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ABSTRACT (ENGLISH)

Abstract (English)

The notion of harnessing the patient’s intrinsic immune system to target tumor cells has sparked the de-
velopment of immunotherapy as a promising new approach to treat cancer. However, only a minority of
patients benefit from currently available immunotherapeutic approaches, as many tumors escape immune
attacks and develop immune evasion mechanisms. Hence, it is crucial to identify cellular factors that influ-
ence the success of immune cell-mediated tumor clearance.

In this project, | developed a genetically defined autochthonous liver cancer mouse model with conditional
neoantigen expression for the investigation of neoantigen-mediated immune responses and immunother-
apeutic treatments. In addition to that, | used primary neoantigen-expressing tumor cells and antigen-spe-
cific T cells to establish a co-culture assay in order to study mechanisms of cytotoxic T cell-mediated killing.
This assay was further used to perform a lentiviral CRISPR/Cas9 screen, which identified new tumor cell-
specific mediators of T cell-dependent killing, among others Activin A receptor type | (Acvrl). Additional
experiments validated the role of Acvrl, a type | receptor serine kinase of the bone morphogenetic protein
(BMP) pathway, in T cell-mediated killing. Moreover, | could show that Acvrl knock-out reduced T cell killing
efficiency by downregulating the expression of the death receptor Fas, thus reducing FAS ligand (FASLG)-
mediated apoptosis induction.

In summary, this study included the establishment of new in vivo and in vitro model systems for the inves-
tigation of neoantigen-specificimmune responses and tumor cell clearance. With that, | was able to identify
Acvrl as new mediator of T cell-dependent tumor cell killing and prospective drug target. These findings
offer the opportunity to further explore and improve immunotherapeutic approaches to potentially en-
hance the success rate of immunotherapies in the future.



ZUSAMMENFASSUNG (DEUTSCH)

Zusammenfassung (deutsch)

Die Vorstellung, das koérpereigene Immunsystem des Patienten zur gezielten Beseitigung von Tumorzellen
zu nutzen, hat die Entwicklung der Immuntherapie als vielversprechenden neuen Ansatz zur Behandlung
von Krebs in Gang gesetzt. Von den derzeit verfligbaren immuntherapeutischen Ansatzen profitiert jedoch
nur eine Minderheit der Patienten, da viele Tumore den Angriffen des Immunsystems entgehen und Me-
chanismen zur Immunevasion entwickeln. Daher ist es von entscheidender Bedeutung, zelluldre Faktoren
zu identifizieren, die den Erfolg der Immunzell-vermittelten Tumorbekampfung beeinflussen.

In diesem Projekt habe ich ein genetisch definiertes, autochthones Leberkrebs-Mausmodell mit kontrol-
lierter Neoantigen-Expression entwickelt, um Neoantigen-spezifische Immunantworten und immunthera-
peutische Behandlungsmethoden zu untersuchen. Zusatzlich verwendete ich primdre Neoantigen-expri-
mierende Tumorzellen und Antigen-spezifische T-Zellen, um einen Co-Kultur-Assay zu etablieren und die
Mechanismen der zytotoxischen T-Zell-vermittelten Abwehr zu untersuchen. Dieser Assay wurde anschlie-
Rend zur Durchfihrung eines lentiviralen CRISPR/Cas9-Screens verwendet, mit dem neue Tumorzell-spezi-
fische Faktoren der T-Zell-abhadngigen Totung identifiziert wurden, unter anderem Activin A receptor type |
(Acvrl). Weitere Experimente bestatigten die Rolle von Acvrl, einer Typ-I-Rezeptor-Serin-Kinase des BMP-
Signalwegs (bone morphogenetic protein), bei der T-Zell-vermittelten Abwehr. Darlber hinaus konnte ich
zeigen, dass der Knock-out von Acvrl die Effizienz der T-Zell-Tétung reduziert, indem er die Expression des
Todesrezeptors Fas herunterreguliert und damit die FAS-Ligand (FASLG)-vermittelte Einleitung der
Apoptose verringert.

Im Rahmen dieser Studie wurden neue in vivo und in vitro Modellsysteme zur Untersuchung Neoantigen-
spezifischer Immunantworten und der Eliminierung von Tumorzellen entwickelt. Dadurch konnte ich Acvrl
als neuen Vermittler der T-Zell-abhangigen Tumorzell-Tétung und potenziellen Arzneimittelkandidaten
identifizieren. Diese Erkenntnisse bieten die Moglichkeit, immuntherapeutische Ansadtze weiter zu erfor-
schen und zu verbessern, um so die Erfolgsrate von zuklnftigen Immuntherapien zu erhéhen.
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INTRODUCTION

1 Introduction
1.1 Cancer as genetic disease

1.1.1 The role of genetic aberrations in cancer

Cancer is a family of diseases that are characterized by uncontrolled growth of malignant cells leading to
the formation of neoplastic lesions, tissue invasion, and metastases. Taken together, cancer accounts for
approx. 10 million deaths in 2020 worldwide, making it the second leading cause of death [2,3]. Hanahan
and Weinberg postulated common acquired characteristics of cancer cells, which explain how cancer arises
and why treatment options are still limited. These hallmarks of cancer include sustaining proliferative sig-
naling, evading growth suppressors, replicative immortality, resistance to cell death, induction of angiogen-
esis, invasion and metastasis, immune evasion, tumor-promoting inflammation, dysregulated cellular me-
tabolism, and genomic instability and mutation [4,5]. Since these acquired properties are consequences of
genetic alterations or gene mutations in cells, cancer has been widely accepted to be a genetic disease [6].
Genetic alterations leading to cancer can be either hereditary germ line mutations, e.g., mutations in the
breast cancer prevalence genes encoding Breast cancer type 1 and 2 susceptibility proteins (BRCA1 and
BRCA?2), or acquired mutations in somatic cells that were triggered by external factors like smoking, diet,
or UV radiation [7,3]. Different classes of molecular alterations or gene mutations have been identified and
described in tumor genomes and range from single nucleotide variations to large chromosomal rearrange-
ments, like large-scale deletions or copy number alterations [6,8,9]. Additionally, beside direct changes in
the genomic DNA sequence, cancer can arise through epigenetic dysregulation, such as hypo- or hyper-
methylation of CpG islands, which promote aberrant gene activation or silencing, respectively [10,11].
Moreover, several genes of viral origin are known to cause cancer (e.g., human papilloma virus, HPV)
[12,13]. Generally, altered genes that drive tumorigenesis can be categorized as oncogenes or tumor sup-
pressor genes, which will be discussed hereafter.

1.1.2 Oncogenes and tumor suppressor genes

Consistent with the notion that cancer is a genetic disease, a large number of genes has been identified
that lead to tumorigenesis if they are altered or mutated. These genes can be categorized according to
their tumorigenic mode of action in (proto-)oncogenes and tumor suppressor genes.

1.1.2.1 Oncogenes

In healthy cells, proto-oncogenes fulfill various roles in fundamental cellular processes like proliferation,
cell survival, and differentiation [14]. During tumorigenesis, proto-oncogenes undergo genetic alterations,
which lead to aberrantly increased gene expression or hyperactivation of the encoded protein. These ab-
normally activated genes are then dubbed oncogenes and cause uncontrolled cell growth and proliferation,
thus driving tumorigenesis [15].

Several different molecular mechanisms lead to oncogene activation. One of them are mutations in the
coding sequence of a proto-oncogene which cause hyperactivation of the expressed protein. A well-de-
scribed example is the oncogene Kirsten rat sarcoma virus (KRAS), which is part of the RAS gene family [16].
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KRAS mutations are often found in pancreatic, colorectal, and lung adenocarcinomas, making it one of the
most frequent mutated oncogenes in humans [17]. KRAS encodes a GTPase which acts as an activator of
several signaling pathways associated with tumorigenesis, including the mitogen-activated protein kinase
(MAPK) and the phosphatidylinositol 3-kinase (PI3K) pathway [18,19]. Under healthy conditions, KRAS al-
ternates between a GTP-bound activated state, in which it is able to transduce activating signals to down-
stream effectors, and a GDP-bound inactivated state, which occurs after hydrolysis of GTP to GDP by KRAS
[20]. Oncogenic KRAS is often found to have a point mutation as position G12, which leads to the substitu-
tion of the amino acid glycine to aspartate (G12D) or valine (G12V) [21]. As a consequence, KRAS is not able
to hydrolyze GTP, which causes permanent activation of KRAS. This results in constitutive activation of sig-
naling pathways associated with proliferation and cell survival, ultimately leading to tumorigenesis [22,16].

A second type of molecular event causing oncogene activation are large chromosomal rearrangements that
lead to increased oncogene expression. One oncogene that is activated in this manner is MYC (also known
as c-Myc (cellular Myc)). MYC is part of a family of Myc transcription factors including MYC, I-Myc, and n-
Myc [23]. MYC targets at least 15 % of all human genes and regulates a multitude of cellular processes like
cell cycle progression, proliferation, cell survival, cell growth, and differentiation [24,25]. Accordingly, ab-
errantly expressed MYC is one of the most frequent oncogenes found in many different tumor types [26].
In order to initiate gene expression, MYC forms heterodimers with the MYC-associated factor X (MAX) and
binds DNA at enhancer box elements (E-boxes). This is mediated by the basic helix-loop-helix and leucine
zipper motifs found in both MYC and MAX [27,28]. Different mechanisms of MYC oncogene activation have
been described. For instance, chromosomal translocations placing MYC under the control of strong en-
hancer elements like the immunoglobulin heavy chain enhancer have been identified in approx. 80 % of
Burkitt’s lymphomas [29,30]. Furthermore, copy number alterations can result in the amplification of the
MYC gene on chromosome 8¢ [31,32]. Remarkably, MYC is estimated to be amplified in 21 % of all cancer
types [33].

1.1.2.2 Tumor suppressor genes

Tumor suppressor genes are regulators for cell cycle progression and proliferation and can induce cell cycle
arrest or apoptosis. Unlike oncogenes, they exert their tumor promoting role upon aberrant inactivation
rather than upregulation [34]. If tumor suppressor genes lose their regulatory function, cell cycle progres-
sion and proliferation can occur uncontrolled, which results in genomic instability and formation of malig-
nant cells. Several molecular alterations can lead to the loss of a tumor suppressor gene, including complete
loss of the gene (large-scale deletion), point mutations, or epigenetic silencing [35]. Since tumor-promoting
mutations of tumor suppressor genes lead to a loss of function, both alleles need to be affected for the
formation of malignant cells (also known as Knudson'’s two-hit hypothesis) [36,35].

The first identified tumor suppressor gene was found in both hereditary and sporadic cases of retinoblas-
tomas (RB) and was therefore named RB transcriptional corepressor 1 (RB1) [37]. In healthy cells, the gene
product of RB1 suppresses the transcription of E2F transcription factor target genes, which are essential
for cell cycle progression and proliferation [38]. RB1 is inactivated through phosphorylation by Cyclin-de-
pendent kinase 4 (CDK4)/Cyclin D complexes, leading to cell cycle progression and proliferation. Hence, if
the function of RB1 is lost, cells can divide uncontrollably and promote tumorigenesis. Dysregulated or
mutated RB1 is often found in retinoblastomas, osteosarcomas, and small-cell lung cancer [38].
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The tumor protein p53 (TP53) is a tumor suppressor gene that is estimated to play a role in 50 % of all
cancers [34]. Germline mutations of TP53 are the cause of the Li-Fraumeni syndrome, a hereditary disease
that leads to development of tumors in young age [39,40]. In healthy cells, TP53 is activated upon DNA
damage or oncogene expression in order to arrest cell cycle progression or to induce apoptosis [41,42].
Therefore, TP53 is also dubbed the “guardian of the genome”, as it prevents cells harboring potentially
tumorigenic DNA damage from proliferating and forming neoplastic lesions. In healthy cells, detection of
DNA damage leads to rapid upregulation of TP53, which in turn activates the expression of genes associated
with cell cycle arrest, DNA repair, apoptosis, and senescence [43]. One major target of TP53 is the CDK
inhibitor p21 [44]. Inhibition of CDK/Cyclin complexes by p21 leads to cell cycle arrest until DNA damage is
repaired [34]. Additionally, DNA damage-induced activation of TP53 can lead to induction of apoptosis in
order to eliminate cells with DNA damage.

In tumors, TP53 is often mutated in the DNA binding domain of the gene [45], leading to missense muta-
tions and altered protein function [46]. Loss of function of TP53 leads to reduced DNA damage repair and
increased genome instability, thus ultimately promoting tumorigenesis [34].

1.1.3 Liver cancer

Liver cancer is the third most frequent cause of cancer-related death worldwide [47]. The two most com-
mon primary liver cancer subtypes are hepatocellular carcinoma and intrahepatic cholangiocarcinoma.

1.1.3.1 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most frequent form of liver cancer, accounting for approx. 75 % of
all primary liver cancers [48]. HCC is generally considered to originate from hepatocytes, although the sci-
entific discourse of the origin of HCC is still ongoing and proposes several hepatic progenitor cell types as
cells of origin [49]. Major risk factors for HCC development are chronic infections with hepatitis B and C
viruses, cirrhosis, obesity- or diabetes- induced non-alcoholic steatohepatitis (NASH), and excessive alcohol
consumption [50]. Hepatitis B virus (HBV) infections account for 60 % of all HCC cases in Asia and Africa and
20 % of all HCC cases in the West [51]. HBV is a DNA virus that integrates into the genome of the host,
thereby causing oncogene activation [52]. On the other hand, hepatitis C virus (HCV) is an RNA virus and
leads to HCC development indirectly by inducing chronic liver damage and cirrhosis [50]. Liver cirrhosis,
caused by viral infections, alcohol consumption, or NASH, is found in more than 80 % of all HCC cases [53].
Notably, 90 % of all HCC cases develop in the context of chronic liver disease or cirrhosis and it was shown
that chronic inflammation, dysregulated immune surveillance, and a cirrhotic microenvironment promote
tumorigenesis in HCC [54-56].

The mutational landscape of HCC is highly heterogeneous and still under investigation [57]. Frequent mu-
tational drivers of HCC include activating mutations of Telomerase reverse transcriptase (TERT) (found in
60 % of all HCC), genetic alterations leading to activation of the Wnt-B-Catenin pathway (e.g., mutations in
CTNNB1, AXIN1, or APC, approx. 50 %), and loss-of-function mutations of TP53 (20-25 %) [58,57,50]. Addi-
tionally, the MAPK pathway is altered in 43 % of all HCC cases, with activating mutations of KRAS making
up for 1.6 % [57,58]. Activating alterations of the oncogene MYC are found in 12 % of HCC [59-61]. How-
ever, even though many tumor-driving genes causing HCC have been identified, only 20-25 % of all HCC
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patients are found to have a potentially actionable mutation, highlighting the need for new therapy ap-
proaches [50].

1.1.3.2 Intrahepatic cholangiocarcinoma

Intrahepatic cholangiocarcinoma (ICC) arises from cholangiocytes of intrahepatic bile ducts. It accounts for
12-15 % of all liver cancers and is the second most frequent liver cancer entity after HCC [48]. Common risk
factors for developing ICC are the same as for HCC, namely HBV and HCV infections, alcohol consumption,
obesity, and NASH. Accordingly, chronic inflammation of the biliary epithelium is observed in many cases
of ICC [62,63].

The mutational landscape of ICC comprises genetic alterations that lead to dysregulation of WNT-CTNNBI,
MYC, ERBB, TNF, and VEGF signaling [62]. KRAS mutations are present approx. 8 % of ICC, while amplifica-
tions of the MYC oncogene could be found in approx. 20 % [64,65]. Furthermore, mutations in the tumor
suppressor TP53 have been reported in 12.5 % of studied ICC cases [65]. 50 % of all cholangiocarcinoma
harbor genetic driver mutations that can be targeted by drugs and offer new possibilities for targeted ther-
apy approaches for optimized treatment of ICC [62].

1.1.3.3 Mouse models to study liver cancer in vivo

Mice are often used as in vivo models owing to their relatively cost- and time-effective husbandry and their
genetic similarity to humans [66]. In cancer research, mouse models are utilized to gain deeper insights
into biological mechanisms of tumorigenesis and cancer therapies. For that, they need to be able to mimic
molecular changes and pathophysiological processes of tumorigenesis and tumor progression in a repro-
ducible and reliable manner. For liver cancer research, a variety of mouse models has been established that
differ in the mode of cancer initiation, tumor incidence, and time of tumor development [67].

Several dietary models have been described that are able to recapitulate liver tumorigenesis caused by
obesity or the metabolic syndrome. For instance, mice fed with a choline-deficient diet develop hepatoste-
atosis and HCC [68]. High-fat or Western diets contain high percentages of fats, fructose, and cholesterol,
and cause similar symptoms as the metabolic syndrome found in humans (e.g., obesity and insulin re-
sistance), resulting in hepatic steatosis with chronic inflammation, fibrosis, and ultimately HCC [69-73].
Dietary mouse models have a relatively long tumor incidence of approx. 12 months and closely mimic the
human pathophysiology of NASH-associated chronic inflammation and fibrosis, which eventually leads to
HCC development [67].

Additionally, tumor induction by chemotoxins like diethylnitrosamine (DEN) or carbon tetrachloride (CCls)
has been used for several decades and has been well described. Chemotoxins and their metabolites lead
to tumorigenesis by causing DNA damage, oxidative stress, and liver damage and result in tumor induction
within 9-24 months [67,74-77].

Being a genetic disease, numerous genetically-engineered mouse models are used in liver cancer research
that aim to emulate genetic alterations found in HCC. For instance, several transgenic mouse strains have
been established that harbor mutations causing overexpression of Myc [67]. By coupling oncogenes or tu-
mor suppressor genes with the albumin receptor or the Cre-lox system, it is possible to achieve liver-specific
gene expression or gene knock-out (KO). Transgenic mouse strains frequently used to study HCC include
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genetic manipulations of the Wnt-B-Catenin pathway, or KO of Trp53 or Pten. In these models, the time of
tumor development and incidence vary depending on the tumor-driving mutation [67]. However, the es-
tablishment of genetically-engineered mouse strains is time- and cost-intensive and requires gene modifi-
cation in embryonic stem cells and extensive cross-breeding.

Therefore, hydrodynamic tail vein injection (HTVI) has become a cheap and straight-forward alternative to
traditional methods of generating transgenic mice. HTVI is used to quickly deliver naked DNA into liver cells.
This is achieved through rapid injection of a large amount of DNA (up to 50 pg) in saline solution (10 % v/w
of the body weight) into the tail vein within 7-10 seconds. The solution enters the inferior vena cava and
leads to increased intravascular pressure. After reaching the heart, the high volume of the injection
stretches the myocardial fibers and causes cardiac congestion. This results in a retrograde flow via the
inferior vena cava into hepatic vessels. Due to the high endothelial pressure, the endothelial fenestrations
in the hepatic sinusoids are transiently expanded and mediate the uptake of DNA by hepatocytes (Figure
1.1) [78,79].

Using this method, between 10 % and 40 % of all hepatocytes are transiently transfected [67,80]. By com-
bining HTVI with plasmids encoding Sleeping Beauty (SB) transposase elements, genetic information can
be stably integrated into the genome of hepatocytes. The SB system consists of the SB transposase, a syn-
thetic recombinase, and transposable elements flanked by specific inverted repeats/direct repeats (IR/DR)
sequences [81]. The transposase recognizes and binds to the IR/DR regions and leads to transposition of
the transposon element into the genome in a cut-and-paste manner [82]. By designing transposon ele-
ments that harbor genetic information of oncogenes or short-hairpin RNA (shRNA), the SB system can be

Increase of Stretching of the Drive of the DNA Increase of the
intravascular myocardial fibers solution into the permeability of the
pressure in the and induction of hepatic vein in hepatocytes and
inferior vena cava cardiac retrograde gene transfer into
upon the tail vein congestion. direction. the hepatocytes
injection.

Figure 1.1. Mechanism of DNA uptake by hepatocytes via hydrodynamic tail vein injection [80].
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used to induce expression of oncogenes or RNA interference (RNAi)-mediated knock-down of tumor sup-
pressor genes, which leads to rapid and aggressive tumor development [82]. Furthermore, transposon el-
ements can be designed to contain tetracycline-responsive gene promotors, thus achieving conditional
transgene or shRNA expression [83]. In addition to that, HTVI can be used to deliver plasmids encoding for
components of various CRISPR systems allowing targeted gene editing like gene KO, base editing, or gene
activation in hepatocytes [84]. Through combined use of transposon and CRISPR/Cas9 plasmids with HTVI,
it is possible to simultaneously generate stable oncogene expression and tumor suppressor gene KO in
hepatocytes. This leads to rapid formation of liver tumors within several weeks or months, depending on
the cancer-driving genes [85].

Taken together, this highly flexible model allows the generation of genetically defined autochthonous liver
tumors and is therefore well suited to investigate the impact of specific genes on liver tumorigenesis and
tumor progression.

1.2 Cancer therapies

1.2.1 Established cancer treatments

For a long time, standard medical interventions to treat cancer were limited to surgical resection of the
tumor mass, radiation therapy, and untargeted chemotherapy. However, these approaches are often not
feasible, ineffective, or caused severe adverse effects due to systemic toxicity [86].

With the advent of personalized medicine, targeted anti-cancer drugs have been developed that allowed
to match the treatment to the underlying disease-conferring cellular mechanisms. Unlike classical chemo-
therapy, which targets all fast-proliferating cells regardless of their malignant state, targeted therapies aim
to inhibit specific cellular functions that contribute to the cancerous phenotype of tumor cells [87]. For
example, the multikinase inhibitor Sorafenib (Nexavar®) is used for the treatment of unresectable advanced
HCC, renal cell carcinoma, and thyroid cancer [88,89]. Sorafenib targets receptor tyrosine kinases like vas-
cular endothelial growth factor receptor (VEGFR) and the intracellular serine/threonine kinases of the
MAPK pathway, thus inhibiting angiogenesis and tumor cell proliferation [90]. Moreover, targeted hormo-
nal therapies can be used to treat hormone-sensitive tumors, like certain breast cancer types, by binding
to hormone receptors and inhibiting hormone-induced growth signals (e.g., Tamoxifen (Nolvadex®)) [91].
Since targeted therapies specifically inhibit individual cellular processes of tumor cells, many tumors de-
velop drug resistance over time [87]. Therefore, targeted anti-cancer therapies are often combined with
other therapy approaches, such as chemotherapy, radiation, or immunotherapy [87,92].

1.2.2 Immunotherapy

The notion to harness the patient’s immune system to attack malignant cells has become increasingly sig-
nificant over the last three decades. In 2018, the inventors of immune checkpoint blockade therapy James
P. Allison and Tasuko Honjo were awarded with the Nobel Prize of Medicine, underlining the importance
and therapeutic potential of immunotherapies [93].

Immunotherapeutic approaches can be divided into four categories: immune checkpoint blockade, adop-
tive T cell-based therapies, cancer vaccines, and immune system modulators [94,95]. Immunotherapeutic
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approaches are mainly based on the function of cytotoxic T lymphocytes, which are able to recognize and
kill cells expressing specific antigens.

1.2.2.1 Recognition and elimination of tumor cells by cytotoxic T cells

Malignant tumor cells can be eliminated through the cytotoxic effects of activated CD8" T cells (cytotoxic T
lymphocytes, CTLs). For that, CD8" T cells have to undergo three activation steps. First, tumor cells are
recognized by T cells through specific binding of antigen:major histocompatibility class | complexes (MHC
class 1) to antigen-specific T cell receptors. This initiates the cellular mechanism of T cell activation, which
ultimately results in the implementation of cytotoxic effector functions to kill target cells.

Initially, T cell have to be able to recognize tumor cells as abnormal. This is accomplished by the presenta-
tion of tumor-specific or tumor-associated antigens (TSAs or TAAs) complexed with MHC class | on the
surface of tumor cells. TSAs, also referred to as neoantigens, are antigens that are uniquely expressed on
the surface of tumor cells and originate from the expression and processing of mutated proteins that arise
during the neoplastic progression of tumor cells [96]. TAAs, on the other hand, derive from unmutated
proteins that are overexpressed or abnormally expressed on tumor cells [97,98]. The precursors of TAAs
and TSAs are endogenous proteins that are translated in the cytosol and subsequently undergo pro-
teasomal degradation. The degraded peptides are then transported into the endoplasmic reticulum (ER)
via the transporter associated with antigen processing (TAP), where they bind to MHC class |. Next, the
peptide-loaded complex is shuttled to the cell membrane, where it presents the loaded antigen to CD8*
T cells [99]. CD8* T cells specifically bind to peptide:MHC class | complexes through direct interaction of the
co-receptor CD8 and MHC class | [100], thus being able to recognize antigens on all nucleated cells in the
body [101]. Upon binding of the antigen-specific T cell receptor of naive CD8" T cells to antigen:MHC class |
complexes, T cell activation is initiated (Figure 1.2).

The activation of T cells is a two-step process and starts with the interaction of the T cell receptor (TCR) to
its cognate antigen:MHC class | complex on antigen-presenting cells (APCs). Secondly, the co-stimulatory
receptor CD28 on the T cell engages with the ligands B7-1 (CD80) or B7-2 (CD86) on the APC. This second
step is necessary to initiate activating signaling in T cells and serves as a control mechanism to prevent
immune reactions to self-antigens [102,103]. Activated T cells expand rapidly and undergo transcriptional
changes, thereby differentiating into CTLs. When activated CTLs encounter their cognate antigen in the
context of an MHC class | complex, they exert their cytotoxic function in three different ways. First, they
secrete the inflammatory cytokines Interferon gamma (IFNy) and Tumor necrosis factor alpha (TNFa),
which increase antigen presentation and induce apoptotic pathways in target cells [104,105]. Second, CTLs
initiate exocytosis of cytosolic granules. These granules comprise cytotoxic proteins like Perforin 1 (PRF1)
and Granzymes (GZMs) that are released to the interaction site of target cell and CTL (also known as im-
munological synapse) [106]. PRF1 acts by forming pores in the cell membrane of target cells, which on the
one hand enables GZMs to enter the cell and on the other hand is thought to induce cell lysis to kill target
cells directly [107,108]. GZMs act as serine proteases and lead to the activation of apoptotic pathways in
target cells, e.g., through cleavage of caspase-3 by GZM B [109]. In addition to exocytosis of cytotoxic gran-
ules, CTLs secrete the ligand of the FAS cell surface death receptor, FASLG. FASLG binds to the death re-
ceptor FAS (CD95) on the surface of target cells, which consequently initiates the extrinsic apoptotic path-
way and leads to apoptotic cell death in target cells [110,111].
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Taken together, the activation of CTLs is tightly regulated and depends on cognate antigen recognition and
co-activation via B7 ligand binding. Once activated, CTLs exert their cytotoxic functions through several
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Figure 1.2. Mechanism of T cell activation and cytotoxicity. The activation of T cells is a two-step process and involves binding
of the cognate antigen:MHC class | complex to the specific T cell receptor (TCR) as well as co-stimulatory engagement of
CD28 with B7 receptors (B7-1 or B7-2, left panel). Once naive T cells are activated, they proliferate massively and differen-
tiate into cytotoxic T lymphocytes (CTLs, right panel). Upon antigen recognition on target cells, CTLs exert their cytotoxic
function through secretion of immunomodulatory cytokines, exocytosis of Perforinl (PRF1)- and Granzyme (GZM)-contain-
ing vesicles, and induction of FASLG-mediated apoptosis. (Adapted from “T cell Activation in Cancer”, by BioRender.com
(2022). Retrieved from https://app.biorender.com/biorender-templates)

1.2.2.2 Immune checkpoint blockade

Immune checkpoints are negative feedback regulators of activated T lymphocytes that are needed in
healthy conditions to prevent excessive T cell activity and autoimmunity. Upon T cell activation, the immune
checkpoint molecules Cytotoxic T lymphocyte antigen 4 (CTLA4) and Programmed cell death protein 1
(PD1) are upregulated and act as a negative regulators of T cell activation via two distinct mechanisms:
CTLA4 is a receptor with close similarities to the co-stimulatory protein CD28 and binds the same ligands
B7-1 and B7-2, but with a higher affinity and avidity than CD28. Consequently, this disrupts the co-stimula-
tory binding of CD28 and its B7 ligands, thereby restricting T cell activation and effector cell function
[103,112]. PD1, on the other hand, binds to its ligands PD1 ligand 1 (PDL1) and PD1 ligand 2 (PDL2), which
are expressed on professional APCs [113]. Establishment of the PD1-PDL axis leads to intracellular signaling
which counteracts T cell activation and effector cell function [114]. Interestingly, PDL1 and PDL2 can also
be expressed in non-hematopoietic tissue, and (over-)expression of PDLs by tumor cells has been described
as a mechanism of immune evasion [115,116] (Figure 1.3).

Monoclonal antibodies targeting CTLA4 or the PD1-PDL axis have shown remarkable success in clinical re-
search and have been approved for the treatment of numerous cancer types, including melanoma, lung
cancer, and HCC (e.g., Ipilimumab, Nivolumab) [117,118]. As immune checkpoint blockade therapies un-
leash the full power of activated T lymphocytes, reported side effects are mainly immune-related adverse
events including dermatological, gastrointestinal, hepatic, and pulmonary autoimmune toxicity [119]. The
discovery of additional checkpoint regulators like T cell immunoglobulin 3 (TIM3), Lymphocyte activation
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gene 3 (LAG3), or V-domain immunoglobulin suppressor of T cell activation (VISTA) presents new potential
targets for checkpoint blockade therapy and additional checkpoint inhibitors are being developed for future
use as anti-cancer treatments [94,120-122].

Activation &
expansion
\)

MHC | Immune attack

- —

Activation signals TCR 1.‘.
= @@ 5

MHCI

T cell inhibitory
T cell inhibitory signals blocked
signals blocked

Y, CTLAg P1 ﬁ'\(l )

a-PDL1
a-PD1

PDL1
B7
APC

-CTLA4 Naive T cell Activated T cell Tumor cell

Figure 1.3. Mechanism of immune checkpoint blockade therapy. Left panel: Mechanism of immune checkpoint blockade
with CTLA4-targeting antibodies that prevent competitive binding of CTLA4 with co-stimulatory B7 receptors. Right panel:
Mechanism of immune checkpoint blockade with PD1- and PDL1-targeting antibodies that block PD1-PDL1-axis formation
and downstream immune-inhibitory signaling. (Adapted from “Blockade of CTLA-4 or PD1 Signaling in Tumor”, by BioRen-
der.com (2022). Retrieved from https://app.biorender.com/biorender-templates)

1.2.2.3 Adoptive T cell therapy

For adoptive T cell therapies, T lymphocytes are isolated and expanded ex vivo before they are transferred
into the patient. Two T cell-based approaches can be distinguished, namely the transfer of tumor-infiltrat-
ing lymphocytes (TILs) and the transfer of genetically engineered chimeric antigen receptor (CAR) T cells.

The underlying idea behind adoptive TIL therapy is that T cells that are found at the tumor site are already
reactive against TAAs and display anti-tumor toxicity [123]. Therefore, TlLs are isolated from tumor biop-
sies, massively expanded ex vivo through cytokine stimulation, and re-injected into the patient’s system
[124]. TIL therapies are considered to display very low off-target toxicity, as T lymphocytes have already
undergone negative TCR selection during development in the thymus [124]. So far, TIL therapies are not
FDA-approved and their application is still under investigation in clinical trials for the treatment of several
cancer types like melanoma, non-small cell lung cancer, or head and neck cancer [124]. Major obstacles
that need to be overcome in the development of TIL therapies are that TILs often display an exhausted
phenotype after long-time stimulation in vitro, consequently causing only small response rates, and the
laborious and cost-intensive manufacturing of patient-specific TIL therapies, which further limits the ap-
plicability of these therapies [124-126].
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CAR T cell therapy uses autologous or allogenic donor T lymphocytes, which are genetically modified in
vitro to express CAR, massively expanded and then administered to the patient [94]. In contrast to MHC-
restricted TCRs, CARs do not rely on the antigen to be bound by an MHC molecule, but are able to identify
molecules and elicit an immune response independent of the MHC status of the tumor cell [94]. The first
generation of CARs consisted of the variable region of antibodies which are linked to the signal-transducing
CD3 &-chain of the TCR [127]. Subsequent developments of newer CAR generations aimed at increasing T
cell activation by including co-stimulatory factors like CD28 or 4-1BB, or by adding chimeric cytokine recep-
tors that are able to overcome an immunosuppressive microenvironment [94,128-132]. CAR T cell thera-
pies have been approved for the treatment of certain B cell malignancies, all of them targeting the B cell
marker CD19 [133]. The identification of appropriate CAR targets is one of the major challenges in CAR
T cell development, as they need to be tissue-restricted and expressed specifically on the surface of tumor
cells [94]. Current research is focusing on the discovery of new CAR targets, particularly tumor-associated
neoantigens, for the development of new CAR T cell therapies [94,134,135]. The most frequent adverse
events of T cell-based therapies are the cytokine release syndrome (CRS) and CAR T cell-related encepha-
lopathy syndrome (CRES), which occur after rapid activation and proliferation of CAR T cells. The symptoms
of CRS and CRES are usually mild, however, in rare cases, they make further intensive-care interventions
necessary or can even be fatal [136].

Taken together, adoptive T cell therapy approaches show highly promising results in clinical research and
continue to be the subject of extensive studies aimed at developing new therapies.

1.2.2.4 Other immunotherapeutic approaches

In addition to checkpoint inhibition and adoptive T cell therapies, several other types of immunotherapies
have been established. For instance, personalized cancer vaccines are developed based on the specific mu-
tational landscape of individual tumors. For that, tumor biopsies are first characterized via next generation
sequencing (NGS) in order to identify tumor-specific neoantigens. Based on these neoantigens, vaccines
are produced and applied to the patient in order to induce immune responses directed against cells pre-
senting neoantigens, i.e., tumor cells [94]. Different formulations are used to produce cancer vaccines, like
synthetic peptides, mRNA, DNA plasmids, or antigen-loaded dendritic cells (DCs) [137]. However, the iden-
tification of suitable neoantigens that are able to elicit sufficient immune responses and the cost and time
intensive manufacturing of autologous vaccines remains challenging [94].

Furthermore, non-specific modulators of the immune system that are used to increase overall immune
responses in cancer patients are used in cancer treatment. For example, treatment with IFNa or Interleu-
kin-2 (IL-2) is approved for several cancer types [138]. Other substances that are used as non-specific im-
mune modulators are hematopoietic growth factors such as granulocyte-macrophage colony-stimulating
growth factor (GM-CSF), which stimulates the proliferation of leukocytes, and biological response modifiers
[95]. Biological response modifiers, e.g., Thalidomide (Thalomid®), stimulate the immune system indirectly
by inducing IL-2 secretion in immune cells and inhibiting angiogenesis [95,139].

1.2.2.5 Limitations and challenges of immunotherapy

Even though immunotherapeutic approaches have shown remarkable success in a subset of cancer pa-
tients, the majority of patients has been unresponsive to available immunotherapies [140,141]. The
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underlying mechanisms of how tumors acquire immune resistance and evade attacks of the immune sys-
tem are under ongoing investigation and the inactivation of immune evasion mechanisms is a promising
approach to overcome immune resistance in the future [142—145]. Tumors have developed a variety of
strategies to sabotage T cell-mediated tumor cell clearance, including the recognition of tumor cells by the
immune system, the recruiting of immune cells to the tumor site, and activation and regulation of immune
cells within the tumor. Players that contribute to manipulating the immune system are tumor cells, regula-
tory immune cells, and other factors of the tumor microenvironment [142,144].

Antigenicity of tumor cells. One mechanism of how tumor cells evade the immune system is the reduction
or elimination of their antigenicity. Consequently, immune cells are not able to recognize tumor cells as
malignantly transformed and will not mount an immune attack against the tumor. This masking can be
achieved through several mechanisms affecting the antigen-processing and -presenting machinery [142].
For example, tumor cells can avoid immune recognition through loss or downregulation of Human leuko-
cyte antigen (HLA) genes or Beta-2 microglobulin (B2M), genetic or transcriptional disruption of the pro-
teasome or TAP, or loss of immunogenic mutations or antigens [142,143]. Accordingly, it was shown that
reduced expression of HLA and B2M correlates with reduced levels of tumor-infiltrating lymphocytes in
lung cancer and that patients with impaired antigen presentation and reduced immune cell infiltrates were
less responsive to checkpoint inhibitor treatment [146,147]. Therefore, the antigenicity of a tumor is con-
sidered to be a predictive biomarker for the outcome of immunotherapy. One potential biomarker being
investigated is the tumor mutational burden (TMB), as higher TMB has been associated with better re-
sponse to checkpoint inhibitor blockade [148]. However, the determinants of sufficient antigenicity are
largely unknown and still under investigation [142].

Immunogenicity. Another mechanism of immune evasion is to decrease the extent of T cell effector func-
tion by reduced T cell activation or increased T cell exhaustion. Through chronic antigen exposure at the
tumor site or disturbed activating and regulatory signals in the tumor microenvironment, TILs can acquire
an exhausted or dysfunctional phenotype. This is associated with the expression of inhibitory immune
checkpoint receptors like PD1 or CTLA4, disturbed cytokine production, and defective proliferation
[144,149]. Decrease in CTL effector function at the tumor site is accomplished through the increased ex-
pression of checkpoint ligands and immune regulatory cytokines by regulatory immune cells or tumor cells
[145]. The use of PDL1 expression as predictive biomarker for immunotherapy is under investigation, but
led to contradicting results, so that further research will be needed to identify robust biomarkers
[142,150,151].

Shaping of the tumor microenvironment. The tumor microenvironment (TME) constitutes a highly hetero-
genic milieu that influences tumor growth, angiogenesis, metastasis, and immune cell recruitment and
function [152,153]. It consists of a variety of extracellular molecules forming the extracellular matrix (ECM)
and different cell types, including endothelial cells, fibroblasts, TILs, macrophages, DCs, and myeloid-de-
rived suppressor cells (MDSCs) [152,154,155]. The components of the TME contribute to the recruitment,
activation, regulation, and dysfunction of immune cells and are thereby critical factors for the immunogen-
icity of a tumor and immune evasion mechanisms.

Especially tumor-infiltrating regulatory immune cells play a crucial role in establishing an immunosuppres-
sive microenvironment. For instance, regulatory T cells (Tregs) downregulate T cell activation and effector
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function by secreting immunosuppressive cytokines like Interleukin-10 (IL-10) or Transforming growth fac-
tor beta (TGFB) and expressing high-affinity IL-2 receptors, thereby depriving activated T cells of IL-2
[152,156,157]. Additionally, through the expression of checkpoint receptors, Tregs interact with APCs in
the microenvironment, thus further contributing to an immunosuppressive milieu [158,159]. Another type
of regulatory immune cells are MDSCs, which are a heterogenic group of immature myeloid cells and act
by creating a chronic inflammatory environment and mediate tumor progression, angiogenesis, and me-
tastasis [152]. MDSCs exert their immunosuppressive potential by releasing nitric oxide, arginase, and re-
active oxygen species, which leads to suppression of T cell proliferation and activation [160]. Moreover,
tumor-associated macrophages can act either pro-inflammatory and contribute to tumor cell killing (M1
subtype), or play an immunosuppressive role (M2 subtype). The M2 subtype of macrophages acts anti-
inflammatory and tumor-promoting by inducing angiogenesis and contributes to metastasis by mediating
the degradation of the ECM. Additionally, M2 macrophages recruit Tregs to the tumor site by releasing
immunosuppressive cytokines [153,161].

In addition to immune cells, stromal cells influence the TME. Especially cancer-associated fibroblasts (CAFs)
impact the TME by affecting immune cell recruitment and inflammation through the release of growth
factors, chemokines, and immunosuppressive cytokines [153]. Additionally, CAFs interact with regulatory
immune cells and are able to convert T cells in Tregs, inhibit natural killer (NK) and T cell function, and
activate M2 macrophages, thereby contributing to an immunosuppressive TME [153].

Based on immunohistological observations, it was possible to differentiate three different TME subtypes
with regard to the inflammatory milieu and infiltrating immune cells [162]. The first subtype describes in-
flamed tumors, which are characterized by high levels of TILs, PD1/PDL1 expression, and an intact antigen
presenting machinery. Secondly, in the immune-excluded TME subtype, immune cells accumulate at the
periphery of the tumor mass, but are not able to penetrate the tumor entirely. This phenomenon is believed
to be the result of immune cells being attracted by the tumor via chemokines, but not being able to infil-
trate the tumor due to mechanical or functional barriers [163]. This subtype is marked by high TGFf signal-
ing in the tumor, the presence of MDSCs, and induction of angiogenesis [162]. The third subtype, the im-
mune desert or immune ignorant TME, is completely devoid of immune infiltrates and is accompanied by
a high tumor cell proliferation rate [162]. While tumors of the inflamed subtype have been shown to re-
spond well to immune checkpoint blockade in clinical studies, immune-excluded and immune desert tu-
mors respond only poorly to immunotherapy [143,164,165].

Therefore, several different approaches have aimed at further classifying the TME and link TME subtypes
to the outcome of immunotherapy [164-167]. It was found that a variety of different factors influence the
inflammatory landscape of tumors, including immune cell infiltrates, tumor stroma, vasculature, and spe-
cific gene signatures. However, the complex interplay of influential factors is still not fully understood, and
further investigations are needed to unravel the underlying mechanisms of immune evasion and to identify
reliable predictive biomarkers for immunotherapy.
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1.3 The role of the bone morphogenetic protein (BMP) pathway in cancer and im-
munotherapy

Even though immunotherapy has shown great success in some patients, a majority of patients does not
respond to immunotherapy. The mechanisms of immune evasion are manifold and still under investigation
and involve the infiltration or exclusion of immune cells, antigen presentation, regulatory immune cells,
and inflammatory cytokine signatures (see 1.2.2.5, [142-144]). Additionally, immune-modulating signaling
pathways have been in the focus of immunotherapy and immune evasion research. One pathway that has
gained relevance in immuno-oncology research is the bone morphogenetic protein (BMP) pathway, and its
involvement in cancer progression and immune evasion is subject of current investigations [168—172].

1.3.1 The canonical TGF and BMP pathway

The BMP signaling pathway has been originally found to play a role in bone and cartilage formation, but it
has since then been shown to impact a multitude of processes, including embryonal development, adult
tissue homeostasis, apoptosis, differentiation, wound healing, and angiogenesis [173-178]. BMPs are part
of the Transforming growth factor beta superfamily, which also includes Activin signaling molecules and
growth differentiation factors (GDF), or Nodal. Analogous to the TGFp signaling pathway, BMPs transmit
their signal by binding to transmembrane serine/threonine kinase receptors, which can be categorized into
type | and type Il receptors. Ligand binding induces the formation of type | and Il heterotetramers. As a
consequence, the constitutively active kinase domain of the type Il receptor is able to phosphorylate the
GS-rich domain of type | receptors, which leads to activation of the type | receptor kinase domain [178,179].
In turn, activated type | receptors phosphorylate downstream effectors known as R-SMADs (Receptor-
Small/Mothers against Decapentaplegic), which then associate with the co-SMAD (SMAD4) and translocate
into the nucleus, where they function as transcription factors [179]. Typical target genes of BMP signaling
include the Inhibitor of differentiation/DNA binding genes ID1-ID4 and inhibitory I-SMADs (SMAD6 and
SMAD?7), which act as negative signaling regulators of the pathway (Figure 1.4) [180,181].

Even though the signaling pathways of TGFP and BMPs follow the same mechanistic principles, they differ
with respect to the receptors that they bind, as well as the R-SMADs that associate with SMAD4 and lead
to gene expression in the nucleus. For instance, TGFB-1, -2, and -3 bind to the TGFp receptors 1 and 2
(TGFBR1/ALKS5 and TGFBR2) in order to activate SMAD2/3, while BMP2 forms signaling complexes with
BMP receptor 1A or 1B (BMPR1A/ALK3 or BMPR1B/ALK6) and BMP receptor 2 (BMPR2), leading to phos-
phorylation of SMAD1/5/9 [182]. Additionally, the combination of different ligands and type | and type |l
receptors allows for ligand-specific signaling and differentially regulated gene expression [182]. For exam-
ple, Activin leads to the formation of the signaling complex consisting of Activin A receptor type 2A
(ACVR2A) and Activin A receptor type 1B (ACVR1B/ALK4) and results in activation of SMAD2/3, while BMP2,
6, and 7 bind to ACVR2A:BMPR1A or ACVR2A:BMPR1B heterotetramers and signal via phosphorylation of
SMAD1/5/9[182,183]. In total, seven type | and five type Il receptors are known that can interact with more
than 30 TGFp superfamily ligands to regulate and initiate gene expression, suggesting receptor and signal-
ing redundancy [169]. However, the combinatorial interactions of type | and Il receptors with different
ligands result in distinct and specific gene regulation through TGF3 or BMP signaling [182].
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Moreover, non-canonical SMAD-independent signaling activates several pathways, including the Extracel-
lular signal-regulated kinase (ERK), c-Jun N-terminal kinases (JNK), and p38 MAPK pathways [184—-189].
TGFB- and BMP-induced signaling has been reported to activate the TGFB-activated kinase (TAK1), which
is an upstream regulator of JNK and p38 [190,191]. Additionally, members of the TGFP superfamily have
been observed to activate PI3K signaling and Protein phosphatase 2A (PP2A) [1,192]. Taken together, how-
ever, very little is known about the molecular mechanisms that lead to SMAD-independent signaling [191].
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Figure 1.4. Overview of the canonical TGFf and BMP signaling pathway. (Adapted from “TGF-Beta and BMP Signaling Path-
way”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates)
1.3.2 The role of TGFP and BMP signaling in cancer and immunotherapy

The role of TGFP signaling in tumorigenesis and cancer progression is well described and encompasses
tumor-suppressive as well as tumor-promoting mechanisms. In healthy cells and early stages of tumorigen-
esis, TGFP signaling acts anti-tumorigenic by inducing cell cycle arrest and apoptosis [193]. In later stages
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of cancer progression, however, TGFB promotes epithelial-mesenchymal transition (EMT), metastasis,
chemoresistance, angiogenesis, and immune cell suppression [193]. Increased TGF[ signaling is found in
many cancer types and correlates with poor prognosis [194-196]. The tumor-promoting effects of TGFf3
signaling have prompted several clinical studies investigating TGFP as a target for cancer therapy, which
have revealed promising anti-tumor effects of TGFB-targeting agents [193,197,198].

While affecting similar cell functions as TGF[3, BMP signaling has been proposed to play an opposing role to
TGFB-mediated signaling by causing antagonistic effects [199]. Compared to TGF[ signaling, BMP signaling
is less investigated, but has been connected to tumor cell proliferation, invasion, EMT, and metastasis
[169,200-203]. Additionally, BMPs can act tumor-suppressive by inducing apoptosis in tumor cells and re-
ducing metastatic potential [204,205]. Therefore, BMPs have been suggested to play a dual role in cancer
development and progression by influencing pro- as well as anti-tumorigenic mechanisms [168]. In addition
to direct consequences on tumor cell functions, BMP signaling has immunoregulatory effects in the TME
and can affect growth, activation, and cytokine secretion of macrophages, as well as DC, MDSC, NK, and T
cell activity [169,171,172,205-210]. BMP signaling effectors have been suggested as biomarkers for tumor
progression and cancer therapy outcome, since BMP expression is reported in many cancer types and is
generally associated with poor prognosis [168,211-214]. Additionally, BMP signaling is investigated as a
target for cancer therapy [171]. For instance, blockade of BMP signaling was shown to increase TlLs in the
TME and decrease the metastatic potential [215].

Taken together, growing evidence suggests that BMP signaling plays a crucial role in tumorigenesis, tumor
progression, and therapy outcome. However, due to the dual role and pleiotropic effects in cancer, the
effect of BMP signaling in tumors is still not fully understood. Several studies report contradictory functions
of BMP signaling, thus implying that BMP signaling is context- and cell type-dependent [168,216]. Hence,
further investigations will be needed to comprehensively unravel the role of BMP signaling in cancer and
immunotherapy.

1.4 Aims of the project

Immunotherapy has shown great success in the treatment of various cancer types. However, to this date,
only a minority of cancer patients benefit from cancer immunotherapy. The underlying mechanisms that
promote immune evasion and resistance are poorly understood and subject of current investigations. In
order to shed light on how cellular processes in tumor cells impact the outcome of immunotherapeutic
approaches, this project aimed at identifying new tumor cell-specific barriers for immunotherapy. This was
realized by addressing three main objectives:

First, | investigated immune responses caused by neoantigen expression in liver tumors in vivo. For that, a
murine model was established that allowed for the generation for genetically defined liver tumors with
conditional neoantigen expression. This model was further used to study neoantigen-specific immune re-
sponses in the context of immunotherapeutic interventions.

Second, based on tumor-derived primary murine cell lines, | established an in vitro system that allows in-
vestigating neoantigen-dependent tumor cell killing in controlled conditions. Subsequently, this assay was
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used to perform a lentiviral CRISPR/Cas9 screen in order to identify new tumor cell-specific genes that

impact T cell-mediated tumor cell killing.

Lastly, genes that were identified in the CRISPR/Cas9 screen were further investigated to validate their
proposed role in T cell-mediated tumor cell killing. Additionally, | selected the most promising gene candi-
date to elucidate the mechanistic foundation that confers resistance to immune cell-mediated tumor cell
killing.

Overall, this study aimed at identifying new modulators of antigen-dependent tumor cell killing. The prin-
cipal purpose of this project is to join the shared scientific effort of unravelling biological mechanisms of
immune escape and resistance, thereby contributing to improve the outcome of future immunotherapeu-

tical approaches for cancer patients.
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2 Material and methods

2.1 Molecular biology

2.1.1 Overview of used plasmids

All plasmids used in this study are listed in Table 2.1.

Table 2.1. Overview of used plasmids.

Plasmid

Description

Origin

Plasmids used for production of viral particles

psPAX2 2" generation lentiviral packaging plasmid Addgene #12260, gift
from Didier Trono
pMD.2G VSV-G envelope expression plasmid Addgene #12259, gift

from Didier Trono

Plasmids used for CRISPR-mediated gene knockout in vitro

lentiCas9-Blast

Lentiviral plasmid expressing SpCas9 and
Blasticidin resistance from EFS promotor

Addgene #52962, gift
from Feng Zhang [217]

pLenti-U6-sgRNA-improved
scaffold-EFS-puromycin-P2A-

tRFP (pUSEPR)

Lentiviral backbone with improved sgRNA
scaffold expressing sgRNA under U6 pro-
moter, EFS-dependent expression of puro-
mycin resistance and tRFP

Tschaharganeh Lab,
DKFZ, Heidelberg

lentiCRISPR v2

Lentiviral backbone expressing SpCas9 and P
puromycin resistance from EFS promotor
and sgRNA from U6 promotor

Addgene #52961, gift
from Feng Zhang [217]

lentiCRISPR v2-Blast

Modified lentiCRISPR v2 with blasticidin re-
sistance

Tschaharganeh Lab,
DKFZ, Heidelberg

Plasmids used for stable gene expression in vitro

pMSCV-PGK-Hygro

Retroviral plasmid for the expression of
cDNAs and Hygromycin resistance

Tschaharganeh Lab,
DKFZ, Heidelberg

PcDNA3-ALK2 wt

Mammalian expression of ALK2/ACVR1 wt

Addgene #80870, gift
from Aristidis Moustakas
[218]

pcDNA3-ALK2 Q207D Mammalian expression of ALK2/ACVR1 Addgene #80871, gift
Q207D from Aristidis Moustakas

[218]
pPcDNA3-ALK2 K235R Mammalian expression of ALK2/ACVR1 Addgene #80872, gift
K235R from Aristidis Moustakas

[218]

Plasmids used for in vivo gene delivery using HTVI

CMV-SB13

Sleeping Beauty Transposase expression
plasmid

Tschaharganeh Lab,
DKFZ, Heidelberg

pT3-EFla-KrasG12D-IRES-
rtTA3

Transposon-based Kras®?® and rtTA3 ex-
pression plasmid

Tschaharganeh Lab,
DKFZ, Heidelberg

pT3-EF1a-MYC-IRES-rtTA3

Transposon-based human MYC and rtTA3
expression plasmid

Tschaharganeh Lab,
DKFZ, Heidelberg
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Plasmid

Description

Origin

pT3-TRE-tRFP-miRE-shRen-
IRES-OVA-P2A-GFP

Transposon-based expression plasmid of
Ovalbumin (OVA), tRFP, and GFP under the
control of TRE

Tschaharganeh Lab,
DKFZ, Heidelberg

pX330-U6-Chimeric_BB-CBh-

hSpCas9 (pX330)

Human codon-optimized SpCas9 and chi-
meric guide RNA expression plasmid

Addgene #42230, gift
from Feng Zhang [219]

2.1.2 Molecular cloning

2.12.1

DNA-targeting sgRNAs were designed using the online tool CHOPCHOP [220-223]. Briefly, | used the target
gene sequence to create reverse complementary DNA oligonucleotides. To these, 5" overhangs were added
that are complementary to the sticky ends resulting from a restriction digest of the sgRNA scaffold with

Generation of CRISPR/Cas9 guide plasmids

Bsmbl (CACC and CAAA, respectively).

The oligonucleotides were phosphorylated using T4 Polynucleotide Kinase (PNK, 10,000 U/ml, NEB) accord-
ing to the manufacturer’s protocol and subsequently annealed by first incubating the reaction at 95°C for

5 min and a stepwise reduction of the temperature to 25°C.

The plasmids used to deliver sgRNAs were digested with BsmBI (NEB) and dephosphorylated with Shrimp
Alkaline Phosphatase (rSAP, NEB) according to manufacturer’s instructions and purified using the QlAquick
PCR Purification Kit (Qiagen). The insert was ligated to the digested plasmid with the T4 DNA Ligase
(400,000 U/ml, NEB) for 1 h at room temperature and subsequently used for transformation.

The sgRNA sequences used in this study are shown in Table 2.2.

Table 2.2. sgRNA sequences used in this study.

Identifier Sequence (5 —37)

murine sgRNAs

sgRosa26 GAAGATGGGCGGGAGTCTTC
sgTapl GCCTGGAACGGTGACAGCGT
sgAB124611.1 GGCCCCAGGGGACATCCTAG
sgAB124611.2 GTACATCAGGCCGATCTGAG
sgAcvrl.l GGGGCTCATCACCACCAATG
sgAcvrl.2 GTATGGACAGTACAATCCGA
sgAcvrl.3 GGTACCTTCCACACTCGGGGA
sgAcvrl.4 GTGTAAGACCCCGCCGTCACC
sgAcvrl.5 GACCAAGCGCTACATGGCTC
sgAcvrl.6 GTTATAAGAGGGTCGATATT
sgAcvrl.7 GTTGTACTGTCCATAGCCAG
sgAcvrl.8 GTGGGTACTGGAGTGTCTGG
sgAcvrl.9 GCACCACAAAGACTTAACGG
sgBche.1 GTGAATCTTAGGCTACCCAG
sgBche.2 GTTTCGATGAACTATAGGGT
sgC3arl.l GGGATGGGATAAGTTTGCAC
sgC3arl.2 GGTCCATAATGAACAGATCA
sgCacng8.1 GGCACACTGCCAATCACGCT
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Identifier Sequence (5 —37)

sgCacng8.2 GTGTACATATCGGCCAACGC
sgCd164.1 GAAGTCAGTGCGGTTCACCT
sgCd164.2 GTGCGTCGTCGGGACCACTT
sgCol6a5.1 GGTAACTTACGGGATCCCCT
sgCol6a5.2 GTGTTGCACGTCACAGTCCG
sgEgfr.1 GATGAATAGGCCAATCCCAA
sgkgfr.2 GGGGCCTGACTACTACGAAG
sgEgfr.3 GGTCGCATCTCTGACCGGGAG
sgEgfr.4 GGGACCTGCCACGACAGCGAT
sgEphb4.1 GTCTGGTCCAGGTACGCGCA
sgEphb4.2 GATCATGGTGAAGCGTATCG
sgGpcl.l GCTGCGCCTCTACTACCGTG
sgGpcl.2 GCGCAGGCGCAGTTCTCGAG
sgld1.1 GGTCCCAGCGCAGCGCGAGA
sgld1.2 GAACGGCGAGATCAGTGCCT
sglglon5.1 GCAGACGGTTTCACCTCAGA
sglglon5.2 GGGTAGACCTGAGTGGTGTA
sglgsf8.1 GCCACTGTACGGCCGCTGAG
sglgsf8.2 GCACGCCTCACAGTGCACGA
sglgsf8.3 GAGGAGCGAACTCAGCGGCGT
sglgsf8.4 GTCGGTACCGAATGGTGGTTG
sgldir.1 GTGGTCGGATGAGCCCATCA
sgldlir.2 GGAGTGTATCCATCGCAGCT
sgldir.3 GACAGTCGACATCCCCGTCGC
sgldir.4 GCCGCGGATCTGATGCGTCGC
sgldir.5 GGGTGTCGTAGGACAAGTTAG
sglrrcdb.1 GCTGGTGCGAAAGATCGAGG
sglrrcdb.2 GCAGGTAGCGGGTGTTGACA
sglrrcdb.3 GGGGTGGCTCCACGATGACCG
sglrrcdb.4 GCGACACGTTAAGCGTGGCCG
sglrrcdb.5 GGAAGGCGTTTCGCTCGATGG
sgNIgn2.1 GCCAGCCGCTCAAGTACACG
sgNlgn2.2 GCTCTTTACCGACCACCAGT
sgNlgn2.3 GGTCCCGCTTGTAATAGAGGG
sgNlgn2.4 GACTACGTCGCCGTCACCCAC
sgPcdh15.1 GGCAGATAGGGATCGAACAC
sgPcdh15.2 GTTCCTGAATGACTACACCT
sgSdk2.1 GCGCAGAACGTCATCGCCAG
sgSdk2.2 GCTGGTCATCCTGTCGACGG
sgSlc12a9.1 GCTAAACATGGACAGAACCG
sgSlc12a9.2 GGGAGCACGTAAAGTTICTGG
sgSlc12a9.3 GATGCCGATCAACACGAGCGG
sgSlc12a9.4 GGATGCCGATCAACACGAGCG
sgSlc12a9.5 GGCGCCGAGGACTACACCACA
sgSorcs3.1 GCGTGGGATCTACTTTACCC
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Identifier Sequence (5 —37)

sgSorcs3.2 GTTCAGTCCGTATCTCCCCG
sgSorcs3.3 GAGCCGACGAATACCACCGAG
sgSorcs3.4 GGCCGGCGCCGAGATCACTTG
sgSorcs3.5 GCACACCAAGGGTTCGCGAG
sgSostdc1.1 GCCACCAAATACATTTCGGA
sgSostdc1.2 GTCATCAGGATGCAGAGCAG
human sgRNAs

TAP1.1 GGGGATCTATAACAACACCA
TAP1.2 GATCATGTCTCGGGTAACAG
ACVR1.1 GCCATCGTTGATGCTCAGTG
ACVR1.2 GTGGGGAACAATCCCCGTGT

2.1.2.2 HiFi Assembly

In order to create retroviral pMSCV-ACVR1-PGK-Hygro expression plasmids, | introduced respective DNA
sequences of wildtype and mutant ACVRI versions into a pMSCV-PGK-Hygro backbone using the NEB-
uilder® HiFi DNA Assembly Master Mix (NEB) according to manufacturer’s instructions. Primers used to
amplify the inserts are shown in Table 2.3.

Table 2.3. Primer sequence for HiFi Assembly.

Identifier Sequence (5’ - 3’) Tm

HiFi_Acvrl for CCAGCCCTCACTCCTTCTCTAGGCGCCGGAATTAGCCACCATGG- 65°C
TAGATGGAGTGATGATTCTTCCT

HiFi_Acvrl rev TTGGGATCCGCGGCCGCCTCGAGCCTAGGACCCTCTAGAGTCGACCTA- 65°C
GAGGCTA

2.1.2.3 Transformation of heat competent E. coli

For transformation of bacteria with respective plasmids, | incubated 10-25 ul of NEB® Stable Competent E.
coli (High Efficiency) bacteria (NEB) with 3 ul of the ligation reaction on ice for 10 min, then at 42°C for
45 sec, and again on ice for 5 additional minutes. The bacteria were then plated on Carbenicillin-containing
agar plates (100 ug/ml) and incubated on a bacterial shaker o/n at 32°C.

2.1.3 Plasmid DNA purification (Mini and Midi prep)

Purification of plasmid DNA was done using the QlAprep Spin Miniprep Kit or the QIAGEN Plasmid Plus Midi
Kit (Qiagen), according to manufacturer’s protocols. DNA concentration was measured using a NanoDrop
ND 100 Spectrophotometer (Thermo Fisher Scientific).

2.1.4 lIsolation of gDNA

gDNA isolation was performed using the Gentra Puregene CellKit (Qiagen) according to the manufacturer’s
protocol with slight modifications: after adding 300 ul of cell lysis solution, Proteinase K (0.4 mg/ml, Sigma
Aldrich) was added and the sample was incubated for 1 h with gentle shaking at 55°C. To inactivate Pro-
teinase K, the sample was incubated at 95°C for 5 min. Next, 1.5 pl RNase A solution were added and sub-
sequently, the manufacturer’s protocol was followed.
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2.1.5 T7 endonuclease | assay

In order to detect CRISPR-mediated gene modifications and test for the effectiveness of sgRNAs, | per-
formed T7 Endonuclease | assays. For that, gDNA isolated from modified cells was used to amplify the target
region via PCR. PCR reactions were set up using Q5 Hot Start High-Fidelity 2X Master Mix (NEB) according
to manufacturer’s protocol with 200-400 ng gDNA template and primers listed in Table 2.4.

After the correct amplification of DNA fragments had been verified by agarose gel electrophoresis, the PCR
reaction was purified using the QIAquick PCR Purification Kit (Qiagen). The purified PCR product was used
in a hybridization reaction to form heterduplexes according to manufacturer’s instructions. After reanneal-
ing, T7 Endonuclease | (NEB) was added and the reaction was incubated at 37°C for 15-30 min. Subse-
guently, samples were immediately loaded on 3 % agarose or 10% polyacrylamide (PAA) gels to perform a
gel electrophoresis.

Table 2.4. Overview of PCR primers used for T 7 Endonuclease | assay.
Primer ID Sequence (5 - 37) Product size [bop] Fragment size [bp] Tm

Murine PCR primers for T 7 Endonuclease | assay
sgTapl/2 for #1 GGACTCCTTGCTCTCCACTCA 463 321+142 60°C

sgTapl/2_rev

CTCACCTGAGTGTGCAGGTAAT

Acvrl_1.3 for GTCTGGGCCATTGTCTAAATGT 764 375+389 60°C
Acvrl_1.3rev GTCTCTAAATTATGGCGGATGC

Acvrl_2.3 for CCTCGAAAGAGTATAAATGCCG 738 376+362 60°C
Acvrl_2.3 rev CAACTTGCTTTGAAATGCTCAC

Acvrl_3.1 for ACCACCAATGTCGTGTTCAA 729 317+412 60°C
Acvrl_3.1rev TGGCAGCTCCGAGTACATTTG

Acvrl_4.4 for GATGCACAACGTAAGGCAGATA 754 423+331 60°C
Acvrl 4.4 rev CATACACCCATTTGTGATGACC

sgAcvrl.5 F1 TATAGCCTCACAATCTGCCTGA 564 2784286 60°C
sgAcvrl.5R1 TTCGAACAGAATGCCATTACAC

sgAcvrl.6 F2 ATCAACTGCCCTGTAGGAGAAA 379 184+195 60°C
sgAcvrl.6 R2 ACTGTAAGTCGCGCAAGTATGA

sgAcvrl.7 F2 GTCGCTGTTCTTTGTTGCCTTTG 411 1624249 60°C
sgAcvrl.7 R2 CCAAATCTGCTATGCAGCACTGTC

sgAcvrl.8 F2 GTCGCTGTTCTTTGTTGCCTTTG 397 1634234 60°C
sgAcvrl.8 R2 CAGCACTGTCCATTCTTCTTCACCA

sgAcvrl.9 F2 CGCAAGACTCACAGCTCTACGTATC 509 188+321 60°C
sgAcvrl.9 R2 GCAACGAAGAGTAGATGCAGCC

Egfr_1.3 for GGGGCTTGAAGGAAGTTGGT 835 495+340 60°C
Egfr_1.3rev GTTAACGTGCTCCACCATGC
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Primer ID Sequence (5 - 37) Product size [bop] Fragment size [bp] Tm
Egfr_2.3 for GGAAATTCATATTCAGCAAGGG 843 366+477 60°C
Egfr_2.3 rev TGCTACCGTGCACTATTGATTC

Egfr_3.2 for CACTGCCTGCTTTCGATCCT 791 395+396 60°C
Egfr_3.2 rev TTTCTGCTCCGAACGCCTAC

Egfr_3.4 for TCCCCTCAGAAATTAACTCCAA 879 494+385 60°C
Egfr_3.4 rev GCAGGAAAGTGAGGCAACTAAG

Sorcs3_1.2 for TGGCCACTAAAGCCCCTTAC 756 423+333 59°C
Sorcs3_1.2 rev TAGCAGCCAGCAATGGAGTT

Sorcs3_2.3 for AGAGGGGAAGAGTGTAAGGGAC 849 479+370 60°C
Sorcs3_2.3 rev CTGTCAGGAGACTAGCGATCTG

Sorcs3_3.1 for GGACTGGCACCAGTAGAGTG 759 414+346 60°C
Sorcs3_3.1rev GATAGCTACCACCACGTGAGA

Sorcs3_4.1 for CAAGATCCAGCTAGCGTTGC 874 508+366 60°C
Sorcs3_4.1rev TGTGAGGACGGCTTCCTTTG

Sorcs3_5.3 for TTCCCCTGACACACTCGCTA 807 617+190 60°C
Sorcs3_5.3 rev TTACCGTTACCCTCGGCTGT

Id1_1_fwd-4 GCGCTCTGCCCTCTCATTG 479 213+266 59 °C
Id1_1_rev-4 GTTCAGGGTGCTGAGCGG

Id1_2_fwd-3 GGTGGAGATCCTGCAGCATG 466 147+319 60°C
[d1_2 rev-3 CCTCCTGAAGGGCTGGAGTC

Primer ID Sequence (5 - 37) Product size [bop] Fragment size [bp] Tm
Human PCR primers for T 7 Endonuclease | assay

hAcvrl-gl-p1 for CAAGGTCAACCCCAAACTCTAC 481 94+387 60°C
hAcvrl-gl-pl rev GATGGACATCACCTTGCTTACA

hAcvrl-g2-p1 for TGAGAAAGGAAGTGGGTTGATT 375 70+305 60°C
hAcvrl-g2-plrev  TGAATGCCTATAACTCGACACG

hTapl_1 #2 fwd CAGTGTTTCCTTTCTGCTGATG 519 435+84 60°C
hTapl_1#2 rev CTGGTTCTGTTGGAARAACTCC

hTapl_2 #2 fwd CTCCTTAGAACCCCATGTTGAC 439 138+301 60°C

hTapl_2 #2 rev

GATGGAGAATCAGTAAGGGTGC

2.1.6 Isolation of RNA

RNA was isolated from cells using the RNeasy Mini Kit (QIAGEN) according to manufacturer’s protocol. The

concentration of isolated mRNA was measured using the NanoDrop ND 100 Spectrophotometer (Thermo
Fisher Scientific) and stored at -80°C.
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2.1.7 Reverse transcription and quantitative real-time PCR (gRT-PCR)

1 pg isolated RNA was reversely transcribed into cDNA with the TagMan® Reverse Transcription Reagents
(Thermo Fisher Scientific) in a 20 ul reaction according to Table 2.5.

Table 2.5. Reverse transcription reaction.

Reaction

Reagent Amount for 1x reaction
10x RT buffer 2 ul
Random hexamer (50 pM) 1ul

MgCl; (25 mM) 4.4yl
RNase inhibitor (20 U/ul) 0.4 pl
dNTP mix (10 mM) 4.0 l
MultiScribe™ RT (50 U/ul) 1pl

PCR program

Temperature Time

25°C 10 min
37°C 30 min
95°C 5 min

4°C indefinitely

After reverse transcription, the reaction was diluted 1:20 and used for gPCR analysis. For that, the
PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific) was used as shown in Table 2.6. Each sam-
ple was analyzed in triplicate using primers targeting the gene of interest or a housekeeping gene (summa-
rized in Table 2.7) using the QuantStudio™ 5 Real-Time PCR System (Applied Biosystems). | determined
relative gene expression using the AACy method [224].

Table 2.6. Overview gPCR reaction.

Reaction

Reagent Amount for 1x reaction (25 pl)
PowerUpTM SYBRTM Green Master Mix (2X) 12.5 ul

Primer forward 1ul

Primer reverse 1ul

cDNA (1:20 diluted) 1ul

H,O Ad 25 pl

PCR program

Temperature Time

50°C 2 min

95°C 10 min

95°C 15 sec 40 cycles
60°C 1 min

4°C indefinitely

Table 2.7. Overview qPCR primers.

Identifier Sequence (5’ - 3’)

Murine gPCR primers

Id1.3 for AGGTGAACGTCCTGCTCTACGA
Id1.3 rev CAGGATCTCCACCTTGCTCACT
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Identifier

Sequence (5’ - 3’)

mFas-qPCR-2 for

mFas-gPCR-2 rev

CAAACTGCAGGAAACAAAGTCCCAGA

GGTATGGTTTCACGACTGGAGGTTC

mAcvrl_gPCR-3 for

mAcvrl_gPCR-3 rev

GCGAATGGTGAGCAATGGTATAGTG

GCGAATGGTGAGCAATGGTATAGTG

GAPDH for

GAPDH rev

TGTCCGTCGTGGATCTGAC

CCTGCTTCACCACCTTCTTG

Human qPCR primers

hiD1_1 for CCATTCTGTTTCAGCCAGTCGC
hiD1_1rev CAGACAGACAGCGCACCAC
hFAS1_1 for GACCCTTGCACCAAATGTGAACATG
hFAS1_1rev CCCCAAGTTAGATCTGGATCCTTCC

hACVR1_1 for

hACVR1_1 rev

CCAAGAGCCTGCATTAAGTTGTACAATG

GGGCTTCTCATCTTCCATACTAGGG

B-ACTIN for

B-ACTIN rev

CACCATTGGCAATGAGCGGTTC

AGGTCTTTGCGGATGTCCACGT

2.2 Protein analysis

2.2.1 Protein isolation

Cell lysates were obtained from cell pellets which were resuspended in lysis buffer and incubated on ice for

30 min, while being vortexed every 10 min. The composition of the lysis buffer is shown in Table 2.8 and

Table 2.9. After incubation, lysates were centrifuged at 13,000 rpm for 10 min. Supernatants were trans-

ferred to new reaction tubes and stored at -80°C.

Table 2.8. Composition of cell lysis buffer for protein extraction.

Reagent Amount for 1 ml
10x cell lysis buffer (CST) 100 pl

10x protease inhibitor (cOmplete™ Mini, Sigma Aldrich) 100 pl

50x phosphatase inhibitor 20 ul

ddH,0 Ad1ml

Table 2.9. Composition of phosphatase inhibitor cocktail.

Reagent

Concentration

Sodium fluoride
Sodium orthovanadate
Sodium pyrophosphate
B-glycerophosphate

250 mM
50 mM
50 mM
50 mM
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2.2.2 Bradford assay

In order to determine the protein concentration of lysates, | performed Bradford assays using a Protein
Assay Dye Reagent (Bio-Rad) according to manufacturer’s instructions. Samples were measured in triplicate
using a spectrophotometer (SPECTROStar Nano microplate reader, BMG Labtech). Additionally, a bovine
serum albumin (BSA, molecular biology grade, NEB) standard curve ranging from 5-25 pg/ul was measured
to calculate protein concentrations.

Concentrations were adjusted to 1 pg/pl in 5x Laemmli buffer (100 mM Tris-HCl pH 6.8, 5 % glycerol, 2 %
SDS, 5 % B-mercaptoethanol) and samples were denatured for 5 min at 95°C.

2.2.3 SDS-PAGE and Western blot

Denatured cell lysates were used for SDS-PAGE and subsequent Western blot analysis. Briefly, 20 ug of
denatured protein were loaded on 10-12 % PAA gels and separated by gel electrophoresis. Then, proteins
were transferred in a PVDF membrane by wet transfer and detected by immunoblotting using respective
antibodies. Bioluminescent image detection was performed using the ChemiDoc™ Gel Imaging System (Bi-
oRad) and SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific). The com-
position of used buffers and gels and an overview of all antibodies used in this study is shown in Table 2.10
to Table 2.12.

Table 2.10. Composition of PAA gels.

Reagent Amount
Running gel (10-12 %)

30 % acrylamide 2.3-4ml
Tris-HCI (1.5 M, pH 8.8) 2.6 ml
10 % SDS 100 pl
10 % APS 100 pl
TEMED 4 ul
ddH,0 3.4-4 ml
Stacking gel

30 % acrylamide 660 ul
Tris-HCI (1.5 M, pH 6.8) 1ml

10 % SDS 40 pl

10 % APS 40 pl
TEMED 4 ul
ddH,0 2.3ml

Table 2.11. Composition of buffers used for SDS-PAGE and Western blotting.

Reagent Amount
SDS-PAGE running buffer

Trizma® base (0.25 M) 3.03¢g
Glycine (1.92 M) 14.4¢
SDS 1% lg
ddH,0 Ad 1l
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Reagent Amount

Western blotting buffer

Trizma® base (0.25 M) 34¢g

Glycine (1.92 M) 14.4¢

ddH,0 Ad1l

TBS/T (pH 7.4)

Trizma® base (0.25 M) 3g

NaCl 8g

KCl 02g

TWEEN® 20 1ml

ddH,0 Ad 1l
Table 2.12. Overview of antibodies used for immunoblotting.

Antibody Source Dilution (buffer)

Primary antibodies

Mouse monoclonal anti-B-Actin—-Peroxidase antibody
(AC-15)

Sigma Aldrich, A3854

1:20000
(5% milk/TBST)

Rabbit monoclonal anti-c-Myc

Abcam, ab32072

1:1000
(5% milk/TBST)

Mouse monoclonal anti-GFP (B2)

Santa Cruz, sc-9996

1:1000
(5% milk/TBST)

Rabbit polyclonal anti-ld1

Proteintech, 18475-1-AP

1:1000
(5% milk/TBST)

1:1000

Rabbit monoclonal anti-IKKB (D30C6) CST, #8943 (5% BSA/TBST)

Mouse monoclonal anti-IkBa (Amino-terminal Anti- 1:1000
gen) (L35A5) (ST, #4814 (5% BSA/TBST)

Rabbit monoclonal anti-NFkB p65 (D14E12) CST, #3033 1:1000
P ’ (5% BSA/TBST)

) 1:1000
Mouse monoclonal anti-p53 (1C12) CST, #2524 (5% milk/TBST)

Rabbit polyclonal anti-phospho-IKKa/B (Ser176/180) CST, #2694 1:1000
POty phosp ’ (5% BSA/TBST)

Rabbit monoclonal anti-phospho-NFkB p65 (Ser536) 1:1000
(93H1) CST, #8242 (5% BSA/TBST)

Rabbit monoclonal anti-phospho-Smad1/5/9 (D5B10)  CST, #13820 1:1000
Phosp ’ (5% BSA/TBST)

Mouse monoclonal anti-phospho-IkBa (Ser32/36) 1:1000
(5A5) CST, #9246 (5% BSA/TBST)

Rabbit monoclonal anti-phospho-Smad2 (138D4) CST, #3108 1:1000
Phosp ’ (5% BSA/TBST)

Rabbit monoclonal anti-phospho-Statl (Y701) (58D6)  CST, #9167 1:1000
phosp ’ (5% BSA/TBST)

Rabbit monoclonal anti-phospho-Statl (S727) (D3B7)  CST, #8826 1:1000
phosp ’ (5% BSA/TBST)

Rabbit monoclonal anti-Smad1 (D59D7) CST, #6944 1:1000
’ (5% milk/TBST)

Rabbit polyclonal anti-Smad2/3 CST, #3102 1:1000

(5% BSA/TBST)
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Antibody Source Dilution (buffer)
Primary antibodies
, . 1:1000
Rabbit monoclonal anti-Stat1 (D1K9Y) CST, #14994 (5% BSA/TBST)
Mouse monoclonal anti-B-Tubulin (TUB2.1) Santa Cruz, sc58886 1:300
: ' (5% milk/TBST)
- . . . 1:5000
Mouse monoclonal anti-Vinculin (hVIN-1) Sigma Aldrich, #V9131

(5% milk/TBST)

Secondary antibodies

Goat polyclonal anti-mouse HRP-conjugated second-  Jackson Immuno Research,

ary antibody 115-035-008 1:20,000
Goat polyclonal anti-rabbit HRP-conjugated second- ~ Jackson Immuno Research, 1:20.000
ary antibody 111-035-003 2l

2.3 Cell culture methods

2.3.1 General remarks

All cell culture work was performed under sterile conditions. | cultivated stock cells in respective cultivation
medium supplemented with 1 % penicillin/streptomycin (10,000 U/ml penicillin and 10 mg/ml streptomy-
cin, Sigma Aldrich) and 10 % FCS (Sigma Aldrich). Murine primary hepatocytes were cultivated in dishes
pre-coated with 30 pg/ml collagen solution (PureCol®, Advanced BioMatrix). Stock cultures were split when
confluency reached 80-90 % using Trypsin-EDTA solution (0.25%, sterile-filtered, Sigma Aldrich) or
Versene® (EDTA) (0.02%, Lonza).

For cryopreservation, cells were resuspended in freezing medium (20 % FCS, 10 % DMSO) and frozen on -
80°C in cryogenic vials.

2.3.2 lIsolation of murine primary hepatocytes

For the isolation of primary hepatocytes from liver tumors, tumors were resected using sterile instruments
and washed with sterile PBS. A small piece of tumor tissue (approx. 0.5 cm) was minced and incubated in
Collagenase D/Dispase® Il solution (4 mg/ml in Dulbecco’s Modified Eagle Medium (DMEM), all Sigma Al-
drich) for 30 min at 37°C with gentle shaking. Dissociated cells were washed with complete DMEM (sup-
plemented with 1% Penicillin/Streptomycin and 10% FCS) and plated on pre-coated dishes. Isolated
hepatocytes were passaged until free from other contaminating cell types.

2.3.3 Production of viral particles

For the production of lentiviral particles, | transiently transfected 80 % confluent HEK293T cells with lenti-
viral packaging plasmids (0.37 pg pMD.2G, 1.2 ug psPAX2) and 1.5 pg of a lentiviral expression plasmid. For
that, | mixed plasmids with 9 ul polyethyleneimine (PEI, 1 pg/ul in ddH,0, Polysciences) in 150 ul culture
medium without supplements, vortexed for 5 sec, and incubated at RT for 30 min. Then, the plasmid mix
was added dropwise on the cells plated in a 6 well plate. 24 h post-transfection, a medium change was
performed, and 48 h after transfection, viral particles were collected, passed through a 0.45 um cellulose
acetate membrane filter (VWR) and stored in aliquots at -80°C.
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For the production of retroviral particles, 80 % confluent Phoenix-gp cells were transiently transfected with
0.37 ug pMD.2G and 1.5 ug retroviral expression plasmid incubated with PEl as described above [225-227].
Viral particles were harvested and stored as described above.

2.3.4 Stable transduction of primary hepatocytes

Primary murine hepatocytes were stably transduced using viral particles. For that, cells were incubated
with viral particles in the presence of Polybrene (4 pg/ml, Sigma Aldrich) for 2 days. After transduction, cells
were selected using respective antibiotics (Table 2.13).

Table 2.13. Overview of antibiotics used for selection after viral transduction.

Antibiotic Final Concentration Source
Puromycin Dihydrochloride 2 ug/ml Thermo Fisher Scientific
Blasticidin S HCI 10 ug/ml- 50 pg/ml Thermo Fisher Scientific
Hygromycin B 0.3-1 mg/ml Thermo Fisher Scientific
G418-Sulfate (Neomycin) 0.3 mg/ml biomol

2.3.5 Proliferation assay

To determine differences in proliferation rates, | performed proliferation assays. For that, 200,000-300,000
cells were plated in triplicate in 6 well plates and cultivated until they reached approx. 90 % confluency.
Cells were detached using Trypsin and the total amount of cells was determined using the Cellometer Auto
T4 Bright Field Cell Counter (Nexcelom). Then, | re-seeded the original number of cells and repeated the
process for approx. 14 days.

2.3.6 Colony formation assay

The clonogenic capacity of cells was determined via colony formation assay [228]. Briefly, cells were seeded
in a low concentration (500-1000 cells per well) in triplicates in 6 well plates. Medium change was per-
formed every 2-3 days. After 7-21 days, the assay was terminated and cell culture plates were stained using
a crystal violet staining solution (0.05 % (w/v) crystal violet, 1 % (v/v) formaldehyde, 1% (v/v) methanol in
PBS). For the staining with crystal violet, wells were first washed with PBS and then incubated with crystal
violet staining solution for 20 min with gentle shaking at RT. Then, the staining was removed and wells were
washed with ddH,0 to remove excess dye and plates were air dried.

2.3.7 Cell surface staining for flow cytometry

In order to analyze cell surface markers via flow cytometry, | stained cells with fluorescently-labeled primary
antibodies. For that, adherent cells were harvested using Versene-EDTA and washed once with FACS buffer
(PBS with 3 % FCS). If a dead cell staining was performed, cells were incubated with Zombie NIR™ Fixable
Viability Dye (Biolegend) diluted 1:1000 in FACS buffer for 15-20 min at RT protected from light. After incu-
bation, cells were washed with FACS buffer and used for antibody staining. For that, cells were resuspended
in FACS buffer containing fluorescently-labeled antibodies (Table 2.14) for 20-30 min at 4°C protected from
light. After another washing step using FACS buffer, stained cells were fixated using the eBioscience™ IC
Fixation Buffer (Thermo Fisher Scientific) for 15-20 min at 4°C protected from light. After a final washing
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step, cells were resuspended in FACS buffer and stored at 4°C. Analysis was performed using a BD LSRFor-
tessa™ Cell Analyzer (BD Biosciences).

Table 2.14. Antibodies used for flow cytometrical analysis.

Antibody Conjugate Dilution Source

Anti-human CD95 (Fas) [clone: DX2] FITC 1:100 Biolegend
Anti-mouse CD95 (Fas) [clone: SA367H8] PerCP/Cy5.5 1:100 Biolegend
Anti-mouse H-2Kb bound to SIINFEKL [clone: 25-D1.16] APC 1:100 Biolegend
Anti-human HLA-A,B,C [clone: W6/32] Pacific Blue 1:100 Biolegend
Anti-mouse H-2Kb [clone: AF6-88.5] Pacific Blue 1:100 Biolegend

2.3.8 Cleaved caspase 3/7 assay

Cleaved and activated caspase 3/7 was detected using the CellEvent™ Caspase-3/7 Green Detection Rea-
gent (Thermo Fisher Scientific) according to manufacturer’s instructions. Briefly, after cells had been
treated with apoptosis-inducing agents (Fc (human):FasL, Soluble (human) (rec.), Adipogen Life Sciences),
supernatant and cells were harvested and incubated with 5 uM detection reagent for 45 min at 37°C. Af-
terwards, cells were directly subjected to downstream analysis using the BD LSRFortessa™ Cell Analyzer
(BD Biosciences).

2.3.9 OT-IT cell killing assay

| isolated splenocytes from 10-20 weeks old OT-I mice by straining spleens through a 40 um cell mesh and
resuspending the cells in T cell isolation buffer (30 % FCS and 10 mM EDTA pH 8.0 in PBS) [229,230]. Then,
cells were pelleted by centrifugation and resuspended in RPMI-1640 medium with supplements (RPMI-
1640 (Thermo Fisher Scientific) with 10% FCS, 1 % penicillin/streptomycin, 20 mM HEPES (Thermo Fisher
Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific), and 50 uM B-mercaptoethanol (Thermo
Fisher Scientific)). For pre-activation, | plated 2-3 million cells/ml in a cell culture flask and incubated with
recombinant IL-2 (rIL-2) (10 U/ml, Biolegend) and recombinant SIINFEKL (25 nM, IBA Lifesciences) for 3
days.

Two days before co-culture, | treated tumor cells with IFNy (300 U/ml, PeproTech) for 2 days in order to
stimulate MHC class | surface presentation. One day before co-culture, 40,000 tumor cells were plated in
24 well plates and treated with doxycycline hyclate (DOX, 0.3 ug/ml, Thermo Fisher Scientific).

On the day of the co-culture, | performed a medium change on tumor cell plates. OT-I splenocytes were
harvested, washed with PBS, and added to the tumor cells in specific target to effector cell ratios.

One day after co-culture, | removed OT-I splenocytes and dead cells from the plates and stained cells that
were still attached either directly with crystal violet (as described in 2.3.6) or cultured for 3-5 more days
before crystal violet staining.

Stained plates were scanned using the Epson Perfection 4990 Photo (Epson) and analyzed with the “Colo-
nyArea” Imagel plugin [231], which determines the relative area of a well covered with stained cells. | cal-
culated relative survival of tumor cells by normalizing the relative stained area of a sample well to the
relative stained area of -OT-I control wells.
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2.3.10 Lentiviral CRISPR/Cas9 screen

SgRNA library. A lentiviral sgRNA library targeting the surfaceome [232] was cloned into pUSEPR prior to
this study. The library comprised a total 5190 sgRNAs targeting 865 genes (6 sgRNAs per gene), 36 non-
targeting control sgRNAs, and was split into 10 pools, which were handled as separate samples throughout
the course of the experiment. Genes included in the library are listed in Table 7.1

Transduction. Viral particles containing the sgRNA library were produced as described in HEK293T cells as
described in 2.3.3. To achieve single integration of a viral plasmid, | transduced MYC/sgTrp53 primary
hepatocytes expressing lentiCas9-Blast at a multiplicity of infection (MOI) of 0.3, which was determined by
assessing the fraction of the tRFP-positive population 48 h post-transduction. Transduction was performed
as described, and 48 h after transduction, | selected cells with 2 ug/ml puromycin. Each sgRNA pool was
transduced in triplicate.

T cell killing assay. After selection was completed, | subjected cells to the T cell killing assay (2.3.9). For that,
splenocytes of three OT-I were isolated, pooled, and cultured with rIL-2 and SIINFKEL as described. Target
cells that were not used in the co-culture experiment were washed and stored at -20°C as samples for the
reference timepoint To. After co-culture, target cells were cultivated without splenocytes for one week in
order to obtain a sufficient number of cells for gDNA isolation (T1).

gDNA isolation and barcode PCR. | performed gDNA extraction as described in (2.1.4). In order to amplify
the sgRNA cassette and to tag amplicons with barcodes for downstream analysis, PCR reactions of each
sample were performed using primers shown in Table 2.15. To achieve a high coverage (1000x), each sam-
ple was amplified in two PCR reactions with 2000 ng template each using Q5 High-Fidelity DNA polymerase
(NEB) in 25 PCR cycles. PCR products were purified using the QlAquick Gel Extraction Kit (Qiagen).

Table 2.15. PCR primer sequences for analysis of the CRISPR/Cas9 screen.

Primer ID Primer Sequence (5 — 37)
CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTC—

REVERSE_01 TACTATTCTTTCCCCTGCACTGT

FORWARD 01 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

- NNNNNNNNNCGGTTCAATTGTGGAAAGGACGAAACACCG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_02 NNNNNNNNNGCTGGATTTTGTGGAAAGGACGAAACACCG

FORWARD 03 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

- NNNNNNNNNTAACTCGGTTGTGGAAAGGACGAAACACCG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_04 NNNNNNNNNTAACAGTTTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_05 NNNNNNNNNATACTCAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_06 NNNNNNNNNGCTGAGAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_07 NNNNNNNNNATTGGAGGTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_08 NNNNNNNNNTAGTCTAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

FORWARD_03 NNNNNNNNNCGGTGACCTTGTGGAAAGGACGAAACACCG

FORWARD 10 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

NNNNNNNNNTACAGAGGTTGTGGAAAGGACGAAACACCG
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Primer ID Primer Sequence (5 — 37)
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_11 NNNNNNNNNATTGTCAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_12 NNNNNNNNNTATGTCTTTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_13 NNNNNNNNNATTGGATTTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_14 NNNNNNNNNATACTCGGTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_15 NNNNNNNNNTATGAGAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_16 NNNNNNNNNTAACTCAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_17 NNNNNNNNNCGTGAGCCTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_18 NNNNNNNNNATCAGAGGTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_19 NNNNNNNNNTATGGAGGTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_20 NNNNNNNNNGCGTTCAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_21 NNNNNNNNNCGCAAGAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_22 NNNNNNNNNCGACAGCCTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_23 NNNNNNNNNCGACTCGGTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_24 NNNNNNNNNTACAAGAATTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_25 NNNNNNNNNCGCAGATTTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_26 NNNNNNNNNATTGCTCCTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_27 NNNNNNNNNGCACTCGGTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_28 NNNNNNNNNATGTTCTTTTGTGGAAAGGACGAAACACCG
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-
FORWARD_29 NNNNNNNNNATGTCTCCTTGTGGAAAGGACGAAACACCG
FORWARD 30 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-

NNNNNNNNNGCACTCAATTGTGGAAAGGACGAAACACCG

Sequencing and analysis. Single-read sequencing was kindly performed by members of the Center for Mo-

lecular Pathology (Prof. Dr. Albrecht Stenzinger, Heidelberg University Hospital) using the Illumina NextSeq
500 system together with a NextSeq 500/550 High Output v2 kit (75 cycles) (lllumina). In order to identify
hits, | analyzed raw data using CRISPRanalyzer [16, preprint]. Differential readcounts of sgRNAs at To and Ty

were used to calculate the relative enrichment of each sgRNA. Hit gene candidates were called according

to following criteria: readcount at Ty is greater than 100, relative enrichment is greater one in at least three

out of 6 gene-specific sgRNAs, relative enrichment could be detected in at least 2 out of 3 replicates. An

enrichment score was defined by multiplying the number of enriched sgRNAs per gene by the mean
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enrichment for the sgRNAs. Thus, hits were scored according to their degree of enrichment and the highest
scoring genes were chosen for downstream validation.

2.3.11 RNA sequencing and differential gene expression analysis

For RNA sequencing, | isolated total RNA from respective cell lines in independent triplicates as described
above (2.1.6). Library preparation and RNA sequencing was performed by the Genomics and Proteomics
Core Facility at DKFZ. 50 bp single-read sequencing was performed using a HiSeq 4000 system (lllumina).
Sequence alignment was performed using STAR (Version 2.5.3a) and GRCm38mm10_PhiX as reference ge-
nome. For further analysis, data was processed using HTSeqg-count [234] to generate readcount tables and
FPKM files and DESeq2 [235] to identify differentially expressed genes.

2.4 Animal experiments

All animal experiments were performed in compliance with regional regulations and in approved by re-
gional authorities (Regierungsprasidium Karlsruhe, Germany).

2.4.1 Hydrodynamic tail vein injection (HTVI)

Hydrodynamic injections were kindly performed by Lena Wendler-Link or Prof. Dr. Darjus Tschaharganeh
(Tschaharganeh lab, DKFZ). 7-8 weeks old female C57BL/6N mice (Janvier) were injected with naked DNA
plasmids (10 % of body weight, approx. 2 ml) into the tail vein within 5-7 sec [80]. In order to generate
genetically defined liver tumors, plasmid mixtures contained 5 pg pT3-EF1a-KrasG12D-IRES-rtTA3 or pT3-
EF1a-MYC-IRES-rtTA3, 10 ug pX330-sgp53, 3-5 ug CMV-SB13, and 10-20 pug pT3-TRE-tRFP-miRE-shRen-
IRES-OVA-P2A-GFP. | monitored animals daily and euthanized mice via cervical dislocation in accordance
with the termination criteria defined in the animal permit.

2.4.2 Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) was carried out by the small imaging core facility at DKFZ (Dr. Manfred
Jugold) using a BioSpec 3T or a BioSpec 9.4 T (Bruker).

Data analysis was performed by me using OsiriX Lite Dicom Viewer (Pixmeo).

2.4.3 Adoptive T cell transfer and immune checkpoint blockade

After tumor development had been confirmed via MRI, animals were treated with adoptive T cell transfer
using pre-activated OT-l splenocytes, immune checkpoint blockade, or both.

Adoptive T cell transfer. | isolated and activated OT-I splenocytes as described in 2.3.9. 15 million spleno-
cytes were harvested, washed, resuspended in 100 ul NaCl, and injected into the tail vein of tumor-bearing
mice.

Immune checkpoint blockade. Tumor-bearing mice were injected intraperitoneally with 250 ug anti-CTLA4
or anti-PD1 (InVivoMAb anti-mouse CTLA-4 (CD152) [clone: BEQ164], InVivoMAb anti-mouse PD-1 (CD279)
[clone: RMP1-14], both Bio X Cell) twice per week.
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2.4.4 Immunohistochemistry (IHC)

Organ samples were fixated using 4 % paraformaldehyde for at least 72 h before embedding in formalin
and sectioning into 3 um sections.

Deparaffinization was achieved by incubating slides in xylene, followed by rehydration using a descending
alcohol series and a washing step using water. Antigen retrieval was performed by boiling slides in a pres-
sure cooker for 8 min using a sodium citrate buffer (10 mM Trisodium citrate dihydrate, 0.5 %(v/v) TWEEN®
20, pH 6.0), followed by cooling down the slides for 5 min under running water. Slides were further incu-
bated in 3 % hydrogen peroxide for 10 min to block endogenous HRP and subsequently washed 1 min un-
der running water and twice with PBS for 2 min each. Sections were blocked with 5 % BSA in PBS with
0.05 % Triton X-100 for 1 h at RT and incubated with the primary antibody diluted in blocking buffer over-
night at 4°C (rabbit monoclonal anti-GFP (D5.1), CST #2956, 1:500). Then, slides were washed three times
with PBS/Triton X-100 (0.05 %) for 5 min and incubated with ImmPRESS® HRP Horse Anti-Rabbit 1gG Poly-
mer Detection Kit, Peroxidase (Vectorlabs) for 30 min at RT, followed by three washing steps with PBS/Tri-
ton X-100 (0.05 %). Subsequently, slides were stained with ImmPACT DAB Peroxidase (HRP) Substrate (Vec-
torlabs) according to manufacturer’s instructions and observed under the microscope until desired staining
intensity was achieved. Then, slides were counterstained using hematoxylin for 1-2 min, washed with tap
water, dehydrated using ascending alcohol series ending with Xylol and mounted using Surgipath Micro-
mount Mounting Medium (Leica).

All processes involved in IHC staining and hematoxylin & eosin (H&E) staining were kindly performed by
Lena Wendler-Link (Tschaharganeh Lab, DKFZ) and members of the Division of Chronic Inflammation and
Cancer (Prof. Dr. Mathias Heikenwalder, DKFZ).
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3 Results

3.1 Generating genetically defined liver tumors with conditional neoantigen ex-
pression

In order to investigate immune responses mediated by neoantigen expression in liver tumors and to iden-
tify genes modulating neoantigen-dependent tumor cell clearance, it is necessary to use an appropriate in
vivo model that is suitable to address these questions. However, this model needs to fulfil several require-
ments. Ideally, it should facilitate the generation of tumors that closely resemble human liver tumorigenesis
and human tumor characteristics. Moreover, the model should allow to generate autochthonous liver tu-
mors that arise orthotopically from pathologically relevant cells of origins [236]. Additionally, to mimic the
heterogeneity observed in human liver carcinogenesis, the respective model should allow for flexible com-
bination and exchange of genetic driver alterations leading to tumorigenesis. Lastly, in order to trigger ne-
oantigen-mediated responses, tumor cells are required to express an immunogenic neoantigen, with neo-
antigen expression being restricted to tumor cells.

With the purpose of conforming to these requirements, | established a murine model that allows for the
generation of genetically defined autochthonous liver tumors with conditional neoantigen expression. For
that, hepatocytes of wildtype mice were modified using DNA transposon plasmids and CRISPR/Cas9 tech-
nology. This was accomplished through the combination of several DNA plasmids (Figure 3.1 A). The first
plasmid, pX330-sgTrp53, expresses Cas9 and an sgRNA targeting the tumor suppressor Trp53, resulting in
the CRISPR-mediated KO of Trp53. Secondly, the transposon plasmids pT3-EF1a-MYC-IRES-rtTA3 or pT3-
EFl1a-KrasG12D-IRES-rtTA3 were used, which lead to the stable expression of either oncogenic MYC or
Kras®?°, both oncogenes known to induce liver cancer [237,238]. Additionally, this plasmid harbors the
genetic sequence of the Reverse tetracycline-regulated transactivator gene 3 (rtTA3), which is needed to
activate the Tetracycline response element (TRE) of the third plasmid, pT3-TRE-tRFP-miRE-shRen-IRES-
OVA-P2A-GFP. This transposon plasmid is stably integrated into the genome and expresses the model ne-
oantigen Ovalbumin (OVA), the reporter genes GFP and tRFP, and a non-targeting shRNA construct under
the control of the TRE promotor. Lastly, the SB transposase expression plasmid (CMV-SB13) was added to
the cocktail, which assists the stable integration of the transposon plasmids into the genome of target cells.

The plasmid cocktail was introduced specifically into hepatocytes using hydrodynamic tail vein injection
(HTVI). With this method, a high volume (10 % of the body weight) of naked DNA plasmids are rapidly
(within approx. 7 sec) injected into the tail vein of mice [80]. As a result of the high pressure in hepatic
blood vessels, DNA plasmids are able to enter hepatocytes. Through combined injection of CRISPR/Cas9-
expressing and transposon-based DNA plasmids, it is possible to generate genetically defined autochtho-
nous liver tumors which are driven by a CRISPR/Cas9-mediated KO of tumor suppressor genes and a stable
overexpression of oncogenes. In combination, these effects result in KO of Trp53 and stable overexpression
of oncogenic MYC or Kras®*?°, leading to rapid tumor formation. Additionally, this model allows for condi-
tional expression of OVA as a neoantigen in ON DOX conditions (treatment with Doxycycline), which can be
monitored by GFP and tRFP expression.
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Figure 3.1. Generation of genetically defined autochthono

us liver tumors. A. Graphic summary of plasmids used to generate

genetically defined liver tumors via HTVI. B. Survival curves of animals injected with indicated plasmids and fed with DOX-

containing or control diet after injection. Statistical analysi

s was performed using Log-rank test. C. Representative stereomi-

croscopical pictures of livers and tumors of mice injected with MYC/sgTrp53 plasmid mix and fed with DOX-containing or

control diet after injection. Scale bar =1 cm. D. Represen

tative immunohistochemical tissue staining of mice injected with

Kras®2?/sgTrp53 plasmid mix and fed with regular diet (OFF DOX) or DOX-containing diet (ON DOX). Scale bar = 100 pm.
E. Western blot analysis of tumor tissue generated through HTVI. Mice were injected with indicated plasmid mixtures and

fed DOX-containing or control diet until euthanized. Data

generated jointly with by Sonia Jiménez-Vazquez, DKFZ.
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vivo, 7-8 week old C57BL/6N mice were hydrodynamically injected with plasmid cocktails to generate au-
tochthonous liver tumors. After injection, mice were either fed with regular diet (“OFF DOX”) or with
Doxycycline-containing diet (“ON DOX”) and monitored weekly for tumor development. Mice were eu-
thanized in accordance with local animal welfare protocols and organs and tumors were collected for fur-
ther analyses. Injection of both plasmid cocktails leading to Trp53 KO combined with either MYC
(“MYC/sgTrp53”) or Kras®?? (“Kras®2?/sgTrp53”) overexpression resulted in rapid tumor formation and ul-
timately euthanization of animals within 1-3 weeks after injection (Figure 3.1 B). Stereomicroscopical anal-
yses revealed the formation of nodules within the liver, which were GFP- and tRFP-positive in ON DOX mice,
but not in OFF DOX mice (Figure 3.1 C). H&E staining of formalin-fixated paraffin-embedded liver tissue
exposed histopathological changes common in HCC, including atypic cell morphology, trabecular and acinar
morphology, and an overall lack of classical hepatic parenchymal architecture [239,240] (Figure 3.1 D). Ad-
ditionally, immunohistochemical staining of tumor tissue showed GFP expression only in dysplastic nodules
of ON DOX mice (Figure 3.1 D), but not in healthy liver tissue or under OFF DOX conditions. These results
demonstrate that the established model can be used to generate genetically defined liver tumors with
controlled tumor-specific neoantigen expression within weeks.

To further confirm specific gene expression in tumors generated via HTVI, tumor tissue of MYC/sgTrp53
and Kras®?®/sgTrp53 mice were used for Western blot analysis (Figure 3.1 E, data generated jointly with
by Sonia Jiménez-Vazquez, DKFZ). As expected, MYC/sgTrp53 tumors showed high levels of MYC protein,
while Kras®?®/sgTrp53 tumor showed high levels of KRAS. Gene expression of the DOX-dependent genes
tRFP, GFP, and OVA was only apparent in ON DOX conditions in both MYC/sgTrp53 and Kras®'?°/sgTrp53
tumors. Surprisingly, DOX-dependent gene expression was not detectable in all ON DOX tumor samples,
suggesting a possible silencing or negative selection mechanism of the neoantigen in tumor cells.

In order to investigate the effect of neoantigen expression on overall survival, mice were injected to gen-
erate MYC/sgTrp53- or Kras®2?/sgTrp53-driven tumors and put ON DOX directly after injection. However,
neoantigen expression did not have an effect on survival, as the Kaplan-Meyer curves did not differ signifi-
cantly from respective control groups (Figure 3.1 B).

To further determine if the OVA-derived neoantigen SIINFEKL is expressed in vivo and elicits an immune
response, | investigated the generation of SIINFEKL-specific T cells using MHC:peptide tetramer complexes,
which bind to antigen-specific T cells and can be detected via flow cytometry. For this, mice were hydrody-
namically injected with a MYC/sgTrp53 plasmid cocktail and tumor formation was monitored via weekly
MRI. Once tumors were detectable, mice were put on DOX-containing diet. In parallel, | weekly collected
blood from the submandibular vein and examined it for the presence of SIINFEKL-specific T cells using
MHC:peptide tetramer staining and flow cytometrical analyses. After 10 days in ON DOX conditions, a dis-
tinct population of SIINFEKL-specific CD3* T cells was detectable in peripheral blood of the mice (Figure
3.2 A). Importantly, an increase in the antigen-specific T cell population was only found in a subset of DOX-
treated mice, suggesting loss of neoantigen. Nevertheless, formation of an antigen-specific T cell popula-
tion indicates that immune cells encountered SIINFEKL-presenting cells and responded with activation and
expansion of the SIINFEKL-specific T cell subset. Consequently, this finding implies that neoantigen presen-
tation induced by DOX treatment can result in an antigen-specific immune response.

The previous results show that this animal model is suited to generate genetically defined liver tumors that
lead to immune responses when neoantigen expression is induced. Consequently, | further investigated
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whether this model can be used to recapitulate immunotherapeutic interventions that depend on neoan-
tigen-specific T cells. For that, | treated tumor-bearing animals with different immunotherapeutic ap-
proaches. Briefly, HTVI was performed to generate MYC/sgTrp53-driven tumors, and tumor formation was
monitored via weekly MRI. After tumor detection, mice were put ON DOX and treated with either pre-
activated SIINFEKL-specific splenocytes isolated from OT-I mice or an antibody targeting the immune check-
point CTLA4. 3-4 weeks after the beginning of the treatment, a strong reduction in tumor volume of treated
mice was observed, leading to partial or complete tumor regression and prolonged survival (Figure 3.2 B
and C). These results demonstrate that this mouse model can be used to challenge neoantigen-expressing
tumor cells with T cell-dependent therapeutic approaches, thereby triggering antigen-dependent tumor
cell clearance and tumor regression.

In summary, these results show that the newly generated mouse model is well suited for the rapid gener-
ation of genetically defined autochthonous liver tumors and that addition of a TRE-dependent OVA-ex-
pressing plasmid to the HTVI plasmid cocktail allows for controlled and conditional neoantigen expression
in tumors. Thus, this model presents a versatile tool to study neoantigen-dependent mechanisms of tumor
formation and therapy approaches in vivo.
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Figure 3.2. DOX-dependent neoantigen expression in primary liver cancer cell lines. A. Cell lines generated from HTVI with
Kras®22/sgTrp53 or MYC/sgTrp53 plasmid mixtures were treated with DOX (0.3 pg/ml) for 3 days and subjected to Western
blot analysis. B. MYC/sgTrp53 cells with Tap1 KO and control cells were treated with IFNy (300 U/ml, 2 days) and DOX (0.3
ug/ml, 3 days) and stained with antibodies against H-2kB and H-2kB-SIINFEKL for flow cytometrical analysis.
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3.2 Establishment of a T cell killing assay to identify tumor cell-specific barriers for
immunotherapy

3.2.1 Characterization of tumor-derived primary cell lines to investigate neoantigen-spe-
cific tumor cell killing in vitro

The previous results demonstrated that the established in vivo model can be used to generate immuno-
genic liver tumors that can be targeted with immunotherapeutic approaches. In order to investigate tumor
cell-specific genes mediating immunotherapy in an experimental setting with higher consistency and flexi-
bility, | established an in vitro system based on this mouse model with the aim of identifying individual
genes that are involved in T cell-mediated killing.

First, | used tumors generated via HTVI to derive primary liver cancer cell lines from respective genotypes.
Western blot analyses confirmed that all used cell lines express OVA, tRFP, and GFP only when cultivated
in ON DOX conditions (Figure 3.3 A). Leakiness of the TRE promotor, which had been described in several
publications, was not detectable on protein level under the used experimental conditions [241,242]. Nota-
bly, different cell lines, derived from individual tumors, showed varying protein levels for DOX-dependent
genes.

Additionally, surface antibody staining of MHC class | (H-2kB) and SIINFEKL bound to MHC class | (H-2kB)
revealed that only cells in ON DOX conditions presented SIINFEKL-MHC class | complexes, while cells in OFF

DOX conditions demonstrated MHC class | on the surface, but not bound to the antigen SIINFKEL (Figure
3.3 B). Furthermore, cells with impaired antigen processing machinery that | generated via CRISPR/Cas9-
mediated KO of the Transporter associated with antigen processing | (Tap1) showed neither MHC class |
nor SIINFEKL bound to MHC class | presentation in ON DOX and OFF DOX conditions (Figure 3.3 B).
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Figure 3.3. DOX-dependent neoantigen expression in primary liver cancer cell lines. A. Cell lines generated from HTVI
with Kras®12P/sgTrp53 or MYC/sgTrp53 plasmid mixtures were treated with DOX (0.3 pug/ml) for 3 days and subjected
to Western blot analysis. B. MYC/Trpp53 cells with TapI KO and control cells were treated with IFNy (300 U/ml, 2
days) and DOX (0.3 ug/ml, 3 days) and stained with antibodies against H-2kB and H-2kB-SIINFEKL for flow cytometrical
analysis.

38



RESULTS

These results show that the generated cell lines express OVA and present SIINFEKL in a DOX-dependent
manner, indicating that the tumor-derived primary cell lines can be used as an appropriate in vitro model
to study neoantigen-dependent tumor cell killing.

3.2.2 Establishment of a neoantigen-specific T cell killing assay

In order to discover new tumor cell-specific modulators of antigen-dependent T cell-mediated killing in
vitro, | used tumor-derived primary liver cancer cell lines together with SIINFEKL-specific OT-I splenocytes
to establish a co-culture assay [229,230]. OT-I splenocytes were pre-activated with recombinant SIINFEKL
and rlIL-2 for 3 days. In parallel, tumor cells were treated with IFNy to stimulate MHC class | and antigen
surface presentation. For co-culture, | added OT-I splenocytes to tumor cells in defined effector : target cell
ratios. After one day in co-culture, remaining tumor cells were stained with crystal violet, serving as an
indicator of the amount of tumor cells that survived T cell-mediated killing (Figure 3.4 A).
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Figure 3.4. Establishment of an antigen-specific T cell killing assay. A. Graphic summary of the T cell killing assay. B. Overview
of T cell killing assay performed with MYC/sgTrp53 cells. Tumor cells were stimulated with IFNy (300 U/ml, 2 days) and plated
in 24 well plates one day prior to co-culture. Activated splenocytes were added in increasing effector : target cell ratios.
After one day of co-culture, remaining tumor cells were stained and fixated with crystal violet. C. Quantitative analysis of
T cell killing assay shown in B. Stained wells were scanned and the relative amount of stained area per well was determined.
Relative survival was defined as the relative area per well normalized to the relative stained area of untreated control wells
(-OT-I). Shown are mean and s.d. of three independent replicates.
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Tumor cells were only killed when cultured in ON DOX, but not in OFF DOX conditions, corresponding to
decreased crystal violet intensity (Figure 3.4 B). Conversely, Tap1 KO cells were resistant to T cell-mediated
killing, independent of DOX conditions. Moreover, the efficiency of tumor cell killing was elevated with
increasing effector : target cell ratio. These results indicate that the efficiency of T cell-mediated killing is
dependent on the surface presentation of the antigen and the effector : target cell ratio.

To be able to investigate T cell mediated killing in more detail, | used wells stained with crystal violet to
quantify the T cell killing efficiency. For that, stained wells were digitalized and the relative stained area of
each well was determined. | defined the relative survival by normalizing the relative stained area of each
sample to the “-OT-1” negative control (Figure 3.4 C). The results confirmed that the relative survival of
tumor cells is dependent on the T cell concentration and decreases with increasing effector : target cell
ratios. Furthermore, the quantification revealed that even an effector : target cell ratio as small as 0.125:1
was able to achieve measurable T cell-mediated killing with relative survival rates of approx. 80 %. Ratios
of 1:1 and 2:1 resulted in relative survival rates ranging from approx. 30 % to 5 %. Additionally, the relative
survival of OFF DOX and Tap1 KO cells remains largely unchanged with increasing effector : target cell ra-
tios, underlining the antigen-specificity of the T cell killing assay. However, at effector : target cell ratios
larger than 1:1 - 2:1, the relative survival rates of OFF DOX and Tap1 KO cells exhibit a slight decrease, which
suggests that the T cell-mediated killing becomes unspecific to antigen presentation if T cell concentrations
are too high. In summary, these results show that the established assay is able to achieve effective killing
in a concentration- and antigen-dependent manner. The relative survival rates indicate that antigen-de-
pendent tumor cell killing is highly specific, since tumor cells without antigen expression (OFF DOX treat-
ment and Tapl KO) showed reduced survival rates only in high T cell concentrations. In order to achieve
effective and antigen-specific tumor cell killing, | used effector : target cell ratios of 1:1 and 2:1 for further
experiments.

Taken together, these findings demonstrate that the T cell killing assay is a useful tool to investigate anti-
gen-specific T cell-mediated tumor cell killing. Furthermore, the flexible design of the assay permits easy
genetic manipulation of target cells and allows for combining the T cell killing assay with a CRISPR/Cas9
screen. Therefore, the established T cell killing assay can be further employed to discover new tumor cell
specific genes that modulate T cell-mediated killing.

3.2.3 A lentiviral CRISPR/Cas9 screen reveals modulators of T cell-mediated tumor cell
killing

The previous results demonstrate that the established T cell killing assay is a reliable system that models
neoantigen-dependent tumor cell clearance by cytotoxic lymphocytes. Due to its highly adjustable setup,
tumor cells can be genetically modified in order to study genes that influence the efficiency of T cell killing,
as demonstrated for Tap1. Intriguingly, this assay offers the possibility to modify multiple genes in parallel
and identify genes that affect T cell killing efficiency in a pooled format.

In order to verify that the T cell killing assay is a suitable tool to detect sgRNAs that target genes mediating
resistance to T cell killing, | set up an experiment that aimed at recovering resistant Tap1 KO cells co-cul-
tured in an excess of non-resistant control cells. For that, Tapl KO cells were mixed with control cells
(sgRosa26) at a ratio of 1:600. The sgTap1/sgRosa26 co-culture was used to perform the T cell killing assay
and the enrichment of Tap1 KO cells was determined via flow cytometry and NGS (Figure 3.5 A and B). In
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Figure 3.5. A pooled CRISPR/Cas9 screen to identify modulators of antigen-specific tumor cell killing. A. Graphic outline of a
preliminary experiment designed to verify the detection efficiency of a positive control sgRNA in the T cell killing assay. tRFP-
expressing Tapl KO cells were combined with GFP-expressing control cells (sgRosa26) in a ratio corresponding to that of a
specific sgRNA in a pool comprising 600 sgRNAs (1:600). After co-culture with OT-I splenocytes and expansion, cells were
subjected to flow cytometry and NGS analysis in order to determine the enrichment rate of the control RNA. B. Flow cy-
tometrical and NGS analysis of MYC/sgTrp53 sgRosa26/sgTapl cells subjected to T cell killing assay to recapture Tapl KO
cells. C. Graphic outline of a lentiviral pooled CRISPR/Cas9 screen used in combination with the T cell killing assay. D.-F.
Analysis of CRISPR/Cas9 screen performed with MYC/sgTrp53 cells. D. Scatter plot showing the correlation of relative read-
counts at To for 2 independent replicates. E. Representative scatter plot showing the correlation of relative readcounts of
To and T, for one of three independent replicates. F. Waterfall plot showing mean enrichment for individual sgRNAs. High-
lighted data points indicate individual sgRNAs for selected genes and control sgRNAs.
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order to discriminate Tapl KO cells from sgRosa26 control cells by flow cytometry, Tapl KO cells were
modified to express the reporter gene tRFP, while sgRosa26 cells were expressing GFP. After performing
the T cell killing assay, | was able to detect a distinctly enriched tRFP-positive cell population in the
sgTapl/sgRosa26 co-culture. The tRFP-positive cell population constituted 24.5 % of the total cell popula-
tion, resulting in an approx. 14-fold enrichment of Tapl KO cells by the T cell killing assay. Additionally,
gDNA from cells that had been used in the T cell killing assay was isolated and DNA sequences coding for
the sgRNA cassette were amplified and analyzed via NGS. The readcount ratio of sgRosa26 : sgTapl was
determined as approx. 3.54:1, indicating a 170-fold enrichment of Tap1 KO cells (Figure 3.5 B). These results
confirm that the T cell killing assay is a suitable tool to retrieve sgRNAs that lead to resistance to T cell
killing, even if they are at a low presentation of 1:600.

The previous results demonstrated that a resistance-conferring sgRNA could be successfully recovered at
a presentation of 1:600. Subsequently, | used the T cell killing assay to set up a lentiviral CRISPR/Cas9 screen
in order to identify formerly unknown tumor cell-specific genes that affect the efficiency of T cell-mediated
tumor cell killing. For that, an sgRNA library comprising all known genes of the surfaceome [232] was de-
signed. This library consists of 5190 sgRNAs, targeting 865 different genes (6 independent sgRNAs per
gene), and 36 non-targeting control sgRNAs. As previous experiments had established that an sgRNA could
be recovered at a presentation of 1:600, the library was separated into 10 subpools with approx. 520 sgR-
NAs per pool.

In order to perform a lentiviral CRISPR/Cas9 screen in the context of the T cell killing assay, | transduced
Cas9-expressing primary MYC/sgTrp53 cells with lentiviral particles containing the sgRNA library subpools.
With the purpose of achieving a single sgRNA integration per cell, the transduction of each sgRNA subpool
was performed with a low MOI (approx. 0.3) in technical triplicates. After completed selection, a fraction
of cells was retained for the control time point Tp and remaining tumor cells were subjected to T cell killing.
Surviving cells were cultured one week for expansion and then harvested as T1 samples. gDNA from Tp and
T, samples was isolated, the sgRNA cassette was amplified and tagged with barcodes via PCR, and ampli-
cons were subjected to NGS analysis (Figure 3.5 C). In silico analysis of NGS data provided relative read-
counts, which | further used to calculate the relative enrichment of each sgRNA. The relative To readcounts
correlated well within the three replicates, indicating a consistent representation of sgRNAs (Figure 3.5 D).
However, when comparing relative readcounts of T to T; samples, it became evident that several sgRNAs
were highly enriched after T cell killing (Figure 3.5 E). The waterfall plot illustrates that the relative enrich-
ment of individual sgRNAs is evenly distributed across the curve, indicating that the screen and analysis
were not biased and did not result in shifted or clustered enrichment of sgRNAs. Moreover, control sgRNAs
are randomly scattered across the curve, demonstrating that the enrichment or depletion of non-targeting
sgRNAs was not shifted or clustered (Figure 3.5 F).

The criteria for hit calling and scoring of specific genes were chosen to account for sufficient presentation
of sgRNAs at To, reproducibility between replicates, off-target effects of single sgRNAs, and magnitude of
enrichment. | employed three criteria to define genes as hits: (i) an absolute readcount for TO >100, (ii)
relative enrichment in > 2 out of 3 replicates, (iii) relative enrichment in > 3 out of 6 sgRNAs per gene. These
hits were then ranked according to a score defined by the mean enrichment of sgRNAs per gene multiplied
by the amount of enriched sgRNAs per gene (Table 7.2). The 20 highest ranked genes are listed in Table 3.1.
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Table 3.1. Overview of the 10 highest ranked hits of the CRISPR/Cas9 screen.

Gene Score Gene Score

Sostdc1 54.910 Bche 22.621
Egfr 35.577 Iglon5 21.898
Ldlr 34.704 Ab124611 21.894
Sdk2 31.291 Acvrl 21.710
C3arl 26.258 Sorcs3 21.607
Lrrc4b 25.831 Cd164 21.276
Cacng8 24.473 Gpcl 19.793
Nign2 23.920 Pcdh15 19.227
Slc12a9 23.517 Col6as 18.519
Ephb4 22.767 Igsf8 18.333

In order to validate the 20 genes identified as highest-ranking hits, | used the two best performing sgRNAs
for each gene were generate individual gene KO cell lines. These cell lines were then subjected to T cell
killing in order to verify that the respective sgRNA-mediated gene KO reduces T cell killing efficiency (Figure
3.6 A). The results of the T cell killing assay revealed that not all tested sgRNAs reduced the killing efficiency
compared to sgRosa26 control cells. In fact, several KO cell lines showed similar survival compared to
sgRosa26 control cells, which allowed to exclude the associated genes as true hits. While for some exam-
ined genes neither sgRNA resulted in increased survival (e.g., Sdk2, C3ar1, Sostdc1), for others only one of
the two tested sgRNAs conferred resistance to T cell killing (e.g., Lrrc4b, Slc12a9, Nign2). For the genes
Epidermal growth factor receptor (Egfr), Activin A receptor type 1 (Acvrl), and Sortilin-related VPS10 do-
main containing receptor 3 (Sorcs3), both sgRNAs resulted in distinctly increased tumor cell survival com-
pared to control cells. In order to further narrow down the list of potential hits, only genes for which both
sgRNAs lead to distinctly reduced T cell killing efficiency were further considered for investigation.

Consequently, the three most promising gene candidates Egfr, Acvrl, and Sorcs3 were selected for further
verification. For that, | designed additional sgRNAs for each gene and examined their effectiveness to re-
duce T cell killing efficiency via T cell killing assay.

Surprisingly, the results showed that two sgRNAs targeting Egfr that had resulted in reduced T cell killing
efficiency in previous experiments (i.e., sgEgfr.1 and sgEgfr.2) did not display differences in relative survival
rates compared to sgRosa26 cells (Figure 3.6 B and C). Apart from those, all other tested sgRNAs caused a
strong reduction in T cell killing efficiency for all three targeted genes. Quantification of the T cell killing
assay revealed that KO of Acvrl lead to the highest resistance to T cell killing, displayed by an increase of
relative survival rates to approx. 30 % - 40 %. Taken together, these results suggest that all three identified
genes Egfr, Acvrl, and Sorcs3 are potential regulators of T cell-mediated tumor cell killing. As Acvrl KO
resulted in the highest resistance to T cell killing in three independent KO cell lines, Acvrl was identified as
most promising hit and selected for further investigation.
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Figure 3.6. Validation of hits identified in the CRISPR/Cas9 screen. A. For each of the 20 highest scored genes, 2 individual
sgRNAs used in the screen were used to perform KO cell lines in MYC/sgTrp53 cells. KO cells lines were subjected to T cell
killing assay analysis to verify findings from the screen. Representative results from one of 3 independent replicates. B and
C. T cell killing assay analysis with 3-5 individual sgRNA-mediated KO cell lines for Egfr, Acvrl, and Sorcs3. Representative
results for one of 3 replicates. C. Quantification of T cell killing assay in B, shown are mean and s.d. Relative survival is defined
as the relative stained area per well normalized to the relative stained area of untreated control wells (-OT-1) of the respec-
tive cell line. Statistical analysis was performed via one-way ANOVA. Asterisks indicate statistically significant differences
from the control sgRosa26 (*:p<0.05, **:p<0.01, ***:p<0.001).
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3.3 Acvrl KO leads to reduced antigen-specific tumor cell killing

Since the results of the CRISPR/Cas9 screen suggested that Acvrl KO cells are less susceptible to antigen-
mediated tumor cell killing by cytotoxic lymphocytes, | further characterized MYC/sgTrp53 Acvrl KO cells.
For that, Acvrl KO cells were used to perform a T cell killing with increasing effector : target cell ratios. The
results confirmed that more cells survived T cell-mediated killing in two different Acvrl KO cell lines com-
pared to control cells expressing a non-targeting control sgRNA (sgRosa26) (Figure 3.7 A). Additionally,
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guantification of the relative survival of the respective cell lines and a non-linear regression analysis con-
firmed that the ICso value (the effector : target cell ration where 50 % survival was observed) of the Acvrl
KO cell lines was similar or higher than that of the control cell line (Figure 3.7 B). This shows that a higher
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Figure 3.7. Acvrl KO leads to reduced T cell-mediated killing in MYC/sgTrp53 cells. A and B. T cell killing analysis in
MYC/sgTrp53 cell lines with Acvrl KO. Relative survival is defined as the relative stained area per well normalized to the
relative stained area of untreated control wells (-OT-I) of the respective cell line. Shown is one out of three independent
replicates. Data in B is represented by mean and s.d. C. T7 endonuclease | assay of Acvrl-targeting sgRNAs used in this study.
Cas9-expressing cells were transduced with a lentiviral plasmid encoding the respective sgRNA. L: DNA ladder, S: sample, C:
control. D. Proliferation assay of Acvr1 KO cells. Cells were plated in triplicate and the cell number was determined 2-3 days
for 2 weeks. Shown are mean and s.d. as representative results from one of 3 independent replicates. E. Colony formation
assay of Acvrl KO cells. Cells were plated in a low concentration in triplicates and after 7-21 days, cells were fixated and
stained with crystal violet. Left panel: scanned wells, right panel: quantification of stained area, represented by mean and

s.d. Shown is one out of 3 independent replicates.
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effector : target cell ratio is needed to achieve 50 % of survival in Acvrl KO cells compared to control cells
and further validates Acvrl as a hit of the CRISPR/Cas9 screen.

In order to verify the functionality of the used sgRNAs, | performed a T7 endonuclease | assay, which detects
small insertions and deletions (indels) generated by sgRNA-guided Cas9 endonuclease activity. All cell lines
transduced with Acvri-targeting sgRNAs used in this study displayed distinct fragments in the genomic tar-
get region after T7 endonuclease | digest, which were absent in parental control cells (Figure 3.7 C). This
suggests that all Acvrl-tareting sgRNAs are able to generate Cas9-mediated indels in the Acvrl locus, ulti-
mately resulting in a loss of Acvrl gene function.

In order to exclude the possibility that the observed effect of Acvrl KO was caused by increased cell prolif-
eration, KO and control cells were plated in specific concentrations and cultivated for 14 days, while the
cell number was regularly determined (Figure 3.7 D). Thus, it became apparent that none of the used KO
cell lines differed in proliferation compared to control cells. Additionally, | performed colony formation
assays to study the colony formation capacity of Acvrl KO cells. For that, cells were seeded in low density
for 7-21 days until detectable colonies had formed (Figure 3.7 E). No substantial difference between Acvrl
KO cells and control cells was determined, indicating that Acvrl KO had no considerable effect on colony
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Figure 3.8. Acvrl KO leads to reduced T cell-mediated killing in Kras®'?°/sgTrp53 cells. A and B. T cell killing analysis in
Kras®2%/sgTrp53 cell lines with Acvrl KO. Relative survival is defined as the relative stained area per well normalized to the
relative stained area of untreated control wells (-OT-1) of the respective cell line. Shown is one out of three independent
replicates. Data in B is represented by mean and s.d. C. T7 endonuclease | assay of Acvri-targeting sgRNAs used in this study.
Cas9-expressing cells were transduced with a lentiviral plasmid encoding the respective sgRNA. L: DNA ladder, S: sample, C:
control. D. Colony formation assay of Acvrl KO cells. Cells were plated in a low concentration in triplicates and after 7-21
days, cells were fixated and stained with crystal violet. Left panel: scanned wells, right panel: quantification of stained area,
represented as mean and s.d. Shown is one out of 3 independent replicates. All data generated jointly with Philip Ohland,
DKFZ.
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formation capacity or proliferation rate. This leads to the conclusion that the increased survival rate of
Acvrl KO cells in the T cell killing assay was no consequence of increased cell proliferation, but rather the
result of a different mechanism.

In order to assess whether the observed effect is dependent to the oncogenic genotype of MYC/sgTrp53
cells, | used primary Kras®?°/sgTrp53 cells to perform T cell killing assays (Figure 3.8 A). The non-linear
regression analysis of the relative survival shows that the ICso value of Acvrl KO cell lines was higher than
that of the control cell lines (Figure 3.8 B). This strongly suggests that Acvrl KO affects the tumor cell killing
efficiency in Kras®2%/sgTrp53 cells and that this effect is not restricted to MYC/sgTrp53-driven tumor cells.
Additionally, | validated effective KO of Acvr1 via T7 endonuclease | assay using Kras®?®/sgTrp53 cells stably
expressing Acvrl-targeting sgRNAs. T7 endonuclease I-digested DNA fragments were visible in all sgRNA-
expressing, but not in control samples, implying that all used sgRNAs generated indels in the Acvrl locus of
Kras®'?®/sgTrp53 cells (Figure 3.8 C). Kras®?®/sgTrp53 Acvrl KO cells were further characterized with regard
to their colony forming capacity (Figure 3.8 D). Acvrl KO cells did not exhibit a different colony forming
capacity than control cells, which indicates that the observed resistance to T cell-mediated killing was not
caused by increased clonogenic capacity of Acvrl KO cells.

Taken together, these results suggest that Acvrl KO in Kras®'?°/sgTrp53 cells causes an increased resistance
to T cell-mediated tumor cell killing. Furthermore, this implies that this resistance is not a genotype-specific
effect of MYC/sgTrp53-tumor cells, but could rather be a universal consequence of Acvrl KO.

3.4 Acvrl KO leads to changes in BMP signaling

ACVR1 is a type | receptor of the BMP signaling pathway. The pathway is activated by the binding of differ-
ent BMPs to type Il receptors, forming heterodimers with type | receptors. These are then activated
through phosphorylation by type Il receptors. Activated type | receptors phosphorylate the signaling pro-
teins SMAD1/5/9, which subsequently form a complex with SMAD4 and translocate into the nucleus in
order to activate the expression of specific genes like /d1 [243,244].

In order to investigate the effect of Acvrl KO on BMP signaling, | performed immunoblotting analyses for
downstream signaling components. For that, MYC/sgTrp53 cells were treated with BMP7 in order to acti-
vate BMP signaling and cell lysates were analyzed via Western blot. The results revealed that after treat-
ment with BMP7, phosphorylated SMAD1/5/9 and ID1 protein levels were strongly increased in sgRosa26
control cells (Figure 3.9 A). In Acvrl KO cells, however, the extent of SMAD1/5/9 phosphorylation and the
upregulation of /d1 expression upon BMP7 treatment was markedly reduced compared to control cells
(Figure 3.9 A). This observation is in accordance with previous reports, which state that BMP7 primarily
leads to signaling via ACVR1 [245,246]. These results indicate that KO of Acvrl reduces BMP signaling trans-
duction after treatment with BMP7.

Furthermore, to investigate whether this effect is cell type-specific, Kras®'?°/sgTrp53 were treated with
known activators of the BMP pathway BMP2 or BMP7. The activation of BMP downstream signaling was
analyzed via Western blot, which revealed that treatment of Acvrl KO cells with BMP2 or BMP7 resulted in
distinctly reduced levels of phosphorylated SMAD1/5/9 compared to control cells (Figure 3.9 B). This sug-
gests that Acvrl KO in Kras®*?®/sgTrp53 leads to reduced BMP pathway activation after treatment with
BMP2 or BMP7. Notably, even though BMP2 is reported to primarily activate the pathway independent of
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ACVR1, BMP2-induced phosphorylation of SMAD1/5/9 was also reduced in Acvr1 KO cells [245]. This finding
suggests that BMP2 is partly dependent on Acvrl to activate the signaling pathway. Taken together, these
results demonstrate that Acvrl KO drastically reduces canonical BMP signaling and the expression of BMP
downstream targets in two different primary liver cancer cell lines.
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Figure 3.9. Activation of ACVR1 downstream targets is reduced in Acvrl KO cells. A. Western blot analysis of ACVR1 down-
stream signaling in MYC/sgTrp53 cells. Acvrl KO and control cells were treated with BMP7 (100 ng/ml, 1 h), harvested, and
protein lysates were used for immunoblotting. B. Western blot analysis of ACVR1 downstream signaling in Kras®'?°/sgTrp53
cells. Acvr1 KO and control cells were treated with BMP7 or BMP2 (50 ng/ml, 1 h), harvested, and protein lysates were used
for immunoblotting. Data generated jointly with Philip Ohland, DKFZ.

In order to gain a deeper understanding of the effect of Acvrl KO on BMP signaling, | analyzed the tran-
scriptomic profile of MYC/sgTrp53 Acvrl KO cells compared to sgRosa26 control cells via RNA sequencing.
Differential gene expression analysis revealed that a considerable number of genes were up- or downreg-
ulated in Acvrl KO cells (Figure 3.10 A and B). Remarkably, the well-described target genes of ACVR1 sig-
naling Id1, Id2, and Id3 [247,248], as well as Acvrl itself were shown to be downregulated in Acvrl KO
samples.

Further analysis of transcriptomic data revealed that numerous cell functions associated with BMP signaling
were affected by Acvrl KO, demonstrating a phenotype that is consistent with known functions of Acvri
and BMP signaling. Ingenuity pathway analysis (IPA, QIAGEN Inc., [249]) identified several dysregulated
pathways in Acvrl KO cells, connecting Acvrl to multiple processes involved in embryonal development
and adult tissue homeostasis (Figure 3.10 C). These include embryonal stem cell pluripotency, osteogene-
sis, chondrogenesis, neural stem cell fate, cardiomyogenesis, wound healing, and fibrosis, which have all
been linked to BMP signaling [250-257]. In addition to that, Gene Set Enrichment Analysis (GSEA) revealed
differentially expressed gene sets (Figure 3.10 D). The three gene sets with the highest normalized enrich-
ment score (NES) in Acvrl KO cells included epithelial-mesenchymal transition, genes downregulated as
response to UV irradiation, and myogenesis. On the other hand, gene sets with highest NES in control cells
—thus being the gene sets most depleted in Acvrl KO cells —were genes involved in oxidative phosphory-
lation, MYC target genes, and DNA repair genes. Consistently, all identified cellular processes affected by
Acvrl KO were already described to be connected with BMP signaling [203,258-263].

Taken together, these results demonstrate that Acvrl KO leads to reduced BMP signaling. The tran-
scriptomic analysis illustrates a phenotype of Acvrl KO cells that is coherent with already described func-
tions of Acvrl and BMP signaling in embryonal development and adult tissue homeostasis and repair. Since
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these processes are largely regulated by cell survival and apoptosis [264,265], it is conceivable that the
observed influence of Acvrl on T cell-mediated tumor cell killing is mediated through one of the many
downstream effects of BMP signaling.

A c . positive z-score Dx-score =0
250+

. negative z-score D no activity pattern available

o Straé
-log(p-value)
200- o Col3at 1 2 3 4 5 6 7 8
Hepatic Fibrosis / Hepatic - - - -
msin®Vt7e Stellate Cell Activati
P —
- «Gpx3 .. GP6 Signaling Pathway
T 150-
o Human Embryonic Stem Cell Pluripotency
= * Factors F i
g’ 100_ 'M:‘ d3 5 L Cardiogenesis in Vertebrates
- ® Kent1 Hepatic Fibrosis Signaling Pathway
Osteoarthritis Pathway
Axonal
Sohlh1 ° Apelin Liver Signaling Pathway
1 ' ' ' ' Role of O o and
5 C ytes in id Arthritis

Basal Cell Carci

B D

Enrichment plot: Enrichment plot: HALLMARK_UV_RESPONSE_DN Enrichment plot: HALLMARK |
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION e 05
Color K g5 g Bos
g ¥ £
[ N H i iy
i [ o
- 2l L S ]

mmmmmmmmmmmmm [

T Geesw e e e o e

[ Eovemerepratie —

En ent plot: Enrichment plot: HALLMARK_MYC_TARGETS_V1 Enrichment plot: HALLMARK_DNA_REPAIR
'HALLMARK_OXIDATIVE_PHOSPHORYLATION - e
G <l & g i
[ N g 2o 5
§o2 R | 2
fo §os Eas
- S i T
— s s .
- i g,
. g H §
: H

1 —

1 |HALLMARK_EPITHELIAL MESENCHYMAL TRANSITION (196 |(0.55 |(1.80 ||0.000 0.000 0.000 1909 tags=40%, list=11%, signal=44%
2 |HALLMARK _UV_RESPONSE_DN 143 0.52 [1.66 |(0.002 0.012 0.026 2004 tags=33%, list=11%, signal=37%
3 |HALLMARK_MYOGENESIS 200 /0.49 [1.59 |(0.000 0.020 0.066 2971 tags=38°%, list=17%, signal=44%

Gene sets enriched in control cells
ha N bl v bl N 1 ||[HALLMARK_OXIDATIVE_PHOSPHORYLATION 197 ||-0.54-1.82|(0.000 0.001 0.001 5830  tags=66%, list=33%, signal=97%

o o kg N N N

og"’ eg‘ °¢, 04‘ "4‘ (7“ 2 ||[HALLMARK_MYC_TARGETS V1 200 ||-0.52(-1.76|{0.000 0.002 0.004 6280 tags=67%, list=35%, signal=101%|
,@' QQ?' ,,pe' ,,qv' & & 3 |[HALLMARK DNA REPAIR 147 |[-0.49]1.59][0.000 0.016 0.044 5259 tags=52%, list=29%, signal=74%

Figure 3.10. Gene expression analysis in Acvrl KO cells. A. Volcano plot of differentially expressed genes identified via RNA
sequencing analysis. Genes were considered differentially expressed with an expression change >2 and an adjusted p-
value < 0.05 (blue and orange data points). B. Top ten pathways affected by Acvrl KO identified via Ingenuity Pathway Anal-
ysis. Positive z-score: upregulation of pathway, negative z-score: downregulation of pathway. C. Gene set enrichment anal-
ysis (GSEA) of top three hallmark gene sets altered in Acvrl KO or sgRosa26 control cells. D. Heatmap of 1000 highest dif-
ferentially expressed cells in Acvr1 KO cells. Results show data from three independent replicates.
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3.5 ACVR1 re-expression reverses the effects of Acvr1 KO on T cell-mediated killing

As demonstrated by previous findings, Acvrl KO leads to increased resistance of T cell-mediated killing and
reduced activation of BMP signaling. With the purpose of investigating whether re-expression of ACVR1 in
Acvrl KO cells would reverse these effects, | stably transduced MYC/sgTrp53 Acvrl KO cells with retroviral
plasmids encoding different versions of human ACVR1: wildtype ACVRI (wtACVR1), constitutively active
ACVR1 (caACVR1, mutated at Q207D), and kinase-dead ACVR1 (kdACVR1, mutated at K235R) [266]. West-
ern blot analysis confirmed that the levels of pSMAD1/5/9 and ID1 were considerably higher in cells ex-
pressing wtACVR1 and caACVR1 compared to control cells (Figure 3.11 A). This suggests that re-expression
of wt or constitutively active ACVR1 leads to activation of the BMP pathway even without further
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Figure 3.11. Expression of catalytically active ACVR1 versions reverses the effect of Acvrl KO on T cell-mediated killing in
MYC/sgTrp53 cells. A. Western blot analysis of BMP downstream signaling in in Acvrl KO cells stably expressing ACVR1
versions. Acvrl KO cells were stably transduced with retroviral pMSCV plasmids encoding human versions of ACVR1. EV:
pMSCV empty vector control, wtACVR1: wildtype ACVR1, caACVR1: constitutively active version of ACVRI (Q207D),
kdACVR1: kinase-dead version of ACVR1 (K235R). B and C. T cell killing assay in MYC/sgTrp53 cell lines with Acvrl KO and
expression of ACVR1 versions with effector : target cell ratio 2:1. Representative data from one out of three independent
replicates. C. Quantification of T cell killing assay. Relative survival is defined as the relative stained area per well normalized
to the relative stained area of untreated control wells (-OT-1) of the respective cell line. Shown are mean and s.d., statistical
analysis was performed via one-way ANOVA. Asterisks indicate statistically significant differences from the control sgRosa26
(*:p<0.05, **:p<0.01, ***:p<0.001, ns: not significant). D and E. Colony formation assay of Acvrl KO and ACVRI-expressing
cells. Cells were plated in low concentration in triplicates and after 7-21 days, cells were fixated and stained with crystal
violet. Shown is one out of 3 independent replicates. E. Quantification of D. Shown are mean and s.d.
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stimulation. On the other hand, empty vector (EV) control and kdACVR1 cells displayed pSMAD1/5/9 and
ID1 levels similar to those of Acvrl KO cells, indicating that re-expression of ACVR1 without a functional
kinase domain does not lead to activation of the BMP pathway (Figure 3.11 A). In the T cell killing assay,
WtACVR1 and caACVR1 cells displayed relative survival rates that were lower than that of sgRosa26 control
cells, while kdACVR1 cells exhibited higher survival rates compared to the control (Figure 3.11 B and C).
Remarkably, the extent of this effect can be so pronounced, that the susceptibility to T cell-mediated killing
exceeds even that of sgRosa26 control cells. Further investigating the effect of re-expression of ACVR1 on
MYC/sgTrp53 cells, | performed a colony formation assays (Figure 3.11 D and E). Re-expression of ACVR1
did not result in a considerably altered clonogenic capacity, which further corroborates the results of the T
cell killing assay.

Taken together, these results indicate that re-expression of ACVR1 counteracts the resistance-conferring
effects of Acvrl KO in T cell-mediated killing. Notably, this effect is only observed with ACVR1 versions that
have a functional kinase domain, which suggests that the effect of Acvrl on T cell killing efficiency is de-
pendent on the ability of ACVR1 to transmit signals by phosphorylation. Moreover, these findings further
confirm Acvrl as a mediator of T cell killing efficiency.

3.6 Investigating the effect of BMP signaling pathway pre-activation on T cell-me-
diated killing

Re-expression of ACVR1 with a functional kinase domain resulted in increased BMP pathway activation, but
decreased resistance to T cell-mediated killing. Therefore, | addressed whether BMP pathway activation via
BMP7 treatment would have an effect on the survival rate in T cell-mediated killing.

For that, | treated MYC/sgTrp53 cells with BMP7 before co-culture with OT-1 splenocytes in order to activate
the signaling pathway. Surprisingly, treatment of sgRosa26 control cells with BMP7 did not lead to reduced,
but rather increased survival rates compared to untreated cells (Figure 3.12 A). This effect was diminished,
but not completely absent in Acvrl KO cell lines (Figure 3.12 A). Applying the same treatment in Acvrl KO
cells with re-expression of different ACVRI versions, | observed a similar trend. While BMP7 treatment of
EV control cells and kdACVR1 cells did not lead to any change in T cell killing efficiency compared to un-
treated cells, wtACVR1 and caACVR1 cells showed a slightly increased resistance to T cell killing when
treated with BMP7 (Figure 3.12 B).

Taken together, these results suggest that BMP7-induced activation of the BMP signaling pathway leads to
increased survival in MYC/sgTrp53 cells. This effect appears to be partly dependent on Acvrl expression,
since KO of Acvrl leads to a less pronounced effect, while re-expression of kinase-active wtACVR1 or
caACVR1 partially restores this effect.

These findings stand in contrast to the observation that re-expression of wtACVR1 or caACVR1 leads to
increased T cell killing efficiency (3.5). However, BMP7 treatment is known to induce a multitude of differ-
ent cellular functions, including increased proliferation in hepatocytes [267]. Thus, it is possible that sur-
vival-promoting effects of BMP7 treatment overshadowed the effect of Acvrl KO on T cell-mediated killing.
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Figure 3.12. The effect of BMP7 treatment on T cell-mediated killing. A. and B. Tumor cells were treated with BMP7
(100 ng/ml) for 24 h prior to co-culture with activated OT-I splenocytes. T cell killing assay was performed in MYC/sgTrp53
cell lines with Acvrl KO (A) and expression of ACVR1 versions (B). Representative data from one out of three independent
replicates. Relative survival is defined as the relative stained area per well normalized to the relative stained area of un-
treated control wells (-OT-1) of the respective cell line. EV: pMSCV empty vector control, wtACVR1: wildtype ACVRI,
caACVR1: constitutively active version of ACVR1 (Q207D), kdACVR1: kinase-dead version of ACVR1 (K235R). Shown are mean
and s.d.
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3.7 Unravelling the mechanistic effect of Acvrl on antigen-specific tumor cell killing

3.7.1 Acvrl KO does not affect antigen presentation in tumor cells

Antigen presentation by target cells and antigen recognition by T cells are crucial factors for efficient T cell-
mediated killing [268]. Hence, | investigated the effect of Acvrl KO on antigen presentation. For that, cells
were treated for 2 days with DOX and IFNy in order to stimulate neoantigen expression and antigen presen-
tation. Total surface MHC class | (H-2kb) and OVA-derived SIINFEKL bound to MHC class | were detected
using flow cytometry. No substantial difference in either total surface MHC class | (Figure 3.13 A) or SI-
INFEKL:MHC class | complexes (Figure 3.13 B) were observed between control and Acvrl KO cells. Tap1 KO
cells showed strongly reduced surface presentation of total MHC class | and SIINFEKL bound to MHC class I.
These observations lead to the conclusion that Acvrl KO does not result in reduced killing efficiency through
downregulation of antigen presenting and subsequent diminished T cell activation. Instead, this suggests
that Acvrl KO influences T cell killing efficiency through a different mechanism.

A B
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Figure 3.13. Neoantigen presentation in Acvrl KO cells. A and B. Flow cytometrical analysis of MYC/sgTrp53 Acvrl KO and
control cells treated with IFNy (300 U/ml for 2 days) and stained with antibodies against H-2kB (A) or SIINFEKL-H2kB (B). Left
panels show representative histograms of 3 independent replicates. Right panels show mean and s.d. of median fluores-
cence intensity (MFI) for 3 replicates.

3.7.2 Acvrl KO diminishes Fas upregulation and leads to reduced apoptosis induction

Activated CD8" T cells exert their cytotoxic function by the binding of FASLG to the FAS receptor of target
cells, thereby activating the extrinsic apoptotic pathway [110]. Thus, | further examined Fas expression in
Acvrl KO cells. As preliminary experiments revealed low basic levels of Fas expression, MYC/sgTrp53 cells
were stimulated with IFNy, TNFa, or both, thus inducing FAS surface expression [269,270]. The treatment
protocol with IFNy was similar to that included in the T cell killing assay, thereby recapitulating the same
phenotype that facilitated the identification of Acvr1. TNFa treatment was described by Faletti et al. [271].
Moreover, both cytokines are secreted by cytotoxic lymphocytes upon activation, thus assisting effective
target cell killing [272].

Consequently, | treated control and Acvrl KO cells with IFNy, TNFa, or both, and examined the surface
expression of FAS using flow cytometry (Figure 3.14 A). Untreated cells showed low levels of FAS surface
expression, whereas treatment with cytokines increased FAS surface levels. The treatment of IFNy resulted
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Figure 3.14. Fas surface presentation and gene expression in Acvrl KO and ACVRI-expressing cells. A and B. FAS surface
expression in MYC/sgTrp53 cells with Acvrl KO (A) and expression of ACVR1 versions (B) treated with IFNy (300 U/ml for 2
days), TNFa (20 ng/ml for 16 h), or both, and detected via flow cytometry. Left panels show representative histograms from
3 independent replicates. Right panels show mean and s.d. of median fluorescence intensity (MFI) for 3 replicates. C and D.
Quantitative real-time PCR analysis of Fas gene expression in Acvrl KO (C) and ACVRI-expressing (D) MYC/sgTrp53 cells
treated with IFNy (300 U/ml for 2 days), TNFa (20 ng/ml for 16 h), or both. Gene expression analysis was performed by AACr
method and normalized to sgRosa26 untreated control (C) or sgAcvrl.2 untreated control (D). Graphs show mean and s.d.
of 3 replicates. EV: pMSCV empty vector control, wtACVR1: wildtype ACVR1, caACVR1: constitutively active version of ACVR1
(Q207D), kdACVR1: kinase-dead version of ACVRI (K235R). Statistical testing was performed using 2-way ANOVA, compared
to sgRosa26 (C) or sgAcvrl.2 (D) control cells with corresponding treatment (*:p<0.05, **:p<0.01, ***:p<0.001).
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in lower FAS surface expression compared to TNFa treatment, while the combined treatment of both cy-
tokines caused the highest observed levels of surface FAS. Comparing FAS surface levels of control cells
with two Acvrl KO cell lines, it became apparent that Acvrl KO cells displayed lower levels of FAS. Further-
more, this effect was more pronounced in cytokine-stimulated cells. These observations suggest that Acvri
KO leads to reduced FAS surface levels. Additionally, Acvrl KO resulted in a decreased induction of FAS
surface expression upon IFNy and TNFa treatment.

To substantiate these observations, FAS surface expression in Acvrl KO cells re-expressing different ver-
sions of ACVR1 was examined (Figure 3.14 B). Compared to Acvrl KO alone, cells expressing wtACVR1 or
caACVR1 displayed higher cytokine-induced FAS surface expression, while kdACVR1-expressing cells
demonstrated lower FAS surface levels upon cytokine treatment. These results indicate that Acvrl expres-
sion and activity increase FAS surface levels, thus influencing T cell-mediated killing efficiency in Acvrl KO
cells.

Furthermore, | determined Fas mRNA levels after cytokine treatment via gPCR in order to examine whether
the reduction of FAS surface levels was a consequence of reduced Fas gene expression. Acvrl KO cells
exhibited reduced cytokine-induced Fas expression (Figure 3.14 C). Notably, the effect was significant in
cells treated with TNFa., but not IFNy-treated cells, suggesting a stronger influence of TNFa.. Additionally,
cells re-expressing wtACVR1 or caACVR1 showed higher levels of cytokine-induced Fas expression com-
pared to Acvrl KO cells, while re-expression of kdACVR1 did not affect Fas levels (Figure 3.14 D). Consistent
with the observations in Acvrl KO cells, these effects were more pronounced in cells treated with TNFa, or
IFNYy+TNFa., suggesting a TNFai-dependent mechanism.

Taken together, these results show that Acvrl KO leads to reduced FAS surface levels and Fas gene expres-
sion upon cytokine treatment. The effects of Acvrl KO can be reversed by re-expressing ACVR1 versions
with functioning kinase domains. Furthermore, treatment with IFNy alone results in lower Fas upregulation
and is less affected by the Acvrl status of the cells, suggesting that the observed effects are primarily me-
diated through a TNFa-induced mechanism.

As FAS activation initiates the extrinsic apoptosis pathway, reduced Fas expression and presentation is likely
to result in less apoptosis initiation. In order to examine this hypothesis, | first stimulated cells with IFNy,
TNFa, or both to upregulate Fas, and then treated cells with FASLG to induce apoptosis. The extent of
apoptosis induction was determined using a detection reagent for activated caspase 3/7, which becomes
fluorescent after cleavage by caspase 3/7 and is then detectable via flow cytometry. The results indicate
that the magnitude of apoptosis induction was dependent on cytokine treatment and increased with IFNy
< TNFa < IFNy+TNFa (Figure 3.15 A). This is coherent with previously observed increasing levels of Fas
upregulation upon cytokine treatment, indicating that the extent of apoptosis induction is dependent on
the level of Fas upregulation. Furthermore, apoptosis induction was dramatically reduced in Acvrl1 KO cells
treated with IFNy+TNFa compared to control cells, while the effect was less pronounced in cells treated
with either IFNy or TNFa. alone (Figure 3.15 A).

Consistently, cells re-expressing different versions of ACVR1 displayed a pattern of apoptosis induction sim-
ilar to that of Fas upregulation. Especially the expression of caACVR1 resulted in increased apoptosis induc-
tion compared to control cells after treatment with TNFa alone or in combination with IFNy, whereas re-
expression of wtACVR1 or kdACVR1 had only minor effects on apoptosis induction (Figure 3.15 B).
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Figure 3.15. Cleaved caspase 3/7 assay with Acvrl KO and ACVR1-expressing cells. A and B. Flow cytometrical caspase assay
MYC/sgTrp53 cells with Acvrl KO (A) and expression of ACVR1 versions (B). Cells were pre-treated with IFNy (300 U/ml for
2 days), TNFa (20 ng/ml for 16 h), or both, and further treated with FASLG (5 ng/ml for 5 h) to induce apoptosis. Relative
apoptosis induction is defined as the population of Alexa Fluor 488-positive cells normalized to control cells not treated with
FASLG. EV: pMSCV empty vector control, wtACVR1: wildtype ACVR1, caACVR1: constitutively active version of ACVR1
(Q207D), kdACVR1: kinase-dead version of ACVR1 (K235R). Shown are mean and s.d. Statistical analysis was performed using
one-way ANOVA with sgRosa26 (A) or +EV as controls (B) (*:p<0.05, **:p<0.01, ***:p<0.001).

These results suggest that Acvrl KO leads to reduced FAS surface levels and gene expression upon treat-
ment with Fas-inducing cytokines, which consequently results in reduced apoptosis induction in Acvrl KO
cells. Accordingly, cells that re-express caACVR1 display the opposite phenotype, i.e., higher cytokine-in-
duced Fas levels and increased apoptosis induction. Therefore, the increased resistance to T cell-mediated
killing in Acvr1 KO cells can be explained by reduced levels of cytokine-dependent Fas upregulation, which
in turn result in decreased apoptosis induction.

To further elucidate the mechanistic link between Acvrl KO and Fas expression, | studied IFNy- and TNFa-
induced signaling pathways. Since IFNy is known to stimulate Fas expression through activating Signal trans-
ducer and activator of transcription 1 (STAT1)-dependent signaling, the phosphorylation of STAT1 after
IFNy treatment was examined via Western blot analysis [273,274]. IFNy treatment caused distinct phos-
phorylation of STAT1 at the phosphorylation sites Y701 and S727, however, there was no obvious difference
in phosphorylation levels in Acvrl KO or re-expressing cells (Figure 3.16 A) [275,276]. This suggests that
Acvrl does not influence the IFNy-STAT1 signaling axis. These results are also in accordance with the pre-
viously made observations, which showed that the effect of IFNy treatment on Fas upregulation or apop-
tosis induction was not as strong as the effect of TNFa. treatment.
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TNFa is reported to induce Fas expression via activation of the nuclear factor kappa-light-chain-enhancer
of activated B cells (NFkB) signaling pathway [271]. Hence, the activation of members of the NFkB signaling
pathway upon TNFa treatment was analyzed in control and Acvrl KO cells. No differences in phosphoryla-
tion levels of Inhibitor of nuclear factor kappa-B kinase (IKK) o/p or p65 could be observed, however, phos-

phorylation levels of NFkB inhibitor o (IkBat) were distinctly decreased in both Acvrl KO cell lines (Figure
3.16 B).

This could imply that Acvrl KO leads to reduced phosphorylation of lkBa, which in turn would not be de-
graded and consequently would not result in NFkB-induced gene expression. As a result of reduced NFxB
signaling, TNFa-induced Fas expression would be reduced in Acvr1 KO cells in an lkBa-dependent manner.
However, these considerations are still hypothetical and further experiments are needed to unravel the
underlying mechanism of Acvrl-mediated Fas expression.
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Figure 3.16. The impact of Acvrl on STAT1 and NFkB signaling. A. Western blot analysis of Acvrl KO and ACVR1-expressing
MYC/sgTrp53 cells investigating IFNy-induced STAT1 signaling. Cells were treated with IFNy (300 U/ml) for 30 min and pro-
tein lysates were used to analyze phosphorylation levels of STAT1. EV: pMSCV empty vector control, wtACVR1: wildtype
ACVR1, caACVR1: constitutively active version of ACVR1 (Q207D), kdACVR1: kinase-dead version of ACVR1 (K235R). B. West-
ern blot analysis of Acvrl KO MYC/sgTrp53 cells investigating TNFa-induced NFkB signaling. Cells were treated with TNFou
(20 ng/ml) for 30 min and protein lysates were used to analyze downstream activation of NFkB signaling components.
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3.8 Investigating the effect of other BMP signaling effectors on antigen-specific tu-
mor cell killing

Since Acvrl was shown to influence the efficiency of T cell-mediated tumor cell killing, | further examined
the influence of other BMP signaling receptors. For that, KO cell lines for different type | and type Il recep-
tors were generated using CRISPR/Cas9 technology. The efficacy of used sgRNAs was assessed with T7 en-
donuclease | assay, which displayed distinct T7 endonuclease I-digested DNA fragments, suggesting effec-
tive modification of targeted genes (Figure 3.17 A). The effect of the respective gene KO on T cell-mediated
killing was then tested in T cell killing assays. The results show that KO of the investigated type Il receptors
BMP receptor type 2 (Bmpr2), Acvr2a, and Acvr2b did not result in significantly increased survival of tumor
cells compared to sgRosa26 control cells (Figure 3.17 B and C). Interestingly, gene KO of the type | receptor
Bmprla resulted in significantly increased survival after T cell-mediated killing compared to control cells,
whereas Bmprlb KO did not lead to increased survival (Figure 3.17 C and D).

These findings suggest that the investigated type Il receptors did not affect T cell-mediated tumor cell kill-
ing, while KO of the type | receptor Bmprla resulted in enhanced resistance to T cell-mediated killing. How-
ever, these results are not conclusive and further investigation is needed to elucidate the role of other BMP
receptors in T cell-mediated killing.
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Figure 3.17. The effect of other BMP signaling receptor KOs on T cell-mediated killing in MYC/sgTrp53 cells. A. T7 endonu-
clease | assay of BMP signaling receptor-targeting sgRNAs used in this study. Cas9-expressing cells were transduced with a
lentiviral plasmid encoding the respective sgRNA. L: DNA ladder, S: sample, C: control. B. T cell killing analysis in MYC/sgTrp53
cell lines with KO of BMP signaling type Il receptors with effector : target cell ratio 2:1. Relative survival is defined as the
relative stained area per well normalized to the relative stained area of untreated control wells (-OT-I) of the respective cell
line. Representative data from one out of three independent replicates. Shown are mean and s. d., statistical analysis was
performed via one-way ANOVA. Asterisks indicate statistically significant differences from the control sgRosa26
(***:p<0.001). C. T cell killing analysis in MYC/sgTrp53 cell lines with KO of respective BMP signaling type | receptors with
effector : target cell ratio 2:1. Relative survival is defined as the relative stained area per well normalized to the relative
stained area of untreated control wells (-OT-I) of the respective cell line. Shown are mean and s. d., statistical analysis was
performed via one-way ANOVA. Asterisks indicate statistically significant differences from the control sgRosa26 (*:p<0.05,
**:p<0.01). All data generated jointly with Philip Ohland, DKFZ.
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3.9 KO of the ACVR1 downstream target /d1 does not affect T cell killing efficiency

Activation of BMP signaling via ACVR1 leads to increased expression of /d1 [248]. Furthermore, ID1 acts as
transcription factor and plays a role in differentiation, cell cycle progression, apoptosis, and tumorigenesis
[277]. Hence, it is conceivable that the increased resistance to T cell-mediated killing in Acvrl KO cells is
mediated through downregulated /d1 activation. In order to investigate this hypothesis, the effect of /d1
KO on T cell-mediated killing and FAS surface expression was examined. For that, | used two /d1-targeting
sgRNAs to create /d1 KO cell lines. T7 endonuclease | assay confirmed effective targeted gene modification,
which consequently resulted in complete gene KO of Id1, as verified by Western blot analysis (Figure 3.18 A
and B). However, Id1 KO did not lead to increased relative survival after T cell-mediated killing (Figure 3.18 C
and D). Interestingly, the observation that BMP7 treatment resulted in increased resistance to T cell-medi-
ated in control cells was completely abrogated by /d1 KO (Figure 3.18 D). Consistent with the results that
suggest no effect of /d1 KO on T cell-mediated tumor cell killing, cytokine-stimulated upregulation of FAS
surface levels was not affected by /d1 KO (Figure 3.18 E).

Therefore, these results suggest that the effect of Acvrl on T cell killing efficiency is not mediated via /d1,
but rather a consequence of a yet unknown mechanism, possibly involving TNFa-induced NFkB signaling.
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Figure 3.18. KO of the ACVR1 downstream target /d1 does not affect T cell killing efficiency. A. T7 endonuclease | assay of
Id1-targeting sgRNAs used in this study. Cas9-expressing MYC/sgTrp53 cells were transduced with a lentiviral plasmid en-
coding the respective sgRNA. L: DNA ladder, S: sample, C: control. B. Western blot analysis in /d1 KO, Acvr1 KO, and control
MYC/sgTrp53 cells. C. Quantification of a T cell killing assay in MYC/sgTrp53 cell lines with /d1 KO. D. T cell killing assay of
MYC/sgTrp53 cells pre-treated with BMP7 (100 ng/ml for 24 h) before co-culture. Relative survival is defined as the relative
stained area per well normalized to the relative stained area of untreated control wells (-OT-1) of the respective cell line. E.
FAS surface expression in Id1 KO MYC/sgTrp53 cells treated with IFNy (300 U/ml for 2 days), TNFa (20 ng/ml for 16 h), or

both, and detected via flow cytometry. Left panel shows representative histograms. Right panel shows mean and s.d. of
median fluorescence intensity (MFI) for 3 replicates.
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3.10 The effect of ACVR1 KO on T cell killing efficiency in a human MART-1-specific
killing assay

| further investigated the effect of ACVR1 KO in a human context. For that, the human melanoma cell line
COLO800, which expresses Melanoma antigen recognized by T-cells (MART-1), was used in a co-culture
killing assay together with pre-activated genetically engineered, MART-1-specific human T cells (both cell
types were kind gifts from Rafael Carretero, DKFZ).

sgRNAs targeting TAP1 and ACVR1 were designed and their functionality was confirmed by a T7 endonu-
clease assay (Figure 3.19 A). In addition to the generation of TAP1 and ACVR1 KOs, | stably transduced
COLOB8OO cells with a retroviral plasmid coding for the different versions of ACVR1 wtACVR1, caACVR1, and
kdACVR1. The downstream signaling of ACVR1 was examined via Western blot analysis, which verified that
ACVR1 KO and expression of kdACVR1 resulted in less phosphorylation of SMAD1/5/9 and lower ID1 levels,
while expression of wtACVR1 and caACVR1 caused similar or higher levels of pSMAD1/5/9 and ID1 com-
pared to controls (Figure 3.19 B). Therefore, ACVRI KO and kdACVR1 cell lines displayed less activity of
ACVR1, resulting in less downstream signaling, while cell lines expressing wtACVR1 and caACVR1 exhibited
increased ACVR1 activity and pathway activation.

In order to establish a human MART-1-specific killing assay, COLO800 control, TAP1 KO, and ACVR1 KO cells
were stimulated with IFNy for 2 days and then co-cultured with pre-activated MART-1-specific T cells in
increasing effector : target cell ratios (Figure 3.19 C). The results show that MART-1-specific T cells lead to
effective killing of COLO800 cells and that the killing efficiency is dependent on T cell concentration. Addi-
tionally, TAP1 KO cells displayed increased resistance to T cell-mediated killing, which lead to a higher rel-
ative survival of TAP1 KO cells compared to control and ACVR1 KO cells. Notably, ACVR1 KO cells showed
not altered relative survival compared to control cells, suggesting no influence of ACVR1 KO on T cell killing
efficiency. These results were substantiated by further MART-1-specific killing assays with an effector : tar-
get ratio of 2:1, where no differences in killing efficiency were observed between ACVR1 KO cells, cells
expressing different ACVR1 versions, and control cells (Figure 3.19 D and E). Therefore, these results sug-
gest that ACVRI does not influence the antigen-specific T cell killing efficiency in the context of human
COLO800 cells.

Since Acvrl KO leads to decreased cytokine-induced upregulation of Fas in primary MYC/sgTrp53 cell lines,
| further assessed the influence of ACVRI on FAS expression in COLO800 cells. For that, cells were treated
with IFNy, TNFa., or both and the amount of FAS mRNA was determined by gPCR. However, no consistent
effect of ACVRI on FAS mRNA levels was detectable (Figure 3.19 F). Remarkably, only IFNy, but not TNFa.
treatment was able to indue FAS expression, which indicates that upregulation of FAS in COLO800 cells is
not dependent on TNFa signaling.

In summary, these results suggest that ACVR1 does not affect the efficiency of T cell-mediated killing in
COLO800 cells. Hence, the effect of Acvrl on primary MYC/sgTrp53 cells could not be recapitulated in
COLOB8O0O cells, suggesting that Acvrl plays different roles in different cell lines. This notion is in accordance
with the observation that TNFa, treatment in COLO800 cells does not induce FAS expression, while TNFa
resulted in a strong induction of Fas expression in MYC/sgTrp53 cells. This finding indicates that the mech-
anism of Fas gene induction is cell type-dependent as well and further supports the hypothesis that Acvrl
mediated Fas expression in a TNFa-dependent mechanism.
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Figure 3.19. Human MART-1 co-culture assay with ACVR1 KO COLO800 cells. A. T7 endonuclease | assay of ACVRI-targeting
sgRNAs. Cells were transduced with a lentiviral plasmid encoding the respective sgRNA and Cas9. L: DNA ladder, S: sample,
C: control. B. Western blot analysis of ACVR1 downstream signaling in cells with ACVR1 KO or expression of ACVR1 versions.
C-E. MART-1 co-culture assay. COLO800 cells were plated in 96 well cell culture plates and treated with IFNy (50 ng/ml) for
2 days prior to co-culture. Pre-activated MART-1-specific T cells were added in a dilution series (C) or an effector : target cell
ratio of 2:1 (D and E). After one day, cells were fixated and stained with crystal violet. Relative survival is defined as the
relative stained area per well normalized to the relative stained area of untreated control wells (-T cells) of the respective
cell line. Representative data of one out of three independent replicates, shown as mean and s.d. F. Quantitative real-time
PCR analysis of FAS gene expression in ACVR1 KO and ACVRI-expressing COLO800 cells treated with IFNy (50 ng/ml for 2
days), TNFa. (20 ng/ml for 16 h), or both. Gene expression analysis was performed by AACr method and normalized to pa-
rental untreated control. Graphs show mean and s.d. of 3 replicates. EV: pMSCV empty vector control, wtACVR1: wildtype
ACVR1, caACVR1: constitutively active version of ACVR1 (Q207D), kdACVR1: kinase-dead version of ACVR1 (K235R).
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4  Discussion

The notion of harnessing the patient’s immune system to treat cancer has prompted the development of
various immunotherapeutic approaches. Even though immunotherapy has shown promising results in a
subset of patients and cancer types, the majority of patients does not respond to available immunothera-
peutic treatments. The underlying mechanisms of immune evasion mechanisms by tumors are manifold
and under ongoing investigation.

In order to shed light on new mechanisms conferring resistance to immunotherapy, this study pursued
three objectives. First, | established an autochthonous liver cancer model with genetically defined cancer-
driving gene modifications and conditional expression of the neoantigen OVA. This model proved to be a
versatile and flexible tool to study immune-oncological questions in vivo. Second, a co-culture system using
antigen-expressing primary tumor cells and antigen-specific T cells was developed that can be used to study
antigen-dependent T cell-mediated tumor cell killing in defined in vitro conditions. Additionally, | used this
system to perform a CRISPR/Cas9 screen, thus identifying and validating new genes mediating resistance
to T cell-mediated killing. Lastly, Acvrl was identified, further investigated and validated as bona fide mod-
erator of T cell-mediated killing. Furthermore, exploring the causative mechanism provided evidence that
Acvrl mediates cytokine-induced Fas expression, possibly via the TNFa-NFkB signaling axis.

Taken together, the presented findings strongly suggest an important role of Acvrl in influencing T cell-
mediated tumor cell killing. Being part of the BMP signaling pathway, Acvr1 influences pro- and anti-tumor-
igenic processes in a context-dependent manner. The role of Acvrl and BMP signaling in cancer has impli-
cations for future therapy approaches and BMP-targeting drugs are being investigated. This study links
Acvrl to the efficiency of T cell-mediated killing, thus proposing that therapeutically targeting Acvrl could
improve the outcome of immunotherapy.

4.1 Agenetically defined autochthonous liver cancer model for the investigation of
neoantigen-specific immune responses

The pressing need for suitable mouse models to study processes of liver cancer tumorigenesis and progres-
sion in an in vivo setting has resulted in the development of various murine cancer models [67,85,278—
280]. Among these, the generation of genetically engineered mouse models via hydrodynamic delivery of
plasmids employing transposon, CRISPR/Cas, or RNAi technologies is a well-established and widely used
approach to study liver cancer in diverse contexts and backgrounds [67,85,278,281-284]. Genetic manip-
ulation of hepatocytes through the stable integration of transposon plasmids expressing oncogenes and
targeted KO of tumor suppressor genes via CRISPR/Cas9 plasmids has been used for fast generation of
genetically defined tumors, which results in shortened survival [283,285,286]. Accordingly, after hydrody-
namic injection of plasmids mediating tumor-driving genetic alterations, | observed rapid formation of ge-
netically defined tumors, which led to euthanization shortly after tumor induction.

One advantage of this cancer model is its modularity, which enables the user to easily combine different
tumor drivers and modify the genetic background of generated tumors. Thus, this model allows to com-
prehensively investigate the effects of specific genetic alterations in the context of liver cancer. In this
study, two different tumor-driving combinations were used to induce liver tumors, i.e., overexpression of
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oncogenic MYC with CRISPR/Cas9-mediated KO of Trp53, and overexpression of constitutively active

Kras®t?P

combined with Trp53 KO. Both genotype combinations led to rapid tumor formation and aggres-
siveness, thereby underlining the general scientific understanding that oncogenic MYC and KRAS are asso-
ciated with cancer aggressiveness and reduced survival in patients [287,288]. Both oncogenes used in this
study are known to influence mechanisms of tumorigenesis and tumor progression in a genotype-specific
way, e.g., by promoting angiogenesis, shaping of the microenvironment, and lineage commitment [289—
292]. Moreover, MYC and KRAS have been shown to cooperate as oncogenes in order to drive immune
evasion and maintain cancer cell viability [291,293]. Therefore, the presented approach to generate genet-
ically defined liver tumors portrays a versatile model to investigate oncogene-specific and cooperative

mechanisms of tumorigenesis, tumor progression, or immune evasion.

Thanks to its flexibility, this model offers the possibility to investigate neoantigen-mediated immune re-
sponses. Several studies have used HTVI-mediated mouse models in which transposon and CRISPR/Cas9
plasmids were delivered hydrodynamically to generate neoantigen-expressing liver tumors [285,286,294].
Although these models differed from each other and the model presented in this study with regard to used
transposon plasmids, the used neoantigen, and the architecture of injected plasmids, the studies could
show rapid generation of neoantigen-expressing liver tumors with defined genotypes and neoantigen-de-
pendent immune responses.

For instance, Liu et al. generated AKT- and Nras-driven tumors expressing neoantigens derived from hepa-
titis B virus and OVA [285]. The authors could show that neoantigen-specific T cells accumulated in tumors
expressing the neoantigen. Surprisingly, in this study, SIINFEL-specific T cells were only detected in a frac-
tion of DOX-treated mice. This finding is consistent with my observation that not all analyzed ON DOX tu-
mors displayed neoantigen expression in Western blot analysis, suggesting loss of antigen via immunoedit-
ing and selection against neoantigen-expressing tumor cells, as reported in other studies [295,296]. More-
over, the detection of SIINFEKL-specific T cells in only a part of the analyzed samples could also point toward
the possibility that the immune system of mice does not fully react to neoantigen-expressing tumors with
the activation and expansion antigen-specific T cells. Considering the observed loss of OVA expression in
some ON DOX tumors, however, it is more likely that tumors downregulate antigen expression to evade
immune attacks. Another factor that needs to be taken into account is the site of blood withdrawal and
thus immune cell collection. In this study, | collected peripheral blood from the submandibular vein. How-
ever, reports state that the detection of circulating neoantigen-specific T cell populations is challenging, as
they are likely to accumulate at the tumor site and only a minor fraction of neoantigen-specific lymphocytes
is found in peripheral blood [297]. Therefore, it is possible that SIINFEKL-specific T cells in this mouse model
are enriched in tumors and tumor-draining lymph nodes rather than peripheral blood, as it has been re-
ported for SIINFEKL-expressing sarcomas and lung cancer [295,296]. Consequently, it would be interesting
to assess whether SIIFNEKL-specific T cells are detectable in lymph nodes and at the tumor site using dif-
ferent T cell isolation protocols.

Although Liu et al. detected neoantigen-specific T cells, they did not observe tumor regression due to T cell
exhaustion and an overall immunosuppressive TME. In line with that, DOX-induced neoantigen expression
in liver tumors did not result in prolonged survival in my hands, even though neoantigen expression is re-
ported as a biomarker for prolonged survival in several tumor entities, including HCC [298-301]. Therefore,
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transferring the observations made by Liu et al. to this model, it is possible that tumors displayed an immu-
nosuppressive TME that obstructed tumor regression. Another possible explanation could be the observa-
tion that not all tumors grown in ON DOX conditions did express OVA. This proposed loss of antigen has
been described as a mechanism of immunoediting in neoantigen-expressing autochthonous models of sar-
coma and lung cancer, and it is conceivable that similar mechanisms counteracted a T cell-mediated tumor
cell clearance in this model [295,296].

Taken together, the observations of Liu et al. are similar to my results and suggest that comparable survival
rates in neoantigen-expressing and non-neoantigen-expressing control groups could be attributed to T cell
exhaustion, which in turn would not result in tumor regression. Importantly, the tumor-driving genes used
by Liu et al. were different compared to the oncogenes and tumor suppressor genes used in this study. As
it was shown that immune cell infiltrates in HTVI-induced tumors are oncogene-dependent, the results of
Liu et al. might only be partially comparable to my findings [294]. To determine whether antigen-specific T
cells present an exhausted phenotype that fails to induce tumor regression in the presented model, tumors
could be examined for the presence of infiltrating T cells, which could then be further characterized for
their exhaustion status.

In contrast to observations made by Liu et al. and this study, Galarreta et al. observed increased survival in
an HTVI-based mouse model of MYC/sgTrp53 tumors expressing the neoantigen OVA compared to the
control group without neoantigen expression [286]. Considering that the authors used the same genetic
alterations to induce liver tumors as this study, it seems surprising that the two studies obtained contra-
dicting results. However, Galarreta et al. coupled the genetic sequence of OVA to the sequence of MYC,
thereby ensuring that all cells that express oncogenic MYC also express the neoantigen. In contrast, | used
a different plasmid design, in which OVA was encoded on an additional plasmid and was transcribed in a
TRE-dependent manner. Using this design, it was ensured that OVA was only expressed in oncogenic MYC-
expressing cells, while still allowing for selection against neoantigen-expressing tumor cells. Thus, my model
allowed for selecting against cells that were not initially transfected with the OVA-encoding transposon
plasmid. The genetic coupling of the neoantigen to the tumor-driving oncogene would explain why the
model presented by Galarreta et al. resulted in prolonged survival of mice with neoantigen-expressing tu-
mors. As stated by the authors, their design allows to investigate immune evasion mechanisms beside loss
of antigen, like the upregulation of B-Catenin signaling found in that study. However, it might not suffi-
ciently recapitulate tumor evolution and immune responses, and the authors propose that a system in
which antigen expression is uncoupled from oncogene expression and conditionally inducible would help
to further unravel immune evasion mechanisms.

Apart from Galarreta et al., several other studies investigated autochthonous tumors with neoantigen ex-
pression and did not find neoantigen-dependent tumor regression, further supporting the findings of the
presented project. Instead, those reports described immune evasion mechanisms and immunoediting, in-
cluding loss of neoantigen, downregulation of MHC class |, and T cell tolerance via downregulation of TCR
[295,296,302]. These reports suggest that immune evasion mechanisms might have also influenced the
survival rates and tumor progression in the presented model. Further investigations will be needed to com-
prehensively analyze the mechanisms that prevent neoantigen-expressing tumor regression in this model.
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Several efforts have been made to establish autochthonous neoantigen-expressing liver cancer models to
study immunotherapeutic approaches [285,286,302,303]. However, most approaches using adoptive
transfer of neoantigen-specific T cells did not result in tumor regression due to T cell exhaustion, an overall
immunosuppressive TME, or downregulation of T cell receptors [285,302]. In contrast, | was able to demon-
strate that adoptive transfer of pre-activated neoantigen-specific OT-I splenocytes and anti-CTLA4 immune
checkpoint blockade therapy achieved partial or complete regression of nodules and increased survival in
neoantigen-expressing mice compared to the control. Of note, this experiment was only performed with
small sample sizes (n=2-3) and has thus only limited informative value. Nevertheless, the results show that
this model is suited to model immunotherapeutic interventions and thus offers a previously unavailable
opportunity for further investigation of immunotherapies in autochthonous liver cancers.

To summarize, the established model is well suited to generate autochthonous genotype-specific liver tu-
mors in a short period of time. By including a neoantigen-expressing transposon sequence, this mouse
model can also be used to address immuno-oncological research questions. Due to its autochthonous na-
ture and genetically defined tumorigenesis, the model presents several advantages compared to other
mouse models used in the immuno-oncological research area.

Compared to germline genetically-engineered mouse models, the HTVI model combined with transposon
and CRISPR/Cas9 technology is less time consuming and less expensive, as it can be applied in wildtype
mice and makes extensive breeding unnecessary. Additionally, the HTVI model provides more flexibility, as
the used plasmids can be easily exchanged, so that a multitude of genetic alterations can be assessed in
the context of liver cancer [278]. Subcutaneous transplantation of syngeneic tumor cells is a fast and easy
way to generate in vivo tumors. However, these models do not recapitulate the TME of the liver, which is
known to be a crucial factor in immuno-oncology [278]. Orthotopic transplantation of tumor tissue into the
liver, on the other hand, involves elaborate surgery and imposes a great burden on the animals. Addition-
ally, transplantation of established tumor cells does not sufficiently reflect tumorigenesis and malignant
transformation of cells within the natural occurring hepatic microenvironment, as it is shown in autochtho-
nous tumor models [278,279]. Carcinogen- and diet-induced tumor models sufficiently recapitulate the
underlying causes of liver cancer development, like fibrosis, cirrhosis, or NASH. However, these models
have a long latency (up to 12-18 months) and show a high heterogeneity in genetic alterations, which com-
plicates the investigation of the involvement of specific genes in tumorigenic processes and tumor progres-
sion [278]. Nevertheless, the slow tumorigenesis in an inflammatory microenvironment shown in these
models enables the development of immune, stromal, and vascular responses, and is thus thought to better
reflect human carcinogenesis [278,279,304]. In this context, it would be interesting to combine diet-in-
duced models that recreate a chronically inflamed liver microenvironment with my approach to investigate
how an inflammatory TME influences effects of neoantigen-dependent immune responses and the out-
come of immunotherapy. Each discussed model used in hepatic immuno-oncology research presents cer-
tain advantages and disadvantages concerning feasibility and the accuracy with which human liver cancer
is recapitulated. Therefore, it is imperative to carefully choose the animal model that is best suited to solve
posed research problems with regard to genetic heterogeneity, TME composition, tumorigenic processes,
and cost and time expenditures.
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In conclusion, autochthonous cancer models are considered to lead to aggressive tumor growth and im-
mune evasion [101,286,296,305—-307]. My findings are in line with this, and the reported selection against
neoantigen-expressing tumors and the resulting lack of an adequate immune response could be explained
by immune editing and immune evasion mechanisms. Considering that autochthonous tumor cells undergo
gradual malignant transformation from somatic cells within the microenvironmental context of the affected
organ, it is plausible that cells forming autochthonous tumors were able to evade the immune system dur-
ing tumorigenesis and are thus less immunogenic. Therefore, the established model presents a versatile
tool to investigate neoantigen-dependent immune responses and immune evasion mechanisms. Moreo-
ver, the shRNA construct, which was included to the TRE-controlled transposon plasmid but not used within
this project, offers the possibility to use this model in conjunction with an RNAi screen to identify new genes
that influence neoantigen-dependent immune responses in vivo. Taken together, the established model is
a helpful new tool to investigate immuno-oncological processes in an autochthonous, genetically defined
setting, which can be easily modified to unravel genotype-specific mechanisms of immune evasion in vivo.

4.2 Anovel T cell killing assay identifies new mediators of tumor cell clearance

4.2.1 Anovel T cell killing assay to study T cell-mediated tumor cell killing

Several antigen-specific co-culture assays have been used to investigate T cell-related research questions,
demonstrating the versatility of this approach to explore T cell-dependent processes of tumor cell clearance
[308—314]. Consistent with other assays, | could show that the established protocol caused antigen-specific
tumor cell killing, which was dependent on the effector : target cell ratio. While antigen-presenting tumor
cells were resistant to killing in OFF DOX conditions and only killed while ON DOX, sgTap1 control cells were
not killed regardless of DOX conditions. However, increasing effector : target cell ratios resulted in minor
killing of OFF DOX or sgTap1 cells. This effect could be caused by leakage of the TRE-promotor and incom-
plete Tapl KO. However, it is also conceivable that high effector : target cell ratios lead to unspecific tumor
cell killing, as observed by Gee et al. [308]. In line with findings made by Patel et al., no antigen-independent
bystander killing occurred under the applied experimental conditions, since a small Tap1 KO cell population
could be recovered after performing the T cell killing assay with a mixed target cell population (Figure 3.5
Aand B) [314,315].

Notably, while others used several different readout methods to assess T cell cytotoxicity, including chro-
mium-51 release assays, impedance measurements, or multicolor flow cytometry, | made use of a crystal
violet staining protocol [309,310,312,316,317]. This readout method allowed for time- and cost-effective
guantification of surviving tumor cells in a large format. Thus, the readout methodology enabled the devel-
opment of the T cell killing assay to be used in a high-throughput CRISPR/Cas9 screening format.

Overall, the established T cell killing assay presents a versatile method to investigate antigen-specific tumor
cell killing. In general, co-culture assays offer a valuable methodology which facilitates investigating the
interplay of specific cell types under defined cell culture conditions. Thereby, co-culture assays help to un-
ravel basic mechanisms of cell type-specific interactions in a distinct system and can thus contribute to
disentangle the highly complex interplay of various cell types within the tumor microenvironment. Many
published studies describing co-culture assays use the well-established melanoma cell line B16 expressing
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OVA as target cells [310-313]. In contrast, the here established assay used primary cell lines which had
been derived from genetically defined autochthonous liver tumors. Therefore, this assay has the potential
to be used with other primary tumor cells with different tumor drivers or even other model neoantigens in
order to study genotype- or antigen-related effects interfering with T cell killing. Additionally, the utilized
tumor cells developed autochthonously while being exposed to the murine hepatic microenvironment.
Hence, established tumors that were used to generate primary cell lines already experienced selection
pressure and immune editing [296]. In combination with the conditional neoantigen expression of the sys-
tem, this offers the possibility to study primary and secondary escape mechanisms by using tumor cells that
either developed under OFF DOX or ON DOX conditions [318].

In summary, the established T cell killing assay is a useful tool to study T cell-mediated tumor cell killing. By
utilizing genetically defined primary liver cancer cell lines, the assay allows to investigate tumor cells with
different cancer drivers or antigens. Thanks to the flexibility of the system, it provides the possibility to
genetically modify target cells and to perform a high-throughput CRISPR/Cas9 screen, thus identifying new
modulators of T cell-mediated tumor cell clearance.

4.2.2 Alentiviral CRISPR/Cas9 screen identifies new modulators of T cell-mediated tumor
cell killing

Numerous scientific studies have been published in an effort to unravel immune evasion mechanisms,
thereby identifying new angles for immunotherapy. Highlighting the persistent relevance of discovering
genes influencing T cell-mediated tumor cell clearance, various studies have employed CRISPR/Cas-based
high-throughput approaches in vitro and in vivo [308,311-314,319,320]. On the one hand, these studies
were able to recover known mediators of antigen-dependent tumor cell killing, including genes involved in
IFNy signaling, antigen processing and presentation, or immune checkpoint ligands, like Interferon gamma
receptor (IFNGR), B2m, or PDL1 [311,313,319,321]. On the other hand, new genes mediating immune eva-
sion could be identified, including the Apelin receptor (Apinr), the chromatin regulators Polybromo 1
(Pbrm1) and AT-rich interaction domain 2 (ARID2), and the Protein tyrosine phosphatase non-receptor type
2 (Ptpn2) [313,319,321].

Surprisingly, out of the 20 highest scored enriched genes of this CRISPR/Cas9 KO screen, only one, the
Complement C3a Receptor 1 (C3ar1), had been identified as mediator of immune evasion in a comparable
screen (Table 3.1) [313]. However, in the study of Pan et al., sgRNAs targeting C3ar1 were found to be slightly
depleted rather than enriched, indicating an opposing effect compared to this screen. Since Pan et al. used
a different experimental setting by choosing a genome-wide CRISPR/Cas9 screen and targeting tumor cells
with a low-affinity antigen, it is possible that the effect of C3arl on T cell mediated killing is context-de-
pendent and influenced by the target cell type and antigen.

The three most promising gene candidates identified by validation experiments were Egfr, Acvrl, and
Sorcs3. While, to my knowledge, Acvrl and Sorcs3 have not yet been associated with immune evasion
mechanisms, Egfr is a known mediator of immune escape and has been reported to downregulate antigen
presentation and upregulate PDL1 in tumor cells [322]. This finding is surprising, since the results obtained
from this study suggest that KO of Egfr mediates immune evasion, rather than expression of Egfr. However,
the tumor-driving genetic alterations of the used cell line are MYC overexpression and KO of Trp53, which
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is therefore not dependent on Egfr expression. Being a known tumor driver itself, it is possible that immune-
evasive effects of Egfr are only detectable in Egfr-dependent tumor cells and are thus cell line-specific [322].

Apart from C3arl and Egfr, the screen did not identify already known mediators of immune evasion mech-
anisms. This can be partly explained with the design of the sgRNA library, which was created and prepared
prior to this project. The library is based on the surfaceome library published by Bausch-Fluck et al., who
used a mass spectrometry-based experimental setup to capture and predict cellular surface proteins [232].
Surprisingly, this approach led to the exclusion of Ifngr, which could not be found in the library and explains
why this known mediator of T cell-mediated killing could not be identified in the screen. Additionally, con-
stituents of MHC class | and Il complexes, i.e., H-2 genes and B2m, had been manually removed from the
surface library. This was done in order to avoid that sgRNAs targeting MHC components would enrich to
such a strong degree that other sgRNAs mediating weaker phenotypes would be undetectable. Moreover,
some sgRNAs targeting the known checkpoint ligand PDL1 displayed enrichment after T cell killing, but did
not meet the overall criteria for hit calling.

Importantly, the used library only targeted genes encoding surface proteins. On the one hand, this design
complicates the discovery of cellular processes and signaling pathways which include not only surface pro-
teins, but also intracellular proteins. For instance, using a surfaceome library, changes in antigen processing
and presenting mechanisms can only be detected on cell surface levels, while whole-genome screens were
also be able to recover IFNy-induced intracellular Janus kinase (JAK)-STAT signaling components and TAP-
associated genes [311,319,321]. On the other hand, the use of the surface library allowed for identifying
formerly unknown mechanisms of T cell-mediated killing, which was only possible since already established
strong mediators of immune evasion (e.g., antigen processing and presentation) were not included in the
library.

Notably, with known mediators of T cell killing absent from the sgRNA library, the library did not include
positive controls that could have confirmed that the experimental setup was indeed able to recover sgRNAs
mediating immune resistance. However, the preliminary experiment using Tap1 KO cells as positive control
demonstrated that the T cell killing system was able to recover a resistant cell population with low presen-
tation in conditions similar to the screening system (Figure 3.5 A and B). Thus, this experiment supports the
use of the T cell killing assay as a screening system. However, as the preliminary experiment was performed
independent from the screen, and internal positive controls were not included to the screen itself, some
uncertainty regarding the experimental performance remains. Nevertheless, due to the high-throughput
approach of the CRISPR/Cas9 screen, identified hits can only provide suggestions as to which genes are true
hits and mediate immune resistance. Therefore, it is necessary to validate the potential hits in subsequent
examinations using single gene KO cell lines [323].

Taken together, the CRISPR/Cas9 screen performed in conjunction with the T cell killing assay revealed
previously undescribed mediators of T cell-mediated killing, which could be validated in downstream ex-
periments. Thus, the results of the screen are able to add to existing knowledge by identifying formerly
unknown effectors of T cell-mediated killing. Remarkably, the cells used in this screen were primary cell
lines derived from tumors that had been generated using HTVI and transposon technology. Thus, these
cells have genetically defined tumor-driving alterations that possibly influence how specific genes mediate
immune cell evasion. Thanks to the modularity of the underlying mouse model, this system offers the
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possibility to generate various primary cell lines with different genetic drivers and to investigate the effect
of specific cancer-driving genes on immune evasion mechanisms. Additionally, it is important to mention
that the tumor cells developed autochthonously within the context of the hepatic tumor microenviron-
ment. These circumstances most likely play a role in the evolution of malignant cells, and it is possible that
antigen-presenting tumor cells underwent immune editing during tumorigenesis and tumor progression
[17]. Therefore, this system also allows to compare if cells derived from antigen-presenting tumors show
different immune evasion mechanisms compared to cells derived from tumors that did not present the
model antigen. In this context, it would be interesting to perform the screen with tumor cells grown in ON
DOX vs. OFF DOX conditions in order to assess primary and secondary immune escape mechanisms [311].
In addition to that, the T cell killing assay can be modified in a way that reduces T cell killing efficiency by
decreasing the effector : target cell ratio. A screen performed under those conditions could be used to
identify not only enriched, but also depleted sgRNAs, thus discovering genes that mediate susceptibility to
T cell killing. Alternatively, the system could be utilized to perform a CRISPRa/dCas9 screen to further un-
cover new target genes for immunotherapy, as described by Zhang et al. [320]. In conclusion, the estab-
lished T cell killing assay offers versatile opportunities in combination with high-throughput approaches
and can therefore be used to investigate antigen-specific immune evasion mechanisms.

4.3 Therole of Acvrl in T cell-mediated tumor cell killing

4.3.1 Acvrl as new mediator of T cell-mediated cytotoxicity

The findings of this study strongly suggest that Acvrl is a mediator of T cell-mediated tumor cell killing.
ACVR1 (also known as ALK2) is a type | receptor of the BMP signaling pathway and is activated upon binding
of BMP5,-6,-7, and -8 [324]. After formation of heterotetrameric signaling complexes with the type Il re-
ceptors ACVR2A, ACVR2B, or BMPR2, it induces phosphorylation of the downstream effectors SMAD1/5/9,
which in turn associate with SMAD4 in order to regulate gene expression [179]. BMP signaling is known to
regulate various cellular processes of embryonal development and adult tissue homeostasis, including em-
bryonal stem cell pluripotency, osteogenesis, chondrogenesis, neural stem cell fate, cardiomyogenesis,
wound healing, and fibrosis [203,243,258-263]. In line with current knowledge of ACVR1- and BMP-medi-
ated signaling, immunoblotting and transcriptional analyses of Acvrl KO cells resulted in decreased activa-
tion of downstream SMAD1-dependent signaling and reduced activation of BMP-mediated cellular path-
ways. However, gene expression analysis could not provide further insight into underlying mechanisms that
might confer resistance to T cell killing upon Acvrl KO.

In the context of diseases, ACVR1 is primarily known as the underlying genetic cause of fibrodysplasia os-
sificans progressiva (FOP), a rare genetic disease which leads to spontaneous or trauma-induced hetero-
topic ossification. In this process called skeletal metamorphosis, connective tissue slowly transforms into
bone, which results in gradual immobilization and premature death of patients [325]. Activating mutations
of ACVR1 have been identified as the genetic cause for FOP, leading to increased responsiveness to BMP
stimulation and dysregulation of BMP signaling [243,326]. In addition to that, activating ACVRI mutations
could be found in up to 30 % of all cases of diffuse intrinsic pontine glioma (DIPG), suggesting that ACVR1
is an oncogenic driver in this disease [327].
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Furthermore, ACVR1 has been associated with a variety of other cancer types, including multiple myeloma
as well as ovarian, endometrial, and prostate cancer [243]. While ACVR1 has been shown to function as
oncogenic driver in various backgrounds, other studies have described tumor suppressive functions of
ACVR1. For instance, dysregulated BMP signaling via ACVR1 promotes proliferation of ovarian cancer cells
and hyperactivating mutations of ACVR1 are found endometrial cancer [328—330]. In contrast, in multiple
myeloma, glioblastoma, and eye lens tumor, ACVR1 is thought to act as tumor suppressor by mediating
apoptosis and growth arrest [331-333]. Additionally, copy number gains of ACVR1 are linked to increased
survival in head and neck squamous cell carcinoma [334]. With regard to these studies and the reported
dual role of BMP signaling in cancer, it is conceivable that ACVR1 itself can act as both oncogene and tumor
suppressor, depending on the cellular background and microenvironment [243]. The majority of the find-
ings made in this study suggest a tumor suppressing role for Acvrl, as Acvrl KO resulted in increased sur-
vival of tumor cells after T cell-mediated killing. Accordingly, re-expression of ACVR1 increased the suscep-
tibility of tumor cells towards cytotoxic T cells. In contrast, treatment with BMP7 prior to T cell killing re-
sulted in higher survival rates compared to untreated control cells, indicating a tumor-promoting role of
BMP7-mediated signaling. As BMP7 is known to act as a growth factor in several cell types, including
hepatocytes and breast cancer cell lines, it is conceivable that the effect of BMP7 on proliferation was
stronger than the effect on resistance to T cell-mediated killing [202,243,267]. However, this raises the
guestion if BMP7 is the right ligand to investigate the effect of ACVR1 signaling on T cell killing, or whether
another BMP factor would elicit different effects. As BMP7 is known to primarily bind to ACVR1, it was
chosen to examine the effect of ACVR1-mediated BMP signaling on T cell killing [335]. Nevertheless, it
would be interesting to compare the effects of BMP7 stimulation to other BMP signaling factors, like BMP2
or BMP6. Taken together, the opposing results of BMP pathway activation via ACVR1 overexpression vs.
BMP7 stimulation illustrate the complex pleiotropic effects of ACVRI-mediated BMP signaling on tumor-
igenesis and tumor progression reported in the literature and emphasize the necessity to comprehensively
unravel BMP-mediated signaling in various contexts [168].

With regard to the effects of ACVR1 on immuno-oncological mechanisms, little is known about the role of
ACVR1 itself. However, BMP signaling in general is considered to exert immunoregulatory functions in the
TME by affecting activation, proliferation, and cytokine signaling of innate and adaptive immune cells
[169,171,172]. Interestingly, Cortez et al. found that BMP7-secreting tumor cells confer resistance to im-
mune checkpoint blockade therapy by influencing BMP-mediated signaling in macrophages and T helper
cells and inhibiting pro-inflammatory responses [170]. In contrast, to my knowledge, there is no account of
BMP signaling within tumor cells that could be associated with immune evasion or modulation of tumor-
infiltrating immune cells. Therefore, my findings suggest a yet undescribed immune evasion mechanism of
ACVRI1-mediated BMP signaling in tumor cells.

Notably, the phenotype of Acvrl KO displays only a modest effect on killing efficiency and BMP signaling in
the presented study and is dependent on the used sgRNA. On the one hand, this could be explained with
incomplete KO, which cannot be entirely ruled out, as there are no commercially available ACVR1-specific
antibodies that could be used to confirm the KO on protein level. On the other hand, the BMP signaling
pathway can be activated by a multitude of ligand and receptor combinations, all resulting in phosphoryla-
tion of SMAD1/5/9 [191,324]. Therefore, it is possible that other BMP receptors aside from ACVR1 lead to
activation of BMP signaling, thereby reducing the observed effect of Acvrl KO. This shows that careful
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experimental design and independent replicates are imperative to obtain reliable results. Since the exper-
iments were performed with a set of independent sgRNAs and suitable controls and repeated inde-
pendently, | was able to demonstrate that the observed phenotype of Acvrl KO, though modest, is robust
and reproducible. In order to achieve a stronger phenotype, future experiments could aim at knocking out
one pivotal effector of BMP signaling, like Smad1, or performing double- or triple KOs of Acvrl and other
BMP receptors simultaneously.

In conclusion, my findings provide strong evidence for a role of Acvrl in modulating the efficiency of T cell-
mediated killing. In order to substantiate these results, future studies are needed that will contextualize
the effect of Acvrl and BMP signaling in immuno-oncological research. BMP signaling is a crucial factor of
tumor development influencing pro- as well as anti-tumorigenic processes depending on the cellular con-
text and microenvironment [168]. Thus, it will be interesting to assess the role of Acvr1 in different cellular
and cancer backgrounds in order to identify contributing factors that influence Acvrl-mediated BMP sig-
naling. Additionally, in vivo studies and investigations of human samples will be needed to further corrob-
orate the proposed role of ACVR1.

4.3.2 The role of other BMP signaling effectors on T cell-mediated tumor cell killing

The previous results provide evidence that Acvr1 KO affects T cell-mediated killing. Beside Acvr1, two other
type | and three type Il receptors mediate BMP signaling [191]. This raises the question if the observed
effect of Acvrl KO is specific or a general result of downregulated BMP signaling. Therefore, | performed
exploratory experiments investigating the T cell killing efficiency with sgRNA-mediated KO cell lines for
Bmpr2, Acvr2a, Acvr2b, Bmprla, and Bmprlb. The results suggest that the tested type Il receptors did not
affect killing efficiency, while KO of the type | receptor Bmprla resulted in slightly increased survival after
T cell killing. Importantly, these findings are still preliminary and have to be validated with further studies,
but indicate that Bmprila might act similar to Acvrl. Accordingly, analysis of the CRIPSR/Cas9 screen did
not find sgRNAs targeting Acvr2a and Acvra2b to be enriched. In contrast, Bmpr2-targeting sgRNAs were
enriched, but did not score high enough to be further investigated. Bmprla and Bmprlb could not be found
in the library of Bausch-Fluck et al., so that no enrichment data is available for these genes.

Based on these results, it is possible that other BMP signaling effectors influence T cell-mediated killing in
a similar way than Acvrl. However, even though a receptor redundancy in BMP signaling has been pro-
posed, different ligand-receptor combinations are able to result in specific and differential gene expression
[191]. Itis therefore conceivable that different BMP ligands and receptors have specific functions in tumor-
igenesis, and that the effect of Acvrl on T cell killing cannot be recapitulated by other BMP receptors.
Additionally, Acvr1 plays a distinct role in the development of FOP and DIPG, while other BMP receptors do
not contribute to these diseases [243,326,327]. This further supports the notion that Acvrl has specific
functions, and that other BMP receptors might not have comparable effects on T cell-mediated killing.

In order to unravel the role of BMP receptors in T cell-mediated killing, further experiments are needed. In
addition to generating cell lines with a single KO of a BMP effector, it would be interesting to investigate if
knocking-out more than one member of the BMP pathway would result in synergistic effects on T cell-
mediated killing. Alternatively, a focused CRISPR/Cas9 screen targeting BMP effectors could provide further
insight and could help to identify additional mediators of T cell killing.
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4.3.3 A potential mechanism of Acvrl-mediated resistance to T cell killing involves Fas

and NFkB signaling

The mechanisms of how cytotoxic T cells mediate antigen-specific tumor cell clearance are well known.
Besides secreting exocytotic granules comprising PRF1 and GZMs, T cells employ the FAS/FASLG axis in
order to kill target cells [110]. Consequently, it is plausible that decreased Fas expression leads to less apop-
tosis induction and increased survival, as shown in this study. Additionally, downregulation of FAS is a
known mechanism of tumor cells to evade apoptotic stimuli and cell death [336—339]. In line with that, the
results of this study provide strong evidence that the observed resistance to T cell killing in Acvrl KO cells
is mediated through a role of Acvrl in the regulation of cytokine-induced Fas expression.

The current understanding of BMP-related signaling does not provide an adequate explanation for Acvrl-
mediated Fas expression. Even though the presented results do not provide sufficient evidence to compre-
hensively elucidate the mechanistic link between Acvrl and Fas, they nevertheless suggest a role of dysreg-
ulated NFkB signaling as mediator. Indeed, NFkB signaling might be a downstream target of non-canonical
BMP signaling, mediated by TAKI [88]. TAK1 is activated by TGFB or BMP signaling and has been shown to
be a critical mediator of TNFa-induced NFxB signaling [340,341]. Additionally, the effects of Acvrl KO on
T cell-mediated killing and Fas expression could not be recapitulated by KO of /d1, a major downstream
target of canonical BMP signaling, which further suggests that effects on Fas expression are mediated by
non-canonical signaling (Figure 3.18) [247]. Taken together, these results provide plausible evidence that
Acvrl KO reduces TAK1-mediated activation of NFkB signaling, which in turn results in reduced Fas tran-
scription.

The role of NFkB in cancer is intensively investigated, and NFkB signaling has been found to affect a multi-
tude of cellular processes [342—344]. NFkB is best known to activate pro-inflammatory and anti-apoptotic
mechanisms, however, several studies have demonstrated upregulation of pro-apoptotic target genes
upon NFkB signaling, including Fas [271,345,346]. Additionally, NFkB signaling has been identified in two
previously discussed CRISPR/Cas9 screens, suggesting a role in immune evasion [313,319].

Interestingly, reports show that not only BMP signaling influences NFkB activation, but that NFkB con-
versely affects BMP-mediated signaling as well. For instance, BMP2 and BMP4 are both target genes of
NFkB [347,348]. Additionally, the NFkB subunit p65 has been shown to inhibit the DNA binding of SMAD1-
SMAD4 complexes, thereby regulating BMP-mediated gene expression [349,350]. This demonstrates that
BMP and NFkB signaling engage in complex crosstalk, further underlining the diversity of the complicated
mechanistical network of both signaling pathways.

Even though these results show that Acvrl KO leads to increased resistance to T cell killing by downregu-
lating Fas, Fas itself was not enriched in the CRSIPR/Cas9 screen. This is surprising, as Fas KO should de-
crease killing efficiency of cytotoxic T cells. Therefore, it is possible that the results of the screen regarding
Fas were false negative, which is a frequent phenomenon in large-scale screening approaches [351]. Alter-
natively, Fas downregulation might not be the primary effect of Acvrl KO mediating immune evasion. Thus,
itis conceivable that another, still unidentified downstream effect of Acvrl KO contributes to the resistance
to T cell killing.
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Taken together, the presented results suggest a previously undescribed involvement of Acvrl in the NFkB-
mediated upregulation of Fas. Importantly, the role of NFkB signaling is not completely unraveled and
needs to be further investigated in detail. Future studies should involve KO experiments of Tak1 and NFkB
signaling effectors like p65 in order to ascertain the crosstalk between BMP and NFkB signaling pathways.
In this regard, it would be interesting to investigate whether ligands activating BMP signaling also (directly
orindirectly) affect NFkB signaling and vice versa. As Fas downregulation might not be the only resistance-
conferring mechanism of Acvrl KO, additional downstream effects of Acvrl KO on T cell killing have the
potential to be identified in the future.

4.4 Unravelling the role of BMP signaling in different cellular contexts

Previous studies investigating the role BMP signaling in tumorigenesis include numerous accounts of cell-
and context-specific roles of BMP signaling and BMP signaling effectors have been proposed as both onco-
genes and tumor suppressor genes depending on the context [168,352,353]. Remarkably, even within the
same tumor entity, contradicting reports demonstrate opposing effects of BMP signaling. For instance,
both pro-and anti-tumorigenic properties have been reported for BMP4 in breast cancer cell lines
[200,205]. Additionally, in the context of HCC, BMP ligands can inhibit as well as promote migration of
tumor cells [354,355]. These findings illustrate that the role BMP signaling in cancer has to be meticulously
investigated with regard to cellular background and studied signaling effectors [168,202]. Therefore, future
experiments should be carefully designed to account for the influence of different cell lines and genetic
backgrounds on BMP signaling and include various BMP signaling effectors.

With the purpose of recapitulating the findings of this study in the genetic context of a human melanoma
cell line, | performed exploratory experiments with an antigen-specific T cell killing assay using COLO800
melanoma cells and T cells specific for the MART-1 antigen constitutively expressed in COLO800 cells. Even
though co-culturing antigen-expressing target cells with pre-activated antigen-specific T cells resulted in
concentration-dependent tumor cell killing, ACVRI KO or overexpression did not have an effect on T cell
killing efficiency (Figure 3.19). Further experiments assessing cytokine-stimulated FAS expression revealed
that COLO800 cells did not respond to TNFa treatment by upregulating FAS. This finding, even though pre-
liminary, reinforces the hypothesis that Acvrl-mediated signaling regulates Fas expression by affecting the
TNFa-NFkB signaling axis. In addition to that, the observation that ACVR1 appears to have no effecton T
cell killing efficiency in this co-culture system further underlines the context-dependency of ACVR1 signal-
ing. Therefore, future investigations should compare the effect of ACVR1 and BMP signaling in different
cellular contexts. In this regard, it would be interesting to assess which cell lines respond to ACVRI KO by
increasing resistance to T cell killing, and to identify causative mechanisms of this effect.

In order to translate these findings to a clinical application, it will be essential to investigate the effect of
Acvrl in an in vivo cancer model. The model established within this project would be suitable system, as it
can be easily modified to generate an sgRNA-mediated KO of Acvrl or to stably integrate Acvri-encoding
cDNA to hepatocytes. Importantly, it is possible that due to its dependency on the cellular context, Acvrl
and BMP signaling might cause different effects in vivo compared to in vitro systems, since cells of the
microenvironment could also influence the outcome of BMP signaling.
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Lastly, the clinical relevance of these findings could be further corroborated by analyzing patient samples
and data for aberrant BMP signaling. Particularly the effect of immunotherapies on BMP signaling levels
could provide helpful insight into the role of ACVR1 or other BMP effectors inimmune evasion mechanisms.
For instance, comparing levels of BMP signaling in tumors that are responsive vs. non-responsive to immu-
notherapy could indicate if BMP signaling is correlated with resistance or responsiveness to immunothera-
peutical approaches.

4.5 Clinical applications for ACVR1 as mediator of antigen-specific tumor cell killing

The presented findings provide convincing evidence for a role of Acvrl in T cell-mediated tumor cell killing.
Acvrl KO leads to increased resistance to cytotoxic lymphocytes, whereas (re-)expression of kinase-active
versions of ACVR1 results in stronger susceptibility to T cell killing. Tumor cell killing by cytotoxic T cells is a
major mechanisms of immune-mediated tumor regression, illustrated by the common downregulation of
CTL effector function as a mechanism of immune evasion. Thus, the involvement of Acvr1 in T cell-mediated
killing efficiency offers new possibilities to increase the efficiency of immunotherapy.

In fact, the role of BMP signaling in tumorigenesis and tumor progression has led to the exploration of BMP
signaling as new therapeutic target for cancer therapy [352,353,356]. The inhibition of BMP receptor ki-
nases via specific small molecule inhibitors has shown promising results in ovarian, lung, and breast cancer
by reducing proliferation, inducing apoptosis, and inhibiting metastasis [215,353,356—-361].

However, in the context of this study, reducing BMP signaling via Acvrl KO was shown to be beneficial for
the survival of tumor cells. Thus, therapy approaches that lead to increased activation of BMP signaling
might result in a more desirable outcome in the used system. As BMPs are known to have context-depend-
ent pro-and anti-tumorigenic effects, therapy approaches that aim at activating BMP signaling are being
investigated [352]. For instance, by inhibiting the SMAD ubiquitination regulatory factor-1 (SMURF1), a
negative regulator of BMP signaling, it is possible to increase BMP signaling [362]. Additionally, studies in
brain and breast cancer cells demonstrated promising effects of treatment with recombinant BMP ligands
by reducing tumorigenic potential and invasiveness and facilitating tumor regression [363—366]. Further-
more, treatment with BMP2 reverses chemoresistance in ovarian cancer and glioblastoma, underlining the
potential of combinational therapy using BMP ligands [359,367].

Unexpectedly, even though downregulation of BMP signaling via Acvrl KO resulted in increased resistance
to T cell killing, activation of BMP signaling via treatment with BMP7 showed similar effects. This further
demonstrates the pleiotropic pro- and anti-tumorigenic effects of BMP signaling and underlines the neces-
sity to comprehensively investigate the role of BMP signaling in different contexts and cell types [352,353].
Nevertheless, it would be interesting to combine BMP-targeting drugs with immunotherapeutical ap-
proaches in order to assess potential synergistic effects.

In addition to the approach using BMP signaling as a drug target for cancer therapy, several studies provide
evidence that members of the signaling pathway can be used as therapeutical and prognostic biomarker
[168,368,369]. Particularly, expression of BMP signaling genes was suggested as biomarker in prostate,
breast, and ovarian cancer [369-372]. In accordance with the dual role of BMP signaling in cancer, both
high and low expression of BMP effectors were associated with poor prognosis and increased aggressive-
ness, depending on the context.
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Overall, exploiting the therapeutical potential of BMP signaling in cancer shows great promise and is subject
of intensive research. Nevertheless, the diverse pro- and anti-tumorigenic effects of BMP signaling in dif-
ferent contexts are still not fully understood. Future research will have to comprehensively decipher the

role of BMP signaling in specific contexts in order to develop effective cancer therapies targeting BMP sig-
naling.
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5 Conclusion

Immunotherapeutic approaches to treat cancer have shown promising results and initiated the develop-
ment of new therapies and research fields. Nevertheless, the clinical success of immunotherapies has been
dampened by unsatisfactory response rates, highlighting the need to investigate tumor cell-specific mech-
anisms of immune evasion.

In this study, | developed and employed state-of-the-art in vivo and in vitro systems to identify new tumor
cell-specific mediators of T cell-dependent killing. Thus, | was able to discover a new role for the BMP re-
ceptor type | Acvrl in antigen-specific killing. Further studies revealed that the underlying mechanism of
Acvrl KO-mediated resistance to T cell killing involved downregulation of the death receptor Fas and indi-
cated a connection to dysregulated NFkB signaling.

These findings suggest a formerly unknown mechanism of immune evasion through Acvrl-mediated sig-
naling in tumor cells. Additionally, this study illustrates the pleiotropic cell type- and context-dependent
effects of BMP signaling, thereby underlining the requirement to comprehensively explore the role of BMP
signaling in pro- and anti-tumorigenic processes. The prospective exploitation of ACVR1 and other BMP
signaling effectors as cancer drug targets offers the potential to improve the outcome of immunothera-
peutic approaches by inhibiting ACVR1-mediated mechanisms of immune evasion. To eventually increase
the response rate to immunotherapy, however, future research is necessary that further assesses the role
of ACVR1 and other BMP signaling effectors as potential drug targets.
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7 Appendix

Table 7.1. List of genes included in the sgRNA surface library.

1600012H06Rik
1810055G02Rik
2410131K14Rik
5330417C22Rik
9330182L06Rik
A2m
AB124611
Abca7

Abcbla

Abccl

Ace

Ace2

Ackr3

Acp?2

Acvrl

Acvr2a

Acvr2b
Adam10
Adam12
Adam17
Adam?22
Adam23
Adam9
Adamtsl4
Adcyaplrl
Adgra2

Adgra3

Adgrb3

Adgrel

Adgre5

Adgrgl

Adgrgb

Adgrll

Adgrl2

Adgrl3

Adgrvl
Adora2b
Adralb

Cpm
Cpxm1
Crill
Cr2
Crb2
Crhrl
Crim1
Crifl
Crtap
Csfl
Csflr
Csf2ra
Csmd1
Cspgd
Cspg5
Ctlad
Ctsb
Ctsd
Cxadr
Cxcr5
Dagl
Dcbld1
Dcbld2
Dcc
Dcn
Dgcr2
Dkk3
Dner
Dpepl
Dpep2
Dpp4
Dsc2
Dse
Dsg?
Ecel
Ecm1l
Ednra
Ednrb

Itgad
ltgae
Itgal
ltgam
ltgav
ltgax
ltgbl
Itgb2
Itgb3
Itgb4
Itgb5
Itgb7
[tih5
Itprip
lzumolr
Jagl
Jam?2
Jam3
Jaml
Kdr
Kirre
Kirrel3
Kit

Kitl
Llcam
Lag3
Lairl
Lamal
Lama2
Lama4
Lama5
Lamb1l
Lamb2
Lamcl
Lampl
Lamp?2
Lamp5
LdlIr

Ptprn2
Ptprs
Pttglip
Pxdn
Qsox2
Rackl
Raetla
Raetlb
Raetlc
Raetle
Ramp3
Reck
Rgma
Rnf13
Robol
Robo2
Robo3
Rorl
Ror2
Rpnl
Rpn2
Rtn4r
Ryk
Slprl
Slpr2
Slpr3
Slprd
Scarbl
Scn2b
Scpepl
Scube?
Scube3
Sdk1
Sdk2
Sell
Sell
Sema3a

Sema3c
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Adra2a
Afp
Agtrla
Agtr2
Ahsg
Al593442
Alcam
Alk
Alpl
Amigol
Angptl
Angptl2
Angptld
Ank2
Anol
Anob
Ano9
Antxrl
Antxr2
Anxa2
Ap2m1
Art2b
Asah?2
Asicl
Aspn
Astnl
Astn2
Atplal
Atpla3
Atplbl
Atplb2
Atplb3
Atp6apl
Atp6v0a2
Atraid
Atrn
Axl
Bace2
Bcam

Bcan

Efna2
Efna3
Efnbl
Efnb3
Egfr
Elfnl
Elfn2
Emb
Emcl
Emidl
Emilinl
Emilin2
Eng
Enol
Enppl
Enpp3
Enpp4
Enpp5
Epcam
Epdrl
Ephal
Ephal0
Epha2
Epha3
Epha4d
Ephbl
Ephb2
Ephb3
Ephb4
Erbb2
Erbb3
Erbb4
Esam
Evalc
Evc2
Fllr
F2r

F3

F5
Fam171a2

Lgals3bp
Lgi2
Lgrd
Lifr
Lilrdb
Lilrb4a
Lingol
Lingo3
Lipg
Lman2
Lman2|
Lnpep
LoxI2
Lparl
Lpar2
Lpard
Lpar6
Lp
Lrfn2
Lrfnd
Lrigl
Lrig2
Lrpl
Lrpl1l
Lrplb
Lrp2
Lrp4
Lrp5
Lrrc24
Lrrc25
Lrrcd
Lrrcdb
Lrrnl
Lrrn4
Lrrn4cl
Lrrtm3
Lsamp
Ltbpl
Ltbp4
Ltbr

Sema4b
Semaédc
Sema4d
Semadg
Semasb
Sema7a
Sez6
Sez6l
Sez6l2
Sgcb
Sgcd
Sgce
Shisa7
Sidt1
Sidt2
Siglecl
Sirpa
Slamf1
Slamf6
Slamf9
Slc12a5
Slc12a6
Slc12a7
Slc12a9
Slc17a7
Slc20a2
Slc22a5
Slc23a2
Slc24a3
Slc24a4
Slc29al
Slc29a4
Slc2al
Slc2a4
Slc2a8
Slc30al
Slc38al
Slc38a2
Slc38a3
Slc38a5
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Bche
Bdkrb2
Bgn
Bmpl
Bmp3
Bmpr2
Boc
Brinp2
Bsg
Bstl
Bst2
Btbd17
Btd
Btla
Clqga
C3arl
Cachd1
Cacnalc
Cacna2dl
Cacna2d2
Cacng8
Cadm1
Cadm?2
Cadm3
Cadm4
Caler
Calcrl
Calu
Carl2
Card
Casdl
Casr
Ccdc80
Cckbr
Ccrd
Cer7
Cd101
Cd109
Cd14
Cd163

Fap
Fas
Fasl
Fat3
Fatd
Fbin2
Fbnl
Fbn2
Fcerla
Fcer2a
Fcgrl
Fcgr2b
Fgfl7
Fgfrl
Fgfr2
Fgfr3
Fgfrll
Fkrp
Flt1
Flt4
Fmod
Fnl
Fndc4
Fndc5
Folhl
Folrl
Folr2
Frasl
Frem2
Fstll
Fzd5
Fzd9
Gabbrl
Gabbr2
Gabra3
Gabrab
Gabrb3
Gabrgl
Gabrg2
Galntl

Lum
Ly6h
Ly75
LyS
Lypd8
Mé6pr
Maspl
Mbtps1
Mc2r
Mcam
Mcolnl
Mdgal
Mdga2
Megf10
Megf8
Megf9
Meltf
Mertk
Met
Mfap3l|
Mfap4
Mfap5
Mfge8
Mfsd2a
Milrl
Mme
Mmp15
Mmrnl
Moxd1
Mpz
Mpzll
Mpzl2
Mrcl
Mrc2
Mrgprf
Ms4al
Mslin
Mucl
Muc15
Mugl

Slc39a10
Slc39a14
Slc39a4
Slc39a6
Slc3a2
Slcd44al
Slcdbal
Slc4al10
Slc4all
Slcd4a7
Slc52a2
Slc6ab
Slc8al
Slc8b1
Slcola4
Slcola5
Slcolcl
Slco2al
Slco3al
Slco4al
Slco4cl
Slit1
Slit2
Slit3
Slitrk2
Slitrk4
Smo
SmpdI3b
Sorcs2
Sorcs3
Sorll
Sortl
Sostdcl
Spock2
Sponl
Sppl2a
Sppl2b
Ssrl
Ssr2
St3gall
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Cd164
Cd16412
Cd180
Cd19
Cd2
Cd200
Cd200r1
Cd200r4
Cd22
Cd226
Cd244
Cd24a
Cd27
Cd274
Cd276
Cd28
Cd302
Cd320
Cd33
Cd34
Cd3d
Cd3g
Cd4
Cd40
Cd44
Cd4a7
Cd48
Cd5
Cd6
Cd63
Cd79a
Cd79b
Cdso
Cdsg4
Cds6
Cd8&a
Cd8b1
Cd93
Cd96
Cdcp1l

Gdf3
Gdpd2
Gfral
Gfra2
Gfra3
Ggh
Ginm1
Glgl
Glmp
Glplr
Gp5
Gp9
Gpa33
Gpcl
Gpc3
Gpcd
Gpmé6a
Gpméb
Gpnmb
Gprl58
Gprl76
Gpr37I1
Gpr39
Grial
Gria2
Gria3
Griad
Gridl
Grid2
Grik2
Grinl
Grin2a
Grin2b
Grm3
Grm5
Grm7
Grn
Gzma
Havcr2

Hepacam

Mxra8
Nagpa
Ncaml
Ncam?2
Ncan
Ncln
Ncstn
Nectinl
Nectin2
Nectin3
Negrl
Neol
Nfasc
Nid1
Nid2
Nkain4
Nlgnl
Nlgn2
Nlgn3
Notchl
Notch2
Npcl
Npr2
Npr3
Nptn
Nptx2
Nrcam
Nrpl
Nrp2
Nrxnl
Nt5e
Ntm
Ntnl
Ntng2
Ntrk2
Ntrk3
Nup210
Olfm1
Olfm2
Omg

Stabl
Steap4
Stim1
Sts
Suco
Susd?
Sv2a
Sv2b
Sv2c
Svepl
Synpr
Syp
Tacstd2
Tapbpl
Tbxa2r
Tctnl
Tctn2
Tctn3
Tek
Tenm?2
Tex101
Tfpi
Tfrc
Tgfbl
Tgfbrl
Tgfbr2
Tgfbr3
Tgolnl
Thbd
Thsd4
Thsd7a
Thyl
Timp1l
Tirl
TIr13
TIr2
Tird
TIr6
TIr8
Tm2d1
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Cdh1
Cdh10
Cdh11
Cdh13
Cdh15
Cdh17
Cdh2
Cdh20
Cdh3
Cdh4
Cdh5
Cdhé
Cdhr1
Cdon
Ceacaml
Celsrl
Celsr2
Celsr3
Chl1
Chrdl1
Chrm4
Chrna4d
Ckap4
Clen5
Clecl12a
Clec2d
Clicl
Clmp
Clstn2
Clu
Cmal
Cmklrl
Cnnm2
Cnnm4
Cnrl
Cnr2
Cntfr
Cntnl
Cntn2
Cntn3

Hepacam?
Heph
Hfe
Hhip
Hnrnpk
Hspg2
Htr2c
Hyal2
[cam1l
lcam2
lcosl
Ifnarl
Ifnar2
lgdce3
lgdccd
lgflr
lgf2r
Igfbp3
lgG6
Ighgl
Iglon5
lgsfl
lgsf10
lgsf21
Igsf3
lgsf8
Igsf9
[110rb
112rb1
112rb2
[117ra
117rd
118r1
1rl
11r2
l1rap
21r
[127ra
l12ra
l12rg

Osmr
Ostm1
P2rx7
P2ry10
P3h1
Panx1
Pcdh15
Pcdh19
Pdcd1
Pdcdllg2
Pdgfc
Pdgfra
Pdgfrb
Pdpn
Pecaml
Pigt
Pilrb2
Pkd1l
Pla2g7
Plat
Plaur
Plppl
Pltp
Plxdcl
Plxdc2
Plxnal
Plxna2
Plxnad
Plxnbl
Plxnb3
Plxncl
Podxl
PodxI2
Ponl
Postn
Prgd
Pri7d1
Prnp
Procr

Prom1

Tm2d3
Tm9sfl
Tm9sf3
Tm9sf4
Tmed4
Tmed9
Tmeffl
Tmem108
Tmem130
Tmem132a
Tmem132c
Tmem132e
Tmem150a
Tmem231
Tmem27
Tmem67
Tmem87a
Tmem87b
Tmem9
Tmem9b
Tmx3

Tnc
Tnfrsf10b
Tnfrsf18
Tnfrsf26
Tnfrsf4
Tnfrsf8
Tnfrsfo
Tnfsf11
Tor2a
Tpbg
Trem2

Tril

Trpv2
Trpva
Ttyhl
Ttyh2
Ttyh3
Txndc15
Tyro3
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Cntn6
Cntnapl
Cntnap4
Col12al
Coll6al
Col18al
Collal
Col2al
Col3al
Col5al
Colbal
Col6a2
Col6a5
Col6ab
Copb1
Cp

Cpd
Cpe

[131ra
l13ra
ll4ra
ll6ra
l16st
7r
Insr
Islr
Itfgl
ltgal
ltgall
Itga2
Itga3
Itgad
Itga5
Itgab
Itga7
Itga8

Prom2
Prss23
Prtg
Psap
Psca
Ptafr
Ptchdl
Ptgfrn
Pthlr
Ptk7
Ptprc
Ptprd
Ptprf
Ptprg
Ptprj
Ptprk
Ptprm
Ptprn

Unc5a
Unc5b
Unc5c
Vasn
Vcaml
Vcan
Vdacl
Vnnl
Vsir
Vicnl
Vin
Wntl
Wnt5a
Wnt7a
Wnt7b
Wnt8a
Ybx1
Zp3
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Table 7.2. Genes identified as hits in the CRISPR/Cas9 screen.

Gene Score Gene Score Gene Score
Sostdcl 54.910281 Neol 15.8748162 ltgall 11.8063792
Egfr 35.5771181 Mfap5 15.8187488 Cd302 11.5891222
Ldlr 34.7044041 Bcam 15.5971365 Pttglip 11.4629655
Sdk2 31.2911701 Frasl 15.585465 Dsc2 11.2774465
C3arl 26.2582884 Vasn 15.5457458 Gp5 11.2714103
Lrrcdb 25.8309419 Psca 15.4375876 Lrpl 11.1790961
Cacng8 24.4729609 Gpr37I1 15.3661651 Lamcl 11.1147071
Nlgn2 23.9197022 Col6al 15.2901536 CliclG 10.9381293
Slc12a9 23.5171788 Lrp5 15.2419407 Lgals3bp 10.844621
Ephb4 22.7666505 Nfasc 15.1701596 Cnnm?2 10.834775
Bche 22.6208356 Thxa2r 15.167656 Slco4cl 10.7488806
Iglon5 21.8977466 Fbin2 15.164482 Cd28 10.6070375
AB12461 21.8942478 Slc20a2 15.0489248 Npr2 10.5641896
Acvrl 21.7099777 Rtn4r 14.8930412 Plaur 10.5622591
Sorcs3 21.5068041 Itga3 14.7974683 Tmeffl 10.4186514
Cdi164 21.2764174 Col6a2 14.7193622 Tgfbr2 10.3974166
Gpcl 19.7927931 Ntrk3 14.1798334 Wnt7b 10.0689707
Slprd 19.3907991 Tacstd2 14.1722301 Itgb3 9.92506908
Pcdh15 19.2270335 ltga7 14.155158 Sorcs2 9.87937679
Mpz 19.0804324 Jaml 13.9886667 Erbb2 9.78670305
Col6a5s 18.519053 Gp9 13.9497463 Cd33 9.43239281
lgsf8 18.3331566 lgdccd 13.8660988 Bmp3 9.3898315
Ncan 17.9760121 Emilin2 13.7834087 117ra 9.36092847
Efna2 17.9302102 Ceacaml 13.6425044 Ahsg 9.31469273
Mfge8 17.8043819 Itprip 13.3047528 Ptprn2 9.2821482
Cntné6 17.7841935 Nectinl 13.209601 Cdhé 9.25407064
Emilinl 17.778275 Cdb 13.0637281 Pdcd1G 8.82974302
Anxa2 17.1508754 Gabrb3 12.8251378 Ggh 8.74570559
Meltf 17.143358 Unc5b 12.7950776 Adamtsl4 8.73817624
Lamb?2 16.8168345 Epha4d 12.5492616 Cd5 8.72073006
Ephal 16.8119089 ltgb7 12.374013 TIr6 8.6680382
117rd 16.7761505 Slc39a4 12.3357904 Cd320 8.63720966
Lrrtm3 16.7681249 Fnl 12.2443388 Bmpr2 7.79228943
Slpr2 16.6143576 Lpard 12.1672121 Vcan 7.60316444
Grid2 16.5496134 Dagl 12.0310872 Btbd17 7.28339265
Brinp2 16.5481302 Slco3al 11.961038 Adam?23 6.86549636
Ostm1 16.198133 lcam1 11.9293763 Cdon 6.65987919
Shisa7 16.0434253 Notch2 11.83418 Itga2 5.77256638
Nrp2 16.013865 Lrrn4d 11.8259246 Icosl 4.83657073
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