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Abstract 
 

Lung cancer is the most common malignancy and the leading cause of cancer mortality 

worldwide and the limited understanding of the complex interplay between the immune 

system and tumor cells hampers the development of novel therapies (Sung, 2021). 

Natural killer (NK) cells are lymphocytes and are highly cytotoxic against transformed 

cells without prior sensitization and thus play an important role in the development of 

lung cancer and other tumor types. It was shown that a NK cell gene signature within 

the tumor leads to a better overall survival (Habif, Crinier, Andre, Vivier, & Narni-

Mancinelli, 2019; Larsen, Gao, & Basse, 2014; Takanami, Takeuchi, & Giga, 2001). 

The importance of NK cells in anti-tumor immunity is indisputable, but during tumor 

progression cancer cells escape their cytolytic function with various mechanisms 

(Sordo-Bahamonde, Lorenzo-Herrero, Payer, Gonzalez, & Lopez-Soto, 2020).  

This work aims to unravel dynamics between NK cells and lung cancer cells, 

investigating the prospects of cancer cell vulnerability, mechanisms of cell death and 

dynamics within short- and long-term co-culture. 

In this work I established a co-culture system of the human NK cell line NK-92 and 

patient-derived lung cancer cell lines in 2D and 3D to measure and mechanistically 

dissect NK cell killing efficacy. 

NK-92 were able to induced cell death in the majority of cell lines with a heterogenous 

pattern of killing efficacy between the individual lung cancer cell lines. Key findings of 

this work were; firstly, the identification of an epithelial-to-mesenchymal phenotype 

(EMT) gene signature in NK resistant cancer cell lines also reflected in a reduced killing 

of TGF treated cell lines; secondly, increased IFN signaling for highly sensitive cell 

lines; and thirdly, elevated cell death levels and less effect of caspase inhibition in 

highly vulnerable cancer cells.  
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Zusammenfassung 
 

Lungenkrebs ist die häufigste bösartige Erkrankung und die häufigste krebsbedingte 

Todesursache weltweit, und das begrenzte Verständnis des komplexen 

Zusammenspiels zwischen Immunsystem und Tumorzellen beeinflusst die 

Entwicklung neuartiger Therapien (Sung, 2021). Natürliche Killerzellen (NK) sind 

Lymphozyten, wirken ohne vorherige Sensibilisierung stark zytotoxisch gegenüber 

transformierten Zellen und spielen daher eine wichtige Rolle bei der Entstehung von 

Lungenkrebs und anderen Tumorarten. Es wurde gezeigt, dass eine NK-Zell-

assoziierte Gensignatur innerhalb des Tumors zu einem besseren Gesamtüberleben 

führt (Habif, Crinier, Andre, Vivier, & Narni-Mancinelli, 2019; Larsen, Gao, & Basse, 

2014; Takanami, Takeuchi, & Giga, 2001). Die Bedeutung von NK-Zellen für die 

Antitumorimmunität ist unbestritten, aber im Laufe der Tumorprogression entziehen 

sich Krebszellen ihrer zytolytischen Funktion durch die Entwicklung verschiedener 

Resistenzmechanismen (Sordo-Bahamonde et al., 2020). 

Diese Arbeit zielt darauf ab, die Dynamik zwischen NK-Zellen und Lungenkrebszellen 

zu entschlüsseln und die Anfälligkeit von Krebszellen, die Mechanismen des Zelltods 

und die Dynamik innerhalb kurz- und langfristiger Co-Kultur zu untersuchen. 

In dieser Arbeit habe ich ein Co-Kultursystem der menschlichen NK-Zelllinie NK-92 

und von Patienten stammender Lungenkrebszelllinien in 2D und 3D etabliert, um die 

Wirksamkeit der Abtötung durch NK-Zellen zu messen und mechanistisch zu 

analysieren. 

Die NK-92 Zellen konnten in den meisten Tumorzelllinien den Zelltod auslösen, wobei 

die Abtötungswirksamkeit zwischen den einzelnen Lungenkrebszelllinien sehr 

heterogen war. Die wichtigsten Ergebnisse dieser Arbeit waren: Erstens spiegelte sich 

die Identifizierung einer Gensignatur des epithelialen-mesenchymalen Transitions 

(EMT) Phänotyps in NK-resistenten Krebszelllinien auch in einer verringerten Abtötung 

von TGF-behandelten Zelllinien wider; zweitens eine verstärktes IFN-Signalgebung 

für hochsensible Zelllinien; und drittens erhöhte Zelltodraten und eine geringere 

Wirkung der Caspase-Hemmung in Krebszellen die erhöhte Anfälligkeit für NK-Zell 

bedingten Zelltod aufwiesen. 
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Introduction 
 

Lung cancer 

Lung cancer is the most common malignancy and the leading cause of cancer 

mortality, accounting for 11.4% of newly diagnosed cancers and 18% of cancer-

associated deaths worldwide in 2020 (Sung et al., 2021). The five-year survival rate is 

approximately 25,4% relative to 68.7% for cancer diagnosed patients in general 

("Cancer Stat Facts: Lung and Bronchus Cancer,"). Some of the causes of lung cancer 

include tobacco smoking, as well as indirect exposure to tobacco, air pollution, poor 

safety measures of the industry in low- and middle-income countries such as coal and 

aluminum production companies, and exposure to building materials like asbestos 

(Islami, Torre, & Jemal, 2015). However, the most prevalent risk factor is smoking. 

Bruder (2018) estimated the risk for lung cancer association to smoking and found a 

14% risk for current smokers versus 2% for never-smokers (Bruder et al., 2018). 

 

NK cells 

Natural killer (NK) cells are lymphocytes and part of the innate immune system, 

phenotypically defined as CD56+ and CD3- immune cells. They express a variety of 

germ-line encoded activating and inhibitory receptors and are highly cytotoxic against 

transformed cells without prior sensitization, a characteristic, that deems them for early 

stages of host defense. With the secretion of cytokines and chemokines (mainly 

interferon gamma (INF) and tumor necrosis factor alpha (TNF)) NK cells can attract, 

as well as communicate with other immune cells of the innate or adaptive system 

(Vivier et al., 2018). Long-term studies did reveal a correlation between low NK cell 

cytotoxicity and increased risk of cancer, whereas NK cell tumor infiltration is 

associated with improved patient outcome in several malignancies (Imai, Matsuyama, 

Miyake, Suga, & Nakachi, 2000).  

In this work, I used the 1992 isolated IL-2 dependent human NK cell line NK-92 for the 

establishment of a co-culture system (Gong, Maki, & Klingemann, 1994). NK-92 show 

a consistent and high cytotoxicity against transformed cells, are commonly used for 

tumor cell co-cultures and are involved in the development of NK cell-based cancer 

therapies (Snyder et al., 2018; X. Song et al., 2020; Tam et al., 1999). 
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NK cell receptor repertoire 

For the recognition of a target cell, the complex interplay of inhibitory and activating 

receptor signaling has to be strongly predominated by the activation signal (Figure 1). 

Interaction of major histocompatibility complex (MHC) I with NK cells, killer-

immunoglobulin-like receptors (KIRs) and the CD94/natural-killer group 2, member A 

(NKG2A) heterodimer has been proposed as a crucial inhibitory mechanism for the 

self-tolerance of healthy cells (Raulet & Vance, 2006). However, in contrast to T-cell 

recognition of MHCI, NK cell binding is less allele-specific and peptide-dependent. 

Boyington et al. demonstrated in a crystal structure of KIR2DL2 and human leukocyte 

antigen-C (HLA-C) that only 36% of HLA surface peptides are covered by KIR, in 

comparison to 80% for T-cell receptor (TCR) binding. In the shared interface, 11 out of 

12 residues are invariant in HLA-C for KIR binding, but only 8 out of 16 for TCR binding, 

meaning that the KIR receptors interacts with a majority of conserved residues 

(Boyington, Motyka, Schuck, Brooks, & Sun, 2000). The KIR family as well as inhibitory 

receptors Ig-like transcript 2 (ILT2) detect allelic variants of HLA-A, B and mainly C, 

whereas CD94/NKG2A recognizes HLA-E (Joyce & Sun, 2011; Moretta & Moretta, 

2004). Tumor cells commonly downregulate expression of MHC I, resulting in the loss 

of inhibitory signals towards NK cells. However, activating signaling via stress induced 

ligands is required in addition for NK cell activation (Shaver, Croom-Perez, & Copik, 

2021) (Figure 1). NK cells express a variety of activating receptors, such as NKG2D, 

Figure 1 Balancing inhibitory and activation signal in NK cell - tumor cell interaction 
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activating KIRs, Natural cytotoxicity triggering receptor 80 (NKp80), CD94/NKG2C, 

DNAX-accessory molecule-1 (DNAM-1) and 2B4 (Moretta et al., 2006).  

A list of all NK cell receptors involved in activation or inhibition of NK cell effector 

function and their ligands is shown in Table 1. 

Table 1 Natural Killer cell receptors and their ligands data consolidated from: (Aldemir et al., 2005; Beldi-Ferchiou 
& Caillat-Zucman, 2017; Bhatt et al., 2021; Campbell & Purdy, 2011; Claus, Urlaub, Fasbender, & Watzl, 2019; 
Deuss, Watson, Fu, Rossjohn, & Berry, 2019; Hosomi et al., 2013; Jandus et al., 2014; W. Jiang et al., 2022; Khan, 
Arooj, & Wang, 2020; Koch, Steinle, Watzl, & Mandelboim, 2013; Y. Li et al., 2009; Mizrahi, Markel, Porgador, 
Bushkin, & Mandelboim, 2007; Stanietsky et al., 2009; Van Laethem et al., 2022; Z. Zhang et al., 2015) 

Receptor class Receptor (NK cell) Ligand (tumor cell) Function 

Natural cytotoxicity 

receptors (NCRs) 

NKp46 heparin/heparan 

sulfate 

unknown 

Activating 

 

Activating/Inhibitory 

NKp44 Sialylated/sulfated 

proteoglycans 

PCNA 

unknown 

Activating 

 

Inhibitory 

Activating/Inhibitory 

NKp30 B7-H6 

BAG6 

heparin/heparan 

sulfate 

unknown 

Activating 

 

 

 

Activating/Inhibitory 

C-type lectin family NKG2A/B/CD94 HLA-E Inhibitory 

NKG2C/CD94  HLA-E Activating 

NKG2D MICA 

MICB 

ULBP family 

Activating 

Killer-

immunoglobulin-

like family 

KIR2DL1 HLA-C Activating 

KIR2DL2 HLA-C, HLA-B 

KIR2DL3 HLA-C, HLA-B 

KIR3DL1 HLA-B, HLA-A 

KIR3DL2 HLA-A 

KIR2DL5A unknown 

KIR2DL5B unknown 

KIR3DL3 HHLA2 Inhibitory 

KIR2DL4 HLA-G 

KIR2DS1 HLA-C 

KIR2DS2 HLA-C 

KIR2DS3 HLA-C 

KIR2DS4 HLA-C 

KIR2DS5 HLA-C (Blokhuis et 

al., 2017) 
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KIR3DS1 HLA-F, HLA-Bw4 

(Garcia-Beltran et 

al., 2016) 

 ILT2 HLA-G Inhibitory 

Immunglobulin 

superfamily 

receptors 

DNAM-1 CD112 

CD155 

Activating 

TIGIT PVR 

PVRL2 

Inhibitory 

CD96 CD155 Activating/Inhibitory 

signaling 

lymphocytic 

activation molecule 

(SLAM)-family 

SLAMF4 CD48 Activating 

SLAMF6 SLAMF6 Activating 

SLAMF7 SLAMF7 Activating/Inhibitory 

Immunglobulin 

superfamily 

receptors 

DNAM-1 CD112 

CD155 

Activating 

TIGIT PVR 

PVRL2 

Inhibitory 

CD96 CD155 Activating/Inhibitory 

 CD100 CD72 Activating 

 CD160 HLA-C Enhancing cytokine 

release 

 CEACAM1 CEACAM1 

CEACAM5 

Inhibitory 

 KLRG1 E-,N-,R-cadherins Inhibitory 

 LAIR Collagen Inhibitory 

 CD161 LLR1 Inhibitory 

 Silec-7/9 Lectins Inhibitory 

 LAG-3 HLA-type II 

C-type lectin 

Gal-3 

FGL-1 (?) (Burnell 

et al., 2022) 

Inhibitory 

Unknown 

 TIM3 HMGB1 

CEACAM1 

Galetin-9 

Inhibitory 

 

There are various intracellular adaptor proteins which transmit signals downstream of 

NK receptor activation. For receptors involved in activating functions, common motifs 

are the immunoreceptor tyrosine activation motif (ITAM), Death-associated protein 10 

(DAP10) (containing a tyrosine based signaling motif (YINM)), and the immunoreceptor 

tyrosine based switch motif (ITSM) (Watzl & Urlaub, 2012). Upon receptor activation 

the ITAM motif gets phosphorylated by Src-family kinases, resulting in the recruitment 
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of Zeta Chain of T Cell Receptor Associated Protein Kinase 70 (ZAP70) or spleen 

tyrosine kinase (SYK). This leads to the phosphorylation of trans-membrane adaptor 

molecules Linker for activation of T cells (LAT) and non–T cell activation linker (NTAL) 

and the cytosolic adaptors lymphocyte cytosolic protein 2 (SLP76) and c-Abl Src 

homology 3 domain-binding protein-2 (3BP2) (Watzl & Urlaub, 2012). DAP10 is 

coupled to NKG2D and upon Src-family kinase phosphorylation, phosphoinositide 3-

kinase (PI3K) or growth factor receptor-bound protein 2 (GRB2) is recruited, binding 

and activating vav guanine nucleotide exchange factor 1 (VAV1). VAV1 in turn 

phosphorylates SLP76 and phospholipase C, gamma 2 (PLC2). This signaling 

cascade finally leads to the activation of small coupled G proteins of the Ras 

homologous (Rho) -family and the initiation of actin reorganization and polarization of 

the microtubule organization center (MTOC) towards the target cell (Garrity, Call, 

Feng, & Wucherpfennig, 2005; Upshaw et al., 2006). SLAM-family members contain 

the ITSM in their cytoplasmic tail and following the Sry-family kinase phosphorylation, 

adaptor molecules serum amyloid P component (SAP), EAT-2 and ethylene-

responsive transcriptional coactivator-like protein (ERT), all of which contain the SH2 

domain, are recruited. Whereas SLAM-4 and -6 seem to depend on the adaptor 

molecule SAP, SH2 domain-containing protein 1B (EATS-2) does play a crucial role in 

SLAM-7 signaling. SAP next recruits FYN, leading to the activation of LAT, PLC1 and 

VAV1 (Bloch-Queyrat et al., 2005; R. Chen et al., 2004). The downstream signaling of 

SLAM-7 is not fully understood, however there is evidence for signaling via PLC1/2 

leading to extracellular-signal regulated kinase (ERK) pathway activation (Gutierrez-

Guerrero et al., 2022; Perez-Quintero et al., 2014). Different signaling pathways ensure 

a robust NK cell signaling, which is even independent from single proteins which are 

crucial for one of those pathways (Colucci et al., 2002). The output of activation 

receptor pathways is either ERK activation for granule polarization and release, or Ca2+ 

flux via calcium release-activated calcium modulator 1 (ORAI1) which is necessary for 

exocytosis of cytolytic granules and is mediated by PLC (Maul-Pavicic et al., 2011; 

Regunathan et al., 2006). Another essential outcome is actin reorganization for 

receptor clustering and formation on the immunological synapse, driven by Vav-family 

and Rho-family activation (C. Li et al., 2008) (Figure 2). 
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The main inhibitory receptors belong to the KIR or C-type lectin-like family. The 

structure of KIR receptors is reflected in the nomenclature, they can either contain 2 

or 3 Ig-like domains (KIR2/3) and a long or short intracellular domain (KIR2DL/S). 

Receptors with a long domain contain an immunoreceptor tyrosin-based inhibitory 

motif (ITIM), whereas those with a short cytoplasmic tail are complexed with DAP12 

and can deliver an activating signal. In the C-type lectin-like family, receptors build 

heterodimers with CD94 and, whereas NKG2A/B have an intracellular ITIM motif, 

NKG2C/E bind to DAP12 (Watzl & Urlaub, 2012). Following ligand binding, the ITIM 

motif is phosphorylated and recruits phosphatases small heterodimer partner 1/2 

(SHP1/2) (Lu, Gong, Bar-Sagi, & Cole, 2001). A direct target of SHP1 is VAV1, which 

enables interference with actin reorganization (Stebbins et al., 2003). Additionally, KIR 

or NKG2A activation leads to phosphorylation of CT10-regulated kinase (CRK), 

followed by dissociation of the CRK complex which is involved in actin reorganization 

and lymphocyte function associated antigen 1 (LFA1)-mediated adhesion (Peterson & 

Long, 2008). To sum up, the engagement of inhibitor receptors interferes with 

attachment to the target cell and the building of the immunological synapse (Figure 2). 

Figure 2 Schematic overview of NK cell receptor downstream signaling and crosstalk. Adapted from 
(Watzl & Urlaub, 2012) 
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Stages of tumor cell lysis 

The whole process of target cell lysis can be subdivided into the initiation stage, the 

effector stage and the termination stage (Figure 3). 

As a first contact between NK cell and target cell, tethering and adhesion via receptors 

such as CD2 and selectin CD62L is necessary (Santoni et al., 2021). Next, in the case 

of predominantly activating signaling, meaning engagement of a SLAM-family member 

and at least two coactivating receptors, stable adhesion is established by the integrin 

LFA-1. This is an essential step for further progress. LFA-1 is a heterodimer of CD11a 

and CD18 which, depending on its confirmation, binds to Intercellular Adhesion 

Molecule 1 (ICAM1). Cation binding on the adhesion side of LFA-1 changes its 

confirmation, whereas Mg+ or Mn+ binding increases its binding affinity and Ca2+ 

stabilizes the inactive confirmation (Urlaub, Hofer, Muller, & Watzl, 2017). Activation 

and association of LFA-1 with actin reorganization leads to a rapid and strong 

adhesion. Hoffmann et al. demonstrated an increase of force needed for separation of 

NK and target cell from 1nN to 3nN only 120s after tethering (Hoffmann, Cohnen, 

Ludwig, & Watzl, 2011). During initiation, inhibitory signaling can interfere and disrupt 

further adhesion and actin remodeling as described earlier. 

The next steps are part of the effector stage, which establishes a stable NK cell – target 

cell interface, due to the recruitment, direction and fusion of cytolytic granules with the 

plasma membrane in the cleft between NK and target cell. For a stable interface, the 

Figure 3 Overview of NK cell mediated target cell lysis. Initiator stage: Establishment of stable adhesion 
between NK and target cell by LFA-1 binding to ICAM1. Effector stage: The clustering of activation receptors, 
aggregation of lipid rafts and supramolecular clusters lead to for a robust activation signaling and the formation 
of the immunological synapse. Lytic granules are recruited via movement along the microtubules in a negative 
direction towards the MTOC, which polarizes towards the immunological synapse. Last step is granule docking 
at the IS and release. Termination stage: Detachment of the target cell and restoration of lytic capability. 
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formation of fibrous actin (F-actin) from the cellular globular actin (G-actin) pool carried 

out by VAV1 and Wiskott–Aldrich syndrome protein (WASP) is essential (Graham et 

al., 2006; Orange et al., 2002). The clustering of activation receptors, aggregation of 

lipid rafts and supramolecular clusters are required for a robust activation signaling 

and the formation of the immunological synapse (Giurisato et al., 2007; Lou, 

Jevremovic, Billadeau, & Leibson, 2000; Treanor et al., 2006). Lytic granules are 

recruited via movement along the microtubules in a negative direction towards the 

MTOC, which polarizes towards the immunological synapse in an ERK, VAV1 and 

protein tyrosine kinase 2 (Pyk2)-dependent manner (X. Chen et al., 2006; Sancho et 

al., 2000). Once the granules arrive, the docking to the synapse is performed by the 

Ras-associated binding protein (Rab)-family member Ras-related protein Rab-27A 

(RAP27a) , which also primes the granules for the fusion with the inner leaflet of the 

membrane at the synapse together with MUNCH13-4 (Ménager et al., 2007; 

Stinchcombe et al., 2001). The final fusion and granule release are coordinated by the 

target synaptosome-associated protein receptor (t-SNAREs) vesicle associated 

membrane protein 7 (VAMP7) and syntaxin11 and vesicle synaptosome-

associated protein receptor (v-SNARE) member syntaxin7 (Arneson et al., 2007; 

Casey, Meade, & Hewitt, 2007; Marcet-Palacios et al., 2008). 

Finally, the termination stage includes detachment of the target cell and restoration of 

lytic capability. McCann et al. demonstrated that the lytic cleft between NK and target 

cell remains stable up to 45min after conjugation. This might be necessary to increase 

the concentration of lytic molecules in the synaptic cleft and for protection of 

neighboring cells (McCann, Eissmann, Onfelt, Leung, & Davis, 2007). After fulfilling 

the lytic activity the NK cell detaches and refills its lytic granules, although the 

mechanism of the process is still elusive (Orange, 2008).  

 

Lytic granules and death receptor pathway 

NK cell cytotoxicity can be executed via two different pathways, one containing the 

release of lytic granules containing perforin and granzyme and the other via death 

ligands TNF-related apoptosis-inducing ligand (TRAIL) and FasL (Prager & Watzl, 

2019). Both pathways will be described in the following section. 

Granules filled with lytic proteins contain the pore-forming molecules perforin and 

granulysine as well as the serine protease family members granzyme A, B, K, M and 

H. Granzymes are stored as proenzymes which reach their active form when released 
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from the acidic granules in pH-neutral surroundings in the synaptic cleft (Griffiths & 

Isaaz, 1993; Krzewski & Coligan, 2012). Ambrose and colleagues suggested granule 

release as supramolecular attack particles (SMADs), containing a core of granzymes, 

perforins, serglycan proteoglycans and galectin-I encased by the Ca2+ binding 

glycoprotein thrombospondin-1. This mechanism might support the function of the 

synaptic cleft (Ambrose, Hazime, Worboys, Niembro-Vivanco, & Davis, 2020). When 

the content of the granules is released, granzymes are received by the target cell 

through a perforin-dependent mechanism. Perforins are glycoproteins and are able to 

insert polymerized perforin-pores into bilipid layer membranes in the presence of Ca2+. 

However, two different theories about the granzyme uptake are that there is either a 

direct uptake via the perforin-pores, or there is a Ca2+ influx through perforin-

micropores in the target cell and rapid dynamin-dependent endocytosis of membrane-

bound granzymes (Hay & Slansky, 2022; Keefe et al., 2005; Voskoboinik, Whisstock, 

& Trapani, 2015). NK-cells do have perforin protecting mechanisms leading to 

decreased perforin binding, such as the translocation of lysosomal protein CD107a 

(lysosomal-associated membrane protein 1 (LAMP-1)) to the membrane during 

degranulation, an increased plasma membrane lipid order and a negatively charged 

membrane surface caused by phosphatidylserine (Cohnen et al., 2013; Y. Li & Orange, 

2021; Rudd-Schmidt et al., 2019). Granzyme B (grzB) is the best researched and most 

cytotoxic granzyme within the family. Once inside the target cell, grzB has the ability 

to cleave caspase-3/7, BH3 interacting domain death agonist (BID), inhibitor of 

caspase-activated DNAse (ICAD), Lamin B, DNA-dependent protein kinase (DNA-PK), 

poly (ADP-ribose) polymerase (PARP), -Tubulin and Gasdermin-D (GSDMD), which 

triggers apoptosis, DNA-degradation, structural integrity and pyroptosis (Andrade et 

al., 1998; Chowdhury & Lieberman, 2008; Cullen & Martin, 2008; Metkar et al., 2003; 

Sharif-Askari et al., 2001; Thomas, Du, Xu, Wang, & Ley, 2000; Voskoboinik et al., 

2015; D. Zhang, Beresford, Greenberg, & Lieberman, 2001). An overview of all 

granzymes, substrates and cellular effects are listed in Table 2. 

 

Table 2 Overview of human granzymes and their substrates. Adapted from (Hay & Slansky, 2022) 

Granzyme Known substrates  

A Gasdermin B, SET, pro-

IL-1, NDUFS3, histone 

H1, HMGB2, ApeI 

Activate and release pro-

inflammatory cytokines 

from target cell, caspase-
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independent cell death, 

pyroptosis 

B Pro-caspase 3, pro-

caspase 7, Pro-caspase 

8, Bid, ICAD 

Canonical apoptosis 

K SET, -tubulin, APE Single-stranded DNA-

damage, mitochondrial 

dysfunction, cell 

membrane damage 

M Nucleophosmin, FADD, 

surviving, ICAD, -

Tubulin 

Caspase-dependent and -

independent apoptosis, 

microtubule disruption 

H ICAD, viral proteins (L. 

Wang et al., 2012) 

Conflicting results are 

published, but cytotoxic 

function was observed 

(Fellows, Gil-Parrado, 

Jenne, & Kurschus, 2007; 

Hou et al., 2008) 

 

In addition to the described granzyme-induced target cell death, death receptor 

pathway can be triggered by NK cell released TRAIL and FasL. FasL is a type II 

transmembrane protein, but is stored in granules and is therefore dependent on 

degranulation for surface expression (Bryceson, March, Barber, Ljunggren, & Long, 

2005). Degradation leads to a rapid LFA-1 mediated diffusion in the plasma membrane 

within the immunological synapse (D. Liu et al., 2009). Once expressed on the NK cell 

surface, FasL binds CD95 of the attached target cell, inducing the intracellular 

apoptotic cascade (Peter & Krammer, 2003). Just as FasL, TRAIL is stored in granules, 

however the type of granules as well as the exact trigger inducing expression 

associated to the synaptic cleft remains unclear (Prager & Watzl, 2019). From the cell 

surface, TRAIL can also be shed to a soluble form, resulting in the same receptor 

binding capacity as the membrane bound form. At the target cell, TRAIL can bind to 

TRAIL-R1/2 resulting in apoptosis signaling, or TRAIL-R3/4 and osteoprotegerin 

triggering nuclear factor k-light-chain-enhancer of activated B cells (NF-B) signaling 

(von Karstedt, Montinaro, & Walczak, 2017). 

For the kinetics of the described cytolytic pathways, it is described that granzymes can 

trigger target cell death within minutes after NK cell contact, while death receptor 

mediated killing takes about 1-2 hours (J. Li et al., 2014). Explanations could be, either 

a different timing of surface exposure, or divergent amounts of molecules necessary 
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for killing (Bryceson et al., 2005; Gwalani & Orange, 2018). Additionally the signaling 

cascade inside the target cell could differ (Prager & Watzl, 2019). 

 

Cell death pathways 

 

Cell death in an organized manner is essential for the removal of damaged cells without 

further damage for the whole organism. Depending on the trigger and intracellular 

signaling, cells do have various ways of programmed cell death. In the following 

passage, the pathways for apoptosis, necroptosis and pyroptosis, which can be 

triggered with NK cell mediated killing will be described (Figure 4). 

 

Figure 4 Overview of characteristic features of the cell death pathways. Apoptosis: Extrinsic apoptosis is 
triggered by activation of a death receptor, which promotes assembly of TRADD, TRAF2/5, cIAP1/2, and 
ubiquitinated RIPK1, leading to pro-caspase 8 cleavage and activation. Intrinsic apoptosis is defined by the 
release of cytochrome c from mitochondria, formation of a multiprotein apoptosome, and activation of caspase-
9. Caspase-8/9 proteolytically activate caspase-3/7, which promotes cell death. Necroptosis: Necroptosis is 
characterized by activation of a death receptor, and complex formation as in extrinsic apoptosis. Inhibition of 
pro-caspase-8 activation allows formation of the RIPK1-RIPK3 necrosome, which phosphorylates MLKL. 
Phospho-MLKL monomers and cell lysis occurs with additional DAMPs released. Pyroptosis: Following 
NLRP3 inflammasome oligomerization and activation, caspase-1 proteolytically processes GSDMD for 
activation. GSDMD polymerizes into a plasma membrane pore. By osmosis, water enters the cell, causing 
cellular swelling, and cell lysis.  
Adapted from Favor, 2021. Created with BioRender.com. 
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Apoptosis 

Mechanistically, apoptosis can be triggered by intracellular disbalance, toxic agents or 

DNA damage, leading to intrinsic apoptosis, or by death receptor ligands for TNFR, 

Fas or TRAILR, resulting in extrinsic apoptosis (Gon, Gatanaga, & Sendo, 1996; Itoh 

et al., 1991; X. Liu, Kim, Yang, Jemmerson, & Wang, 1996; Suliman, Lam, Datta, & 

Srivastava, 2001). 

Intrinsic apoptosis is caused by granzyme release inside the cell, which results in 

mitochondrial outer membrane permeabilization (MOMP) and cytochrome c release. 

The pro-apoptotic proteins B-cell lymphoma 2 (Bcl-2) family members Bcl-2 

homologous antagonist/killer protein (BAK) and Bcl-2-associated X protein (BAX) 

support cytochrome c release via oligomerized BAX/BAK pores in the mitochondrial 

membrane with the promotion of further family members BCL2-Like 11 (BIM), BID, p53 

upregulated modulator of apoptosis (PUMA), BCL2 associated agonist of cell death 

(BAD), phorbol-12-myristate-13-acetate-induced protein (NOXA) and BCL2 interacting 

killer protein (BIK) (Kuwana et al., 2002; Nakano & Vousden, 2001; O'Connor et al., 

1998; K. Wang, Yin, Chao, Milliman, & Korsmeyer, 1996). The apoptotic response is 

fine-tuned with anti-apoptotic proteins BCL-2, B-cell lymphoma-extra large (BCL-XL), 

myeloid leukemia 1 (MCL-1) (Cheng et al., 2001; Choudhary et al., 2015). MOMP and 

cytochrome c release additionally lead to formation of the apoptosome, consisting of 

cytochrome c, dATP, pro-caspase 9 and apoptosis protease activation factor 1 (APAF-

1) (Cain, Brown, Langlais, & Cohen, 1999). Upon assembly, pro-caspase 9 is activated 

by cleavage and causes activation of pro-caspases 3 and 7, creating an amplified 

apoptosis signaling cascade (P. Li et al., 1997). Regulation can further be executed 

with caspase 3 inhibition by inhibitors of apoptosis protein 1/2 (IAP1/2) and X-linked 

inhibitor of apoptosis protein (XIAP), which also tightly regulates the function of 

caspases 7 and 9 (Bratton et al., 2001). 

Extrinsic apoptosis is triggered by ligand binding to the death receptors, leading to 

receptor oligomerization on the membrane surface (Micheau & Tschopp, 2003; 

Vanden Berghe et al., 2004). This process recruits the adaptor proteins FAS-

associated death domain protein (FADD) and tumor necrosis factor receptor type 1-

associated death domain (TRADD), which build the death inducing signaling complex 

(DISC) together with the activated caspases 8 and 10 (J. Wang, Chun, Wong, Spencer, 

& Lenardo, 2001). Proteins for the regulation of the process are FADD-like ICE-like 

Inhibitory Protein (FLIP) and receptor-interacting serine/threonine-protein kinase 1 
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(RIPK1) and are included in the DISC. During early stages of activation FLIP and 

RIPK1 limit apoptotic function of the complex, whereas later these regulatory proteins 

are detached (Schneider-Brachert et al., 2004; Zheng et al., 2006). Subsequently, 

active caspases 8 and 10 activate downstream executer caspases 3, 6 and 7 and 

generate positive feedback via BID to promote MOMP (Seol DW, 2001). 

 

Necroptosis 

The necroptosis cell death pathway is triggered by TNF via tumor necrosis receptor 

(TNFR1), by death receptors or Toll like receptors (TLR3/4) and additional inhibition of 

caspase 8 (He, Liang, Shao, & Wang, 2011; Holler et al., 2000). Following receptor 

activation, a complex consisting of FADD, RIPK1, caspase 8/10 is formed and in case 

of inactive caspase 8, RIPK3 is recruited resulting in the ripoptosome complex (J. Li et 

al., 2012; Tenev et al., 2011). In this early stage, RIPK1/3 are tightly regulated by 

ubiquitination via tumor necrosis factor receptor–associated factor 2/5 (TRAF2/5) and 

IAP/XIAP, which inhibits the cell death function and initiates NFB dependent pro-

inflammatory signaling (Ermolaeva et al., 2008; H. Li, Kobayashi, Blonska, You, & Lin, 

2006; Pobezinskaya et al., 2008). Formation of the ripoptosome leads to the 

recruitment and activation of mixed lineage kinase domain-like protein (MLKL), building 

the necroptosome, which includes RIPK1/3 and MLKL (Murphy et al., 2013). With the 

phosphorylation of MLKL, necroptosomes oligomerize, and assembled MLKL 

translocate to the cell membrane. In combination with tight junction proteins, small 

pores are built leading to ion influx, cell swelling and rupture (X. Chen et al., 2014; 

Samson et al., 2020).  

 

Pyroptosis 

This inflammatory form of cell death is triggered by intracellular sensors (nucleotide-

binding domain, leucine rich containing protein (NLR)-family, absent in melanoma 2 

(AIM2), pyrin receptors) detecting pathogen/damage-associated molecular patterns 

(PAMPs, DAMPs), osmotic disbalance, ion influx or membrane disturbance, among 

others (Bertheloot, Latz, & Franklin, 2021). After activation, the adaptor protein 

apoptosis-associated speck-like protein containing a CARD (ASC) supports the 

formation of the NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome, 

which is a platform for activation of pro-caspase-1 (Boucher et al., 2018). Caspase 1 

processes and activates pro-forms of the cytokines IL-1/IL-18 and the pyroptosis 
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effector gasdermin D (GSDMD). However, GSDMD can also be cleaved by caspases 

4/5 and 11 (Shi et al., 2015). Active GSDMD oligomerizes and introduces cell death 

with pore formation in the cell membrane (X. Liu et al., 2016). 

 

Crosstalk 

Despite describing the cell death pathways independently, an important factor of cell 

fate determination is the crosstalk between those pathways. Some examples will be 

described in this section. At different branches of the signaling cascades, other cell 

death pathways can be triggered or inhibited. For instance, the activation status of 

caspase 8 in the DISC complex and the ripoptosome is critical for apoptosis and 

necroptosis, and additionally contributes to the activation of NLRP3 and direct 

cleavage of GSDMD (Demarco et al., 2020; Fritsch et al., 2019; Gurung et al., 2014). 

Additionally, inhibition of single proteins during cascades usually lead to a switch 

towards another cell death pathway. For example, absence of GSDMD leads to a 

caspase 1 dependent activation of caspase 3/9/BID dependent apoptosis (Tsuchiya et 

al., 2019). However, those were just some limited examples, the bigger picture might 

be much more complicated, as even a form of cell death including features of 

apoptosis, pyroptosis and necroptosis, called PANoptosis was described (Malireddi et 

al., 2020). 

 

NK cells in lung cancer 

In human lungs NK cells make up for about 10% of the lymphocyte population, a value 

that is comparable to that in peripheral blood (PB) (Dogra et al., 2020). Nevertheless, 

lung resident NK cells show a less differentiated phenotype and lower cytotoxicity to 

enable a tight regulation in the tissue. In contrast to NK cells present in PB, lung NK 

cells are considered as CD16-, even despite the fact that express KIR receptors, which 

are typically absent in CD16- NK cells (Brownlie et al., 2021). However, non-residential 

NK cells show the same phenotypical distribution as the PB NK cells (Marquardt et al., 

2017). 

The prognostic value of NK cells in lung tumor has not been clarified to date, although 

it was shown that a NK cell gene signature within the tumor leads to a better overall 

survival (Habif et al., 2019; Larsen et al., 2014; Takanami et al., 2001). In general lung 

tumors exhibit a low infiltration of NK cells, which are mainly found at the edges of the 

tumor, indicating a deficient recruitment (Platonova et al., 2011). Cong et al. 
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demonstrated the importance of timing, as the depletion of NK cells in a Kras-driven 

mouse lung cancer model prevented the tumor initiation but did not inhibit tumor 

progression (Cong et al., 2018). Overall, the importance of NK cells in anti-tumor 

immunity is indisputable, but during tumor progression cancer cells escape their 

cytolytic function with various mechanisms. 

 

Immune escape of cancer cells 

Several mechanisms can lead to a cancer cell escape of the cytolytic NK cell function. 

Common strategies are the secretion of factors like transforming growth factor beta 

(TGF), prostaglandin E2 (PGE2), Indoleamine-pyrrole 2,3-dioxygenase (IDO) or 

interleukin 10 (IL-10), which lead to reduced NK cell activity, and the down- or 

upregulation of NK cell ligands. In this section the focus will be on the changes of ligand 

expression levels on tumor cells. 

Cancer cells commonly downregulate HLA-ABC expression to escape T-cell 

cytotoxicity (Catalan et al., 2015). However, to additionally inhibit NK cell effector 

function, MHC-Ib molecules such as HLA-E/-G are frequently upregulated (Andre et 

al., 2018; da Silva, Montero-Montero, Ferreira, & Quintanilla, 2018). As some tumors 

also downregulate HLA-ABC to escape T-cells, the mechanisms are potentially 

adapted to the effector immune cell (Barkal et al., 2018). Additionally, it was shown 

that decreased MHC-I on tumor cells can induce upregulation of the inhibitory NK cell 

receptor T cell immunoglobulin and mucin domain-containing protein 3 (TIM3) (Seo et 

al., 2017). The upregulation of inhibitory ligands (poliovirus receptor (PVR), CD155) 

for the immunoglobulin superfamily receptors (Table 1) is associated with tumor 

progression, whereas the blocking of T Cell Immunoreceptor With Ig And ITIM 

Domains (TIGIT) can promote NK cell cytotoxic effects (Johnston et al., 2014; Q. 

Zhang et al., 2018). In lung cancer there is typically an overexpression of bromodomain 

PHD finger transcription factor gene (BPTF) leading to a decrease in cell surface 

heparan sulfat proteoglycans, which are ligands for the activating NCRs (Buganim et 

al., 2010; Mayes et al., 2017). An overexpression of galectins was also described as a 

tumor escape mechanism via different pathways. Galectin-1 can inhibit NK cell 

recruiting to the tumor, galectin-3 directly inhibits NKp30 and reduces the MHC class I 

polypeptide-related sequence A (MIC-A) affinity for NKG2A, whereas galectin-9 

decreases NK cell cytotoxicity in a TIM3 dependent manner (Baker et al., 2014; W. 

Wang et al., 2014; Yasinska et al., 2019). 
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As described, there are multiple unrelated ways for tumor cells to escape NK cell 

cytotoxicity and understanding and overcoming them is a key challenge in cancer 

research and therapy. 
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Aim 

The aim of this work was the establishment of a co-culture system to identify key 

mechanisms that govern NK-cell - tumor cell interactions. Given the importance of the 

cell death machinery for NK cell killing of tumor cells I specifically focused on cell death 

pathways and factors which might contribute to tumor cell vulnerability or resistance.  
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Results 

Evaluation of the co-culturing method 

For an investigation of NK cell mediated killing of tumor cells, a co-culture system for 

2D and 3D was developed (Figure 5A). A heterogeneous panel of lung cancer cell lines 

(n=19), as well as the established NK cell target lymphoma cell line K562 were used  

(Pech et al., 2019; X. Song et al., 2020). The cell lines revealed formation of spheroids 

in ultra-low attachment plates in the time course of 24 hours (h). Histological sections 

revealed a dense morphology of the tumor spheroids with a structural demarcation. 

After 4h of tumor cell co-culturing with NK-92, the NK-cells clustered around the tumor 

spheroid and invasion was observed (Figure 5C). During real time imaging, clustering 

and invasion were noticed after 1h to 4h. 

Figure 5 Characterization of the NK-92/tumor cell co-culture system. A) Schematic overview of the co-culture 
workflow. B) Spheroids of the PC9 cell line with and without NK-92 cells in a 1:1 ratio at different time points, imaged 
with the Incucyte. Green: NK-92, red: DRAQ7 labeled dead cells. C) Histological sections of spheroids generated 
from H1975. Left: H&E staining of the tumor spheroid only. Middle and right: 4h Co-culture, CD56 staining for NK-
92 cells (shown in black). 
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NK-92 cell co-culture led to tumor spheroid shrinkage in 3D, decreased cell numbers 

in 2D and dead tumor cells, visible after 24h with no further progression after 72h 

(Figure 5B). 

As NK cell invasion and decreased tumor cell growth was observed, the surface 

expression of the common degranulation marker LAMP-1, as well as secreted factors 

were analyzed to assess NK cell activation. Indeed, an increase of LAMP-1 was 

measured after 4h, which was back to baseline levels after 24h (Figure 6A). Amounts 

of secreted perforin, granzyme B and the pro-inflammatory cytokine IFN were 

elevated after 24h of co-culture with the tumor cell line PC9 (Figure 6B). 

The short-term ascent of cell-surface LAMP-1 indicated a rapid NK cell activation with 

decrease overtime, whereas the delayed accumulation of perforin and granzyme B 

might be caused due accumulation in the supernatant in the course of multiple killing 

events (Ham, Medlyn, & Billadeau, 2022).  

In summary, this data indicated, that during co-culture not only NK cell invaded the 

tumor spheroid and tumor cell numbers decreased, but also NK cells degranulated 

granzyme B and perforin. 

 

Figure 6 NK-92 show activation markers during co-culture with human lung cancer cell lines. A) Median 

fluorescence intensity of LAMP-1 for CD45+ cell population in co-culture (n=3) B): Perforin, granzyme B and IFN 
levels in medium supernatant of co-culture (n=1). 

To investigate the overall effect of NK-92 co-culture on the transcriptome of tumor cells, 

I performed RNA sequencing of co-cultured cancer cell lines PC9 and Colo699. As 

expected, the sequencing results revealed a strong enrichment of immune response, 

when co-cultured cell lines were compared with their baseline expression. Of the top 

20 enriched GO terms, 15 were directly involved in the innate or adaptive immune 

response, whereas the remaining 5 were very loosely associated with cellular 

response to an external stimulus. In the following passages, a few of those upregulated 

GO terms will be further discussed (Figure 7A). 
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Upon activation, NK cells secrete IFN among other cytokines and consequently the 

response to IFN and cytokines was enriched in tumor cells (Figure 6B, Figure 7A). 

Following IFN release, the pro-inflammatory Janus kinase (JAK)/ signal transducer 

and activator of transcription (STAT1) pathway is activated in the target cell, which was 

confirmed via detection of p-STAT1 (Figure 7C) and reflected by the top hit STAT1 in 

the list of differentially expressed genes (DE genes), as the feedback loop of STAT1 

activation leads to STAT1 transcription (Figure 7B) (Negishi, Taniguchi, & Yanai, 

2018). Despite STAT1, several target genes of IFN signaling were upregulated, such 

as guanylate binding protein 2 (GBP2), PARP9 and proteasome subunit beta type-8 

(PSMB8). Additionally, the release of cytokines is triggered by IFN. CXCL9/11, which 

attracts activated T-cells, as well as CCL5 were indeed upregulated in the tumor cells 

(Tokunaga et al., 2018). However, also the negative regulator of interferon response 

NLRC5 was upregulated. 

Upregulation of MHC-I members HLA-A, B, C, E and F could have adverse effects and 

might cause immune escape as well as further NK cell activation (Niehrs & Altfeld, 

2020). 

Moreover, the ligand ICAM1 was upregulated, which is essential for NK-cell interaction 

with adhesion protein LFA-1. On the other hand, NK cell inhibiting factors FGR, 

carcinoembryonic antigen-related cell adhesion molecule (CEACAM1) and HERV-H 

LTR-associating protein 2 (HHLA2) were upregulated as well. Among them FGR acts 

as a general negative regulator of activating receptors and IFN production, whereas 

CEACAM1 inhibits NKG2D and VAV1 activation and HHLA2 acts as an inhibitory 

ligand for KIR3DL3. 

Some components of cell death pathways were also upregulated upon co-culture. The 

pro-apoptotic MCL-1 degrader PSMB8, which additionally promotes activation of 

caspases, was upregulated. Interestingly, the expression of the anti-apoptotic 

counterpart MCL-1 was increased as well. The upregulated factors GBP5 and ZBP1 

encoded proteins are essential for the assembly of the pyroptosis-initiating NLRP3 

inflammasome, and act similarly to upregulated Caspase 1, as pro-inflammatory 

effectors. ZBP1 is not only involved in pyroptosis, but can stimulate RIPK3 and RIPK1 

dependent caspase 8 activation and is consequently jointly responsible for crosstalk 

between the cell death pathways (Muendlein et al., 2021; Shenoy et al., 2012).  
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In summary, co-culture of NK-92 and lung cancer cell lines led to an upregulation of 

IFN response and target genes, various receptors with NK cell activating and inhibiting 
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function (e.g. ICAM1, HHLA2), and of general innate immune response (e.g. STAT1, 

CXCL9/11). 

The increase of mainly apoptotic and pyroptotic pathway members in the list of 

differentially expressed genes indicated ongoing cell death, which was examined in 

the next step. 

 

Figure 7 RNA sequencing of co-cultured cancer cell lines PC9 and Colo699 revealed a strong activation of immune 
response. A) Top enriched GO terms in co-culture condition versus baseline. B) Differentially expressed genes in 
co-culture condition versus baseline. Red: genes included in the gene set interferon gamma response. C) Western 
blot of STAT1 activation in HCC15, Colo699, H2087 and PC9 upon 4h of NK-92 co-culture. 

To investigate cancer cell vulnerability towards NK cells, a panel of human lung cancer 

cell lines and the lymphoma target cell line K562 were co-cultured with NK-92. The 

observed decrease of tumor cells in co-culture was quantified and revealed 

sensitivities towards NK-92 mediated killing between 28% and 85% (Figure 8A). In 

general, cancer cell vulnerability was higher in 2D than in 3D, which could be explained 

by the better accessibility of target cells in a 2D setting. The average increase between 

killing in 3D versus 2D was about 28%, but as killing rates significantly correlated for 

both systems the following experiments were performed in 2D (Figure 8B). However, 

for both systems, NK-92 revealed cytotoxicity against most of the cell lines and 

interestingly the sensitivities largely varied between lung cancer cell lines.  

 

Figure 8 Sensitivities towards NK-92 cell killing varied largely between cell lines. A) NK-92 cell killing of various 
lung cancer cell lines (and lymphoma cell line K562) after 72h of co-culture. B) Pearson correlation of NK-92 
cell killing of lung cancer cell lines in 2D versus 3D.  
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How do tumor cells die? 

Shortly after co-culturing of NK-92 and tumor cells, caspase 8 cleavage was observed 

across cell lines, indicating extrinsic apoptotic signaling (Figure 9A). Cell lines differed 

in total protein levels for caspase 8, which was not associated with sensitivities. To 

evaluate the influence of caspase 8 as cell death initiator in co-culture, a caspase 8 

knockout was generated for the PC9 cell line (PC9Casp8ko cells) (Figure 9B). 

Interestingly, the caspase 8 knockout did not completely rescue NK cell mediated 

killing, but decreased it significantly by about 40% (Figure 9C). With a knockdown of 

the death receptors FAS or TNFR a reduction of cell death between 15% and 50% was 

reached (Figure 9D). 
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Figure 9 Lung cancer cell lines undergo apoptosis following NK-92 co-culture with a partial rescue for pan-
caspase inhibition. A) Caspase 8 cleavage in lung cancer cell lines after 15min of co-culture with NK-92. B) 
Verification of caspase 8 knockout in PC9 on protein level. The knockdown decreased NK-92 mediated killing 
about 40%. C) Knockdown of TNFR or FAS decreased NK cell killing in the cell lines PC9, Colo699 and HCC-
15. D) Caspase 3/7 activation upon 24h of co-culture with NK-92 with and without pan-caspase inhibition. E) 
Grey bars: Percentage of NK-92 mediated killing of the tumor cell line. Black bars: Percentage of rescue with 
pan-caspase inhibition; remaining grey area shows the remaining killing. 



 31 

These results highlight the importance of extrinsic apoptosis and the caspase 8 

downstream pathway for tumor cell death upon NK cell contact. Following co-culture, 

not only caspase 8 was cleaved, but downstream effector caspases 3 and 7 were 

strongly activated as well (Figure 9E). A gradient was observed, the more NK-92 

sensitive the cell lines were, the more caspase 3/7 cleavage was detected. 

Additionally, in the PC9Casp8ko cells caspase 3/7 was slightly activated, suggesting 

ongoing apoptosis despite absent caspase 8. 

With the pan-caspase inhibitor Q-VD-OPh (QVD)1 caspase 3/7 activity was strongly 

decreased, but not blocked completely in co-culture across different cell lines. 

Regarding killing effects, QVD treatment limited cell death induction during co-culture, 

but did not lead to a full rescue for any of the tested cell lines (Figure 9F). The effect 

of QVD pretreatment in PC9 cells was comparable to the effect of the caspase 8 

knockout, whereas the caspase inhibition had no additional effect for the PC9Casp8ko. 

Concurrently, crosstalk with the necroptosis pathway, involvement of pyroptosis or 

granzyme dependent cleavage of downstream caspases could contribute to the 

remaining killing events. 

To investigate the effect of necroptosis-dependent killing events, the RIPK1 inhibitor 

Necrostatin1 (Nec1) or RIPK3 inhibitor GSK872, which also blocks RIPK1-

independent necroptosis, were used. Those inhibitors only showed minor effects of 5% 

to 15% of rescue in some cell lines (Figure 10A). However, cell death pathways can 

rapidly switch to apoptosis in the case of necroptosis blockade. When Nec1 or GSK872 

were combined with QVD treatment, for most cell lines there was a small additional 

effect (1-5%) regarding cell death prevention. However, even upon inhibition of major 

components of the apoptosis and necroptosis pathway, cell death induction only 

decreased by 10% to 50%. Interestingly, Nec1 or GSK872 had no effect in the 

PC9Casp8ko cell line. The results indicate that a substantial part of cell death might be 

executed via pyroptosis or alternative pathways. 

Initial cleavage of caspase 8 was not prevented by QVD treatment and as the result of 

necroptosis inhibition suggested, p-MLKL upon co-culture with NK-92 was only 

observed for H2087 (Figure 10B). This was also one of the cell lines (H2087, H1819) 

revealing a stronger additional effect of the QVD and GSK872 combinatory treatment 

(Figure 10A). Necroptosis did not seem to be a major cell death path for most cell lines, 

not even to escape pan-caspase inhibition. Caspase 1 activation was observed across 

 
1 QVD is known to inhibit caspases 1, 3, 8 and 9 (Caserta, Smith, Gultice, Reedy, & Brown, 2003) 
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cell lines, whereas only H2087 showed an increase following QVD treatment (Figure 

10B). However, the assessment of additional markers like the pyroptosis effector 

protein gasdermin D may be helpful to further define cell death pathway distribution. 

Overall the NK-92 co-cultured cell lines exhibited features of apoptosis and pyroptosis 

with a few additional components of necroptosis, although in general necroptosis 

seemed to play a minor role. Nevertheless, the more susceptible cell lines were for NK 

cell killing, the further the activation of apoptosis effector caspases 3/7 increased. 

Although on protein level no major differences in activation of caspase 8, 1 or p-MLKL 

were found.  

  

 

 

Figure 10 Cancer cell death upon NK-92 co-culture showed features of apoptosis, pyroptosis and for the cell 
line H2087 necroptosis as well. A) Effect of pan-caspase-inhibition, RIPK1/3-inhibition and their combination on 
NK-92 mediated killing of tumor cells. B) Cleavage of caspase 8 and caspase 1 was featured in tested cancer 
cell lines following 4h of co-culture with NK-92, whereas phosphorylation of MLKL was only observed for H2087. 
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To further investigate the context of tumor cell vulnerability towards NK-92 and the 

amount of cell death inhibition with QVD, I compared these parameters using Pearson 

correlation. Interestingly, the correlation of tumor cell sensitivity towards NK-92 and 

rescue with QVD treatment was significant (p=0.003), so the more sensitive the cell 

line, the smaller the effect of cell death inhibition with QVD (Figure 11A). Apparently 

the more susceptible cell lines showed less responsiveness for pan-caspase inhibition 

or, to put it differently, more sensitive cell lines might have a stronger drive towards 

apoptosis. For further analysis I decided to divide the cell lines scores in a high and 

low NK cell sensitivity cluster, based on a cut-off at 50% NK-92 cell killing (Figure 11B). 

Excitingly, when comparing the RNA-Seq data of the two groups, the low sensitivity 

cluster showed a significant enrichment for the hallmark of apoptosis gene set 

(p=0.049), as well as enrichment for necrosis and pyroptosis gene sets2 (Figure 11C).  

 

Figure 11 Cell death gene signatures enriched in highly sensitive cell lines. A Pearson correlation of NK-92 cell 
killing and QVD rescue of cell death was significant with p=0,0179 (two-tailed). Cell lines were divided in sensitivity 
clusters with high sensitivity over 50% killing (orange) and low sensitivity below 50% killing (blue). B List of human 
lung cancer cell lines in sensitivity clusters. C Gene set enrichment analysis of publicly available RNA sequencing 
data of cell lines listed in B. Hallmark apoptosis (p=0,049, NES=1,38, FDR=1), Gene set necrosis (p=0,509, 
NES=1,01, FDR=0,762), Gene set pyroptosis (p=0,39, NES=1,1, FDR=0,7 

 
2 Necrosis and pyroptosis gene sets were taken from (Ahluwalia et al., 2021) 
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What are the drivers for NK cell killing? 

To identify further drivers or pathways, leading to differences in NK-92 cell killing of 

tumor cells, I investigated common NK cell ligands. The major inhibitory interaction is 

dependent on MHCI expression on the target cell surface. Allelic mismatch between 

NK-92 and the cancer cell lines used for this work was found for some of the cell lines 

(Table 3), which should lead to an increased killing efficiency. 

Although, HLA mismatching might not fully determine tumor cell susceptibility towards 

NK-cell killing, as the highly sensitive cell lines H2087 and H2110 revealed matched 

HLA alleles. 

Table 3 HLA matching between NK-92 and cancer cell lines 

cell line HLA-B HLA-C HLA matching 

NK-92 B*07:02:01,44:03:01 C*07:02:01,16:01:01 
 

H1975 B*41:01,41:01 C*17:01,17:01 mismatched 

Colo699 B*07:02,37:04 C*06:02,07:02 partial 
mismatch 

HCC15 B*15:17,15:17 C*05:01,05:01 mismatched 

H2087 B*44:03,44:03 C*16:01,16:01 matched 

H2110 B*42:02,57:01 C*08:02,08:02 matched 

PC9 B*07:02,55:02 C*03:03,07:02 partial 
mismatch 

H23 B*50:01,50:01 C*06:02,06:02 mismatched 

H460 B*35:01,51:01 C*03:03,15:02 partial 
mismatch 

A549 B*18:01:01,20:03:01 C*12:03:01,16:01:01 undefined 

HCC95 B*13:02,18:01 C*16:01,16:01 matched 

H2228 B*07:02,38:01 C*07:02,12:03 matched 

HCC827 B*52:01,51:01 C*12:02,12:02 matched 

 

Furthermore, HLA-ABC expression and tumor cell sensitivities did not correlate at 

baseline (Figure 12A) or in co-culture conditions (Figure 12B). For a selection of NK 

cell ligands, the expression did not differ significantly between sensitivity groups at 

baseline or co-culture conditions (Figure 12C, D).  
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Figure 12 HLA-expression or NK cell ligands did not define tumor cell sensitivity towards NK cell killing. A) Pearson 
correlation of tumor cell line sensitivities and median fluorescence intensity of HLA-ABC; p=0,7525. B) Pearson 
correlation of tumor cell line sensitivities and median fluorescence intensity of HLA-ABC measured after 24h of 
coculture; p=0,2237. C) qPCR measurement of NK-ligands on tumor cells. D) qPCR measurement of NK-ligands 
on tumor cells after 24h of coculture. ICAM1 p= 0,0009 E) siRNA mediated knockdown of NK-cell ligands. Ratio of 
killing in comparison to the scrambled siRNA control after 72h is shown. 

However, ICAM1 was significantly enriched in the high sensitivity group during co-

culture conditions (Figure 12D). ICAM1 expression has been to shown to bind LFA-1 

(Urlaub et al., 2017) and therefore might lead to an improved cell-cell adhesion 

between NK-92 and target cell and result in an increased killing rate. Additionally, at 

baseline, there was a trend for a higher expression of the activating ligands MIC-B and 

CD48 in the high sensitivity cluster, whereas the inhibitory ligand HLA-DP was 

increased in the low sensitivity cluster during coculture. Even though this trend aligned 

with the observed sensitivities, expression varied widely between cell lines within 
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clusters. A knockdown of those ligands resulted in a partial rescue of NK-92 cell killing 

for all tested cell lines, although the effects varied between 5 and 50% (Figure 12E). 

These results suggested that the NK-cell ligands do influence tumor cell vulnerability, 

but the exact outcome is most likely a combinatory effect of different ligands. 

Therefore, a more unbiased approach was investigated. RNA sequencing analysis of 

differentially expressed genes between sensitivity clusters revealed the top hit 

melanoma-associated antigen 10 (MAGEA10), which is regularly upregulated in tumor 

cells, is involved in cell-cell adhesion and is a known T-cell target (Mendonca et al., 

2017; Simister, Border, Vieira, & Pumphrey, 2022) (Figure 13A). Unfortunately, in 

follow-up experiments none of the top down-regulated genes revealed the expected 

effect of increased NK cell killing upon knockdown in co-culture across the analyzed 

cell lines PC9, HCC-15 and Colo699 (Figure 13B). 

However, regarding cell death pathways, the cell death associated kinase RIPK3, as 

well as members of the IFN pathway such as interferon induced protein with 

tetratricopeptide repeats 2 (IFIT2), were enriched in the high sensitivity cluster (Figure 

13A). 

Indeed, besides the upregulation of the hallmark apoptosis gene signature, hallmark 

peroxisome and interferon gamma response gene sets were increased in the high 

sensitivity cluster, whereas the hallmark signature hedgehog signaling was 

significantly increased in the low sensitivity group (Figure 13C, D). 

Peroxisomes are closely associated with mitochondria and mainly involved in fatty acid 

metabolism, redox homeostasis and regulation of intrinsic apoptosis (C. Jiang & 

Okazaki, 2022).  

IFN is secreted by NK cells upon activation and levels were strongly increased during 

co-culture (Figure 6B). Downstream signaling in the target cell upon binding of IFN 

leads to a pro-inflammatory and pro-apoptotic response and requires the adaptor 

proteins JAK1/2 and STAT1. A complete activation of STAT1 is reached with 

phosphorylation via JAK1/2 and PI3K-AKT engagement (Nguyen, Ramana, Bayes, & 

Stark, 2001). In addition, non-canonical IFN receptor signaling can be executed via 

STAT3 instead of STAT1 (Gocher, Workman, & Vignali, 2022). Indeed, STAT1 

activation as measured by immunoblotting of p-STAT1, was detected following 

coculture, whereas p-AKT was slightly induced in the highly sensitive cell lines HCC15 

and Colo699, but constitutively active without further increase in the low sensitive cell 
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line PC9 (Figure 13E). Due to the observed differences of AKT activation, the impact 

of PI3K was further investigated. 

 

Figure 13 High sensitivity cluster revealed pro-apoptotic signatures, whereas anti-apoptotic signatures (hedgehog) 
and activation of the pro-survival AKT pathway were increased in the low sensitivity cluster A) Differentially 
expressed genes analysis of the high versus low sensitivity cluster. Significantly differentially expressed genes were 
colored, red: interferon gamma response genes. B) Effect of siRNA mediated knockdown in tumor cell lines during 
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NK-92 cell co-culture. B) Gene set enrichment analysis high versus low sensitivity. Top 5 enriched gene sets are 
shown. NES = normalized enrichment score. C) Enrichment plots of the top 2 enriched gene sets and the only 
significantly enriched gene set hedgehog signaling (p= 0.004, FDR = 0.26) for the low sensitivity cluster. D) 
Activation of JAK2, STAT1 and AKT in tumor cells during 4h of co-culture with NK-92. E) Effect of PI3Kalpha/delta 
inhibition on NK-92 mediated killing of tumor cells in the high and low sensitivity group. F) Effect of PI3CD 
knockdown on NK-92 mediated killing of tumor cells in PC9, HCC15 (p=0.016) and Colo699. 

When PI3K was inhibited in tumor cells, NK-92 cell killing was reduced, with a strong 

trend towards a stronger rescue effect for the low sensitivity cluster (Figure 13F). In 

addition, also the knockdown of phosphatidylinositol-4,5-bisphosphate 3-kinase 

catalytic subunit delta (PIK3CD) led to about 40% rescue for PC9, but only 10 to 20% 

for HCC15 and Colo699 (Figure 13G). Although PI3K/AKT signaling does cause anti-

apoptotic effects in general, the inhibition of PI3K led to increased tumor cell survival 

in NK-92 cell coculture with a stronger impact on the low sensitivity cluster. 

On the other hand, the hallmark signature hedgehog signaling was significantly 

increased in the low sensitivity cluster. The pathway is involved in cell proliferation, as 

well as inhibition of apoptosis via BCL-2 (Peng et al., 2022). 

In summary, pro-apoptotic signatures (apoptosis, IFN signaling) were enriched in the 

high sensitivity cluster, whereas anti-apoptotic signatures (hedgehog), as well as 

activation of the pro-survival AKT pathway were found to be increased in the low 

sensitivity cluster. 

 

Tumor escape mechanisms 

Although this work demonstrated tremendous differences in NK-cell vulnerability of 

cancer cells, it is well known that tumor cells escape NK cell killing via various 

mechanisms (Sordo-Bahamonde et al., 2020). In order to demonstrate this in an in 

vitro setting, long term coculture was performed to obtain a NK-cell resistance (cell 

lineNK-92R). Indeed, a significant decrease in NK-92 killing was observed for 3 out of 4 

cell lines (Figure 14A). With regards to cell death inhibition, the resistant cell lines 

exhibited similar rescue levels upon QVD treatment as their parental counterparts 

(Figure 14B). Next, I analyzed the transcriptomes of PC9, Colo699 and their resistant 

counterparts using RNA-sequencing and primarily found differentially expressed 

genes between the different cell lines and conditions (Figure 14C). Therefore, parental 

cell lines and their resistant counterparts were analyzed separately and the top 500 

differentially expressed genes were scanned for hits featured in both lists. Eight genes 

were found to be upregulated and three to be downregulated in both resistant cell lines 

compared to their parental counterparts (Figure 14D). The upregulated genes are 
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involved in various common processes as cell-cell adhesion (bone marrow stromal 

antigen 2(BST2)) and signal transduction (Jagged 1 (JAG1)) (Mahauad-Fernandez et 

al., 2018; Qiao et al., 2022). 

Ni et al. discovered an upregulation of plexin cytoplasmic RasGAP domain-

containing protein (PLXNC1) in stomach adenocarcinoma, associated with poor 

patients outcome and an unfavorable immune signature (Ni et al., 2021). Furthermore, 

HLA-B and HLA-F are members of HLA-class I and regulate the threshold for NK-cell 

killing (Horowitz et al., 2016). 

Figure 14 NK-92 resistant cell lines PC9 and Colo699 revealed minor genetical changes. A) Changes of NK-
92 cell killing during 72h of co-culture between parental and resistant cell lines. B) Effect of pan-caspase 
inhibition on NK-92 mediated killing of tumor cell lines did not differ between parental and resistant cell lines. 
C) Most variable genes across RNA sequenced cell lines revealed minor changes between parental and 
resistant cell lines. D) Overlap of up- and down-regulated genes upon resistance between cell lines PC9 and 
Colo699. 
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Additionally, upregulation of HLA-class I is a common tumor escape mechanism which 

seemed to play a role in this setting as well. Among others, TNFSF13 was 

downregulated, which might contribute to reduced inflammatory signaling (R. Chen et 

al., 2021). Even though some hits as JAG1, BST2 and HLA members were already 

described as pro-tumorigenic factors, those gene list hits need further experimental 

validation. 

General mechanisms which might have led to the resistance phenotype were analyzed 

via gene set enrichment analysis (Figure 15A). The top enriched pathways 

angiogenesis is closely related to tumor progression (Lugano, Ramachandran, & 

Dimberg, 2020). 

IL-6/STAT3 signaling was shown to strongly inhibit an anti-tumor immune response 

and apoptosis via increased expression of MCL-1 (B. Huang, Lang, & Li, 2022). During 

co-culture, not only an increasing amount of IL-6 accumulated in the supernatant 

(Figure 15C), but also STAT3 was activated in cancer cells (Figure 15D). A constitutive 

increase in STAT3 signaling would lead to improved cancer survival despite coculture, 

as well as further secretion of IL-6 via a positive feedback loop (B. Huang et al., 2022). 

Another apoptosis associated pathway found to be increased was TNF signaling via 

NFB. TNF signaling can either lead to caspase activation and apoptosis or to NFB 

engagement resulting in inflammation and survival (Tang et al., 2017). Besides that, 

TNF signaling via NFB is also involved in epithelial to mesenchymal transition (EMT) 

(Wu & Zhou, 2010). Some characteristics of EMT are, among others, loss of cell 

polarity, cell adhesion and cell-cell junctions. TGF has been identified as a key 

mediator of EMT induction and, was described to be involved in cancer progression, 

metastasis and therapy resistance (Hao, Baker, & Ten Dijke, 2019). Interestingly, the 

subsequent top enriched gene sets were TGF signaling and EMT, suggesting an 

involvement of EMT in the NK-92 resistant phenotype. An EMT phenotype can be 

induced with long-term treatment of TGF. Indeed, when PC9 were treated with TGF 

for short- (72h) or long- (3 weeks) term, a trend towards less sensitivity for NK-92 cell 

killing was observed upon TGF treatment (Figure 15F). 

These results suggest an involvement of EMT, as well as the activation of the 

IL6/STATS3 axis, in lung cancer cell NK cell escape. 
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Figure 15 NK-92 resistant cell lines exhibited survival signaling and epithelial-to-mesenchymal signature 
enrichment. A) Top 5 hits of gene set enrichment analysis of NK-92 resistant PC9 and Colo699 versus their 
parental counterparts. B) Enrichment plot of IL-6/JAK/STAT3 signaling (p=0.000, FDR=0.5). C) Increase of IL-
6 in the supernatant of PC9 and NK-92 co-culture over time. (n=1) D) Activation of STAT3 in cancer cell lines 
upon 4h of co-culture with NK-92. E) Enrichment plot of EMT signaling (p=0.000, FDR=0.5). F) Effect of 
TGFbeta short- and long-term treatment on NK-92 mediated killing of tumor cells in PC9. 
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Summary 

 

Figure 16 Summary of results. For more sensitive cell lines towards NK-92 cell killing, ICAM1, IFNg response and 
apoptosis was upregulated, whereas less sensitive cell lines revealed increased anti-apoptotic and pro-survival 
signaling, as well as EMT signature, which was strongly associated with an NK-92 resistant cancer cell phenotype. 

In summary, NK-92 revealed cytotoxicity against most of the cell lines and interestingly 

the sensitivities largely varied between lung cancer cell lines. Co-culture of NK-92 and 

lung cancer cell lines led to an upregulation of IFN response and target genes, which 

was more prominently enriched in the high sensitivity cluster. The IFN downstream 

pathway JAK/STAT1, leading to pro-apoptotic signaling, was activated across tumor 

cell lines during coculture. Furthermore, the gene set for apical junctions was 

upregulated in the high sensitivity group, whereas the data analysis for the NK-92 

resistant cell lines showed an upregulation of several hallmarks for EMT. As a trend of 

less NK-92 cell killing for long-term TGF treated tumor cells, EMT might function as a 

possible escape mechanism. Additionally, an increased expression of apoptotic and 

pyroptotic pathway members was observed in the high sensitivity cluster and features 

of extrinsic apoptosis and pyroptosis were verified across co-cultured tumor cell lines. 

Interestingly, gene sets for cell death pathways were enriched in the high sensitivity 

clusters and they exhibited less sensitivity for caspase inhibition. In parallel, the pro-

survival hedgehog pathway was enriched in the low sensitivity cluster. (Figure 16)  
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Discussion 
 

This research aimed to identify target cell pathways and factors involved in NK cell – 

target cell killing. Based on the successfully established co-culture system of NK-92 

and lung cancer cell lines in 2D and 3D, a broad range of tumor cell susceptibility for 

NK cells was observed, exhibiting cell death features of apoptosis and pyroptosis. 

While vulnerable cell lines showed an increased cell death signature and less rescue 

with cell death inhibition, further investigation of cell death induction via granzymes 

and intrinsic apoptosis is needed for a better understanding of the process. 

Bioinformatical analysis did point out increased apoptotic and IFN signaling in high 

sensitive cell lines, whereas EMT and pro-survival signaling were increased for less 

sensitive cell lines. 

 

EMT 

Tumor cell plasticity towards a more metastatic and aggressive phenotype involves 

several functional and morphological changes, which are included in the process of 

EMT. The potent EMT inducer TGF is frequently upregulated in cancer and it was 

shown that an EMT secretory phenotype is associated with decreased survival in 

NSCLC patients (Kim et al., 1999; Reka et al., 2014). This phenotypical switching can 

contribute to therapy resistance and immune escape (Zavadil, Haley, Kalluri, 

Muthuswamy, & Thompson, 2008). Prior publication showed that NK cells caused an 

induction of EMT in melanoma cells after 72h of co-culture, dependent on the secretion 

of IFN and TNF (Huergo-Zapico et al., 2018). Interestingly, Chockley et al 

demonstrated an increased susceptibility for cancer cells towards NK cells following 

EMT transition, which was explained with the downregulation of the inhibitory ligand e-

cadherin and upregulation of NKG2D ligand cell adhesion molecule 1 (CADM1) upon 

co-culture. However, there seemed to be a short timeframe for increased NK cell killing 

between the transition and metastatic events as the tumor cells vulnerability was 

especially increased at the beginning of the metastatic process (Chockley et al., 2018).  

This work did not further investigate short-term induction of EMT in lung cancer cell 

lines, although EMT associated gene sets were increased as a possible mechanism 

of NK cell escape. Moreover, triggering of EMT via TGF did decrease tumor cell death 

in PC9 in 72h of NK cell co-culture. Further investigation of the NK-resistant cell lines 

is needed to measure markers of EMT and potential changes of NK cell ligand 
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expression. Another point of interest would be to determine the main drivers of EMT 

induction during long-term NK cell co-culture, which might be IFN and TNF, as this 

mechanism was already described for melanoma (Huergo-Zapico et al., 2018). 

Additionally, the time course of EMT development and NK cell susceptibility could be 

further analyzed with the co-culture system established in this thesis. 

 

Increased IFN signature  

Among others, NK cell cytotoxic effects are mediated by the production of IFN, 

triggered by IL-2 and IL-15 and reinforced by TNF (Almishri et al., 2016). Additionally, 

IFN secretion can recruit further inflammatory immune cells and a negative correlation 

was found between the cancer stage and IFN production (Lee et al., 2017; Reefman 

et al., 2010). In cancer cells, IFN can drive immune-activating, as well as suppressing 

signaling (Strieter et al., 1995). Downstream signaling following IFN binding is driven 

by JAK1/2 and STAT1 homodimerization, which translocate to the nucleus to bind co-

activating proteins and initiate transcription of multiple genes (Negishi et al., 2018). 

Although, studies showed an IFN concentration dependent signaling, for low doses 

the activation of the anti-apoptotic PI3K-AKT pathway results in increased stemness 

(M. Song et al., 2019). Gao and colleagues demonstrated strong cross-talk between 

JAK/STAT1 and PI3K-AKT pathways, with evidence of pro-apoptotic signaling for PI3K 

inhibition, dependent on PD-L1 expression (Gao et al., 2018). Surprisingly, this work 

showed increased survival of cancer cells during NK-cell co-culture with PI3K 

inhibition or knockdown, especially for the low sensitivity cluster. The PI3K-AKT 

pathway was described as a regulatory response signaling upon IFN, as well as a 

factor for complete activation of STAT1 (Gocher et al., 2022). For the function as a 

STAT1 activator, an inhibition might lead to decreased pro-apoptotic STAT1 signaling 

and consequently to less cell death upon NK cell co-culture. However, further 

experiments are necessary to investigate this the influence of PI3K-Akt activation on 

STAT1 signaling.  

In the high sensitivity cluster, IFN signaling in general was found to be upregulated, 

as well as the differentially expressed genes interferon induced protein with 

tetratricopeptide repeats 2 (IFIT2), radical S-adenosyl methionine domain-containing 

protein 2 (RSAD2), Oligoadenylate synthase-like (OASL). IFIT2 is negatively 

associated with cancer progression and is strongly involved in the promotion of 
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apoptosis in different types of cancer via BCL-2 regulation (Stawowczyk, Van Scoy, 

Kumar, & Reich, 2011). Moreover, Lai et al. demonstrated increased rates of 

metastasis with reduced levels of IFIT2, as well as an induction of EMT upon IFIT2 

knockdown in oral squamous cell carcinoma (OSCC) (Lai, Liu, Chang, & Lee, 2013). 

The role of RSAD2 in cancer is not fully established, although its activation increases 

glycolysis and lipogenesis, proposing an increased metabolism and pro-tumorigenic 

function (Weinstein, Godet, & Gilkes, 2022). For OASL a recent study demonstrated a 

positive correlation with effector immune cell infiltration and patient’s outcome in 

cervical cancer under immune checkpoint therapy (C. H. Huang et al., 2023). However, 

for a non-treatment setting, OASL upregulation was mostly associated with an 

unfavorable cancer progression (C. Zhang et al., 2021; Zhao et al., 2023). Taken 

together, further experiments like RNA sequencing of co-cultured or IFN treated tumor 

cells might be necessary to characterize the effects of an enriched IFN signature in 

the high sensitivity cluster. 

 

Cell death 

The importance of a functional extrinsic apoptosis pathway for NK cell tumor 

surveillance was shown in various studies, demonstrating increased tumor 

development and growth in both humans and mice with deficiencies in extrinsic 

apoptosis initiation and execution (Price et al., 2014; Sedger et al., 2002). However, 

malignant cells can develop several mechanisms to evade immune cell killing. 

Systematic evidence linking tumor cell vulnerability towards NK cells to cell death 

mechanisms still needs to be investigated. This work did not only demonstrate the 

relevance of extrinsic apoptosis in NK cell killing in the context of patient derived lung 

cancer models, but also the involvement of apoptotic predisposition for tumor cells 

sensitivity for NK cell killing. Gene set enrichment for the cell death pathways 

apoptosis, pyroptosis and necrosis was demonstrated in the high sensitivity cluster, 

although similar expression levels of death receptors or protein levels of caspase 1 or 

8 were found. However, the apoptosis effector caspases 3 and 7 increased according 

to the cell line sensitivity towards NK-92 induction during co-culture. 
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Efficiancy of pan-caspase inhibition 

Interestingly, pan-caspase inhibition did not completely rescue NK cell killing and the 

effects were negatively correlated with cancer cell killing. Either the more vulnerable 

cell lines are less dependent on apoptosis due to increased crosstalk with other cell 

death pathways, or caspase inhibition is less efficient. 

The pan-caspase inhibitor QVD inhibits key components of the apoptosic machinery, 

but as characteristics of pyroptosis upon co-culture of tumor cells and NK-92 were 

observed, this might not be sufficient for cell death prevention. Additionally, QVD 

function depends on irreversible binding of the caspases catalytic site, which might be 

disrupted by mutations (Caserta et al., 2003). However, mutations in caspase genes 

were extremely rare and mainly found in gastric carcinoma (Ghavami et al., 2009). 

Therefore, mutated binding sides in the anlyzed lung cancer cell panel are unlikely and 

might not explain the observed differences in pan-caspase inhibition response.  

 

Effect of granzymes 

Another factor is the effect of granzymes during co-culture of cancer cells and NK-92. 

As pointed out in the introduction, granzymes target several proteins involved in 

different stages of the cell death pathways, as well as in the inflammatory response 

(Metkar et al., 2008). Probably the more sensitive the cell lines are, the more vulnerable 

they are for granzyme-dependent cleavage, which could level out pan-caspase 

inhibition. As granzyme B level were shown to predict lung cancer patients outcome, 

granzyme sensitivity of tumor cells would be of great interest for therapy prediction and 

improval (Hurkmans et al., 2020). For further investigation, the effects of single types 

of granzymes on different lung cancer cell lines need to be studied. 

 

Dell death signatures as prognostic factor 

In the recent years the data collection of apoptotic gene signatures in cancer is gaining 

increasing importance for prognostic implications and therapy prediction in cancer 

(Ahluwalia et al., 2021; Y. Wang et al., 2022; Zhong, Zhang, Huang, Lin, & Huang, 

2021; R. Zou, Zhao, Xiao, & Lu, 2022; X. Zou, He, Zhang, & Yan, 2022). These studies 

demonstrated an association of apoptosis-related genes and decreased survival and 

increased immune infiltration in lung adenocarcinoma, breast cancer, renal cell cancer 

and bladder cancer. In lung cancer, a high apoptosis or cell death related gene 

signature was found to predict decreased patients survival, but an increased cytotoxic 
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T-cell infiltration in combination with inhibitory checkpoints on tumor cells. According 

to that, a higher efficacy for immunotherapy alone or in combination with chemotherapy 

is eminent in patients with a high apoptosis or cell death related gene signature 

(Ahluwalia et al., 2021; X. Zou et al., 2022). In contrast, my work demonstrated an 

increased killing of tumor cells with an apoptosis-related gene signature. Although, 

when gene set enrichment analyses were performed for the slightly different cell 

sensitivity clusters based on the 3D co-culture model of NK-92 and tumor cells, the 

combined cell death index (developed by Ahluwalia et al., 2021) was increased in the 

low sensitivity group. Those results suggest, that the cancer cells vulnerability towards 

NK cell killing is shaped by susceptibility for apoptosis, but the additional complexity of 

structure and tumor microenvironment does strongly influence the reachability of tumor 

cells by NK cells. That would support the suggestion of Zou et al. to use cell death 

gene signatures for therapy prediction, which might apply to NK cell-based therapy 

options as well. However, a comprehensive analysis of NK cell effects in the context 

of cell death related signature in patients was not performed so far and would be 

necessary for an improved understanding. Furthermore, a gene signature score 

tailored to NK cell killing in patients would be useful to support the emerging options of 

NK cell-based therapies. 
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Concluding remarks 

This work established and characterized an in vitro co-culture system for further 

analysis of NK-cell - tumor cell interactions. Given the importance of successful killing 

of tumor cells during NK cell tumor surveillance, the focus was set on the execution of 

cell death pathways in tumor cells. I have argued throughout this work, that more 

susceptible cancer cell lines revealed an increased tendency to undergo apoptosis, 

considering the increased apoptotic signature and decreased sensitivity for pan-

caspase inhibition. Acknowledging the highly dynamic nature of NK cell – tumor cell 

interaction, leading to immune escape of tumor cells as a key challenge in cancer 

research and therapy, I successfully developed NK cell resistant lung cancer cell lines 

in long-term co-culture, reflecting known escape mechanisms like HLA dysregulation. 

These results, as well as the method to study immune escape could form the basis for 

future experiments. 

As with the majority of studies, the design of the current study is subject to limitations. 

The co-culture system was established in 3D for a better reflection of physiological 

conditions in the tumor microenvironment. In the course of the project, effects on cell 

death pathways were compared in 2D versus 3D and classified as comparable results. 

Therefore, for follow up experiments the 2D environment was chosen due to feasibility. 

However, for the aspect of apoptotic gene signatures, cancer cell receptor repertoire 

and their impact on NK cell interaction, as well as immune escape results gathered in 

3D would be more physiological relevant. Furthermore, this study did capture several 

aspects of NK cell – tumor cell interaction. An increased amount of functional data as 

a follow up of bioinformatical analysis could have been gathered by focusing on less 

facets. 

However, this project contributed to the understanding of the complex interplay 

between NK cells and patient derived lung cancer models with a systematic capture of 

tumor cell susceptibility towards NK cells in 2D and 3D, the discovery of extrinsic 

apoptosis in tumor cells triggered by NK cells and the verification of EMT and 

specifically TGF involvement in cancer NK cell escape in this in vitro model. 

Taken together, in this doctoral thesis work I identified several targets and pathways, 

which are involved in lung tumor cell susceptibility towards NK cells. This data, as well 

as the established co-culture system may therefore build a basis for future functional 

studies to determine the specific effects of individual cell death and inflammatory 

signaling components in the context of NK cell mediated killing of cancer cells.  
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Methods 
 

Cell culture 

Cells were cultured in a humidified atmosphere containing 5% CO2 at 37 °C. Human 

lung cancer cell lines K562, Colo699, H1975, H3122, H1819, HCC827, PC9, 

HCC4006, H3255, H2087, H460, H23, H2110, H1993, H1581, H2882, HCC95, A549 

and HCC15 were maintained in RPMI medium supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin (Pen/Strep). The human natural killer cell 

line NK-92 (purchased from Leibniz-Institut DSMZ-Deutsche Sammlung von Mikro- 

organismen und Zellkulturen GmbH) was maintained in alpha-MEM supplemented 

with L-Glutamine, Ribonucleosides, Deoxyribonucleosides, 2.2g/L NaHCO2, 10ng/ml 

IL2, 12,5% FBS and 12,5% horse serum (HS). 

 

Inhibitor treatment 

For inhibition experiments the dedicated inhibitor was added to the tumor cells 60min 

prior to the start of co-culture. For the condition without NK-92 cells, the inhibitor was 

added at the same time point. All inhibitors were solved in DMSO and for non-treatment 

conditions DMSO was added in the same amount as inhibitor in the treatment 

condition. 

Table 4 Table of inhibitors 

Inhibitor Concentration used in experiment 
(if not further labeled in results) 

Company, product number 

Alpelisib 50nM MedChemExpress, HY-15244 

IC-87114 1µM MedChemExpress, HY-10110 

QVD-OPH 20µM MedChemExpress, HY- 
12305 

Necrostatin-1 5µM MedChemExpress, HY-15760 

GSK-843 3µM MedChemExpress, HY-
125402 

 

 

 

Co-Culture 

2D 

To assess NK-92 killing of tumor cells a co-culture system was developed. Tumor cells 

were cultivated in 96 well plate (5000 cells per well) for 24h. The NK-92 cell line and 
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optional treatments were added in a 1:1 ratio in 100µl alpha-MEM. Analysis was 

performed after 72h of Coculture with a crystal violet staining. 

 

3D 

Tumor cells were cultivated (10,000 cells per well) in 96 ultra low attachment well plate 

(Corning® 96-well Clear Round Bottom Ultra-Low Attachment Microplate, #7007) until 

they formed stable spheroids after 24h. The NK-92 cell line was labeled with 

ViaFluor488. Therefore, the cell line was centrifuged at 200g for 5min and 

resuspended in 500µl PBS including 1µl ViaFluor. Following incubation at 37°C for 

10min 500µl alphaMEM was added for 10min at 37°C. Labeled cells were then 

centrifuged and adjusted to 10,000 cells/100µl, including IL2 as 2x concentration. The 

NK-92 cell line, DRAQ7 (300nM) and optional treatments were added in a 1:1 ratio in 

100µl alpha-MEM. For continuously observation the plate was placed in the Incucyte 

and analyzed with the spheroid module using following parameters: 

Brightfield: segmentation sensitivity 100%, cleanup hole fill 22µm2, minimum area filter 

5000µm2, maximum eccentricity 0.98. 

Green: top-hat segmentation: radius 20µm, threshold 0.6 GCU. 

Red: top-hat segmentation: radius 50µm, threshold 1 RCU. 

 

Caspase 3/7 assay 

For the detection of caspase 3/7 activation, the CellEvent™ Caspase-3/7 Green Flow 

Cytometry Assay Kit (Invitrogen, # C10427) was used. When NK cells were added to 

the tumor cell culture, the caspase 3/7 detection solution was added in a dilution of 

1:1000 to the co-culture and control condition. For continuously observation the plate 

was placed in the Incucyte and analyzed with the spheroid module using following 

parameters: 

Brightfield: segmentation sensitivity 100%, cleanup hole fill 22µm2, minimum area filter 

5000µm2, maximum eccentricity 0.98. 

Green: top-hat segmentation: radius 20µm, threshold 0.6 GCU. 

 

NK cell expansion PBMCs 

Isolation of PBMCs 
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PBMCs were isolated from buffy coats received from Blutspendezentrale Uniklinik Köln 

(Ethikantrag 21-1532). The blood was transferred into 50ml falcons and diluted with 

equal amount of PBS. For density gradient cell separation 20ml Ficoll-Paque™ PLUS 

was over layered with 30ml blood dilution. Next the sample was centrifuged at room 

temperature at 760g for 20min with the brakes switched off. After centrifugation the top 

layer containing plasma was discarded and the second layer with PBMCs was 

transferred into a new tube. Next, collected PBMCs were washed with PBS three times 

and centrifuged at 350xg for 8min. For paletes removal the samples were centrifuges 

at 200xg for 10min. After the last wash cells were counted with the Invitrogen Countess 

3 cell counter (Thermo Fisher). 

NK cell expansion 

Freshly isolated PBMCs were cultivated in NK MACS medium (Miltenyi Biotech, #130-

114-429), supplemented with IL-2 (10ng/ml, Peprotech, # 200-02) and IL-15 (10ng/ml, 

Peprotech, #200-15). At day 14 cells were analyzed via FACS for viability and their 

content of NKp46 positive cells.  

 

Long term Co-culture 

To reach a decreased sensitivity for tumor cell lines towards NK-92 cells long term co-

culture was used. Therefore, tumor cell lines were seeded in a cell culture T-75 flask. 

When a confluency of about 70% was reached, 2x106 NK-92 cells were added. After 

72h medium and NK-92 cells were discarded, confluent cells were washed with PBS 

and left in medium until they grew back to 70% confluency. Co-culture was repeated 

for 5 cycles and tumor cell sensitivity towards NK-92 cells was measured in 2D and 3D 

assay. 

 

Cytokine analysis 

Cytokine analysis was performed by EveTechnology. According to their protocol, 1ml 

supernatant was collected after dedicated time points of cell culture and sent to the 

company. 

 

 

Spheroid embedding 

A schematic overview for the workflow of tumor spheroid embedding is shown in Figure 

17. Tumor cells were cultivated (10,000 cells per well) in a 96 ultra low attachment well 
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plate (Corning® 96-well Clear Round Bottom Ultra-Low Attachment Microplate, #7007) 

for 7 days with change of medium every 72h. For co-culture conditions NK-92 were 

added in a 1:1 ratio 4h prior the fixation step. After 7 days the spheroids of each cell 

line were pooled, washed with PBS once and fixed in 4% formaldehyde 

(ROTIHistofix) for 60min. Following the fixation step, spheroids were washed three 

times with PBS. The pooled spheroids of each cell lines were then carefully 

resuspended in 200µl pre-warmed 2% agarose gel and filled in small prepared glass 

tubes to achieve the formation of cylinder-shaped agarose pieces. Once the gel 

solidified after 30min, the agarose was removed from the tubes and added to a 

histology cassette (VWR histology cassette, #18000-240). Further processing was 

performed at the department of pathology. Imaging was performed at the CECAD 

imaging facility, using Evos FL Auto2 (Thermo Fisher Scientific). 

 

 

Figure 17 Workflow of the embedding of tumor spheroids. 

 

Western Blotting 

Protein Extraction / Preparation of cell lysates 

To extract proteins out of the cells the medium was aspirated and cells were washed 

with 1 ml ice-cold PBS. Afterwards the cells were harvested in 40 µl ice-cold cell RIPA 

buffer by scratching. Cell lysates were then collected in a 1.5 ml tube and incubated 

on ice for 30 min. Subsequently the cells were centrifuged for 10 min at 4 °C and 

20,000 x g. Supernatant of each tube was transferred into a new tube and the pellets 

were discarded. The protein concentration was determined via BCA assay.  

Determination of total protein concentration 
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The PierceTM BCA Protein Assay Kit was used to determine total protein concentration. 

In a 96-well plate 2µl of each lysate was applied, supplemented with a standard of 0, 

0.25, 0.5, 1 and 2 µg/ml BSA to calculate the total protein concentration. Afterwards 

200 µl of 1x Dye Reagent was added. Subsequently the plate was incubated for 30 

min at 37 °C. For analysis the absorbance of the standards and samples was 

measured in a spectrophotometer (Tecan plate reader) at 595 nm. Each sample was 

diluted to 1 µg/µl, mixed with 1:3 Laemmli-buffer and denatured at 96 °C for 5min. 

SDS Polyacrylamide gel electrophoresis (SDS PAGE) 

Lysates were shortly centrifuged and 20 µg protein of each sample were loaded on a 

4-20% Tris-Glycine Mini Gel (15 wells). The Plus Prestained Protein Ladder was used 

as a marker. Proteins in the gel were separated with a voltage of 120 V for 1.5 hours. 

Immunoblotting 

Afterwards the separated proteins were transferred to a polyvinylidene difluoride 

(PVDF) membrane by using the iBlot2 program: 20 V for 30 s, 23 V for 1:45 min, 25 V 

for 45 s. Subsequently the membrane was blocked for 1 hour in a blocking solution 

containing 2% gelatin from cold water fish skin in TBST to prevent non-specific binding 

of antibodies. The membrane was then incubated with primary antibodies (Table 5) 

diluted in TBST (dilution 1:1000) at 4°C overnight. The membrane was washed again 

three times for 5 min in TBST and then incubated with secondary antibodies (Table 6) 

diluted in TBST and 0.01% SDS-TBS for 1h at room temperature. Afterwards the 

membrane was washed three times for 5min in TBST and proteins were detected by 

using the Odyssey CLx Imaging System. 

Table 5 List of primary western blot antibodies 

antibody species Company, product number 

STAT1 rabbit Cell signaling, #9172 

p-STAT1 rabbit Cell signaling, #CS9177S 

STAT3 rabbit Cell signaling, #9132 

p-STAT3 rabbit Cell signaling, #CS9131S 

GAPDH rabbit Cell signaling, #2118 

Caspase 8 mouse Cell signaling, #9746 
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Caspase 1 rabbit Cell signaling, #83383 

Cleaved caspase 1 rabbit Cell signaling, #4199 

MLKL rabbit Cell signaling, #14993 

p-MLKL rabbit Cell signaling, #91689 

JAK2 mouse Cell signaling, #74987 

Actin mouse Santa cruiz, #sc-47778 

AKT mouse Cell signaling, #2920 

p-AKT rabbit Cell signaling, #CS4060 

HSP90 rabbit Cell signaling, #4877 

 

Table 6 List of secondary western blot antibodies 

antibody Company, product number 

IRDye® 800CW Goat anti-Mouse IgG Li-Cor, # 926-32210 

IRDye® 680CW Goat anti-Mouse IgG Li-Cor, # 926-68070 

IRDye® 800CW Goat anti-Rabbit IgG Li-Cor, #926-32211 

IRDye® 680CW Goat anti-Rabbit IgG Li-Cor, # 926-68071 

 

Fluorescence-activated cell sorting (FACS) 

For FACS analysis cells were detached, centrifuged at 200g for 5 min and 

resuspended in FACS buffer (2 mM EDTA, 2% FCS, PBS). Cells were counted and 

adjusted to 5x106 cells/ml. For each staining 100µl/well were transferred to a V-bottom 

96 well plate and an appropriated amount of antibody was added for incubation for 

30min at room temperature. Following incubation cells were centrifuged for 3min at 

500g, washed with PBS, centrifuged again and resuspended in 200µl FACS buffer. 

Samples were measured with the FACS machine MACSQuant 16 (Miltenyi). Analysis 

was performed with FlowJo. 

Table 7 FACS antibodies 

antibody label Company, product number 

HLA-ABC PE Biolegend, #311406 

LAMP-1 APC Biolegend, # 328620 

CD45 FITC Miltenyi, #130-110-631 
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Crystal violet assay 

Medium and NK-92 cells were aspired and the wells were gently washed with tap water 

twice. After washing any remaining liquid was removed and the cells were incubated 

with 4% formaldehyde (ROTIHistofix) for 20min at room temperature on a bench 

rocker to fix the monolayer. ROTIHistofix was removed and the wells were washed 

with tap water twice. After the remaining liquid was removed and the plate was air 

dried, 50 μL of 0.5% crystal violet staining solution (for 100ml: 75ml H2O, 25ml 

methanol (Roth, #8388.1), 500mg crystal violet (Roth, #T123.3)) was added to each 

well and incubated for 20min at room temperature on a bench rocker. Following the 

staining, washing steps with tap water were repeated and the plate was air dried for at 

least 2h. To dissolve the staining 200µl methanol were added to each well and 

incubated for 20min at room temperature on a bench rocker. Optical density of each 

well was measured at 570nm by using the TECAN plate reader (TECAN, 

Infinite200Pro). 

 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

RNA-isolation was performed using the RNeasy-Mini Kit (Qiagen, Cat. No./ID:74104), 

following the manufacturers protocol “Purification of Total RNA from Animal Cells using 

Spin Technology”. Next, remaining genomic DNA was removed with incubation of 

reaction 1 (Table 8) for 2min at 42°C. 

Table 8 Reaction 1 

RNA 700ng 

4x gDNA wiper mix 4µl 

H2O Up to 16µl 

 

For reverse transcription reaction 2 was incubated for 15min at 37°C and 5sec at 85°C. 

Table 9 Reaction 2 

Reaction 1 8µl 

5x HiScript III Enzyme Mix 4µl 

H2O 8µl 

 

For RT-qPCR reaction 2 was diluted 1:5 and 1:10 primer mix of forward and reverse 

primer (Table 12) in H2O was prepared for each target. The reaction was prepared in 
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384 well plates with 2µl reaction 2 and 8µl reaction 3 per well. Each sample-target 

combination was performed as triplicates. 

Table 10 Reaction 3 

Primer mix 0.6µl 

2x ChamQ Universal SYBR qPCR 

Master Mix 

5µl 

H2O 2.4µl 

 

After sealing and centrifugation, the plate was placed in the QuantStudio5 System with 

following parameters for the QuantStudio Design & Analysis desktop software:  

Block type: 384-well block 

Experiment type: comparative CT (CT) 

Chemistry: SYBR Green reagents 

Run mode: standard 

Table 11 RT-qPCR program QuantStudio5 

 

 

Data was analyzed with the CT method. 

Table 12 List of qPCR primers 

Gene Primer sequence forward Primer sequence reverse 

GAPDH AGGTGAAGGTCGGAGTCAAC 

  

AGTTGAGGTCAATGAAGGGG 

MIC-B CGCCTAAAGTCTGCGAGGA CCCTGACTGCACAGATCCAT 

CD48 CTGGGGGTCCTATTCAGCCT CCCCCACGAAGTTGAGGTAA 

HLA-DP AGGCAGCATTCAAGTCCGAT GGGGGTCATTTCCAGCATCA 

ICAM1 TCTTCCTCGGCCTTCCCATA AGGTACCATGGCCCCAAATG 

 

HLA-typing analysis 

HLA-matching between NK-92 and tumor target cell lines was reviewed with publicly 

available cell line information (https://www.cellosaurus.org/index.html) and tested with 

the KIR ligand calculator of EMBL (https://www.ebi.ac.uk/ipd/kir/matching/ligand/). 

50°C 2min 

95°C 10min 

95°C 15s 

50°C 1min 
40x 

https://www.cellosaurus.org/index.html
https://www.ebi.ac.uk/ipd/kir/matching/ligand/
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RNA sequencing 

RNA-isolation 

RNA-isolation was performed in the pre-PCR area using the RNeasy-Mini Kit 

(Qiagen, Cat. No./ID:74104), following the manufacturers protocol “Purification of Total 

RNA from Animal Cells using Spin Technology”. Following quality control 

measurement with the TapeStation, Lexogen QuantSeq 3' mRNA-Seq was performed 

in the Cologne Center for Genomics (CCG). 

Analysis 

RNA sequencing baseline data of cancer cells were downloaded from the European 

Molecular Biology Laboratory – European Bioinformatics Institute (EML-EBI) as counts 

per million (CPM) (Barretina et al., 2012; Ghandi et al., 2019). Further data processing 

was accomplished with R Studio (R 4.2.1), using the R packages “limma”, “egdeR”, 

”Glimma”, ”org.Hs.eg.db”, “gplots” (Law et al., 2016). First, the counts for all samples 

and genes were stored and converted to a DGEList object. The information about high 

or low sensitivity towards NK-92 cell killing was also included as group information. 

Next, gene name information was added with “org.Hs.eg.db”. Lowly expressed genes 

were filtered with a threshold of 0.5 CPM followed by conversion to log2 counts per 

million for normalization. For hierarchical clustering the “heatmap.2” function was used 

to calculates a matrix of euclidean distances from the log2 CPM for the 500 most 

variable genes. Trimmed Mean of M (TMM) normalization for composition bias was 

calculated with the “calcNormFactors” function and implemented in the DGEList object. 

To assess differentially expressed genes between sensitivity groups a design matrix 

for the groups was created and the data was voom transformed to adjust the library 

size according to the calculated normalization (Law, Chen, Shi, & Smyth, 2014). Using 

the “lmfit” function a linear model for each gene was fitted (Ritchie et al., 2015). The 

group comparison was specified with the “makeContrast” function and stored as 

contrast matrix. With the “contrast.fit” function the generated contrast matrix was 

applied and with the “eBayes” function calculated empirical Bayes shrinkage on the 

variances, and estimated moderate t-statistics and p-values. Results were visualized 

with the “vulcanoplot” function. Further analysis included gene ontology (GO) 

enrichment using the “goana” function. 

 

Gene set enrichment analysis (GSEA) 



 58 

GSEA was performed using the desktop application GSEA 4.3.23. Expression data of 

cell lines was applied as normalized data and prepared according to the GSEA user 

guide. Phenotype labels of cell lines were set according to sensitivity clusters. As gene 

set files, the gene set files H.all.v2023.1.Hs.symbols.gmt, as well as the lists in Table 

13 were used. Other than that, standard parameters were used to automatically run 

the GSEA. (Mootha et al., 2003; Subramanian et al., 2005) 

Table 13 Additional gene sets used for GSEA (Ahluwalia et al., 2021) 

necrosis apoptosis pyroptosis 

BAX AIFM1 TIGAR 

BIRC2 AKT1 PRKACB 

BIRC3 AKT2 PDCD4 

CASP8 AKT3 RHEB 

CFLAR APAF1 TYK2 

FADD ATM STAT1 

FAS BAD CASP4 

FASLG BAX NLRP1 

RIPK1 BCL2 RELB 

TNF BCL2L1 P2RX4 

TP53 BID SENP6 

TRAF2 BIRC2 IFI16 

ALKBH7 BIRC3 IRF8        

ARHGEF2 CAPN1 GBP2 

BNIP3 CAPN2 SARM1 

BOK CASP10 IRAK4 

CAV1 CASP3 DDX58  

CD14 CASP6 IFNG 

CYLD CASP7 TP53 

DNM1L CASP8 RIPK3  

FZD9 CASP9 BRD4  

GSDME CFLAR ZBP1 

HEBP2 CHP1 BAX 

IPMK CHP2 NEDD4  

IRF3 CHUK NOD2 

ITPK1 CSF2RB MAP3K7 

LY96 CYCS TNFRSF4 

MAP3K5 DFFA CLEC4E 

MLKL DFFB MAPK8 

MT_CO2 ENDOD1 SOD1  

MT3 ENDOG DPP8  

 
3 Downloaded from https://www.gsea-msigdb.org/gsea/index.jsp 
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MTCO2P12 EXOG ADCY4 

PELI1 FADD CTSB 

PGAM5 FAS BRCC3 

PPIF FASLG NLRC5  

PYGL IKBKB DDX3X 

RBCK1 IKBKG PTGER2 

RIPK3 IL1A GSDMA 

SLC25A4 IL1B TICAM1 

SPATA2 IL1R1 HIF1A 

TICAM1 IL1RAP HSPA12A 

TICAM2 IL3 HDAC6  

TLR3 IL3RA ADRA2B 

TLR4 IRAK1 POP1 

TMEM123 IRAK2 NLRP9 

TRPM7 IRAK3 CARD8 

TSPO MAP3K14 NEK7 

UCN MYD88 HMOX1 

YBX3 NFKB1 HK1 
 

NFKBIA BNIP3 
 

NGF NLRC4 
 

NTRK1 NFKB2 
 

PIK3CA TLR2 
 

PIK3CB IRGM 
 

PIK3CD KCNK6 
 

PIK3CG FADD 
 

PIK3R1 RELA 
 

PIK3R2 PRKACA  
 

PIK3R3 GZMA 
 

PIK3R5 FOXO1 
 

PPP3CA AOAH 
 

PPP3CB NLRP2 
 

PPP3CC LDLR 
 

PPP3R1 RIPK1 
 

PPP3R2 GSDMD 
 

PRKACA ATG7 
 

PRKACB CYCS 
 

PRKACG SERPINB1 
 

PRKAR1A AIM2 
 

PRKAR1B IRF1 
 

PRKAR2A MAPK1 
 

PRKAR2B NFKB1 
 

PRKX CASP9 
 

RELA DAPK3 
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RIPK1 NAIP 

 
TNF PYDC2 

 
TNFRSF10A CASP6 

 
TNFRSF10B GBP3 

 
TNFRSF10C PRKAA1 

 
TNFRSF10D PDCD6IP 

 
TNFRSF1A TRAF6 

 
TNFSF10 GSDMB 

 
TP53 SDHB 

 
TRADD GSDMC 

 
TRAF2 PELI2 

 
XIAP IL18 

  
P2RX7 

  
IRF2 

  
IRAK1 

  
TOMM20 

  
TNF 

  
NLRP3 

  
IL1b 

  
PCSK9 

  
EP300 

  
DHX9 

  
TXNIP 

  
CD63 

  
NFE2L2 

  
MEFV 

  
MUL1 

  
SENP7 

  
CAMP 

  
MALT1 

  
GPX4 

  
IL13 

  
KLF2 

  
TLR3 

  
PRKACG 

  
PANX1 

  
PYCARD 

  
NLRX1 

  
JOSD2 

  
IRF3 

  
NLRP12 

  
NOS2 

  
RHOA 
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REL 

  
TLR4 

  
CASP5 

  
JAK1 

  
NLRP7 

  
CASP3 

  
TNFRSF1A 

  
CD274 

  
PDE8A 

  
MAPK14 

  
KAT2B 

  
GBP4 

  
NR1H2 

  
CDC37 

  
GZMB 

  
CASP1 

  
BTK 

  
SYK 

  
GBP1 

  
HMGB1 

  
MYD88 

  
STAT3 

  
DPP9 

  
CYLD 

  
PTGER4 

  
NLRP6 

  
CASP8 

 

 

 

 

Silencing RNA screen 

siRNAs for siRNA-mediated gene silencing were purchased at Horizon Discovery Ltd.. 

Lyophilized siRNAs were diluted in siRNA buffer as a stock solution of 100µM and 

incubated for 30min on a bench rocker. Transfection reagent LipofectaminRNAiMAX 

was diluted 1:100 in OptiMEM and for each well (96 well plate) 25µl transfection 

reagent with a final siRNA concentration of 25nM was added. For each siRNA 

quadruplicates were plated. After 30min of incubation 7000 cells per well were plated 

in 100µl RPMI supplemented with 10% FBS. NK-92 cells for co-culture conditions were 

added in a 1:1 ration in 100µl alphaMEM (supplemented as described in …) to 2 wells 
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of each siRNA, the 2 remaining control wells were filled with 100µl supplemented 

alphaMEM. The plates were placed in the Incucyte and observed for 72h. Incucyte 

analysis was performed with basic analyzer using following parameters: 

PC9: segmentation adjustment 1, minimum area filter 500µm2 

HCC15: segmentation adjustment 0.7, minimum area filter 550µm2 

H1819: segmentation adjustment 1.1, minimum area filter 1200µm2 

Table 14 siRNA sequences 

Gene Symbol GENE ID Gene Accession Sequence 

HLA-DRB5 3127 NM_002125 CUGCUUGGCUCUUAUUCUU 

HLA-DRB5 3127 NM_002125 CGUGAGCUGAAGUGCAGAU 

HLA-DRB5 3127 NM_002125 CAGAAAAUGUCCAUCCUUG 

HLA-DRB5 3127 NM_002125 ACCUGGCUCCAAAGACAAA 

MAGEA10 4109 NM_021048 AGUGCAAGUUCUAGCGCUA 

MAGEA10 4109 NM_021048 GGUAAAUGGGAGUGAUCCA 

MAGEA10 4109 NM_021048 GGUCUUUGGCAUUGAUGUA 

MAGEA10 4109 NM_021048 CAAAAGGAGGAGAGUCCAA 

TRPM2 7226 NM_003307 AGACGGAGUUCCUGAUCUA 

TRPM2 7226 NM_003307 CGGCAACAAUGACAAGCAA 

TRPM2 7226 NM_003307 UCGAGGACAUCAGCAAUAA 

TRPM2 7226 NM_003307 GACAAUGCCUGGAUCGAGA 

PIK3CD 5293 NM_005026 ACGAUGAGCUGUUCCAGUA 

PIK3CD 5293 NM_005026 CCAAAGACAACAGGCAGUA 

PIK3CD 5293 NM_005026 GCGUGGGCAUCAUCUUUAA 

PIK3CD 5293 NM_005026 CGAGUGAAGUUUAACGAAG 

STAT3 6774 NM_213662 GAGAUUGACCAGCAGUAUA 

STAT3 6774 NM_213662 CAACAUGUCAUUUGCUGAA 

STAT3 6774 NM_213662 CCAACAAUCCCAAGAAUGU 

STAT3 6774 NM_213662 CAACAGAUUGCCUGCAUUG 

C8orf4 56892 NM_020130 GUAAGAAAGCCGUGGGCAA 

C8orf4 56892 NM_020130 GGAGAGAGCCAAGAUCAUU 

C8orf4 56892 NM_020130 GAAACUCUGGAGACAAGAA 

C8orf4 56892 NM_020130 GAAAACGCGUGCCCUGAUG 

BZW1 9689 NM_014670 GCAGAUGACAUGAUGCGUA 

BZW1 9689 NM_014670 CAGCAAAAGCCAACGCUAU 

BZW1 9689 NM_014670 CGUAAUGGAGUUUGAGUAA 

BZW1 9689 NM_014670 GCUUCGUUCUCUUAAUAUA 

CNTFR 1271 NM_001842 CCGGGAAGGAGUACAUUAU 

CNTFR 1271 NM_001842 CUGCAUGGCUCCAAAAUUA 

CNTFR 1271 NM_001842 GGACUGAGGAACCGCGACA 

CNTFR 1271 NM_001842 UACAAGGUCUCCAUAAGUG 

RAB1B 81876 NM_030981 UGCAGGAGAUUGACCGCUA 

RAB1B 81876 NM_030981 CCAGCGAGAACGUCAAUAA 

RAB1B 81876 NM_030981 CGGUGGGAUCUGAGUAUAU 

RAB1B 81876 NM_030981 GAAUAUGACUACCUGUUUA 

HES3 390992 NM_001024598 CCUAUUUGGUCUCGCGACA 

HES3 390992 NM_001024598 CGGAAGCGCAAAUUGGAGA 
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HES3 390992 NM_001024598 GGGGAUGACCUGAACUGAA 

HES3 390992 NM_001024598 AUCCUGGAGUUGAGCGUGA 

MRPL18 29074 NM_014161 UGGCACAGGUUGCGAGUUA 

MRPL18 29074 NM_014161 GCAAGUCAGAAGUUGUUUA 

MRPL18 29074 NM_014161 GAUGCUUAGAGGCGGGAAU 

MRPL18 29074 NM_014161 UUGUGAGAGUAUAGGACGA 

CD48 962 NM_001778 GAAACUGUCAUGUGUGAUA 

CD48 962 NM_001778 GGAGUAGAAUGGAUUGCAA 

CD48 962 NM_001778 GCACCUACAUCAUGAGGGU 

CD48 962 NM_001778 CUAAGUACUUUGAAUCCAA 

CD58 965 NM_001779 UAACUUGUGCAUUGACUAA 

CD58 965 NM_001779 GAAGUUCUUUCUUUAUGUG 

CD58 965 NM_001779 GCACUUAUACCCAUACCAU 

CD58 965 NM_001779 CGCCAAAUAUUACUGAUAC 

MICB 4277 NM_005931 GCUAUGAACGUCACAAAUU 

MICB 4277 NM_005931 GACAGACUUUCCAUAUGUU 

MICB 4277 NM_005931 GCUACUGGGUCCACUGGUU 

MICB 4277 NM_005931 CUGCUGCUAUGCCAUGUUU 

SDC2 6383 NM_002998 CCAAAGAGCCUGUCGAUGA 

SDC2 6383 NM_002998 GAAACCACGACGCUGAAUA 

SDC2 6383 NM_002998 GACUGGUGUUAAUGAGUAU 

SDC2 6383 NM_002998 CAAGAUACCUGCUCAGACA 

TMEM156 80008 NM_024943 GAUCAACAAUCAUGGAGGA 

TMEM156 80008 NM_024943 GAGGAAGUGAUUCGGAGAA 

TMEM156 80008 NM_024943 AGCAAGGAGAAAUCGAUAA 

TMEM156 80008 NM_024943 UGAGAUCAAUAUACACGAA 

ADGRL2 23266 NM_012302 CGACAAACGUGCCGCAUCA 

ADGRL2 23266 NM_012302 GAGGAAAGACUGAUAUCGA 

ADGRL2 23266 NM_012302 ACAGAACAAUGGAAUGAUA 

ADGRL2 23266 NM_012302 AAAUUUGACUUGAGGACUA 

IGFBP5 3488 NM_000599 CGCAAAGGAUUCUACAAGA 

IGFBP5 3488 NM_000599 GAAAGAAGCUGACCCAGUC 

IGFBP5 3488 NM_000599 GAUCAUCUCUGCACCUGAG 

IGFBP5 3488 NM_000599 GCAGGGAACGCAUGAUUCA 

ICAM1 3383 NM_000201 GGUAGCAGCCGCAGUCAUA 

ICAM1 3383 NM_000201 GAGCCAAGGUGACGCUGAA 

ICAM1 3383 NM_000201 CGGCUGACGUGUGCAGUAA 

ICAM1 3383 NM_000201 GAAGAUAGCCAACCAAUGU 

FAS 355 NM_152876 GAACAUGGAAUCAUCAAGG 

FAS 355 NM_152876 UGGAAGGCCUGCAUCAUGA 

FAS 355 NM_152876 UGAGGAAGACUGUUACUAC 

FAS 355 NM_152876 GCGUAUGACACAUUGAUUA 

TNFRSF10B 8795 NM_147187 GCAAAUAUGGACAGGACUA 

TNFRSF10B 8795 NM_147187 GCAAGUCUUUACUGUGGAA 

TNFRSF10B 8795 NM_147187 CAAGGUCGGUGAUUGUACA 

TNFRSF10B 8795 NM_147187 UCAUGUAUCUAGAAGGUAA 

HLA-B 3106 NM_005514 GGACCAAACUCAGGACACU 

HLA-B 3106 NM_005514 CAUCGGAGCUGUGGUCGCU 

HLA-B 3106 NM_005514 ACACCCAGUUCGUGAGGUU 
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HLA-B 3106 NM_005514 UGGAGAACGGGAAGGACAA 

HLA-DPA1 3113 NM_033554 CGGACCAUGUGUCAACUUA 

HLA-DPA1 3113 NM_033554 UAAAGUCUCUGCGUUCUGG 

HLA-DPA1 3113 NM_033554 GAUUACAGCUUCCACAAGU 

HLA-DPA1 3113 NM_033554 GAAAUACUGUAAAGGUGAC 

ON-TARGETplus 
Non-targeting 
Control 

0   UGGUUUACAUGUCGACUAA 

ON-TARGETplus 
Non-targeting 
Control 

0   UGGUUUACAUGUUGUGUGA 

ON-TARGETplus 
Non-targeting 
Control 

0   UGGUUUACAUGUUUUCUGA 

ON-TARGETplus 
Non-targeting 
Control 

0   UGGUUUACAUGUUUUCCUA 

ON-TARGETplus 
Cyclophilin Control 

0   ACAGCAAAUUCCAUCGUGU 

ON-TARGETplus 
Cyclophilin Control 

0   GAAAGAGCAUCUACGGUGA 

ON-TARGETplus 
Cyclophilin Control 

0   GAAAGGAUUUGGCUACAAA 

ON-TARGETplus 
Cyclophilin Control 

0   GGAAAGACUGUUCCAAAAA 
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