified DEGs were further used in pathway enrichment analysis (as described in
section 4.2.6.4). Figure 5.44(a) depicts the gene ontology (GO) annotations for down-
regulated pathways, i.e.phagocytosis, platelet degranulation and cellular carbohydrate
metabolic process.

In (b) the GO annotation for up-regulated pathways are listed. Among them are,
regulation of innate immune response, NF-kappa B signaling pathway, regulation of
immune effector process and macrophage migration.

Further, a transcription factor analysis (TRRUST) was performed on the up-regulated
DEGs [155]. This function is implemented within the Metascape algorithm [149]. Figure

5.44(c) shows the putative transcription factors, possibly involved in the regulation of
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the identified up-regulated DEGs. Here, the top 3 candidates are transcription factor
p65 (RELA), nuclear factor NF-kappa-B p105 subunit (p105, NFKB1) and transcription
factor PU.1 (SPI1).
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Fig. 5.44: RNA sequencing analysis - GO annotations by Metascape. Fig. (a) show the
GO annotation of down-regulated pathways and fig. 5.44(b) GO annotations
of up-regulated pathways. Fig. (c) depicts transcription factor putatively
involved in the up-regulated DEGs.
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5.3.2 Validation by Fluidigm®

A selection of 23 DEGs previously identified by the RNAseq were chosen and analyzed
using a high-throughput qRT-PCR screening platform Fluidigm® to correlate the log,
fold change values with each other. This assay was performed in cooperation with the
TRON gGmbH, Mainz, using the primers listed in table 4.9. The logs fold change value
correlation of both RNA quantifying methods is shown in fig. 5.45 (values are shown in
tab. A.2). As can be seen, a coefficient of determination of R?=0.8373 was calculated,
indicating a high linear correlation between the logy fold change values of the two used
methods. Thereby, the Fluidigm® assay validates the RNAseq results, for the selected
DEGs, which can be extrapolated and transferred to the complete RNAseq identified
DEGs.

R? = 0.8373

log2FC (RNAseq)

2 0 2 4 6 8
log2FC (Fluidigm)

Fig. 5.45: Comparison of Fluidigm® analysis with RNA sequencing. Selected DEGs
were analysed by Fluidigm® and logs fold change (1og2FC) values compared
to logs fold change values of RNA sequencing of BV6 treated RH30 cells.

5.3.3 Validation of genes of interest

The next section will describe the validation process for two genes of interest (GOI) in
more detail. Both GOIs are among the top 50 identified DEGs. The first GOI is the
C-C motif chemokine 5 (CCL5). The second will be the somatostatin receptor type 2
(SSTR2). Table 5.1 lists the respective logs fold change values and adjusted p values
of BV6 treated RH30 cells compared to untreated RH30 cells, identified by RNAseq.
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Tab. 5.1: RNA sequencing data of two chosen genes of interest for further validation
experiments.

Gene of interest logafold change pgq value
CCL5 4.64 5.487%
SSTR2 3.49 4.10750

5.3.3.1 C-C motif chemokine 5

CCLS5 is on of the top identified GOIs within the previous described bulk RNA se-
quencing analysis. To illustrate the importance of CCLS expression within the sarcoma
tumor group, a computational in situ analysis of the SARC study group of the TCGA
database was performed using Oncolnc.org [156]. Figure 5.46(a) depicts the highly
significant difference in CCLS5 expression between the lower and upper 20 %. This
expression difference correlates with the survival of each group (fig. 5.46(b)). A higher
CCL5 expression (black line) seems to positively influence the survival probability. In
contrast to lower CCL5 expression (red dotted line), which is correlated to a lower

survival probability.
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Fig. 5.46: Survival analysis within SARC studygroup in regards to CCL5 expression.
Fig. (b) depicts survival curves of the top 20% upper and lower CCL5
expressing samples. Fig. (a) shows the expression levels of upper and
lower 20 % CCL5 expressing cases within SARC studygroup. Significance
calculated using Student’s t-test, ****: p <0.0001. TCGA SARC raw data
exported using Oncolnc.org [156]

Figure 5.47 depicts qRT-PCR results measured in-house of BV6 treated RMS cells upon
pre-treatment with NIK targeting siRNA. Both, RH30 5.47(a) and RD (b) cells show a
BV6 mediated up-regulation of CCL5 transcription in the siCtrl samples. Knock-down
of NIK significantly suppressed BV6 induced transcription of CCL5 in both, RH30 and



5.3.3 Validation of genes of interest 114

RD cells.
% %k %k %k $okk *
I I
""*l" *k kKK
o gg 0 siCtrl g 8 = sict
§ 45 @ #1 5 I = #
S 40 W, #2 S 61 - 2
D 354 S
2 30 L 4
2 2
£ ] £
o 15 o 21
g " g
o 5 13}
0- 0 [
0.0 25 5.0 0.0 2.5 5.0
UM BV6 (24h) UM BV6 (24h)

(a) CCL5 transcription analysis within (b) CCLS5 transcription analysis within NIK
NIK knocked-down RH30 cells knocked-down RD cells

Fig. 5.47: Expression analysis of CCL5 upon BV6 treatment in RMS cells with NIK
knock-down. Data is depicted as mean +SEM, N =3, analysis by two-way
ANOVA, *: p<0.05, **: p<0.01, ***: p<0.001, ***: p<0.0001.

To compare the transcriptional activation of C'CL5 to its protein level, CCL5 secretion
was measured using an ELISA. Figure 5.48 depicts the results of the ELISA analysis.
Both, RH30 5.48(a) and RD (b) cells, show higher concentrations of CCL5 in the cell
culture supernatant upon BV6 treatment. Additionally, it can be seen that the basal
CCL5 secretion differs in RH30 to RD cells. Untreated RH30 cells (a) secrete CCL5 at
a concentration which is below the limit of detection. Whereas, untreated RD cells (b)
secrete CCL5 in much higher concentration compared to RH30 cells.

Further, CCL5 is secreted in a similar pattern as could be seen for the transcriptional
regulation of CCLJ.
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Fig. 5.48: ELISA analysis of secreted CCL5 in BV6 treated RH30 (a) or RD (b) cells.
Data is depicted as mean+ SD, N=25, analysis by one-way ANOVA, *:
p <0.05, **: p<0.01, ¥**: p<0.0001.

The observed increased CCL5 secretion and transcription by BV6 was additionally
analyzed by a third method of staining intracellular stored CCL5 (fig. 5.49). Figures
5.49(a) and (c) depict microscopic images of RH30 and RD cells upon BV6 stimulation
for 24 h and intracellular stained targeting CCL5. In both RMS cell lines BV6 treatment
increases the fluorescence intensity of CCL5 stained granula. The number of these CCL5
positive stained granula were quantified and are depicted in fig. 5.49(b) and (d). BV6
at 5 uM leads to a significant increase of the number of CCL5 positive stained granula
in both RMS cell lines.
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(a) Immunofluorescence staining targeting CCL5 in RH30 (b) Quantification of CCL5
cells granules within RH30 cells
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Fig. 5.49: Immunofluorescence staining of intracellular stored CCL5 in BV6 treated
RH30 (a) or RD (c) cells for indicated concentration for 24 h. Quantification
of intracellular CCL5 positive granules are shown for RH30 (b) and RD (d)
cells. Data is depicted as mean + SEM, N = 3, analyzed by one-way ANOVA,
ns: p>0.05, *: p<0.05. Scale bar =50um, using a 60x objective

To evaluate the function role of CCL5 within the BV6 induced sensitization, a CRISPR/Cas9
based knock-out of CCL5 in RH30-GFP cells was performed.

Figure 5.50 shows the binding sites of three chosen guide RNAs. The knock-out was
performed with all three gRNAs simultaneously. As an assay control, a non human

targeting guide RNA control (gCtrl) was used in parallel.

attc:tcgga:accacaccctgctgctttgcctacattg:ccgcc:a:tgccccgtgccca:atcaaggagtattt:ta:accagtggcaagtgctccaacccagcagtcgtc
} }

taaggagcctgtggtgtgggacgacgaaacggatgtaacgggcgggtgacggggcacgggtgtagttcctcataaagatgtggtcaccgttcacgaggttgggtcgtcagcac

40 50 L B0 L
T Ser ser ,-\pTh Thr Pra_Cys Cys F‘h Bia Tyr Tle_Ala_Arg Pro_Leu Pro —\QAEH T Lys Glu Tyr Phe Tyr Thr Ser GyLy Cys Ser Asn Pro Ala val Va

CCLS

gRNAL

Fig. 5.50: Binding sites of guide RNAs targeting exon 2 within C'CL5. Depicted is
only exon 2.

The knock-out efficiency can be seen in fig. 5.51(a), showing an agarose gel of PCR am-
plified exon 2 of CCL) of parental RH30-GFP, two RH30-GFP gCtrl gRNA clones and
two RH30-GFP CCLS targeting gRNA clones. It can be seen, that parental RH30-GFP
cells and both RH30-GFP-gCtrl clones show an expected signal of CCLS5 exon 2. Both
CCLS5 targeting gRNA clones show a different signal pattern. For clone RH30-GFP-
CCL5-1, a predominant signal at a lower height, as expected, is visible. Additionally,
a faint signal at the expected height and one faint signal above the expected height
can be seen. Clone RH30-GFP-CCL5-2 shows three equal intense signals at different
heights, one at the expected form and two signals at lower heights.

Going back to the binding sites of the targeting guide RNAs (fig. 5.51(b), a puta-
tive cleavage fragment can be deduced situated between gRNA1 and gRNA2 with
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an approximate size of ~60base pairs (bp). The most intense signal of the clone
RH30-GFP-CCL5-1 might be possibly ~60bp below the expected height of exon 2.
Sequencing of this PCR product of clone RH30-GFP-CCL5-1 (fig. A.1) revealed a
missing fragment situated within the approximate gRNA1 & gRNA2 binding sites with
an approximate size of 58-59bp (fig. A.2).

RH30- RH30- RH30- RH30-
RH30 GFP- GFP- GFP- GFP-
bp -GFP gCtrl2 gCtrl7 CCL5-1  CCL5-2

- expected
368 bp

(a) Agarose gel of amplified exon 2 of CCLH

|attcctcggacaccacaccctgectgetttgectacattgecegececcactgecccgtgeccacatcaaggagtatttectacaccagtggcaagtgectccaacccagecagtegte
; ! ; 1 N ! ; 1 N ! ; 1 s 1 ) ! ! s 1 s ! )
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:taaggagcctgtggtgtgggacgacgaaacggatgtaacgggcgggtgacggggcacgggtgtagttcctcataaagatgtggtcaccgttcacgaggttgggtcgtcagecac

. . ., 30 4 ., 38 , 4 4 ., 4 ., . . , 45 , , ., , s , , ., , 55 ., . ., , &0 , .,
Tyr Ser Ser Asp Thr Thr Pro Cys Cys Phe Ala Tyr lle Ala Arg Pro Leu Pro Arg Ala His lle Lys Glu Tyr Phe Tyr Thr Ser Gly Lys Cys Ser Asn Pro Ala Val val
CCL5

missing fragment

gRNA2 gRNA3
gRNAL

(b) Putative cleavage fragment within exon 2 of CCL5

Fig. 5.51: Detection of cleaved CCL5 in RH30 knock-out cells. (a): agarose gel of
parental RH30-GFP cells, guide control and CCL5 knock-out clones of RH30-
GFP cells, (fig. (b)) deduced cleaved fragment.

As an additional validation of the putative CCLS knock-out, fig. 5.52 shows an agarose
gel with PCR amplified CCL5 mRNA of parental RH30-GFP, guide control clone 2
and the interesting clone 1 of the CCL5 targeting gRNA. As evident, the parental
RH30-GFP and guide control (RH30-GFP-gCtr2) cells show a signal for CCL5 mRNA
upon BV6 treatment. In contrast, clone RH30-GFP-CCL5-1 does not show any signal
for CCL5 mRNA upon BV6 treatment.



5.3.3 Validation of genes of interest 118

GFP gCtrl2  CCL5-1

UM BV6
bp 0255 0255 0255 b,
200

- CCL5
400
300 - G6PD

Fig. 5.52: Knock-out validation on mRNA level for CCL5. Agarose gel showing am-
plified CCL5, and G6PD as reference gene, of RH30-GFP cells upon BV6
treatment at different concentrations for 24 h stimulation.

For further functional assay the guide control clone RH30-GFP-gCtrl2 and C'CL5 tar-
geting gRNA clone RH30-GFP-CCL5-1 were used. Using these clones spheroids were
generated, BV6 pre-treated and co-cultivated with NK cell at an E:T ration of 1:1. Fig-
ure 5.53 illustrates the results of these spheroid experiments. PI and GFP fluorescence
quantification and calculation of the PI/GFP ratio (fig. 5.53(b)) shows no difference
between the gCtrl and CCLS knock-out spheroids. In both modified cell lines BV6
induces a significant sensitization towards NK cell mediated killing, illustrated by the
increased PI/GFP ratio upon NK cell addition.

Examination of the microscopic images of GFP fluorescent spheroids (fig. 5.53(a)) indi-
cate a different growth behaviour of untreated RH30-GFP-gCtrl2 spheroids compared
to RH30-GFP-CCL5-1 spheroids. That is, CCL5 knock-out spheroids seem to gener-
ate a highly fluorescent rim, comparable to parental wild type spheroids (fig.5.13(a)).
Whereas, gCtrl spheroids seem to grow in a more loose aggregation.

A kinetic killing analysis (fig. 5.53(c)) did not show a significant difference between
BV6 pre-treated gCtrl spheroids or CCLS5 knock-out spheroids co-cultured with NK
cells. However, a significant difference is evident comparing the influence of BV6 and

NK cells within the clones, not between the clones.
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Fig. 5.53: Influence of CCL5 knock-out in RH30 spheroids upon BV6 sensitized NK
cell mediated killing. Data is depicted as mean + SEM, analysis by two-way
ANOVA, ns: p>0.05, **: p<0.01, ***: p<0.001.
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5.3.3.2 Somatostatin receptor 2

The second gene of interest to perform a more detailed analysis on was the somatostatin
receptor 2 (SSTR2). As can be seen in table 5.1 SSTR2 is among one of the identified
top candidates in RH30 and up-regulated upon BV6 treatment.

SSTR2 exists in two different transcript variants, SSTR2A and SSTR2B. The first
task was, to design qRT-PCR primers to distinguish both transcript variants from each
other. Figure 5.54 shows a schematic representation on how this primer strategy was
chosen. The primer indicated with “SSTR2”, detects both transcript variants. For each
transcript variant two different primer pairs were designed. The first of both binds
within the variant tail. The second of both generates an amplicon spanning the position

at which the variants begin.

SSTR2 mRNA
SSTR2
139 bp Beginning of variants
v
SSTR2A |
[
®——® SSTR2A1
80b
SSTR2A2
85 bp
SSTR2B Y
[
& —@ SSTR2B1
65 bp
*r—0 SSTR2B2
92 bp

Fig. 5.54: Schematic depiction of primer design to distinguish between SSTRZ2 tran-
scription variants. Length o the respective amplicon is depicted as a size in
bp.

Figure 5.55 depicts the qRT-PCR analysis for the primer “SSTR2”, detecting both tran-
script variants. Further it shows both primers for detecting SSTR2A, i.e. “SSTR2A1”
and “SSTR2A2”. Figure 5.55(a) illustrated an agarose gel showing the respective am-
plicons, all used primers show a signal at the expected amplicon size. As an additional
quality control the melting curves of the respective synthesized amplicons are generated
and depicted in 5.55(b)-(d). All generated melting curves show one discrete peak at
their respective melting temperature, no additional peaks are visible. It validates that
only one respective PCR amplicon product was generated.

Figure 5.56 shows the agarose gels and melting curves for the primers detecting the

SSTR2B transcript variant. As can be seen in figure 5.56(a), no signal ca be detected at
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the expected height for the amplicon. Further, figure 5.56(b)/(c) illustrates the melting
curve, where no discrete peak is visible, instead a variety of small peaks with varying
melting temperatures. The melting curves validate the absent signals on the agarose

gel, no specific SSTR2B amplicon was generated.
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(d) Melting Curve for SSTR2A2

Fig. 5.55: Analysis of SSTR2A transcript variant on agarose gel and by melting curve.
Primer pair “SSTR2” detects both transcript variant A and B. Melting
curves are representative for six independent replicates.



5.3.3 Validation of genes of interest 122

LM BV6
(24h)

bp 025 5

400
300

200
100

Derivative Reporter (-Rn’)

-SSTR2B1

Temperature (°C)

(b) Melting curve for SSTR2B1

400
300

200

100
-SSTR2B2

Derivative Reporter (-Rn")

Temperature (°C)

300
200

_RPII (c) Melting curve for SSTR2B2

(a) Agarose gel of different
primer pairs to detect
SSTR2B variant

Fig. 5.56: Analysis of SSTR2B transcript variant on agarose gel and by melting curve.
Melting curves are representative for six independent replicates.

Figure 5.57 shows SSTR2 and SSTR2A mRNA fold change values fro RH30 cells
stimulated with BV6 for 24 h. A significant BV6 induced up-regulation of SSTR2A in
RH30 cells can be seen using different primer pairs to detect SSTR2A. These results
validate the RNAseq identified up-regulation of SSTR2.



5.3.3 Validation of genes of interest 123

ns

%%k %k

c
g 40 % % %k %k .‘g 40 —L
s n" S
=] T
2 301 £ 30-
- e
2 S
2 <
< 201 < 20 R
P n:
% £
S 10- ‘ﬁ_ 10-
= o
A [
» o4 » o4
0.0 2.5 5.0 » 0.0 2.5 5.0
UM BV6 (24h) uM BV6 (24h)
(a) qRT-PCR analysis of SSTR2 (b) qRT-PCR analysis of SSTR2A1
ns
c
(5]
S 1
E n
S 401
Lo
<
2
£ 201 i L A
N
<
N
o
'—
»n oA
@ 0.0 25 5.0

uM BV6 (24h)
(c) qRT-PCR analysis of SSTR2A2

Fig. 5.57: qRT-PCR analysis of SSTR2 and transcript variant A in BV6 treated RH30
cells for 24 h. Data is depicted as mean & SEM, N =6, analysis by one-way
ANOVA, ns: non significant, *: p <0.05, ***: p <0.001, ****: p <0.0001.

As described, NIK might has a central role in mediating the transcriptional regulation
of BV6. Figure 5.58 depicts the qRT-PCR results analyzing the SSTR2A transcription
in BV6 treated NIK knocked-down RH30 cells. Knock-down of NIK suppresses the
BV6 induced up-regulation of SSTR2A, leading to the assumption that SSTR2 is a

NIK mediated target gene.
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Fig. 5.58: qRT-PCR analysis of SSTR2A expression within BV6 treated RH30 cells
upon NI/K knock-down. Data is depicted as mean + SEM, N =3, analysis
by two-way ANOVA, ns: non significant, ****: p < 0.0001.

Previous analysis only validated the up-regulated transcription of SSTR2 by BV6, but
missing the analysis on protein level. Figure 5.59 depicts a flow cytometric surface
staining targeting SSTR2. The used antibody (tab. 4.6) does not distinguish between
the two different transcription variants.

Figure 5.59(a) illustrates a BV6 induced increase of SSTR2 surface presentation on
RH30 cells. Deduced by the peak shift towards higher fluorescence intensities upon
BV6 treatment. Figure 5.59(b) depicts a significant increase of the median fluorescence
intensity (MFI) for SSTR2 staining on RH30 cells upon BV6 treatment.
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Fig. 5.59: Flow cytometric analysis of SSTR2 presentation upon BV6 treatment on
RH30 cells (a). Analysis of normalized median fluorescence intensity (MFT)
to untreated control (b). Data is depicted as mean + SEM, N = 3, analysis
by one-way ANOVA, *: p<0.05, **: p<0.01.
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Octreotide mimics the endogenous protein somatostatin and is able to activate SSTR2.
Figure 5.60 depicts cell death measurements, dead cells identified by PI/Hoechst staining
of RH30 cells, co-treated with 5 M BV6 and various concentrations of octreotide. It
can be seen, that Octreotide does not induce cell death at any used concentration in
RH30 cells. BV6 alone does induce cell death in RH30 cells. Upon co-treatment of BV6
with Octreotide no significant increased cell death is visible. Although not significant,
at high Octreotide concentrations of 100 uM the co-treatment with BV6 might show a
higher cell death susceptibility than BV6 alone.
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Fig. 5.60: Cell death measurement, by PI/Hoechst staining of RH30 cells upon co-
treatment of BV6 (5uM) with Octreotide for 24h. Data is depicted as
mean + SEM, N =5, analysis by two-way ANOVA, ns: non significant, *:
p <0.05, **: p<0.01, ¥ p<0.001, ****: p<0.0001.
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6 Discussion

As described above, this dissertation aims at dissecting the observed sensitizing effect
by BV6 towards an NK cell mediated attack. This study is based on previous work by
Fischer et al., using BV6 in combination with IL-2 activated NK cells, and by Rettinger
et al., using BV6 in combination with cytokine induced killer (CIK) cells. Both studies
lack a mechanistic description on how BV6 induces this sensitization. Although, they
propose an involvement of caspase and TRAIL.

The following chapter will incorporate the results and collected evidence of the study
in hand (section 5), to suggest an underlying mechanism of this BV6 sensitization.
Fist, the observed BV6 sensitizing effect will be elaborated and validated in multicellular
RMS tumor spheroids. Further, cell death inducing mechanisms within the RMS target
cells will be evaluated.

In a second part, the intracellular signaling pathways leading to a transcriptional
induction by BV6 will be discussed. NIK, being in a direct interaction with cIAP1/2
will be presented as a central player for this transcriptional regulation.

Further, selected genes of interest (CCL5 and SSTR2) identified by an exploratory
RNA sequencing approach will be discussed.

The unique feature of this study is that multicellular tumor spheroids, as a more in
vivo-like structure, are used to describe the effect and its putative molecular mechanism.
Further, it is the first time in RMS cells that a BV6 changed transcriptome was identified,

validated and selected genes of interest further analyzed.

6.1 BV6 as a sensitizer towards an NK cell attack

6.1.1 Application of subtoxic concentrations of BV6

In previous studies, BV6 was used to induce cell death in co-treatment with other
cytotoxic agents, e.g. TRAIL [112], reactive oxygen species (ROS) [157] or IFNa [158].
In this study, BV6 was again not used as a single treatment, but in combination with
cytotoxic NK cells. The first objective was, to validate that subtoxic concentrations
of BV6 were used for all cell types, the rhabdomyosarcoma (RH30 and RD) cells and
primary I1-15 activated, expanded NK cells. Throughout this study two BV6 concen-
trations were used, one subtoxic (2.5 M) and one concentration (5uM) close to the
EC50 value for both RMS cell lines. Within the dose-response curves for the RMS (fig.
5.1) and NK (fig. 5.11) cells the chosen concentrations appear not to be highly toxic.

Both chosen concentrations are within the range of previously used concentrations for
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BV6 in co-treatment with other compounds. Fischer et al. had to use a higher BV6
concentration of 10 uM to see the sensitizing effect in RMS cells towards NK cells
killing [25]. The reason for this difference might be the different expansion protocol for
the NK cells, Fischer et al. used IL-2. Whereas the study in hand used IL-15. BV6
concentrations of 2.5 and 10 uM were used to induce a sensitizing effect in hematological
and solid tumor entities in combination with CIK cells [121]. Others studies used BV6
in concentrations ranging from 0.5-10 uM, either alone or in combination with ROS
(112, 158].

BV6 mimics the molecular function of Smac, i.e. the inhibition of inhibitor of apoptosis
proteins (IAPs) [105]. Figures 5.2 & 5.3 depicts western blots of the rapid IAP degrading
effect in RH30 and RD cells upon BV6 treatment. cIAP2 is not depicted within western
blot panel for RD cells (fig. 5.2(b)). Own observations could validate a previous study
showing cIAP2 to be absent in RD cells [159]. In both, RH30 and RD spheroids, cIAP1
is being degraded upon BV6 treatment for 24 h. In contrast to 2D, no cIAP2 degrading
effect could be seen in 3D cultures at 24 h of BV6 treatment. This observation might
be explained by a putative BV6 induced up-regulation and translation of cIAP2 at
24h BV6 stimulation. A very strong transcriptional up-regulation of c/AP2 is present
in RH30 cells and spheroids upon BV6 treatment (fig. 5.32 & 5.34). In addition,
knock-down of NIK could suppress the re-expression of ¢/[AP2. It confirms an initial
clAP2 degradation, which might be masked by a NIK dependent re-expression. Con-
cluding that BV6 putatively does induce cIAP2 degradation in spheroids comparable to

2D cultures, but a possible re-expression masks this effect at the investigated time point.

Further comparison of IAP degradation in 3D versus 2D RMS cultures showed an XIAP
degradation exclusively in RMS spheroids, but not in 2D monolayer cultures. BV6’s
inability to degrade XIAP in 2D monolayer cell cultures could previously observed
in pediatric ALL [109], colorectal cancer cell lines [160] and lung cancer cells [161].
XIAP is seemingly a more robust target for Smac mimetic induced IAP degradation,
as treatment with the Smac mimetic Birinapant was also not able to degrade XIAP in
a variety of colon cancer cell lines and melanoma cell lines [144, 162, 163].

Gallardo-Pérez et al. demonstrated in breast cancer, head and neck cancer and cervical
cancer spheroids the importance of NF-xB signaling pathways and down-stream XIAP
up-regulation as a driver for spheroidic growth and drug resistance. Knock-down of
XIAP re-sensitized tumor spheroids to cytotoxic drugs and could reduce the tumor
volume [164]. A similar effect might have occurred here in BV6 treated RMS spheroids.
This study shows a marked XIAP degradation upon BV6 in RMS spheroids, which

might be a driver to re-sensitize RMS spheroids to an NK cell killing mechanism. How-
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ever, XIAP degradation by single BV6 treatment in RMS spheroids could not reduce
the spheroidic growth. In contrast to Gallardo-Pérez et al., where siRNA mediated
XIAP knock-down reduced spheroidic volume [164]

As mentioned above, the chosen BV6 concentrations were in the subtoxic range for
primary IL-15 activated, expanded NK cells (see fig. 5.11). Previous studies showed
a slight cytotoxicity of BV6 towards other immune cells, 10 uM BV6 could reduce the
viability of monocyte derived dendritic cells to 75 % [165], the same BV6 concentration
could induce ~20-30% cell death in CIK cells [121]. IL-2 activated NK cells demon-
strated a high resistance towards BV6 induced cell death, only a very high concentration
of 50 uM BV6 reduced the viability of IL-2-activated NK cells to ~60% [25]. Here,
the presented data on BV6 induced cell death in IL-15 activated NK cells shows a cell
death induction of ~20% at a concentration of 10 uM BV6.

Overall it shows a higher resistance towards BV6 induced cell death in immune cells,
as the same BV6 concentration induced >80% cell death in RMS cells (fig. 5.1).
One mechanism why NK cells might be more resistant towards BV6, could be an up-
regulation of anti-apoptotic BCL-2 family proteins, e.g. MCL1 [166] and activation of

survival signaling pathways during the IL-15 activation and expansion process [167].

6.1.2 Multicellular RMS tumor spheroids as a co-culture model

BV6 induces a molecular mechanism in RMS cells to enhance the susceptibility towards
NK cell mediated killing. Figure 5.12 depicts this effect in a 2D flow cytometry based
cytotoxicity assay. It resembles previous studies, using a similar 2D flow cytometry
methodology. BV6 could sensitize RH30 and RD cells to an immune attack by CIK
[121] or IL-2 activated NK [25] cells. Not only the Smac mimetic BV6 enhances the
susceptibility, but a variety of other Smac mimetics, e.g. an unspecified Smac mimetic
by TetraLogic Pharmaceuticals increased the killing of Hodgkin lymphoma cells by NK
cells [118], APG-1387 by Ascentage Pharma Group Corp. Ltd. could lower the resis-
tance of hepatocellular carcinoma cells towards an NK cell attack [119] or Birinapant
in combination with CAR T-cells showed an enhanced killing effect, if combined [120].
Further, a pro-Smac fusion protein with caspase-8 or granzyme B cleavage sites demon-
strated an increased killing effect upon NK cell co-cultivation, possibly mediated by an
increased release and pro-Smac signaling upon NK cell engagement [117]. The effect
of Smac mimetic sensitization is not only present in combination with immune cells,
but applies to immune stimulation on tumor cell side, as the Smac mimetic LCL-161
by Novartis showed an increased cytotoxicity on tumor cells if combined with oncolytic
viruses [168, 169].

Again, these studies either used 2D flow cytometric cytotoxicity assays [25, 117, 118,
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121], and/or used artificial models of immunocompromised mice [119, 168].

Following the 3R principles of animal research (Replacement, Reduction, Refinement),
we utilized a multicellular RMS spheroid model, as an in-vivo-like model resembling
the solid rhabdomyosarcoma tumor phenotype more closely [26, 170-172].

Having a more robust 3-dimensional structure, might influence the migratory behaviour
of NK cells, by that reduce the killing efficiency towards those tumor spheroids. Figure
5.25 demonstrates that this is not the case, as NK cells are still able to penetrate into
RH30 and RD spheroids. This ability was previously published by our group in 2022
[26]. Further studies showed an NK cells infiltration into cervical carcinoma spheroids
[173], NK cells migrating into colorectal cancer spheroids [174] and NK and T cells
infiltrating colon cancer spheroids [175]. Concluding, that immune cells in general
are able to penetrate tumor spheroids and this characteristic is not limited to RMS
spheroids.

Further, the study in hand shows no effect of the BV6 pre-treatment of the RMS
spheroids on the NK cell migratory behaviour, no pro- or anti-migratory phenotype is
observable (see fig. 5.26).

However, this BV6 pre-treatment of RH30 and RD spheroids could induce a higher
killing by NK cells (see fig. 5.13). This observation validates the BV6 sensitizing effect
previously observed and described in 2D and successfully transfers the effect to the 3D
RMS spheroid model. This enhanced killing effect is even more robust and pronounced
in RMS spheroids, as compared to 2D RMS cell cultures. A side-by-side comparison of
2D vs. spheroid killing shows that 2D cultured untreated RD cells are more resistant
towards an NK cell attack, than 2D cultured RH30 cells, as observed by Ray et al.
[176]. 3D RMS spheroid cultures demonstrate a different killing behaviour. Here, RH30
spheroids are more resistant to an NK cell attack. NK cell are able to control the
growth of RD spheroids. However, both models show the BV6 sensitizing effect, leading
to an increased NK cell mediated killing. The difference of this NK cells attack, of
2D vs. spheroid, might be explained by a changed proteome upon spheroid formation
compared to 2D monolayer cultures, as was previously identified for hepatocellular
carcinoma spheroids [177] and head and neck cancer spheroid [178]. Schmidt et al.
identified a global transcriptional up-regulation of genes associated to cell adhesion
and xenobiotics metabolism in head and neck cancer spheroids compared to monolayer
cultures [178]. A similar effect was reported in hepatocellular carcinoma spheroids,
an increased expression of genes associated to extracellular matrix, cytoskeleton and
metabolism was observed [177]. Here, BV6 does induce the degradation of XIAP exclu-
sively in RMS spheroids, but not in 2D cultured cells. Leading to an assumption that
XTIAP might be a main facilitator of the RMS killing resistance to NK cells.
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6.1.3 Role of death ligands within BV6 sensitization

Chemotherapy and cytotoxic agents other than BV6, are also able to sensitize tumor
cells towards an immune cell attack. For example, bortezomib increases DR5 on mul-
tiple myeloma cell surface and increases NK cell killing [139]. In this line, BV6 and
other TAP antagonists show a synergistic effect together with TRAIL in inducing cell
death in pancreatic, bladder or breast cancer cells [143, 179, 180]. Another aspect, why
the TRAIL and TRAIL-receptor system might be important is that NK cells express
the ligand TRAIL on their cell surface [25, 146]. This enables NK cell to activate the
extrinsic cell death pathway in their target cells.

The results of a TRAIL and DR5 involvement was presented in sections 5.1.3 and 5.1.4.1.
Both, RH30 and RD cells express DR5 on their cell surface and are able to activate
TRAIL dependent cell death, comparable as previous studies demonstrated [25, 181].
Further, it could be illustrated that BV6 induces the mRNA up-regulation and increases
the cell surface presentation on RH30 and RD cells (fig. 5.6-5.9). Co-treatment of BV6
with TRAIL shows an additive cell death induction (fig. 5.10). Similar effects were
observed in hepatocellular carcinoma cells, a novel Smac mimetic APG-1387 enhanced
the susceptibility towards a TRAIL and caspase dependent form of cell death, puta-
tively involving RIPK1 activity [119]. Other cytotoxic compounds, e.g. a casein kinase
IT inhibitor, increases the recruitment of pro-caspase-8 to the DISC and increases the
sensitivity towards a TRAIL and caspase dependent cell death in rhabdomyosarcoma
cell lines [182]. Additionally, Komdeur et al. demonstrated that doxorubicin restores
the sensitivity towards a TRAIL dependent cell death mechanism in rhabdomyosarcoma
cell lines [183].

However, in our RMS spheroid model where pre-treatment with BV6 induces a sensi-
tization towards an NK cell attack no TRAIL dependency was observed, as TRAIL
neutralization did not suppress the NK cell mediated killing of RMS spheroids (fig.
5.15). Our finding opposes a putative TRAIL dependency, which could be observed
by Fischer et al. The difference might again be explained by the different NK cell
expansion protocols and killing assays applied, IL-2 activated NK cells and a 2D flow
cytometry based co-cultivation model [25], compared to IL-15 activated NK cells and a
3D spheroid based cytotoxicity assay used in this study. Although seemingly similar in
function IL-2 and IL-15 might differ in their property to activate NK cells, resulting in
a different activation pattern and killing preference. Additionally, the RMS spheroids
might have a different exhibition property of DR5 on their cell surface compared to 2D
cultured RMS cells. The outer cells within the spheroid might have different surface
presenting proteome, than cells further inwards of the spheroid, leading to a different

NK cell attack response regarding the TRAIL dependency.
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Apart from TRAIL and TRAIL-receptor system, RMS cells are equipped with the
death receptor TNFR1. However, neutralization of TNFa by continuous addition of
Enbrel had no impact on the BV6 induced sensitization towards an NK cells attack
(fig. 5.17). This implies a TNFa independent mechanism of BV6 induced sensitization.
This finding is in contrast to previous investigations, describing a BV6 induced TNF«
autocrine feedback mechanism driving BV6 induced cell death [115, 158]. However,
these studies did not utilized a cytotoxic lymphocytes in combination with BV6 but
either INFar [158] or used a TNFR1 knock-down to illustrate a TNFa dependency [115].

One major death inducing ligand on NK cells is FasL. (CD95L). However, this thesis
shows evidence that the receptor Fas is not expressed on RH30 and RD cells (see fig.

5.4 and 5.5). Thereby, this study validates a previous study showing a similar result
[181].

A second main mechanism of NK cells to induce cell death in their target cells is the
secretion of cytotoxic granula, which contain among others granulysin, granzymes and
perforin [184, 185]. During the serial killing activity of NK cells, they can rapidly switch
from death ligand mediated to cytotoxic granula mediated killing [124].

A granzyme B inhibitor (zAAD-CMK) was added continuously to the BV6 pre-treated
RMS spheroid NK cell co-culture, to evaluate the functional role of granzyme B (see fig.
5.18). Previous investigations could show that zAAD-CMK reduced the cytotoxicity of
LAK cells against oral squamous cancer cells [186], suppressed activation induced cell
death in T-cell subsets [187] and blocked NK cell cytolytic activity targeting myelogenous
leukemia cell line [188] at concentrations similar to the zZAAD-CMK concentrations
used in this presented study. Here, the addition of zZAAD-CMK into the co-culture of
BV6 pre-treated RMS spheroids and NK cells did not show any effect on the NK cell
mediated cytotoxicity. The calculated PI/GFP ratio, as a cell death read-out, indicates
no significant change of induced cell death upon co-treatment with zAAD-CMK (fig.
5.18(b) and 5.18(d)).

However, the kinetic analysis of GFP fluorescence (RMS spheroids) over the whole
co-cultivation period depicts a slight upwards trend if BV6 pre-treated RH30 spheroids
co-cultivated with NK cells were co-treated with zZAAD-CMK (fig. 5.18(e)). This minor
rescue effect might indicate a partial involvement of the granzyme B mediated killing
mechanism within the BV6 induced sensitization towards NK cell attack. BV6 pre-
treated RD spheroids co-cultivated with NK cells do not show this pronounced rescue
effect, rather a slight divergence on day 3 of co-cultivation. Putatively different RMS
subtypes might be killed differently by NK cells.
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6.1.4 Involvement of caspases in NK cell mediated killing

Ligation of death receptors leads to the activation of intracellular extrinsic apoptotic
pathways. Caspases are bound to these receptor complexes and are activated upon
death ligand binding. As a Smac mimetic, BV6 is able to degrade IAP proteins in both
RMS cell lines and spheroids. Further, IAP degradation releases caspases previously
bound by ITAP proteins. Based on this mechanism, a hypothesis was formulated of a
putative caspase involvement within the BV6 mediated sensitization.

Indeed, treatment with BV6 alone leads to an activation of caspases. In 2D cultured
RH30 cells BV6 induces a minor cleavage and activation of caspase-8, 9 and 3. Western
blot shows that this minor activation is only visible at very late time points (24 h).
Similar effects are visible for RD cells, cultured in 2D. Here, caspase-8 seems to be not
as strongly activated compared to RH30 cells, caspase-9 is activated at a similar level.
Caspase-3 might be higher activated in RD cells compared to RH30 cells. Caspase
cleavage upon treatment with Smac mimetics is not a novel discovery, as it is one of
the main functions of Smac mimetics and an intended mode of action [105, 110, 189].
The study in hand validates this intended mode of action for BV6 in RMS cells and

expands this molecular function to RMS spheroids.

BV6 as a single treatment is not able to induce cell death at the used concentrations.
Co-cultivation with NK cells and their cytotoxic function is necessary as a second hit to
fully activate cell death execution (fig. 5.12 and 5.13). Western blot analysis show that
combination of BV6 pre-treatment with NK cell co-cultivation in RMS-GFP spheroids
does not lead to an enhanced generation of the active caspase-8 p18 fragment. Although,
BV6 pre-treatment and NK cell co-cultivation leads to a slightly decreased signal of
the p43/41 pro-caspase-8 form. On the other hand, BV6 pre-treatment and NK cell
co-cultivation resulted in a higher activation of caspase-3 than NK cell co-cultivation
alone.

The increased caspase-3, but not caspase-8, activation might be caused by the observed
BV6 induced degradation of XIAP. It was shown that XIAP is exclusively degraded in
RMS spheroids, not in RMS monolayer cell cultures. This XIAP degradation might lead
to the release of pro-caspase-3 in RMS spheroids. Thereby it presumably enhances the
susceptibility towards NK cell killing mechanisms and increases pro-caspase-3 cleavage.
Previous studies demonstrated that the BIR2 domain in XIAP favours the binding to

caspase-3 and possibly to its closest relative caspase-7, but not to caspase-8 [94, 190].

Based on this increased caspase-3 cleavage upon BV6 treatment, a functional evalua-

tion was performed using the pan-caspase inhibitor zVAD.fmk to evaluate if caspase
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activation is needed for the NK cell mediated attack. Indeed, zVAD.fmk suppresses the
NK cell mediated killing and BV6 induced sensitization in both RMS spheroid models
(fig. 5.21). This validates the hypothesis of a putative caspase involvement within the
BV6 mediated sensitization of RMS spheroids. In brief, NK cells are able to kill RMS
spheroids via a caspase dependent mechanism, which is further increased by BV6, as an
increased caspase-3 cleavage could be seen. Caspase-3 is considered as an executioner
caspase and can be activated by both the extrinsic and intrinsic apoptotic pathways
[33].

As zVAD.fmk could block NK cell mediated killing, the interest arose to identify the
responsible initiator caspases. Induction of the intrinsic apoptotic pathway is associ-
ated with the activation of pro-caspase-9 within the generated apoptosome complex
[43, 191]. Here, the underlying hypothesis is that BV6 putatively primes RMS cells
to MOMP. This leads to an induction of intrinsic apoptotic pathways upon NK cell
co-cultivation and activation of pro-caspase-9. The NK cell mediated killing might
be caspase-9 dependent, if only the intrinsic apoptotic pathway is influenced by BV6.
To test this, the caspase-9 expression was successfully suppressed by siRNA in RMS
spheroids (fig. 5.23). As no significant killing difference was seen in the caspase-9
knock-down spheroids compared to the siCtrl spheroids, the hypothesis of a caspase-9
involvement has to be rejected. This observation is in contrast to a recent study, de-
scribing a mitochondrial involvement and activation of caspase-9 in HeLLa and AML cell
lines co-cultured with NK cells [192]. The difference might be explainable by different
NK cell activation methods, Pan et al. used IL-2 activated NK cells expanded in RPMI
culture medium, in contrast to IL-15 activated NK cells expanded in NK MACS® in
this project. Another aspect might be the method of co-cultivation and cytotoxicity
assessment, Pan et al. used a flow cytometry based NK cell cytotoxicity assay (similar
to the one described in section 4.2.3.1). However, the caspase-9 knock-down studies
in this project were performed using a RMS-GFP spheroid model. The 3-dimensional
shape of the RMS-GFP spheroids might have an impact on the surface presentation
of activating ligands, e.g. MICA [134].Differences in recognition of RMS spheroids by
either IL-2 or IL-15 activated NK cells might lead to a different killing mechanism,

probably towards a more mitochondrial/caspase-9 independent mode.

Apart from caspase-9 as an initiator caspase within the intrinsic mitochondrial apop-
totic machinery, caspase-8 is recognized as an initiator caspase for the extrinsic death
receptor mediated apoptosis pathway [37, 193]. Upon death receptor ligation the DISC
is formed, consisting of either Fas or DR4/DR5, FADD and either pro-caspase-8/-10
and c-FLIP [194, 195].
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Although it was demonstrated that TRAIL does not play a major role in the NK cell
mediated killing of RMS-GFP spheroids, caspase-8 remains to be an interesting initiator
caspase to investigate. Using siRNA caspase-8 was knocked-down in RH30-GFP and
RD-GFP spheroids (see fig. 5.24).The successful knock-down of caspase-8 was validated
by western blot in RMS spheroids.

The removal of caspase-8 in RH30-GFP spheroids did not influence NK cell mediated
killing, nor the BV6 induced sensitization. As no reduction of PI/GFP ratio indicative
for a caspase-8 dependency was visible. In contrast to RD cell, it has been described
that RH30 cells additionally express caspase-10 [196, 197]. Although caspase-10 differs
from caspase-8, an overlapping substrate specificity and initiator caspase function could
be demonstrated [57, 198, 199]. However, Horn et al. described an opposing effect
of caspase-10, i.e. caspase-10 induces pro-survival signaling rather than compensating
the loss of caspase-8 [200]. Horn et al. used Hela cells and artificial FasL induced
cell death, focusing on the Fas induced DISC signaling and not as presented here on a
BV6 pre-treatment of RMS spheroids in combination with NK cell co-cultivation. In
RH30 spheroids caspase-10 might be able to compensate the siRNA mediated reduction
of caspase-8 expression, by that NK cells are still able to induce cell death in RH30
spheroids.

Caspase-8 knock-down in RD-GFP spheroids shows a different behaviour than described
for RH30-GFP spheroids. Here, caspase-8 knock-down (by siRNA construct #3) sup-
pressed the induction of an NK cell attack and reduced the BV6 induced sensitization
(fig. 5.24(c) & (d)). Assuming, that the NK cell killing mechanism in RD spheroids is
caspase-8 dependent. Various studies show contrary information on caspase-10 expres-
sion in RD cells, several describe RD cells as caspase-10 negative [196, 197]. However,
caspase-10 expression is observed upon enterovirus 71 infection in RD cells [201].

As mentioned above caspase-8 is considered to be the initiator caspase within the ex-
trinsic, death receptor mediated apoptosis pathway [33]. However, the study in hand
shows evidence of a death receptor independent NK cell killing mechanism, as neu-
tralization of TRAIL and TNFa could not suppress NK cell killing. One explanation,
which was previously observed for Smac mimetic induced loss of cIAP1/2 proteins,
might be a formation of the ripoptosome [202]. Tenev et al. and Feoktistova et al.
described a spontaneous, death receptor independent generation of a death inducing
complex termed ripoptosome upon Smac mimetic treatment which consists of RIPK1,
FADD and pro-caspase-8 [202, 203]. A possible follow up project would be to test a
putative relationship of a BV6 mediated ripoptosome formation in RMS spheroids and
the observed sensitization towards an NK cell mediated attack. A putative link was
already described, where treatment of RD or RH30 cells with two different undefined
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Smac mimetics led to a RIPK1-dependent sensitization towards DR5 mediated cell
death [159]. Additionally, a recent study described a putative pathomechanism of drug
induced acute liver failure. The authors could show an up-regulation of TWEAK, a
non-canonical NF-xB activator, leading to a RIPK1-dependent apoptotic cell death
[204].

In the study at hand, BV6 might be able to bypass receptor ligation and directly induce
downstream receptor complex activation putatively involving RIPK1 and ripoptosome

complex formation.

6.2 Transcriptional regulation by BV6

6.2.1 Regulation of NF-xB signaling pathways

IAP proteins function not only as inhibitors of apoptosis, but they are involved in
the regulation of NF-xB signaling pathways [205]. cIAP1/2 are located at the recep-
tor complex I and act as E3 ubiquitin ligases aiding the canonical NF-xB activation
[206].Further, cIAPs constitutively ubiquitylate NIK, leading to the proteasomal degra-
dation of NIK and suppressed activation of the non-canonical NF-xB signaling [86].
Treatment with BV6 leads to the degradation of IAP proteins (see fig. 5.2 & 5.3),
putatively block constitutive degradation of NIK and activate the non-canonical NF-xB
signaling pathway. At the same time suppressing the activity of the canonical NF-xB
pathway. Indeed, treatment with BV6 leads to a time dependent accumulation of NIK,
partial degradation of p100 and nuclear translocation of p52 (see fig. 5.29 & 5.31). This
mode of action is observable in both culture methods, RMS monolayer and spheroids
(see fig. 5.30).

Non-canonical NF-xB pathway activation by Smac mimetics is already known, and not
a novel observation [103]. A previously mechanism was proposed of a NIK stabilized
processing of p100 within a TRAF2: TRAF3:cIAP1/2:NIK complex upon cIAP1/2 degra-
dation, which shows similar activation pattern to the ones observed in BV6 treated RMS
cells [86]. Gray et al. described an additional cIAP1/2 independent NIK degradation,
mediated by IKKa as an autoinhibitory feedback mechanism [207]. Such autoinhibitory
mechanism could not be seen in RMS cells. The NIK accumulation seems to be stable
up to 24 h of BV6 stimulation.

On the other hand, Jin et al. could show that cIAP1 directly ubiquitylates TKK~y
(NEMO) at K277 and K309 activating canonical NF-xB activation [206]. These ubig-
uitylation sites were already described as being responsible for NF-xB activation [208].
Taken together the literature describes a rather activating function of cIAP proteins

on the canonical NF-xB signaling. If cIAP proteins are degraded, for example upon
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BV6 treatment, the canonical NF-xB pathway should be suppressed. Here, BV6 shows
an inducing effect on the canonical NF-xB signaling pathway. In RMS cell monolayer
and 3D multicellular spheroids, a phosphorylation of IxkBa can be observed, further
phosphorylation and nuclear translocation of p65 is visible (see fig. 5.27-5.31). BV6
mediated phosphorylation of [kBa and p65 was previously described in glioblastoma
cell lines [209]. Interestingly, the phosphorylation of IxBa in RMS cells is not associ-
ated with a loss of IkBa, which is usually described as a read-out for canonical NF-xB
activation [78, 210]. Among other, BV6 leads to a transcriptional up-regulation of
IkBa, as analyzed by qRT-PCR (see fig. 5.32-5.34), identified by RNAseq (see fig.
5.43) and validated by Fluidigm® analysis (see fig. 5.45). The up-regulated IxBa
mRNA translates to the observed re-expression and steady levels of [kBa. BV6 might
induce a putative negative feedback loop of the canonical NF-xB signaling pathway.
Downstream of p-IkBa p65 is phosphorylated and translocates into the nucleus. Such
a canonical NF-xB activation pattern was thoroughly review in [84]. In contrast to the
stable nuclear translocation of p52 upon BV6 stimulation (see fig. 5.31), p-p65 seems
to fluctuate with signal maxima at 4 and 24 h of BV6 stimulation. Such an oscillating
behaviour of NF-xB signaling was described for TNFa stimulation, which was mediated

by a re-expression and nuclear shuttling of IxBa:p65 complexes [211].

The observed canonical and non-canonical NF-xB activation pattern on a protein
level culminate in a transcriptional regulation of NF-xB target genes. Using in-house
qRT-PCR, several NF-xB target genes could be identified. Both RH30 and RD cells
cultivated with both culture methods showed similar mRNA fold change induction. As
mentioned before the protein IxkBa remains on a relatively constant level, which might
be explained by an induced Ik Ba mRNA transcription around 4h of BV6 treatment.
Further, BV6 induces the up-regulation of the NF-xB target genes p100, NIK, RelB,
cIAP1, ¢cIAP2 (in 2D and 3D).

The ligand TWEAK (TNF-related weak inducer of apoptosis), has been described as
an inducer of the non-canonical NF-xB signaling pathway [145, 212]. Indeed, the ac-
tivation pattern of TWEAK activated non-canonical NF-x signaling pathways seem
to be similar to the presented activation pattern by BV6. With the difference that
BV6 additionally activates the canonical NF-xB signaling pathway. A side-by-side
illustration is depicted by Cherry et al. here treatment with TNFa shows mainly a
canonical NF-xB activation and TWEAK treatment activates only the non-canonical
NF-xB signaling pathway, accompanied by a NIK and MMP9 mRNA up-regulation
[213]. MMP9 was identified by the RNAseq approach as BV6 induced and NIK was
found using in-house qRT-PCR analysis to be induced upon BV6.
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Comparing the small number of target genes tested by in-house qRT-PCR with the
RNAseq approach revealed ¢c/[AP1 (BIRC?2), cIAP2 (BIRC3) and IkBa (NFKBIA) to
be similar induced by BV6. Interestingly, pathway enrichment analysis resulted in the
identification of activated NF-xB signaling pathways as a top up-regulated candidate
pathway (fig. 5.44(b)). This pathway identification further validates the previous
illustrated NF-xB activation pattern on a protein level and transcriptional mRNA up-
regulation of NF-xB target genes. Schmidt et al. performed a microarray to analyze
BV6 induced transcriptional changes in breast cancer cell lines. Again, BV6 induced
a NF-xB mediated transcriptional regulation. A comparison of identified target genes
revealed a number of common genes regulated in both Schmidt et al. and in the study
in hand, among others NFKB2 (p100), NFKBIA (IxBa), BIRC3 (cIAP2), CCL5 and
MMPY are identified as common targets [115]. Further, using a microarray of BV6
treated patient derived chronic lymphocytic leukemia (CLL) cells showed again an NF-
kB induced regulation. Compared to the study in hand BIRC3 (cIAP2) and NFKBIA
(IkBa) are among others common target genes [214]. This might imply an underlying
pan-cancer cell type BV6 specific transcriptional program.

Further, the presented RNAseq data was analyzed by TRRUST, a literature-curated
database of transcriptional regulation networks. This analysis validated the hypothesis
of an activated NF-xB signaling pathway by BV6, as the TRRUST analysis revealed an
involvement of the transcription factors (TF) p65 (RELA) and p50 (NFKB1). Notice-
able, these putative relevant transcription factors, are the major transcription factors of
the canonical NF-xB signaling, but not of the non-canonical NF-xB signaling pathway
[64]. This could imply a crosstalk between the canonical and non-canonical NF-xB sig-

naling pathways increasing the complexity of the BV6 induced transcriptional network.

6.2.2 NIK as central player within BV6 induced regulation

As already mentioned above, one main target of cIAP1 and cIAP2 for ubiquitylation
and subsequent proteasomal degradation is NIK. Upon BV6 induced cIAP1/2 deple-
tion NIK accumulates and activates the non-canonical NF-xB signaling pathway. This
section focuses around the hypothesis that NIK is a main driver of the BV6 induced
transcriptional regulation.

For that, an siRNA mediated NIK knock-down was performed. In both RH30 and RD
cell lines, siRNA mediated knock-down was successful, as a relative mRNA quantifi-
cation shows loss of NIK transcription and suppressed NIK accumulation depicted by
western blot (fig. 5.35 & 5.36). Loss of NIK accumulation is followed by a decreased
partial degradation of p100 to p52 (fig. 5.37 & 5.38). Further, this blocked down-stream
signaling significantly reduces the mRNA up-regulation of MMP9, CCL5 and cIAP2
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(fig. 5.39, 5.40 & 5.47). These observations lead to acceptance of the hypothesis that
NIK might be a main facilitator of the BV6 induced transcriptional regulation. A simi-
lar NIK dependent regulation induced upon BV6 treatment was previously reported in
glioblastoma cells. The report shows evidence of a NIK dependent p100 processing to
p52 and target gene transcription of e.g. IL-8, MMP9, TNFa and MCP-1 [215].

In RD cells an in-house qRT-PCR analysis showed a NIK independent transcription
of ¢cIAP1 and IL-8 (fig. 5.40). This might demonstrate an additional transcriptional
pathway, possibly a crosstalk of the non-canonical NF-xB signaling pathway could ac-
tivate a NIK independent canonical NF-xB signaling pathway. This assumption could
be affirmed by a reduced but present p65 phosphorylation in both RH30 and RD cells
within the background of NIK knock-down (fig. 5.37 & 5.38).

Such crosstalk events were previously described in a HEK 293 system for NIK and
Cot to induce p65 phosphorylation [216]. Further, a NIK induced IKK«a mediated
phosphorylation of IxkBa was described in endothelial cells [89]. These investigations
indicate an up-stream crosstalk event within the NF-xB pathways, which might be

present in BV6 treated RMS cells.

The aim of this PhD thesis is to dissect the molecular mechanisms of the BV6 induced
sensitization towards an NK cell mediated killing. As described earlier, this sensitiza-
tion might be caspase-8 dependent and putatively involves a BV6 induced ripoptosome
complex. A recent study in keratinocytes reported that cIAP1/2 depletion leads to a
NIK accumulation, subsequent NIK facilitated ripoptosome formation and cell death in-
duction [217]. Boutaffala et al. could demonstrate that the ripoptosome formation and
cell death induction depend on NIK stabilization and accumulation upon non-canonical
NF-xB pathways activation. Further, RIPK1 was identified as a possible substrate of
NIK mediated phosphorylation [218].

In contrast to the previously mentioned report, the project in hand could not show
enough evidence that the BV6 induced sensitization towards an NK cell mediated killing
depends on NIK. An siRNA mediated NIK knock-down did not rescue RMS spheroids
from NK cell mediated attack, nor from BV6 induced sensitization (fig. 5.41).
Thereby, the hypothesis of an NIK dependent BV6 induced sensitization of RMS cells
towards NK cell mediated attack can be rejected.

Treatment of cancer cells by cytotoxic compounds revealed a transcriptional up-regulation
of several genes in connection with enhanced immune cell attack. In lung cancer cells
cannabinoid stimulation could increase ICAM-1 on target cells, leading to an enhanced
killing by LAK cells [219]. ICAM-1 transcription could also be induced upon treatment

with a selective cyclooxygenase-2 inhibitor in lung cancer cells, leading to an increased
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killing by LAK cells [220]. Further, treatment with a p53-reactivating compound in-
creased the surface presentation of ULBP2 on lung cancer cell and enhanced NK cell
mediated lysis [221]. Additional, the induction of cellular senescence and accompanied
phenotypical and transcriptomical changes induced ICAM-1 and TNFo, which results
in an enhanced NK cell attack [222].

Treatment of multiple myeloma cells [139] or murine cancer cells [223] with bortezomib,
led to an increased surface presentation of DR5 and loss of HLA-E, which sensitized
target cells towards an NK cell killing. Fischer et al. could describe a transcriptional
up-regulation of DR4 and DR5 in RMS cells by BV6 associated with an increased
NK cell mediated killing [25]. These findings were validated by the study in hand and
additionally shows an increased surface presentation of DR5 on RH30 cells and of DR4
and DR5 on RD cells.

However, this study lacks a direct link between transcriptional involvement and BV6

induced sensitization.

6.2.3 CCL5 within NK cell killing

The exploratory RNAseq analysis was broadly validated by Fluidigm®, in-house qRT-
PCR and identified a variety of genes.

One of this differentially expressed gene is the C-C motif chemokine 5 CCL5. First
evidence that CCL5 might be relevant in sarcoma cells is shown by a correlation of
CCL5 expression and survival probability of the SARC study group data within the
TCGA database (fig. 5.46). It seems, as if higher CCL5 expression levels (upper 20 %)
correlate to significantly increased survival probability. The human protein atlas col-
lected CCL5 expression data in a variety of tumor types, together 71 % showing a better
prognosis at elevated CCL5 expression [224, 225].

However, the SARC study group of the TCGA database include a variety of rare solid
tumor types, not restricted to rhabdomyosarcoma. In RD cells CCL5 expression was
previously reported [226, 227]. Hikichi et al. demonstrated increased CCL5 levels in
RD cells upon NF-xB activation by TNFSF14 (LIGHT) [227]. The ligand TNFSF14 is
able to activate the non-canonical NF-xB pathway [89]. TWEAK as a similar activator
of the non-canonical NF-xB pathway could induce CCL5 expression in podocytes [228].
In lung cancer cells active LTSR induces CCL5 expression in an NF-xB mediated
mechanism [229]. By that CCL5 was established to be a non-canonical NF-xB target
gene and could explain the presented results of an increased CCL5 transcription in a
NIK mediated mechanism upon BV6 stimulation in RMS cells and in RH30 spheroids
(fig. 5.47). Knock-down of NIK could reduce the BV6 induced mRNA up-regulation in
RH30 and RD cells. Further, BV6 (2 uM, 9h) could up-regulate CCL5 in glioblastoma
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cells [209]. Following the transcriptional up-regulation in RMS cells, CCLJ5 is trans-
lated into its proteins increasingly stored intracellular and secreted into the cell culture
supernatant (fig. 5.48 & 5.49). Liu et al. could observe an intracellular CCL5 storage
in granula with a similar appearance as observed here in RMS cells [230]. The project
in hand shows original evidence of a BV6 induced C'CL5 transcription and secretion in

rhabdomyosarcoma cells.

In combination with NK cells CCL5 was mentioned as acting pro-migratory on IL-2
activated NK cells [231-233]. This pro-migratory effect was still present in a tumor
derived CCL5 manner. It was shown, that secreted CCL5 by psoriatic keratinocytes
could induce chemotaxis in NK cells, however the effect on NK cell cytotoxicity was not
further evaluated in this study [234]. Further, in an in vivo melanoma model infection
with the arenavirus lymphocytic choriomeningitis virus increased CCL5 expression,
which correlated with an enhanced NK cell infiltration and CCL5 dependent tumor
growth control [235]. Apart from NK cells, in an ovarian cancer model, CCL5 expression
seems to have pro-migratory effect on CD8" T-cells and prolonged survival in vivo
[236]. In BV6 treated RMS cells the elevated CCL5 concentration might lead to a
pro-migratory environment for NK cells and might increase their cytotoxicity.

The study in hand demonstrated, that NK cells are able to infiltrate RH30 and RD
spheroids (fig. 5.25). Despite that, BV6 pre-treatment of RMS spheroids, which
putatively increases CCL5 secretion, did not affect the migratory behaviour of NK cells
(fig. 5.26).

Although CCL5 does not influence the migratory behaviour of NK cells. The increased
CCL5 concentrations might enhance NK cell cytotoxicity of already penetrated NK
cells within RMS spheroids. To study this effect, a CRISPR/Cas9 mediated CCL5
knock-out was carried out.

The used guide RNAs targeted exon 2 of CCL5 and a knock-out effect was validated.
First, amplification of exon 2 on the genomic DNA isolated from knock-out cells showed
a faster migrating signal than parental or guide control cells (fig. 5.51(a)). Second,
sequencing of this amplicon revealed a missing nucleotide sequence. Sequence analysis
revealed that the Cas9 cleavage sites of the used guide RNAs #1 and #2 approximately
match the beginning and end of the missing fragment (fig. 5.51(b)). As a third approach
to validate the C'CL5 knock-out mRNA was isolated from RH30-GFP knock-out cells
which depicts a missing signal for CCL5. These approaches suggest that in CCLS
knock-out RH30-GFP cells a nucleotide fragment within exon 2 of CCL5 was cleaved
out, resulting in an absent mRNA transcription and possibly missing protein expression.
Using these knock-out and guide Ctrl cells, RMS-GFP spheroids were generated. As
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the data presents, no difference could be observed upon BV6 pre-treatment and NK
cell co-cultivation. Despite the absent of CCL5, BV6 is still able to induce a sensitizing
effect towards an NK cell mediated killing. This leads to the rejection of the hypothesis
that CCL5 is responsible for the BV6 induced sensitizing effect in RMS cells.

6.2.4 SSTR2 as a novel therapeutic target

Second, the somatostatin receptor 2 as a top candidate induced by BV6 in RH30 cells
was analyzed in more detail. The SSTR2 is predominantly associated with neuroen-
docrine tumors (NET) and known for its anti-secretory function in these [237, 238].
Although, SSTR2 is expressed on a variety of tumor types, rhabdomyosarcoma rarely
expresses SSTR2 [239]. Several studies show alternating results, specially when patient
material was analyzed. In one study, 3 out of 5 primary rhabdomyosarcoma samples
were positive for somatostatin receptors, however the receptor subtype (SSTR1-5) was
not further specified [240]. Further, it was described that not only rodent, but human
SSTR2 has two alternative splicing variants a long variant SSTR2A and a shorter
variant SSTR2B [241]. In spite of a similar binding affinity of SSTR2A and SSTR2B
the transcription variants differ in their functional outcome, as exclusively SSTR2B
putatively suppresses forskolin-stimulated cAMP formation [242]. Harda et al. ana-
lyzed 15 primary samples of different tumor types, all tumor samples, among them 2
rhabdomyosarcoma samples, were identified as positive for at least one somatostatin
receptor subtype (SSTR1-5). The two rhabdomyosarcoma samples predominantly ex-
pressed SSTR1, 2 and 4 [243]. Fruhwald et al. had a cohort of 29 primary tissue samples
of patients ages 1 month to 17 years. Within this cohort one rhabdomyosarcoma sample
identified as positive for SSTR2 expression by immunohistochemistry [244]. Another
study, using primary tissue samples, focused on the expression of the splice variant
SSTR2A and SSTR5 and compared a cohort of 40 olfactory neuroblastoma samples
with 40 sinonasal carcinoma and further to 12 nonepithelial sinonasal tumors (among
them 3 rhabdomyosarcoma samples). Only 30 out of the 40 olfactory neuroblastoma
samples were positive for SSTR2A, none of the sinonasal carcinoma and none of the
nonepithelial sinonasal tumors (among them 3 rhabdomyosarcoma) showed a positive
signal for SSTR2A [245]. Taken together, rhabdomyosarcoma show a rather heteroge-
neous somatostatin receptor expression pattern.

Here, SSTR2 was identified by RNAseq as a top up-regulated target gene by BV6 treat-
ment in RH30 cells, the heatmap also shows a basal SSTR2 transcription in untreated
RH30 cells (fig. 5.43). The detailed analysis was carried out in RH30 cells based on the
fact that the RNAseq was performed in RH30 cells and a comparison of SSTR2 mRNA
induction in RMS spheroids identified exclusively RH30 spheroids to increase SSTR2,
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but not RD spheroids. Following up on this regulation, several qRT-PCR primers were
designed to distinguish between the SSTR2A and SSTR2B splicing variants (fig. 5.54).
These analyses resulted in identifying exclusively SSTR2A as the transcribed variant in
untreated RH30 cells and as the only variant as being up-regulated by BV6 treatment
(fig. 5.55-5.57). Recently, increased SSTR2 expression was described for nasopharyn-
geal carcinoma infected with Epstein-Barr virus in a putative NF-xB mediated manner
[246]. The involvement of NF-kB could be validated in the presented study, as knock-
down of NIK in RH30 cells could suppress the BV6 induced SSTR2A transcription (fig.
5.58). This validated SSTR2A as a BV6 induced target gene in combination with the
non-canonical NF-xB signaling pathway in RH30 cells. The identified transcriptional
up-regulation of SSTR2A was followed by an increased surface presentation of SSTR2
on BV6 stimulation RH30 cells (fig. 5.59).

Treatment of breast cancer cells with a somatostatin analog octreotide in combination
with docetaxel was described as an anti-proliferative and apoptosis inducing combina-
tion [247]. In primary human somatotroph tumors SSTR2 activation by octreotide at
nanomolar concentrations could induce an increased caspase-3 activity [248]. Addition-
ally, sub-nanomolar concentrations of octreotide could increase the number of apoptotic
nuclei in HL-60 cells, where SSTR2 expression was only analyzed on an mRNA level
249].

The presented study demonstrated that octreotide as a single treatment could not in-
duce cell death in untreated RH30 cell (see fig. 5.60) even at concentrations as high as
100 uM. As illustrated above, SSTR2 is not highly expressed under basal conditions.
However, BV6 stimulated an increased SSTR2 surface presentation. Here the assump-
tion is, that a combination of BV6 with various octreotide concentrations synergize
to enhance cell death induction in RH30 cells. Despite being not significant, a slight
enhanced trend of increased cell death at an octreotide concentration of 100 uM co-
treated with 5 uM BV6 might be perceivable in RH30 cells (fig. 5.60). Taken together,
it seems as if the up-regulated SSTR2 on RH30 is not clearly able to synergize with
BV6 to increase cell death in RH30 cells.

Additional studies described an in vivo expression and SSTR2 induced signaling as tu-
mor growth promoting and pro-survival in small cell lung cancer cell [250]. Activation of
SSTR2 might have different outcomes, depending on the molecular tumor background
and putatively on the expressed splicing variant.

Nonetheless, one therapeutic aspect of targeting SSTR2 might be of interest. That it,
the utilization as a tumor imaging strategy by using radiolabelled somatostatin analogs,
e.g. ¥Ga-DOTATOC, %¥Ga-DOTATATE or "'In-pentetreotide [237-239]. The combi-
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nation of BV6 and its induced up-regulation of SSTR2 on RMS cells, as shown by the
presented results, might build the foundation as an imaging strategy of tumor entities
showing a low basal SSTR2 expression. As Gennaro et al. propose hybrid imaging
strategies for RMS by combining positron emission tomography with conventional com-
puted tomography or magnetic resonance imaging [251], an additional layer of a specific
BV6 inducible SSTR2 targeted approach might give further insight of the molecular
tumor background and might help in diagnostic staging.

A different hypothetical strategy using the BV6 induced up-regulation of SSTR2 on
RMS cells, is the utilization of an anti-SSTR2 targeting chimeric antigen receptor (CAR)
expressed by cytotoxic lymphocytes. A recent publication used a novel anti-SSTR CAR
construct to generate CAR T-cells. They could show an in vivo neuroendocrine tumor
growth reduction upon administration of their anti-SSTR CAR T-cell product [252].
The combination of this specific SSTR targeting strategy, by either generating CAR
T-cells, or CAR NK cells, with a BV6 induced up-regulation of SSTR2 on normally
SSTR2 low expressing cells, might lead to the development of a novel therapeutic tar-
geting approach. That is, to exploit a BV6 induced expression of a novel tumor antigen

as a novel target for a specialized cytotoxic lymphocyte attack.
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Taking all the results together, this doctoral thesis demonstrates a detailed transcrip-
tional regulation mediated by BV6 in alveolar (RH30) and embryonal (RD) rhab-
domyosarcoma, cells.

The first limitation of the study is the focus on BV6 as the only investigated Smac
mimetic. Future studies should use several Smac mimetic compounds, to elucidate a
pan-Smac mimetic mechanism.

Further, evidence is shown that BV6 induces the accumulation of NIK and subsequent
activation of both, the canonical and non-canonical, NF-xB signaling pathways. This
activation results in a global transcriptome change. Here, a bulk RNA sequencing, in
cooperation with TRON gGmbH, was performed to analyze this transcriptomic change
in RH30 cells upon BV6 treatment.

The second limitation is evident by the bulk RNAseq performed only in RH30 cells.
This focus was chosen, because of the more aggressiveness of the alveolar RMS subtype.
To describe a common RMS mechanism, several RMS cell types should have been
analyzed by RNAseq.

Nevertheless, a variety of BV6 induced target gene regulations could be identified and
validated using a high-throughput Fluidigm® RT-PCR analysis (in cooperation with
TRON gGmbH). Further validated in embryonal RD cells by in-house qRT-PCR anal-
ysis (performed by me).

CCL5 and SSTR2 were validated in more detail as BV6 induced, NIK mediated target
genes in RH30 cells.

The overall induced activation of NF-xB and subsequent gene transcription was not only
analyzed in RMS 2D monolayer cell cultures, but additionally analyzed in multicellular
RMS tumor spheroids. Both culture methods showed similar activation patterns.
Here, another limitation is evident. That is, a thorough global transcriptome and pro-
teome comparison of 2D against 3D culture is absent. By that, differentially expressed
genes and proteins could have been identified, which might be responsible for the dif-
ferent NK cell killing sensibilities of spheroids compared to monolayer cultures.

The observed transcriptional change depends mainly on NIK accumulation and signal
transduction. NIK knock-down could suppress the up-regulation of several BV6 induced
target genes. Accumulation of NIK and non-canonical NF-xB activation is the direct
consequence of cIAP1/2 degradation by BV6. This NIK accumulation is an up-stream
event within the signal transduction pathway. However, no direct NF-xB transcription
factor, neither p65 or p50 for the canonical, nor RelB or p52 for the non-canonical

NF-xB signaling pathways was functionally studied by knock-down experiments. As
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a follow-up study, additional knock-down/out experiments of transcription factors for
instance p65 or p52, could help to describe the signal transduction pathway in more
detail.

Functionally it was shown that NIK does not mediate the BV6 induced sensitization
towards an NK cell attack. As NIK knock-down could not suppress the NK cell induced
killing.

The proposed NIK independency is restricted by the used siRNA mediated technique.
Analysis by western blot validated a reduced NIK expression on the day of BV6 treat-
ment. The NIK targeting siRNA possibly degrades within the target cells. Thereby,
NIK might be re-expressed over the co-cultivation period of five days. Re-expressed
NIK might be able to active the non-canonical NF-xB pathway. However, in cellular
steady-state conditions NIK is constitutively proteasomal degraded. Further, BV6
is only used as a pre-treatment for 24 h during this time western blot confirmed the
absence of NIK within RMS spheroids. As a follow up, a more stable CRISPR/Cas9
NIK knock-out might be helpful to elucidate a detailed functional role of NIK during
long periods of co-culture experiments.

Again, evidence is shown to describe NIK and subsequent NF-xB activation as a central
element of the BV6 induced transcription. The presented study focused around NF-xB
and NIK as direct target of cIAP1/2. But, it lacks other, additional transcriptional
pathways putatively activated by BV6, e.g. IRF1 [116] or AP-1 [115].

Further aspects investigated, regarding a molecular mechanism of the observed BV6
induced sensitization, was a putative involvement of death receptors and down-stream
caspase activation. Here, it was shown that BV6 could induce the transcriptional up-
regulation and surface presentation of DR5 on RMS cells. Following this, co-treatment
of BV6 and TRAIL showed an additive cell death inducing effect. However, NK cell
killing and BV6 induced sensitization was not mediated by TRAIL, as TRAIL neu-
tralizing antibody did not show a rescue effect in co-cultivation models. Further, BV6
induced sensitization and NK cell killing was also shown to be mainly independent of
TNFa, as a TNFa neutralizing antibody (Enbrel) did not show a significant rescue
effect. NK cells not only rely on death receptor mediated target cell killing, but they
secrete cytotoxic granula to induce a mainly granzyme B mediated killing. However, a
granzyme B inhibitor did not show any rescue effect.

These experiments were performed with exogenous added antibodies and inhibitors. As
an alternative and follow-up study, knock-down/out experiments of TRAIL, TNFa,
granzyme B or other cytotoxic proteins within NK cells might be a relevant method to

study NK cell killing mechanisms. The other way around, knock-down/out studies of
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death receptors, e.g. DR4/5, TNFR1 or other cell death inducing proteins, might aid
to elucidate the killing mechanism within the target cells, i.e. RMS cells.

Within target RD-GFP spheroids, caspase-8, not caspase-9, could be identified being
involved within the NK cell killing mechanism, thereby the mitochondrial involvement
within BV6 mediated sensitization can be disregarded.

However, the up-stream activation of caspase-8 was not experimentally investigated.
Here, immunoprecipitation experiments of caspase-8 might be helpful to identify inter-
action partners. Thereby, fully assemble the BV6 induced sensitization mechanism of
caspase-8 activation. Again, as proposed above, the ripoptosome, as a death receptor
independent, caspase dependent cell death inducing signaling complex might be of

interest as a follow-up project [253].

Novel aspects of this study are a detailed description of BV6 mediated NIK dependent
transcriptional activation in 2D and also in 3D multicellular RMS tumor spheroids.
Further, the application of RMS-GFP spheroids as an NK cell co-culture model in
combination with BV6 as a sensitizing compound could be described/established for
the first time. By that, validating several studies showing such a BV6 sensitization in
2D co-culture methods for CIK [121] or NK cells [25]. Using these spheroid models,
different phenotypes of the alveolar (RH30) and embryonal (RD) spheroids became
apparent. Thereby, advancing the field of RMS 3D culture methods and phenotypical
differences of RMS spheroid subtypes. Additionally, the bulk RNAseq analysis of BV6
treated RH30 cells validated previous regulated genes of transcriptomic BV6 studies
in breast cancer cells [115] and CLL cells [214]. This implies a putative BV6 induced

transcriptional pan-cancer effect, which needs further validation.

Nonetheless, the combination of BV6 in its cell death sensitizing function together with
ex vivo activated cytotoxic lymphocytes might be of therapeutic interest to develop
a cellular immunotherapy. Within the background of a specialized CAR NK cell im-
munotherapy, further sensitization by a pro-cell death compound might be of clinical

value to eradicate previous hard to target solid cancer entities.
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Neben Leukamien, Hirntumoren und Lymphome sind auch Weichteilsarkome haufige
Krebserkrankungen bei Kindern und Jugendlichen. Innerhalb der Gruppe der Weichteil-
sarkome ist das Rhabdomyosarkom (RMS) die am haufigsten anzutreffende Tumoren-
titdt. Diese bosartigen Wucherungen, vor allem in der Kopf-Hals-Region, Extremitaten
oder im Urogenitalsystem, entstammen undifferenzierten Zellen mesenchymalen Ur-
sprungs.

Rhabdomyosarkome werden laut der WHO in vier unterschiedliche Unterarten klassi-
fiziert, wobei die embryonale und alveolare Unterarten die grofiten Anteile mit ungeféhr
60 % und 20 % ausmachen. Embryonale Rhabdomyosarkome (eRMS) zeichnen sich
unter anderem durch einen Verlust der Heterozygotie des Chromosoms 11p15.5 aus.
Bei der embryonalen Unterart konnen auch weitere Mutationen auf anderen Chro-
mosomen beteiligt sein, sodass insgesamt eine sehr heterogene Population entsteht.
Allerdings hat die embryonale Unterart eine bessere Prognose als die aggressivere alve-
olare Form des RMS. Diese Unterart zeichnet sich vor allem durch Gentranslokationen
(t(2;13)(g35;q14), t(1;13)(p36;q14)) aus. Durch diese Translokationen entstehen PAX3-
FOXO1 oder PAX7-FOXO1 Transkriptionsfaktor-Fusionsproteine, die eine verstéirkte
Transkription ihrer Zielgene veranlassen und unweigerlich zur Entartung und Ausbil-
dung des alveolaren RMS fiihren.

Obwohl die Entwicklung kombinatorischer Therapieansétze zu einer Steigerung der
Langzeitiiberlebensraten gefiithrt hat, sind Hochrisikogruppen und metastasierende Tu-
more davon ausgeschlossen, sodass der Bedarf an neuen Therapiestrategien zur Behand-

lung aggressiver, metastasierender RMS immer noch vorhanden ist.

In der vorliegende Studie wird ein kombinatorisches Vorgehen prasentiert, wie RMS
Zellen durch ein zelltodstimulierendes Agens zu einem Angriff durch natiirliche Killer-
zellen (NK-Zellen) sensibilisiert werden. Da es sich bei dem Rhabdomyosarkom um
einen soliden Tumor handelt, wurden aus zwei verschiedenen RMS Zelllinien dreidi-
mensionale kugelahnliche Gebilde (Sphéroide) generiert. Diese multizellularen RMS
Spharoide sollen eine in vivo dhnliche Tumormikroumgebung bilden, die es ermdglichen
soll, translationalere Ergebnisse zu generieren als die klassische Kultivierung in einer
Einzelzellebene. Bei den beiden RMS Zelllinien handelt es sich einmal um die RD
Zellen, reprasentativ fiir die embryonale RMS Unterart. Zum anderen, werden RH30
Zellen verwendent, die reprasentativ fiir die alveolare RMS Unterart sind.

Bei den NK-Zellen handelt es sich um eine Immunzellpopulation, charakterisiert durch

eine Oberflachenexpression von CD59 bei gleichzeitig fehlender CD3 Prasentation, die
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infizierte oder entartete Zielzellen erkennt und diese abtoten kann. Dabei gibt es mehrere
Strategien, wie die NK-Zellen ihre Zielzellen toten. Eine Methode ist es, Todesliganden
auf ihrer Oberfliche zu prasentieren, die Todesrezeptoren auf den Zielzellen binden
und in diesen den klassischen extrinsisch vermittelten apoptotischen Zelltod einleiten.
Beschrieben wird dieser durch eine Aktivierung von Caspase-8, die zur Aktivierung der
Caspase-Kaskade und letztendlich zum Zelltod fithrt. Ein weiterer Mechanismus ist es,
zytotoxische Vesikel in ihrem Inneren zu lagern und diese bei Kontakt mit der Zielzelle
gerichtet auszuschiitten. Innerhalb der zytotoxischen Vesikel befinden sich lytische
Enzyme, beispielsweise Granzyme und Granulysine, die durch eine Perforin-gebildete
Pore ins Innere der Zielzelle gelangen und dort wieder die Caspase-Kaskade aktivieren
konnen, aber auch eigene Zielproteine schneiden, inaktivieren und degradieren konnen.
Dies fiihrt ebenfalls zum Zelltod der Zielzelle.

Bei dem zelltodstimulierenden Agens handelt es sich um ein sogenanntes Smac Mime-
tikum, das BV6. Dieses ahmt das zelleigene Protein Smac nach, welches wahrend
der mitochondrialen Beteiligung innerhalb des apoptotischen Zelltodmechanismus vom
Mitochondrium freigegeben wird und zu einer Aktivierung von Caspasen fithrt. Im
Ruhezustand der Zelle wird die Aktivitat von Caspasen durch endogene Apoptosein-
hibitoren (IAP) blockiert. Smac sowie BV6 fithren zu einem Abbau dieser IAP Proteine,
was wiederum zu einer Freisetzung der Caspasen und Aktivierung des apoptotischen
Zelltodmechanismuses fiihrt.

Das Ziel der vorliegenden Arbeit ist es, den molekularen Mechanismus der anfangs

beschriebene Sensibilisierung von BV6 in Kombination mit NK-Zellen aufzuklaren.

Neben der Blockierung von Caspasen spielen IAP Proteine auch eine Rolle in den Signal-
wegen der NF-xB abhangigen Transkription. Hier sind hauptsachlich zwei Signalwege
zu nennen: der kanonische, welcher durch IAP Proteine eher aktiviert wird und der
nicht-kanonische NF-xB Signalweg, welcher durch TAP Proteine eher inaktiviert wird.
Durch die Behandlung mit BV6 werden die IAP Proteine blockiert und degradiert.
Dies fithrt im Umkehrschluss zu einer Aktivierung des nicht-kanonischen NF-xB Sig-
nalweges, charakterisiert durch die Stabilisierung, Akkumulation und Aktivierung der
NF-xB-induzierenden Kinase (NIK). Dies fiihrt zu einer partiellen Degradation von
p100 zu pH2, gefolgt von einer Translokation von p52 in den Zellkern, wo die Transkrip-
tion von Zielgenen aktiviert wird. Dieses Verhalten konnte in beiden RMS Sphéroiden
beobachtet werden. Entgegen der angenommenen Inaktivierung des kanonischen NF-
kB Signalweges induziert BV6 auch diesen Signalweg. Dies wurde ersichtlich durch eine
gesteigerte Phosphorylierung des Inhibitorischen Proteins IkBa und weiteren Phospho-

rylierung des Transkriptionsfaktors p65. Phosphoryliertes p65 bildet ebenfalls Dimere
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mit anderen Rel Proteinen und transloziert in den Zellkern zur Transkription von Ziel-
genen.

Diese Transkription wurde mit Hilfe einer globalen RNA Sequenzierung von BV6
behandelten RH30 Zellen weiter untersucht. Die FErgebnisse der RNAseq wurden
anhand von 21 ausgewahlten Genen unter Verwendung einer Fluidigm®-Plattform
(hochdurchsatz quantitative Echtzeit-Polymerasekettenreaktion (qRT-PCR)) validiert.
Die RNAseq Analyse ergab, dass 182 Gene nach der BV6 Behandlung unterschiedlich
exprimiert wurden. Weitere Auswertungen haben ebenfalls die anfangliche Hypothese
einer Mitwirkung der NF-xB Signalwege bestatigt. Unter den interessanten Genen sind
NFKBIA (IkBa), BIRCS (cIAP2), NFKB2 (pl100), CCL5 und SSTR2.

Der Somatostatinrezeptor 2 (SSTR2) wird selten mit dem Rhabdomyosarkom in Verbin-
dung gebracht, sondern eher im Zusammenhang mit neuroendokrinen Tumoren be-
schrieben. SSTR2 wird haufig als Zielstruktur in der bildgebenden Diagnostik dieser
Tumorentitidten verwendet. Die verstirkte Expression und Oberflachenpriasentation
von SSTR2 auf den alveolaren RH30 Zellen kénnte fiir genau diese Anwendung ver-
wendet werden. So koénnte ein vorher nicht mit dem Rhabdomyosarkom assoziiertes
Protein als Neoantigen fiir eine verbesserte Bildgebung verwendet werden. Weiterhin
konnte die induzierte SSTR2 Présentation als Zielstruktur fiir einen gezielten Angriff
mit sogenannten chiméiren Antigenrezeptor (CAR) exprimierenden Immunzellen, en-
tweder CAR T-Zellen oder CAR NK-Zellen, verwendet werden. Dieser CAR besitzt
die Fahigkeit eine gewiinschte Sequenz auf den gewiinschten Zielzellen zu erkennen
und zytotoxische Immunzellen zu diesen hinzufithren und anzugreifen. Im Verlauf der
Studie wurde die induzierte Expression von SSTR2 auf BV6 behandelten RH30 Zellen
bestatigt. Weiterhin kann gezeigt werden, dass es sich bei der Expression um SSTR2A
handelt, eine der beiden alternativen Splicing Varianten.

Als zweites induziertes Gen wurde das Chemokin CCLS betrachtet. CCL5 konnte
bereits mit NK-Zellen in Verbindung gebracht werden, im Sinne von einer CCL5 in-
duziert gerichteten Migration und verstiarkten zytotoxischen Aktivierung von NK-Zellen.
Im Zusammenhang mit der von BV6 ausgehenden Sensibilisierung kénnte CCL5 die
fehlende Verbindung sein, wie BV6 die Sensibilisierung auslost. Darauf aufbauend
wurde die BV6 induzierte mRNA Transkription mittels gRT-PCR validiert sowie die
Translation und Lagerung in intrazelluldren Granula durch Immunfluoreszenz Metho-
den bestétigt. Weiterhin konnte eine erhéhte CCL5 Konzentration im Zellkulturiiber-
stand, nach BV6 Behandlung, gemessen werden. Fiir eine funktionelle Uberpriifung,
ob CCL5 an der BV6 induzierten Sensibilisierung mitwirkt, wurden CCL5 knock-out
RH30 Zellen mittels der CRISPR/Cas9 Methode generiert. Durch Sequenzierung kon-

nte bestitigt werden, dass in den RH30 Zellen ein Fragment innerhalb von Exon 2
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herausgeschnitten wurde und keine mRNA von CCL5 mehr entsteht. Mit Hilfe dieser
Zellen konnten Spharoide generiert werden, die entgegen der aufgestellten Hypothese,
keine Minimierung des NK Zellangriffs bewirkten. So muss angenommen werden, dass
CCL5 keinen Einfluss auf die BV6 induzierte Sensibilisierung und auf den generellen
NK-Zellangriff hat.

Die Degradierung der cIAP Protein durch die Behandlung mit BV6 hat zur Folge,
dass die NF-xB induzierende Kinase (NIK) in der Zellen akkumuliert und den nicht-
kanonischen NF-xB Signalweg induziert. Es konnte gezeigt werden, dass BV6 eine
globalen Veranderung des Transkriptoms auslost. Darauf aufbauend lasst sich eine
Hypothese formulieren, dass diese transkriptionellen Verédnderungen NIK abhéngig
ablaufen und grundlegend zu der Sensibilisierung des NK-zellvermittelten Angriffs
beitragen konnten. Die Expression von NIK konnte mittels RNA-Interferenz reduziert
werden. Darauffolgend reduzierte sich die partielle Degradation von p100 zu p52 und die
Phosphorylierung von p65. Ebenso konnte die Transkription einiger Zielgene, beispiel-
sweise von MMP9, BRICS3, CCL5 und CXCLS, erniedrigt werden. Zusammenfassend
konnte NIK als vermutlich zentrales Element innerhalb der BV6 induzierten Transkrip-
tion identifiziert werden.

Als weitere funktionelle Uberpriifung, ob NIK auch in Kombination mit NK-Zellen einen
Einfluss auf die beobachtete Sensibilisierung von RMS Sphéroiden hat, wurde auch hier
die Expression von NIK durch RNA-Interferenz reduziert. Auch hier konnte weder ein
positiver, noch ein negativer Einfluss auf das Angriffsverhalten der NK Zellen zu den
RMS Spharoiden beobachtete werden. Trotz der zentralen Rolle innerhalb der BV6
herbeigefiihrten transkriptionellen Regulation hat NIK keine Rolle im Zusammenhang

mit dem NK-zellvermittelten Angriff und der Sensibilisierung zum Zelltod.

Wie oben bereits beschrieben, haben IAP Proteine neben ihrem Einfluss auf die NF-xB
Signalwege, ebenfalls eine inhibierende Funktion auf Caspasen innerhalb der apopto-
tischen Zelltodmechanismen. Auch wurde bereits der Todesrezeptor vermittelte zell-
todinduzierende Mechanismus der NK-Zellen vorgestellt. Daraus ergibt sich die nédchste
Hypothese: BV6 induzierte Sensibilisierung ist abhéangig von Todesrezeptoren auf der
Oberfliche der RMS Zellen, welche von NK-Zellen aktiviert werden. Die Uberpriifung
der Hypothese wurde mit neutralisierenden Antikérpern, die spezifisch die Todesli-
ganden TNF«a oder TRAIL blockieren, durchgefithrt. In beiden Féllen konnte keine
Erniedrigung eines NK-zellvermittelten Zelltodes beobachtet werden. Vermutlich sind
die Todesrezeptoren nicht fiir die beschriebene BV6 Sensibilisierung verantwortlich. Da
kein genereller Einfluss auf das Tétungsverhalten der NK-Zellen zu sehen ist, konnte

der zweite Mechanismus, wie NK-Zellen ihre Ziele angreifen, die Neutralisierung der
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Todesliganden kompensieren.

Innerhalb des apoptotischen Zelltodsignalweges befinden sich Caspasen an mehreren
Stellen, entweder an apikal induzierender Stelle oder sowie an exekutiven Stellen, die di-
rekt zur Apoptose fithren. Mittels eines Breitband-Inhibitors fiir Caspasen (zVAD.fmk)
konnte gezeigt werden, dass die BV6 Sensibilisierung und der NK-zellvermittelte Zell-
tod Caspasen abhéngig ist. Weiterhin konnte in BV6 behandelten und mit NK-Zellen
co-kultiviertem RMS Sphéroiden eine erhohte Caspase-3 Aktivierung auf Proteinebene
gezeigt werden. Caspase-3 ist eine der exekutiven Caspasen, welche benutzt wird, um
die Aktivierung apoptotischer Zelltodsignalwege nachzuweisen.

Fiir weitere detailliertere Untersuchung, welche apikale Caspase dafiir verantwortlich
sein konnte, wurde die Methode der RNA-Interferenz genutzt, um die Expression von
Caspase-9 und -8 zu erniedrigen. Caspase-9 wird innerhalb des intrinsischen Apoptosep-
fades aktiviert, wohingegen Caspase-8 innerhalb Todesrezeptorkomplexen gebunden ist
und dort aktiviert wird. Eine Expressionserniedrigung dieser Caspasen sollte eine
Reduktion des NK zellvermittelten Zelltodes zur Folge haben. RNA-Interferenz und
Expressionserniedrigung von Caspase-9 konnte dieses Verhalten nicht zeigen, sodass
angenommen werden muss, dass diese apikale Caspase nicht von Relevanz fir die
BV6 induzierte Sensibilisierung ist. Hingegegen konnte fiir die Expressionserniedrigung
von Caspase-8 eine Reduktion des NK zellvermittelten Zelltods fiir RD Sphéaroiden

beobachten werden, sodass hier eine Caspase-8 Abhéngigkeit durchaus vorhanden ist.

Die vorliegende Studie konnte eine BV6 induzierte Transkription in RD und RH30
Zellen sowie in Sphéaroiden umfassend zeigen und diese auch fiir einige Zielgene iiber
weitere Methoden validieren. Dartiber hinaus konnte NIK als zentrales Element fiir
diese BV6 induzierte NF-xB abhingige Transkription identifiziert werden. Allerdings
haben die NIK vermittelten Signalwege keinen Einfluss auf die beobachtete Sensibil-
isierung zu einem vermittelten Zelltod durch die NK-Zellen.

Innerhalb der Apoptosemechanismen konnte eine Caspase-8 Abhéngigkeit und generell
der Einfluss von Caspasen als erforderlich fiir den NK-zellvermittelten Zelltod und die
BV6 induzierte Sensibilisierung beschrieben werden. Neutralisierung von Todesrezep-
toren, in deren Rezeptorkomplexen Caspase-8 aktiviert wird, konnte hingegen keine
Reduktion des NK-zellvermittelten Zelltodes auslosen.

Zusammenfassend bewirkt BV6 einen NIK unabhéngigen, vermutlich Todesrezeptor
unabhéngigen, jedoch caspasenabhangigen NK-zellvermittelten Zelltodmechanismus.
Dieser sollte noch weiter untersucht werden, um die molekularen Ursachen zu verste-
hen und einen zukiinftigen therapeutischen Ansatz in Kombination mit NK-Zellen zu

entwickeln.
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A.1 Log; fold change data of RNAseq and Fluidigm®

analysis

Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1

Gene name logs fold change pgq; value
AC005180.2 1.47  4.69E-02
AC005358.2 1.25  1.91E-02
AC008906.1 1.19  2.28E-08
AC008957.3 4.58  3.51E-03
AC009549.1 1.60  8.00E-03
AC009879.3 1.02  5.19E-07
AC010980.2 -1.05 1.16E-02
AC013451.2 -1.38  9.61E-03
AC025580.2 2.04 2.79E-04
AC040977.2 1.20  1.53E-14
AC062015.1 -1.41  3.77TE-02
AC068580.2 -1.24  4.50E-02
AC079781.5 1.02  1.82E-05
AC112256.2 -1.05  1.10E-02
AC116366.1 1.14  3.02E-03
AC1532217.1 -1.64  1.54E-06
ACHE 1.88  4.44E-03
ADGRA1-AS1 -1.39  4.50E-02
ADGRGS -1.75  4.55E-04
AFF3 1.73  7.89E-04
AL049569.1 -1.45  3.63E-03
AL049796.1 -1.33  1.84E-02
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Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1] — continued.

Gene name logs fold change pyg; value
AL855601.1 -2.63  1.30E-02
AL390719.1 1.10  1.58E-05
AL512625.2 -1.05  2.51E-02
AL590004.3 -1.12 1.59E-03
AL590560.1 1.98  4.92E-04
AL645608.8 1.20  1.84E-02
AL691420.1 -1.61  4.08E-02
ANKRD?22 3.70  2.03E-07
AP000781.2 1.18  1.48E-08
AP005264.7 -1.35  2.31E-02
APOL1 1.14  9.27E-06
APOLS3 2.05  2.53E-06
APOLG6 1.43  8.98E-10
ASNS 1.07  1.82E-05
ATP13A2 -1.29  2.08E-03
BIRC? 1.43  1.26E-06
BIRCS 4.77  9.71E-30
Clborf48 1.90 2.96E-02
C17orf49 1.14  7.48E-11
Clorf105 -1.20  9.01E-03
C1QLS3 1.34  3.37E-02
C1QTNF1 -1.21  2.37E-03
C3orf20 -1.18  3.77E-03
CAMKIG 230  1.90E-05
CAMK2A 2.01 4.18E-13
CAMK?2B -1.15  8.31E-03
CCL5 4.64 5.48E-22
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Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1] — continued.

Gene name logs fold change pyg; value
CD200 3.50  3.29E-05
CDH6 -1.06  2.05E-02
CTSS 1.53  3.29E-10
DCLK1 1.51  1.23E-09
DDX58 1.30  1.02E-06
DDX60 1.32 6.95E-03
DOK7 -1.54  2.86E-03
EGOT 4.03  3.08E-05
ENTPD?2 -1.06  5.02E-03
FRAP1 1.15 1.53E-14
ESYTS -1.83  3.65E-04
EXOC3L 1.76  4.15E-03
FAM178B -1.31  3.96E-03
FBXW/P1 -1.58  7.01E-03
FCRLA 1.22  2.98E-05
FCRLB 1.55  6.39E-05
FETUB 1.59  6.29E-04
GBP/ 2.02 2.08E-03
GBP5 2.65 1.77E-04
GCNTS 244  3.55E-03
GDPD5 -1.00  1.21E-02
GFPT2 2.64 1.05E-08
GPA33 -1.64  1.94E-03
GPR132 1.35  9.24E-03
GREM1 1.25  4.14E-11
GSG1 -1.03  2.26E-02

HDAC9Y 1.94 1.92E-16
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Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1] — continued.

Gene name logs fold change pyg; value
HSD3BP5 1.49  2.22E-02
IFIH1 3.93 3.89E-18
IFIT1 1.29  3.12E-03
IFIT2 1.70  1.44E-06
IFITS 2.80 2.07E-17
IGF?2 -1.57  2.30E-08
IGLC1 -1.06  1.41E-03
IGLC? -1.04 1.18E-04
IGLC3 -1.02  2.17E-04
IGLC5 -1.21  4.63E-05
IGLC6 -1.35  4.25E-05
IGLC7 -1.34  6.30E-03
IGLJ2 -1.10  2.84E-04
IGLJ3 -1.00  5.53E-04
IGLLS -1.05  3.51E-03
IL2RG 1.07  3.90E-03
IL7R 1.30  1.07E-08
INS-IGF2 -1.59  1.55E-07
ITGAM 4.42  1.36E-54
ITGAX 1.68  3.64E-03
KLHDC7B 2.65  5.46E-05
KRT7 1.54  1.86E-05
KRT7-AS 1.07  2.54E-02
LACTB 1.09  2.68E-09
LAMC? 1.21  2.56E-09
LINC00460 1.61  4.92E-04

LINC00475 -1.32  6.13E-03
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Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1] — continued.

Gene name logs fold change pyg; value
LINCO00511 -1.36  7.42E-15
LINC00622 1.45  3.53E-02
LINC00945 2.08 6.91E-05
LINC00944 1.53  4.16E-07
LINC01238 -1.21  2.85E-02
LINC01711 -1.21  8.60E-03
LINC02328 2.04 1.79E-09
LINC025393 299 T7.48E-03
LRIG1 1.23  1.34E-13
LRRN,CL -1.01  2.91E-02
LSP1 -1.31  5.25E-04
LTBP?2 -1.36  5.61E-04
MCF2L -1.40  1.24E-05
MEOX1 3.28 6.44E-13
MGAT4C 3.14  9.13E-03
MIR497THG 1.24  7.42E-15
MIR7847 -1.76  7.07E-04
MMP9 2.63  5.19E-07
MSTN -1.35  2.88E-08
MXRAS5Y -1.10  9.04E-04
NAVS 1.30  1.42E-08
NDSTY -1.08  1.58E-02
NFKB2 1.58  2.21E-09
NFKBIA 2.07 7.83E-11
NLGN4Y 1.54  3.22E-07
NMNAT?2 1.22  3.84E-02

NUPR1 246  3.68E-03
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Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1] — continued.

Gene name logs fold change pyg; value
OAS2 1.24  2.97E-02
OR10AC1 1.94  2.36E-02
P2RY6 -1.45  8.66E-03
PAMR1 1.29  3.17E-03
PKD1L1 1.25  1.87E-03
PLA2G4C 281 6.14E-33
PLA2G4C-AS1 297 4.58E-21
PLCH?2 -1.57  7.69E-03
PLEKHDI1 -1.07  2.39E-02
RARRESS3 1.77  1.59E-03
RASGRPS 1.26  1.80E-13
RN7SL265P -2.06  1.54E-02
RPL12P14 1.48  2.84E-04
RSAD?2 3.49  3.04E-13
SAA1 1.65  1.58E-02
SBK3 -1.09  3.70E-02
SBSPON 1.39  2.20E-02
SCARAS 1.67  4.92E-04
SEMA4A 1.45 8.72E-04
SEMAS5A 1.46  4.67E-02
SHROOM?2 -1.05  7.24E-11
SIGLEC15 2.45  1.05E-06
SLAMFS 2.58 2.61E-04
SLC16A9 1.36  6.26E-04
SLC1AS 1.28  4.41E-07
SLC26A9 1.23  5.87E-03

SLC28A3 233  5.73E-04
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Tab. A.1: List of DEGs identified by RNAseq, after applying a threshold of pug;
value < 0.05 and logy fold change > |1] — continued.

Gene name logs fold change pyg; value
SLC38A3 1.89  1.64E-04
SLC43A3 1.22  2.23E-09
SLC4A 242 1.52E-05
SLFN5 1.44  1.08E-11
SSTR2 3.49  4.10E-50
SSX4 -1.50  2.99E-03
SSX4B -1.47  3.85E-03
STKS31 -1.34  8.00E-03
TENM, 1.53  5.55E-03
TLR5 2.17  5.80E-04
TMCO/4 -1.21  1.08E-06
TMEM119 1.34  1.57E-02
TMEM229B 1.14  2.76E-04
TNFRSF9 2.78 4.51E-16
TRAF1 3.50  9.62E-25
TRIB3 1.03  1.36E-02
TRIM29 3.80 1.34E-13
TRIM7 1.44  6.62E-04
UNC13A 4.10 9.21E-33
VEGFC 1.15  1.27E-12
VXN 1.03  4.59E-07
WFDC5 4.40 4.34E-04
ZNF668 -1.00  3.31E-03
ZNF697 1.01  6.05E-08

ZP4 222 2.32E-02
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Tab. A.2: Correlation of GOIs identified by RNAseq with Fluidigm® analysis

Gene name log, fold change  logsy fold change

(Fluidigm) (RNAseq)
BIRC? 1.40 1.43
CAMKI1G 0.04 2.30
CCLS5 7.76 4.64
CTSS 1.60 1.53
ESYTS -1.84 -1.83
IFITS 4.07 2.80
IL7R 1.27 1.30
ITGAM 4.82 4.42
MSTN -1.32 -1.35
NFKB2 1.78 1.58
NFKBIA 1.86 2.07
NUPR1 3.35 2.46
PLA2G,C 2.90 2.81
PLCH2 -1.29 -1.57
SSTR2 3.54 3.49
TLRS 1.82 217
TNFRSF9 2.72 2.78
TRAF1 3.32 3.50
TRIB3 1.46 1.03
TRIMZ29 5.36 3.80

VEGFC 1.29 1.15
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A.2 Sequencing data for CCL5 knock-out validation
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(a) Sequencing of CCL5-exon2 of knock-out RH30 clone

1, forward primer.
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(b) Sequencing of CCL5-exon2 of knock-out RH30 clone

1, reverse primer.

Fig. A.1: Sequencing of exon 2 of CCL5 knock-out RH30 cell clone 1.
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(a) Sequencing of CCL5-exon2 of guide control RH30

clone 2, forward primer.
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Fig. A.2: Sequencing of exon 2 of CCL5 of guide control RH30 cell clone 2.

|
P
o



C Declaration on oath 193

C Declaration on oath

Except where stated otherwise by reference or acknowledgment, the work presented
was generated by me, Vinzenz Sarchen, under the supervision of my advisors during
my doctoral studies. All contributions from colleagues are explicitly referenced in the

thesis. The material listed below was obtained in the context of collaborative research:

Method 4.2.1.5: Formation of multicellular tumor spheroids. Together with Dr. Sara
Kehr (a former PhD student in the Institute for Experimental Cancer Research in
Pediatrics) we established the formation of multicellular RMS tumor spheroids in the
Institute for Experimental Cancer Research in Pediatrics. Here, the collaboration is
in regard to the empirical determination of the used cell numbers for the spheroid
formation and initial microscopical setup to acquire fluorescence images.

All spheroid experiments, including spheroid generation, cultivation, treatment, micro-

scopic acquisition and analysis shown in this PhD thesis were performed by me.

Method 4.2.1.6: NK cell enrichment and maintenance. Together with a medical doc-
toral candidate Senthan Shanmugalingam and a laboratory technician Sara Wiedemann,
whom I co-supervised and showed laboratory techniques, we rotated in NK cell culture

enrichment and maintenance.

Method 4.2.6.4: RNA sequencing analysis: Together with Lisa Marie Reindl (PhD
student at the University Hospital Frankfurt, Goethe-University, in the group of Prof.
Dr. Evelyn Ullrich) we performed the sample preparation of RH30 cells treated with
BV6. Additionally, we prepared NK cells co-cultured with RH30 cells for RNAseq anal-
ysis. The samples were transferred to TRON gGmbH, Mainz, Germany for bulk RNA
sequencing and initial data acquisition and analysis was performed by Dr. Thomas
Bukur of TRON gGmbH, Mainz, Germany.

Figure 5.42: The principle component analysis of RNAseq results for BV6 treated RH30
cells was performed by Dr. Thomas Bukur of TRON gGmbH, Mainz, Germany, he
performed initial data analysis of the RNAseq raw data.

Figure 5.43(b): Heatmap of top 50 differentially expressed genes, Dr. Thomas Bukur
of TRON gGmbH, Mainz, Germany performed initial data analysis of the RNAseq raw
data and generated the heatmap. I performed additional pathway enrichment analysis
of the already fold change calculated RNAseq data.
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Table 5.1: RNA sequencing data of two chosen genes of interest for further validation
experiments, Dr. Thomas Bukur, TRON gGmbH Mainz performed initial data analysis
and calculated fold changes and adjusted p-values for differentially expressed genes, |

performed additional pathway enrichment analysis of the already fold change calculated

RNAseq data.

Table A.1: List of DEGs identified by RNAseq, Dr. Thomas Bukur, TRON gGmbH
Mainz. He calculated fold changes and adjusted p-values for differentially expressed
genes, | performed additional pathway enrichment analysis of the already fold change
calculated RNAseq data.

Table A.2: Correlation of GOIs by RNAseq with Fluidim®, Martin Suchan, TRON
g¢GmbH Mainz. He acquired data and performed initial raw data analysis. I performed
further data analysis of fold change calculations, data adaptations and correlation anal-

ysis between Fluidigm® and RNAseq analysis data.

The following parts of the thesis have been previously open access published in Sarchen

et al. [26], under Creative Commons Attribution 4.0 International License.

Together with Dr. Sarah Kehr, I established the RMS spheroid methodology in our
institute and co-supervised a medical doctoral candidate Senthan Shanmugalingam. All
three of us participated equally as first authors and performed experiments, analyzed
data, interpreted results and prepared the manuscript.

Figure 5.25: Migration of NK cells into RMS-GFP spheroids at different E:T ratios. 1
performed spheroid generation and NK cell staining, co-cultivation, image acquisition

and analysis of the dataset.

I, Vinzenz Sérchen, declare under oath, that I followed the guidelines of good scientific

practice and the non-use of commercial doctoral consultants.
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