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1. Zusammenfassung

Das kleinzellige Lungenkarzinom (SCLC) z&hlt nach wie vor zu den tddlichsten
Krebserkrankungen. Die frihe Metastasierung und die schnelle Entwicklung von Resistenzen
gegenlber klassischen Therapien stellen eine besondere Herausforderung dar. Da es vor
allem im fortgeschrittenen Stadium kaum wirksame Behandlungsoptionen gibt, ist es von
besonderer Bedeutung, die Mechanismen zu ergrinden, die fur die aggressive Natur, die hohe
Migrationsfahigkeit und das Umgehen des Immunsystems des SCLCs verantwortlich sind.

In meiner Dissertation fokussiere ich mich auf den CD29-abhangigen Signalweg und die MHC-
I-abhangige Regulation im Tumormikromilieu und erdrtere deren Beteiligung an Prozessen der
Metastasenbildung und Immunresistenz.

Zunachst zeigte ein breites Screening von SCLC-Probenpaaren aus Primartumor und
Lebermetastasen, menschlichen und murinen Ursprungs, eine erhéhte CD29 Expression im
Metastasengewebe. Um die genaue Funktion von CD29 zu verstehen, wurden Knockout-(KO)-
SCLC Klone mithilfe von CRISPR erzeugt. Diese Klone wurden auf zellularer und funktioneller
Ebene mit der urspriinglichen, aus Lebermetastasen gewonnenen Zelllinie verglichen. Dazu
wurden die Verfahren des Scratch Assays und der Boyden Chamber angewandt, um das
Migrations- bzw. Invasionsverhalten des CD29 KO zu analysieren. Zusatzlich wurden in vivo-
Experimente durchgefiihrt, bei denen CD29 KO und Wildtyp SCLC Tumorzellen in
immunkompetente und immundefiziente Mause injiziert wurden, um die Metastasenbildung zu
untersuchen.

Die Ergebnisse zeigten, dass der CD29 KO das Migrationsvermdgen der Tumorzellen
hemmte, insbesondere unter Stimulation mit Fibronektin und Angiopoietin-2 (ANG-2). In vivo
konnten die CD29 KO Tumorzellen im Gegensatz zum Wildtyp keine Lebermetastasen bilden,
was durch immunhistochemische Analysen und Durchflusszytometrie bestatigt wurde.
Insgesamt zeigt sich, dass CD29 eine entscheidende Rolle bei der Metastasenbildung des
SCLCs spielt, was durch einen Knockout unterdriickt werden kann.

Im weiteren Verlauf, konzentriert sich meine Dissertation auf MHC-I und dessen Rolle bei der
Umgehung der Immunabwehr und Metastasenbildung. Bei der Analyse der gepaarten SCLC-
Patientenproben zeigte sich eine reduzierte MHC-I Expression in den Lebermetastasen. Zur
Untersuchung der Auswirkungen eines MHC-I Verlusts auf die Wechselwirkungen zwischen
Tumor und Immunsystem wurden MHC-I defiziente Klone (MHC-I KO) durch gezielten
Knockout des 32-Mikroglobulin-Gens (B2M) erzeugt. In vivo zeigte sich, dass die MHC-I KO-
Tumore deutlich aggressiver wuchsen. Dabei wurde eine verstarkte Aktivierung des
angeborenen Immunsystems in den Lebermetastasen und eine reduzierte T-Zell-Antwort im
Pleuraerguss beobachtet. Allerdings zeigte sich keine ausgepragte Lebermetastasierung. Ein
Vergleich zwischen Primartumoren und Metastasen ergab eine verstarkte Phosphorylierung

von ERBB2 in den SCLC Metastasen. Erste in vitro Experimente mit einem ERBB2 Inhibitor
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zeigten eine Hemmung zentraler nachgeschalteter Signalwege und die Aktivierung
immunstimulierender Signale durch TBK7. In unserem autochthonen SCLC Mausmodell
erzielte die kombinierte Blockade von PD-1 und ERBB2 eine signifikante Verlangerung des
Gesamtiiberlebens, sowie des progressionsfreien Uberlebens. Zusammenfassend stellt diese
Dissertation die entscheidende Bedeutung der CD29-ANG-2-Signalkaskade fir die
Metastasenbildung von SCLC sowie die immunologischen Folgen des MHC-I Verlusts dar,

und erortert darauf basierend mogliche Therapieansatze.
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Summary

Down to the present-day small cell lung cancer (SCLC) remains one of the deadliest cancer
entities. Due to its early metastasis formation and wide therapy resistance, SCLC occupies a
special place within cancer research. Given the limited treatment options, particularly in
advanced stages, it is vital to examine how certain signaling cascades contribute to the
aggressive phenotype, immune evasion and high migration potential of SCLC.

My dissertation mainly focuses on the CD29-dependent signaling pathway and MHC-I-
dependent regulation of the tumor micro-milieu and discusses their involvement in processes
of metastasis formation and immune evasion mechanisms of SCLC.

In our initial screening, we observed elevated CD29 expression in liver metastases in both
human and murine samples. Therefore, CD29 Knockout (KO) clones were generated using
CRISPR to test the characteristics on functional and cellular level in comparison to the original
liver metastasis-derived cell line. To evaluate migration behavior, the different clones and the
wild type were subjected to a series of cell migration and cell—cell interaction tests (Scratch
Assay, Boyden Chamber). To elucidate the functional role of CD29 in metastasis formation,
the CD29 KO clones were also tested in an in vivo setting. In vivo, tumors were induced via
orthotopic and intravenous injection of the respective tumor cells into immunocompetent and
immune deficient mouse models. A fluorescence-activated cell sorting (FACS) readout of
tumor and metastasis tissue provided insights into immune cell involvement and tumor
expression markers. Additionally, immunohistochemistry (IHC) was applied to assess tumor
cells and desmoplastic reactions ex vivo. In vitro migration assays demonstrated that CD29
KO abrogates fibronectin- and angiopoietin-2 (ANG-2) stimulated migration. In vivo
experiments further revealed that, in contrast to the wild type SCLC cells, CD29 KO clones did
not form liver metastasis, which was confirmed by flow cytometry and IHC. Altogether, CD29
is a potent driver of metastasis in SCLC, which can be abrogated by knockout.

Furthermore, my dissertation explores MHC-I and its role in SCLC immune evasion and
metastasis formation. In a patient sample screen, we found a downregulation of MHC-I in
SCLC liver metastases. To investigate the impact of MHC-I loss on tumor-immune interactions,
MHC-I-deficient clones (MHC-I KO) were generated by targeted knockout of the (2
microglobulin (B2M) gene. The MHC-I KO was tested in vivo by orthotopic and intravenous
injection and presented a more aggressive, fast-growing phenotype. In MHC-I KO tumors, we
found an enhanced reaction of the innate immune system in the liver metastases and a
decreased T cell answer in the pleural effusion. A comparison between primary tumors and
metastases revealed increased phosphorylation of ERBB2 in SCLC metastases. Initial in vitro
experiments with an ERBB2 inhibitor demonstrated suppression of key downstream signaling

pathways and induction of immune activating signals via TBK1. Notably, in our autochthonous
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SCLC mouse model, combined blockade of PD-1 and ERBB2 resulted in a significant
extension of both overall and progression-free survival.

Overall, this study states the importance of the CD29-ANG-2 signaling axis in SCLC metastasis
formation and portrays the immune evading effects caused by MHC-I loss. Based on these

findings, potential therapeutic approaches are discussed and tested in preclinical setting
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2. Introduction

2.1. Small cell lung cancer

Small-cell lung carcinoma (SCLC) is a highly malignant and aggressive subtype of lung cancer
and makes up approximately 13-15% of all lung cancer cases diagnosed (1). One specialty is
that it shows endocrine activity, which can lead to paraneoplastic syndromes (2). Although
frequently initially sensitive to chemo- and radiotherapy, resistances and thereby further
progress develop quickly. Therefore, the prognosis is still very poor with a 5-year survival rate
of less than 7% (3). A major reason for patients’ morbidity and mortality is an exceptional
tendency to metastatic spread (4). The lymphatic and hematogenous disseminations typically
happen rapidly and enable metastasis formation in the brain, liver, bones or adrenal glands
(Fig. 1A) (4,5). Clinically, SCLC is typically classified into limited-stage (LS-SCLC) and
extensive-stage (ES-SCLC) disease. The limited stage is restricted to one side of the lung and
adjoining lymph nodes. The extensive stage disease is the more common and describes the
spread beyond a single area, i.e., the state of metastatic disease (6). At the time of the initial
diagnosis, the majority of patients (80-85%) are ascribed to an ES-SCLC (1). Because of the
mostly inoperable situation, these patients are often treated in palliative care. In this stage of
diagnosis, the median overall survival is around 9-10 months (7). Although diagnosed at an

earlier stage, the LS-SCLC also just has median ranges of survival of only 15-20 months (8).
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Fig. 1: Sites of metastasis (A) SCLC metastasis formation in patients (B), and in

genetically engineered mouse model (4).

Pathophysiologically, SCLC often arises out of specialized pulmonary epithelial cells, which
carry genomic aberrations. Mutations can be hereditary or develop due to various
environmental circumstances, most notably smoking, which is one of the leading causes for
SCLC (9). Typical genetic alterations involve the tumor suppressor genes retinoblastoma 1
(RB1) and tumor protein 53 (TP53), resulting in uncontrolled cell proliferation due to impaired
apoptotic mechanisms (10). This finding lays the foundation for the “autochthonous mouse

model” for SCLC. In this model, cancer is induced by letting mice inhale adenoviral vectors
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expressing Cre-recombinase, which leads to conditional inactivation of Rb7 and Trp53 (11).
The tumor formation takes approximately 6 months. Mice develop aggressive tumors with
characteristics similar to SCLC and often form extrapulmonary metastasis e.g. in the liver or
lymph nodes (Fig. 1B) (4,11).

Current chemotherapy for SCLC consists of platinum and etoposide, which interfere with the
process of DNA replication. These agents have already been in use since the 1980s and are
ever since first- and second-line standard treatments for SCLC (12). However, this rather
unspecific therapy approach is also associated with numerous side effects and mostly shows
short-term effects only (12). The second mainstay of therapy is radiation of chest and lymph
nodes (13). However, carries the risk of life-threatening pulmonary fibrosis (14). A major
challenge remains that currently there is no favorable therapy for relapsed SCLC (15). Overall,
the current treatment landscape for SCLC remains unsatisfactory, highlighting the urgent need

for novel therapeutic strategies.

2.2. Current state of research (2025)

The key to successful treatment most likely lies in specific molecular targeting and to treat
patient’'s heterogeneity, respectively. Aiming at tyrosine kinase signaling already has been
tested in SCLC patients. For example, Imatinib, targeting the abelson murine leukemia viral
oncogene homolog 1 (ABL), and Gefitinib, targeting the epidermal growth factor receptor
(EGFR), were tested but yielded underwhelming results (16,17). In contrast, immune
checkpoint therapy has already been implemented in the therapy regime of patients in ES
disease, who showed no remission upon platinum-based chemotherapy and where another
line of treatment failed. Recently, the PD-L1 inhibitor atezolizumab has established after the
IMpower133 trial revealed a significant improvement in overall survival in combination with
standard carboplatin plus etoposide compared to placebo (18).

However, the follow-up study by Horn and colleagues revealed that the formation of
metastases remains a major limiting factor increasing the hazard ratio of death (19). Therefore,
future therapeutic strategies must focus not only on initial tumor control but also on preventing
metastatic spread and targeting established lesions. Recent research has indicated that
chromatin remodeling is a driver of metastatic progression in SCLC. The upregulation of the
transcription factor NFIB has been shown to promote neuronal gene expression programs
(20). However, a recent study has shown that NFIB is not required for metastasis formation
(21). Further, proto-oncogene MYC is associated with increased metastatic potential by driving
phenotypic plasticity, suppressing neuroendocrine differentiation, and promoting invasive
behavior (22,23). Recent comparative transcriptomic analysis of primary tumors from non-
metastatic and metastatic SCLC patients also revealed ASCL1-FOXAZ2 transcriptional axis as

a driver of multiorgan metastasis in SCLC by inducing fetal neuroendocrine gene expression
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programs (24). Despite these findings, the molecular mechanisms promoting invasion and
dissemination especially the interaction between tumor cells and the metastatic niche, are still
not fully understood and their clinical relevance remains to be elucidated.

Beside the critical point of metastasis formation several studies have also revealed reduced
immunogenicity as a limiting factor of response to immunotherapy. Analysis of the CASPIAN
phase Il trial (NCT03043872), in which the combination of CTLA-4 and PD-L1 blockade tested
demonstrated the importance of efficient antigen processing and a functional adaptive immune
response for effective immunotherapy in SCLC (25). Also, RNA sequencing of SCLC cohort in
CheckMate-032 (NCT01928394) identified MHC-| as a critical determinant of tumor response
to immune checkpoint inhibitors (26). In SCLC various mechanisms of MHC-I downregulation
have been described. One factor influencing SCLC immunogenicity is the tumor cell
neuroendocrine phenotype. Notch signaling for example can promote the transition into a non-
neuroendocrine phenotype with higher MHC-I expression (27). Also, epigenetic repression of
antigen presentation by EZH2 and LSD1 has been described. Epigenetic therapies for
example with valemetostat, a dual EZH1/2 inhibitor revealed increased MHC-| expression in
chemotherapy pretreated SCLC patients (28). Similarly, the LSD1 inhibitor bomedemstat
improved the efficacy of PD-1 checkpoint blockade in a syngeneic SCLC mouse by inhibition
of tumor growth and increased CD8* T cell efficiently (29). However, the full regulatory

landscape governing MHC-I expression in SCLC is still not fully understood.

2.3. Metastasis formation

Quick metastasis formation is a characteristic feature of SCLC and comprises a highly complex
process with a considerable number of steps (30). For detailed information on metastasis
development, the reader is referred to the review article by Zij and colleagues (31). In brief, the
initial step for metastasis is the breakthrough of the basal lamina and the evasion of single
cells or collectives into the extracellular stroma. The cancer cells undergo the epithelial-
mesenchymal transition (EMT), which allows them to migrate from the primary side. The
surrounding extracellular matrix (ECM) undergoes changes due to the influence of the cancer
cells (Fig. 2C). It gains rigidity and enters the process of degeneration for example, through
the secretion of metalloproteases. In addition, supplying vascularization plays an important
role. It is permeable and fragile and thereby enables the exit of further plasma proteins, which
promote angiogenesis. Through the leakage of the vessels, cancer cells also have access to
the blood circulation, where immune cells and shear forces await them. Surviving tumor cells
roll by E-selectin binding. Firm binding is ensured by intercellular adhesion molecule-1 (ICAM-
1). The exit from the bloodstream is prepared by the pre-established metastatic niche, which

serves factors for settling (31). This aforementioned process is subject to various regulating
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molecular cascades (Fig. 2), which among others can be found downstream to cell surface
receptors (4,31).

Another important aspect of tumor proliferation and metastasis formation is the extracellular
matrix. Around the neoplasm itself and around metastases, often a reaction called
desmoplasia can be found. The cancer cells engage in continuous crosstalk with ECM
components and infiltrating immune cells (Fig. 2C) (4). Clinically, it was shown that a strong
desmoplastic response in gastric cancer is associated with a lower survival rate (32). One

reason might be that it hinders immune cells i.e., T cells from entering the tumor (33).
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Fig. 2: Metastasis formation in SCLC (A) SCLC deriving from epithelial cells
carrying mutations. (B) Extensive genetic heterogeneity within SCLC. (C) Interactions
between tumor cells, immune cells, and stromal components. (D) Reciprocal impact of

neuroendocrine and non-neuroendocrine cells. (E) Distinct developmental programs of

neuroendocrine cells (4).

On a molecular level, desmoplasia is characterized by an increase in extracellular matrix
components such as for example fibronectin or hyaluronic acid. Fibronectin binds to integrins
on the surface of tumor cells. It thereby promotes cell migration and enables metastasis
formation (34). Further, fibronectin is also responsible for inducing the formation of a pre-
metastatic niche (35). Hence, understanding the highly complex interaction between cancer

cells and the surrounding ECM is vital for research of SCLC metastasis formation (Fig. 2C).

2.4. CD29 and its role in metastasis formation

Already in 1991, Feldman and colleagues identified CD29, also called Integrin -1, expressed
on the surface of human SCLC cells (36). Also recently, CD29 and its role in cancers
pathophysiology is debated briskly (37,38). CD29 is a glycoprotein localized on the cell surface.

Integrins consist of a and B subunits, that externally bind to specific ECM components.
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Internally, CD29 is linked to the actin cytoskeleton (27,28). Thereby, it depicts a linkage
between the inside and the outside of the cell and enables bidirectional communication (39). It
has various functions and is for instance involved in physiological processes such as cell
survival, cell cycle and migration i.e., of immune cells (39,40). However, integrins have become
of importance in cancer research as they are suspected to promote tumor cell survival,
proliferation as well as migration processes in the context of metastatic spread (41). Integrin
expression also influences clinical parameters. In this context, CD29 expression on SCLC
tumor cells is associated with poor prognosis (42,43) and chemotherapy resistance (44).
Therefore, CD29 is an interesting target in treating and understanding SCLC and its metastatic

characteristics.

2.4.1. CD29 and its ligand fibronectin

CD29 consists of three repeating parts, which provide various binding sides for other integrins,
collagen and other extracellular molecules (45). One of the numerous ligands of CD29-
dependent signaling is fibronectin (46). Fibronectin exists in a soluble and insoluble form (47).
The latter is expressed by different cells, in particular fibroblasts, which are known as drivers
of desmoplastic reaction (47,48). Enhanced expression of fibronectin nurtures early tumor
progression (49) and is associated with a poor prognosis in different cancer entities for
example in gastric cancer (50). In renal cell carcinoma and colorectal carcinoma, fibronectin
levels in the blood can serve as a prognostic factor (51,52). Later stages are associated with
higher levels of fibronectin (51,52). Hence, fibronectin is a pivotal ligand responsible for CD29-
dependent signaling, which should be considered in research of CD29-dependent metastatic

spread.

2.4.2. CD29 and its ligand angiopoietin-2

Another of the numerous ligands of CD29 is angiopoietin-2 (ANG-2) (53). ANG-2 is a
proangiogenic factor and belongs to the family of vascular growth factors. Therefore, it is
classically ascribed to the process of angiogenesis. Angiopoietin-1 (ANG-1) and ANG-2 are
involved in a close interplay with the vascular endothelial growth factor (VEGF). Their
receptors, such as tyrosine kinases with immunoglobulin-like and EGF-like domains 1 (TIE1)
and 2 (TIE2), are located on endothelial cells (54). Besides its physiological functions, ANG-2
has gained increasing importance in the field of cancer research. ANG-2 expression plays a
role in the formation of leaky tumor vasculature (55). Beyond its role in angiogenesis ANG-2
enhances tumor metastasis formation in lung cancer by promoting epithelial-mesenchymal
transition (EMT) (56). Blocking ANG-2 led to a downregulation of EMT markers such as

18



Vimentin, Twist, and Snail (56). This observation is vital, as EMT is a decisive point in the

formation of metastasis.

2.5. Immune micro-milieu

The immune micro-milieu is pivotal for the anti-tumor response. Therefore, one has to take a
closer look at the involved immune cells, which interact with the tumor cells. Main players in
the immune micro-milieu are macrophages. Physiologically, they take up pathogens or cancer
cells nonspecifically by phagocytosis and thereby constitute a central component of the innate
immune system (57). In the context of cancer, a certain type of macrophage emerges. The so-
called tumor-associated macrophages (TAMs) appear during constant inflammation. Instead
of cytotoxic potential, they acquire a M2-like macrophage signature. Physiologically, M2-like
macrophages are involved in tissue repair (57,58). In contrast to M1-like macrophages, they
secrete anti-inflammatory signals as interleukin 10 (IL-10) or promote tumor growth by
epidermal growth factor secretion (58). In breast cancer, for example an increased number of
TAMs is associated with poorer prognosis (59).

Another factor contributing to an anti-inflammatory milieu is the programmed cell death protein
1 (PD-1) and the programmed death ligand 1 (PD-L1) pathway, which form an immune
checkpoint and prominent target of modern immunotherapy (60). The expression the immune
checkpoint PD-L1 on the surface of the cancer cells hinders T cell attack (61). Therefore,
tumor-infiltrating lymphocytes cannot exert a proper anti-tumor response. Lately, Gordon and
colleagues also found macrophages to express PD-1, restricting phagocytosis and nonspecific
anti-tumor activity of macrophages (62). The cancer cells further foster the immunosuppressive
milieu by driving activated T cells into apoptosis releasing exosome death ligands as Fas ligand
(FasL) and TNF-related apoptosis-inducing ligand (TRAIL) (63). In summary, the immune

micro-milieu comprises several players contributing to the immune escape of the tumor cells.

2.6. MHC-l and its role in cancer

The previously described complex interactions of tumor cells and immune cells in the tumor
micro-milieu can be summarized as cancer immunoediting and are decisive for therapy
outcome. Dunn and colleagues coined the term of cancer immunoediting by dividing it into
“The Three Es” - elimination, equilibrium, and escape(64). The phase of elimination involves
the recruitment of the innate and acquired immune system. The equilibrium phase is decisive
as persistent tumor cells typically develop mutations, which lead to decreased immunogenicity.
This survival benefit leads to the selection of the tumor cells with decreased antigen

presentation (64). The phase of escape is characterized by reduced antigenicity of tumor cells
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and the formation of a suppressive tumor micro-milieu, which consequently facilitates immune
evasion and subsequent proliferation (64) .

One major mechanism of the described immune escape is the loss of antigen presenting major
histocompatibility complex class | (MHC-I). MHC-I is a protein complex, which is presented on
nearly every body cell except for red blood cells (65). It serves the presentation of endogenous
or non-self-polypeptides to the T cell receptors (TCRs) of CD8* T-lymphocytes and is therefore
a central component of the adaptive immune system (65). Structurally, MHC-I can be
subdivided into four protein subunits namely a1, a2, and a3 and 2 microglobulin. In mice, the
B2M gene for 32 microglobulin can be deleted, which leads to a loss of MHC-| presentation
(66).

Common mechanisms of MHC-I loss on tumor cells are inactivating alterations in encoding
genes or decreased transcription of pathway genes (67). Clinically, it was described that
patients with impaired MHC-I presentation on tumor cells tend to be refractory (68). As MHC-I
is essential for CD8* anti-tumor response, the question is, how to counteract the
downregulation of MHC-I. One mechanism to enhance MHC-I expression is the stimulation of
interferon gamma (IFNy) release by infiltrating T cells. The consequent activation of the JAK-
STAT pathway leads to an increased MHC-| presence on the surface of the tumor cells. This
enables the recognition of neoantigens by CD8" T cells and the following elimination by
excretion of granzymes and perforins (69). To effectively counteract MHC-I loss, it is important

to understand pathways with MHC-I regulatory potential and their activation.

2.7. ERBB2 alteration and its effects on MHC-I presentation

One player with increasing importance in the study of cancer immune escape mechanisms is
ERBB2. ERBB2, also known as HERZ2, is an epidermal growth factor receptor and part of the
ERBB family. Other members are EGFR, ERBB3 and ERBB4 (70). These receptors can be
typically subdivided into an intracellular, extracellular and transmembrane domain.
Remarkably, there is no specific ligand of ERBB2 known (70). Activation of ERBB2 occurs
through homodimerization or heterodimerization with other receptors, such as EGFR (71).
ERBB?2 is joint with downstream signaling cascades, which are interconnected (Fig. 3) (72).
Downstream signaling pathways include the mitogen-activated protein kinase (MAPK) and the
phosphoinositide 3-kinase phospholipase C kinase (PI3K) pathway (Fig. 3) (70,73). These
pathways drive increased cell proliferation (72).

Clinically, ERBB2 has established as a target of treatment and as a negative prognostic factor
in the field of breast cancer (74). Here ERBB2 positive tumors have shown a decreased
response upon modern immunotherapy (75).

Beyond its prominent role in the field of breast cancer, ERBB2 is also expressed in around

13% of SCLC cases diagnosed (76). In SCLC, ERBB2 amplification is associated with a
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shorter median survival (77). Furthermore, ERBB2 shows an upregulation with upcoming
chemo resistance, which is one of the major challenges in SCLC treatment (78).

ERBB2 also contributes to the establishment of an immunosuppressive microenvironment
(70). ERBB2 overexpressing cell lines for example show an increase in the production of
negative immune modulators as IL-10, TGFB and VEGF (70). Additionally, both EGFR and
ERBB2 inhibit IFNy signaling. ERBB2 for example suppresses the stimulator of interferon
genes (STING) pathway (70,79). Moreover, the downstream PI3K-AKT pathway is activated,
which leads to a loss of phosphorylation of TANK-binding kinase 1 (TBK1). Another pathway
responsible for MHC downregulation is the MAPK pathway (80). Together the PI3K-AKT and
MAPK pathways inhibit the interferon signaling (Fig. 3). The interferon regulatory factor 3
(IRF3), which is a transcriptional factor of MHC, is downregulated (Fig. 3) (70). It was found
that when the MAPK is blocked an increase in MHC class | and MHC class Il can be observed

(81), providing evidence that upstream ERBB2 signaling may regulate MHC-I.
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Fig. 3: ERBB2 signaling downregulates the presentation of MHC-l The

activation of ERBB2 signaling via homo- or heterodimerization leads to the activation of
the downstream PI3K-Akt and MAPK pathway. This affects TBK1 by a loss of
phosphorylation. Moreover, it attenuates STING, which causes a downregulation of
IRF3, which is a transcriptional factor for MHC-I (60).

2.8. Study Aims

SCLC is characterized by early metastatic spread and poor immunogenicity, both of which
contribute to its dismal prognosis and limited response to immunotherapy (4,19). Despite
advances in understanding SCLC biology, the molecular mechanisms underlying metastatic

progression and immune evasion remain still not fully understood.
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1) The aim of this study is to identify key molecular drivers of metastasis in SCLC.
Specifically, we aim to characterize signaling pathways and key regulators that promote

invasive behavior and promote the process of intra- and extravasation.

2) The second objective is to elucidate the regulatory mechanisms controlling antigen
presentation as a mechanism of immune escape in SCLC and their influence on

metastasis formation.

2.9. Hypothesis

We hypothesize that heterogeneity within primary SCLC gives rise to distinct cellular
subpopulations characterized by specific gene expression programs with enhanced capacity
to extravasate and colonize distant metastatic regions. Integrins have been described in
processes of migration in cancer context and their interaction with extracellular matrix could
portray a target to prevent process of metastasis formation (41).

Furthermore, we hypothesize that under selective pressure from therapy and immune
surveillance, MHC-I deficient subpopulations are selected, contributing to immune evasion and
metastasis formation. The loss of MHC-I expression is potentially mediated by actively
regulated mechanisms that may be reversible, opening new approaches for therapeutic
sensitization to immunotherapy.

To test these hypotheses, we screen matched patient samples by IHC to identify proteins
differentially expressed in metastatic lesions. Based on our hypothesis we expect differential
expression of integrins and antigen presentation associated proteins. The functional role is
assessed by CRISPR/Cas9-mediated knockout in SCLC cell lines. These genetically modified
clones are evaluated in in vitro migration and invasion assays. The role of the identified
proteins will be examined in in vivo metastasis models, allowing us to study their contribution
to tumor extravasation and intravasation processes as well as their interaction with tumor
microenvironment and immune landscape. In parallel, we investigate the role of antigen
presentation via MHC-I in SCLC tumor control and metastasis. Potentially regulatory genes

will be tested therapeutically.

To test these hypotheses, we formulated the following research questions:
1. What is the functional contribution of the integrin CD29 and its ligands to the migratory
and invasive phenotype of SCLC cells?
2. How does reduced MHC-I antigen presentation influence immune evasion and
metastatic progression in SCLC?
3. Can pharmacological targeting of signaling pathways restore MHC-I expression and

thereby counteract immune escape?
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3. Materials and Methods

3.1. Materials

3.1.1. Mice

For this study male and female C57BL/6J mice and NOD scid gamma mice (NSG) were used.
In addition, experiments were carried out using the genetically engineered SCLC mouse model
driven by conditional deletion of the tumor suppressor genes Rb1 and Trp53 (11). All animal
procedures followed the German Laws of Animal Protection after obtaining the approval of the
local animal care committee governmental authority (2020.A219, 2020.A026, 2021.A328).

3.1.2. Cell lines

Table 1: List of origin and sources of cell lines.

Material Source Origin
157.8 RB1, TP53 KO model mouse
2401 RB1, TP53 KO model mouse
240.5 RB1, TP53 KO model mouse
100.H7 RB1, TP53 KO model mouse

Department of Translational

Gle-1 Genomics (Prof. Dr. Thomas) human
Department of Translational

Chs Genomics (Prof. Dr. Thomas) T
Department of Translational

He9 Genomics (Prof. Dr. Thomas) human
Department of Translational

il Genomics (Prof. Dr. Thomas) i
Department of Translational

H735 Genomics (Prof. Dr. Thomas) human
Department of Translational

AiEes Genomics (Prof. Dr. Thomas) U

3.1.3. Reagents and kits
Table 2: List of laboratory reagents and kits with corresponding suppliers.

Material Producer

ACK Lysing Buffer Lonza Group AG, Basel, Switzerland

ANG-2 Adipogen Life Sciences, Inc., San Diego, USA

Crystal violet Sigma-Aldrich, St. Louis, USA

DPBS 1x, Gibco® Thermo Fisher Scientific Inc., Waltham, USA

FBS Gold PAN Biotech, Aidenbach, Germany

Fibronectin STEMCELL Technologies, Vancouver, Canada

Lexogen QuantSeq Kit Lexogen, Vienna, Austria

NuPAGE Bis-Tris Gels 4-12% Life Technologies, Thermo Fisher Scientific Inc., Waltham, USA

NuPAGE™ LDS Sample Buffer (4X) Life Technologies, Thermo Fisher Scientific Inc., Waltham, USA

Paraformaldehyde 4% Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Inc., Waltham, USA

RNeasy Mini Kit Qiagen N.v., Venlo, Netherlands
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RPMI Medium 1640 + GlutaMAX Gibco®
Trypan Blue Stain 0.4% Gibco®
Trypsin-EDTA Gibco®

Thermo Fisher Scientific Inc., Waltham, USA
Thermo Fisher Scientific Inc., Waltham, USA
Thermo Fisher Scientific Inc., Waltham, USA

3.1.4. Software

Table 3: List of software and suppliers.

Material

GraphPad Prism Version 8

ImageJ v1.48

Kaluza Flow Cytometry Analyzing software
Microsoft Excel 2018

Microsoft PowerPoint 2018

Microsoft Word 2018

NDP view 2.0

Producer

GraphPad Software, San Diego, USA
National Institutes of Health, Bethesda, USA
Beckman Coulter, Brea, USA

Microsoft Inc., Redmond, USA

Microsoft Inc., Redmond, USA

Microsoft Inc., Redmond, USA

Hamamatsu Photonics, Hamamatsu, Japan

3.1.5. Technical equipment

Table 4: Technical equipment and corresponding suppliers.

Material

Axiovert 40 C Microscope

COs; Incubator

Eppendorf Centrifuge 5417 R
Eppendorf Centrifuge 5702
lllumina HiSeq 4000

LabVision Autostainer 480S
LaTheta mCT,

NanoZoomer S360 digital slide scanner
Nikon Eclipse TS100

Phillips Achieva 3.0 T

Stuart Digital water bath SWB6D
Vortex Mixer VTX 3000 L

Producer

Carl Zeiss AG, Oberkochen, Germany
Binder GmbH, Tuttlingen, Germany
Eppendorf SE, Hamburg, Germany
Eppendorf SE, Hamburg, Germany
lllumina, San Diego, USA

Thermo Scientific, Waltham, USA

Hitachi Alcoa Medical, Ltd, Tokyo, Japan
Hamamatsu Photonics, Hamamatsu, Japan
Nikon, Tokyo, Japan

Philips, Amsterdam, Netherlands

Antylia Scientific, Vernon Hills, USA

LMS Consult GmbH & Co. KG, Brigachtal, Germany

3.1.6. Laboratory equipment

Table 5: Laboratory equipment and corresponding suppliers.

Material

Boyden Chamber

Caliper

Cell culture flasks, filter screw cap (T25, T75, T175)
Cell Strainer 40 ym

Cellstar™ 6-well plate

CytoOne 12-, 24- well plate

30G needle

Neubauer chamber

Safe-Lock Tubes (1.5 ml, 2 ml, 5 ml)

Producer

Greiner Bio One GMBH, Leipzig, Germany

FINO, Bad Bocklet, Germany

Greiner Bio One GMBH, Leipzig, Germany

Sarstedt AG & Co. KG, Nimbrecht, Germany

Greiner Bio One GMBH, Leipzig, Germany

Starlab, Hamburg, Germany

B. Braun, Melsungen, Germany

Paul Marienfeld GmbH, Lauda-Kénigshofen, Germany

Eppendorf SE, Hamburg, Germany
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Serological Pipettes (5 ml, 10 ml, 25 ml)
XCell II™ Blot Module

Greiner Bio One GMBH, Leipzig, Germany

Invitrogen, Thermo Fisher Scientific Inc., Waltham, USA

3.1.7. Drugs

Table 6: Administered drugs and corresponding suppliers.

Material Producer

Dexpanthenol-ointment (Bepanthen®)
Isoflurane 100 % Piramal, Mumbai, India
Ketaset, Ketamin injections solution (100 mg/ml)
Kodan Tinktur forte

Mubritinib

Rompun, Xylazine Injection solution (2%)

Selleckchem, Houston,

Bayer AG, Leverkusen, Germany

Zoetis Inc., Parsippany-Troy Hills, USA
Schiilke & Mayr GmbH, Norderstedt, Germany

USA

Bayer AG, Leverkusen, Germany

3.1.8. Antibodies FACS

Table 7: Fluorochrome-conjugated antibodies used for flow cytometry with corresponding suppliers.

Cytochrome Antibody Producer

Alexa Fluor CD25 BioLegend, San Diego,USA
Alexa Fluor I-A/I-E BioLegend, San Diego,USA
Alexa Fluor Ly-6G BioLegend, San Diego,USA
APC CD56 R&D Systems Minneapolis, USA
APC CD86 BioLegend, San Diego,USA
APC CD274 (PD-L1) BioLegend, San Diego,USA
APC CD279 (PD-1) BioLegend, San Diego,USA
APC 1gG1 BioLegend, San Diego,USA
APC/Cyanine7 CD45 BioLegend, San Diego,USA
APC/Cyanine7 1gG2b BioLegend, San Diego,USA
FITC CD47 BioLegend, San Diego,USA
FITC CD80 BioLegend, San Diego,USA
FITC 1gG1 BioLegend, San Diego,USA
FITC NK-1.1 BioLegend,San Diego,USA
Pacific Blue CD8a BioLegend, San Diego,USA
Pacific Blue CD29 BioLegend, San Diego,USA
Pacific Blue H-2Kb BioLegend, San Diego,USA
PE CD202b BioLegend, San Diego,USA
PE ErbB2/ERBB2 R&D Systems, Minneapolis, USA
PE IgG2a BioLegend, San Diego,USA
PE-Cyanine 7 Ax| eBioscience, San Diego, USA
PE-Cyanine7 CD11b BioLegend, San Diego,USA
PE-Cyanine7 CD107a BioLegend, San Diego,USA
PE-Cyanine7 CD274 (PD-L1) BioLegend, San Diego,USA
PE-Cyanine7 1gG2bK BioLegend, San Diego,USA
PE/Dazzle CD31 BioLegend, San Diego,USA
PE/Dazzle CD4 BioLegend, San Diego,USA
PE/Dazzle CD11c BioLegend, San Diego,USA
PE/Dazzle 1gG1 BioLegend, San Diego,USA
PerCP/Cyanine5.5 H-2Kb/H-2Db BioLegend, San Diego,USA

Host

rat

rat

rat

rat

rat

rat

rat

mouse

rat

rat

rat

armenian hamster
mouse

rat

rat

armenian hamster
mouse

rat

rat

rat

rat

rat

rat

rat

rat

rat

rat

american hamster
mouse

mouse

Dilution

1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
1:200
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PerCP/Cyanineb5.5 I-A/I-E BioLegend, San Diego,USA rat 1:200
PerCP/Cyanine5.5 1gG1 BioLegend, San Diego,USA rat 1:200
PerCP/Cyanine5.5 CD366 (Tim-3) BioLegend, San Diego,USA rat 1:200

3.1.9. Antibodies Western Blot

Table 8: Western Blot antibodies and corresponding suppliers.

Antibody Producer Dilution
Anti-mouse-HRP Millipore, Billerica, USA 1:3,000
Anti-rabbit-HRP Millipore, Billerica, USA 1:3,000
B-actin MP Biomedicals, Irvine, USA 1:3,000
FAK Cell Signaling, Danvers, USA 1:1,000
p-FAK Tyr397 Cell Signaling, Danvers, USA 1:1,000
p-SRC Tyr416 Cell Signaling, Danvers, USA 1:500

SRC Cell Signaling, Danvers, USA 1:1,000
Vimentin Abcam, Cambridge, UK 1:500

3.1.10. Antibodies immunohistochemistry

Table 9: Immunohistochemistry antibodies and corresponding suppliers.

Antibody Producer Host Dilution
BD Pharmingen, .
CD45 Franklin Lakes, USA rat 1:500
CD56 Zytomed, Berlin, Germany rabbit 1:1,000
3.2. Methods

3.2.1. Cell biological methods

3.2.1.1 Cell culture

The cell lines are listed in Table 1. The cell lines were cultured in 250 ml, 75 cm? and 550 ml,
175 cm? cell culture flasks (Greiner Bio One GMBH, Germany) under conditions of 5% CO2
and 37 °C. Unless stated otherwise, the cell culture media RPMI medium 1640 (Thermo Fisher
Scientific Inc., USA) was supplemented with 10% FBS (PAN-Biotech, Germany), 50 U/ml
Penicillin and 50 ug/ml Streptomycin. For subculture, cells were detached from the plate floor
by trypsinization (Thermo Fisher Scientific Inc., USA). Cells were split two times per week at a
dilution of 1:3-1:15 depending on the proliferation rate of the specific cell line. All cell culture

work was performed under sterile conditions.
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3.2.1.2 Scratch Assay

Fibronectin (STEMCELL Technologies, Canada) was used in different concentrations (1
ug/cm?, 10 pg/cm?). Via previously conducted pilot testing we found the best results obtained
for a fibronectin concentration of 10 ug/cm? and thus used it for all subsequent experiments.
Fibronectin was used to cover the ground of a 12-well plate (Greiner Bio One GMBH,
Germany). The well plate was moved in circular motion to assure an even spread of fibronectin
on the ground surface. Subsequently, the well plate was incubated for 60 min. Afterwards,
each well was washed with 400 ul phosphate buffered saline (PBS). Tumor cells were
harvested with trypsin (Thermo Fisher Scientific Inc., USA) and counted with the Neubauer
Chamber (Paul Marienfeld GmbH, Germany). Around 70,000 cells per well were diluted in 800
pI RPMI medium and were given 24 h to settle down. The tip of a 1000 pl pipette was used to
make a vertical scratch. Hereby detached cells were removed by washing with 400 pl PBS.
Fresh medium was applied. 8 h and 24 h after the drawn scratch photos were taken by
microscope (Nikon Eclipse TS100, Nikon, Japan).

The scratch assay was further used for assessing the migrative reaction upon ANG-2
(Adipogen Life Sciences Inc., USA) stimulation. Instead of previous incubation, ANG-2 (500
ng/ml) was directly added to the cell suspension. The protocol continued with letting the cells
settle down as described above. With the polygon tool of the ImagedJ software (National
Institutes of Health, USA), the initial area of scratch and the respective areas after 8 h and 24
h were measured. Since single invaded cells were difficult to count due to overlapping cells
and cell processes, the threshold method was applied to analyze the area covered by scratch
invading tumor cells. Finally, a ratio of the area of invasive tumor cells and of the original

scratch size was calculated.

3.2.1.3 Boyden Chamber

The Boyden Chamber system (Greiner Bio One GMBH, Germany) was hung up into 24-well
plate filled with 500 pl medium containing the respective chemoattractant underneath (Fig. 5).
For the migration assay 30,000 cells were placed into the chamber above which is separated
from the medium by a porous membrane of 8 um pore size. The upper chamber was filled with
serum-free medium (Fig. 5). The ground compartment was supplemented with RPMI medium
1640 containing 10% FBS and respectively with fibronectin (10 ug/cm?) and ANG-2 (500 ng/ml)
(Fig.4). The cells were incubated for 48 h. With a cotton swab, cells in the interior part of the
insert were removed. Cells on the bottom of the membrane were fixated with 4%
paraformaldehyde (PFA) (Carl Roth GmbH + Co.KG, Germany) for 20 min and stained with
1% crystal violet solution (Sigma-Aldrich, USA) for 5 min. The excess dye was washed away

with PBS and the chamber was dried for 20 min at room temperature (RT). The stained cells
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on the underside of the membrane were photographed by microscope (Nikon Eclipse TS100,

Nikon, Japan). Five representative 4x magnification images were taken from the entire surface.

A Medium (without serum) . . . .
B Complete medium (with 10% serum) . . . .

Fig. 4: Different tested conditions in the Boyden Chamber (A) Starving
medium with 1% FBS. (B) Medium 10% with FBS. (C) Medium with ANG-2 (500 ng/ml).
(D) Wells coated with 10 pg/cm? fibronectin.

C Complete medium (with 10% serum)
with ANG-2

D Complete medium (with 10% serum)
with previously coated fibronectin

| 4 ——— Seeded

‘ cells
@
Transwell ——.« o
insert
Medium with
chemoattractant

Fig. 5: Boyden Chamber setup Seeded cells migrate through porous membrane

attracted by a chemoattractant underneath. Created with BioRender.com.

The color threshold method was applied to analyze the density/area covered by tumor cells or
respectively the cells placed on the other side of the membrane in the Boyden Chamber. The
tool selects the area of tumor cells by differences in color. With the color threshold tool of the
ImagedJ software, the minimum and maximum value of the crystal violet labelled area was

chosen by hand and the area was measured. Subsequently, the mean value was calculated.

3.2.1.4 Flow cytometry
At first the tissue was harvested and pressed through a 40 um cell strainer (Sarstedt AG & Co.
KG, Germany) with 500 pl PBS. The cell suspension was collected using 500 yl PBS and
collected in an Eppendorf tube. Subsequently, cell suspension was centrifuged for 4 min at
350 xg and the supernatant was discarded. To lyse red blood cells, 800-1000 yl ACK lysing
Buffer (Lonza Group AG, Swiss) was added and incubated for 5-15 min at RT. Then the
suspension was centrifuged for 4 min at 350 xg again. After discarding the supernatant cells
were washed with 1000 pl PBS. The cells were incubated with the staining mix for 25 min at 4
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°C. FACS antibodies listed in 3.1.8 were used for staining. For viability staining the Zombie
Aqua Fixable Viability Kit (BioLegend, USA) was used. Subsequently, the cells were washed
with 100 ul PBS. Diluted in 200 ul PBS cell suspension was transferred into FACS tubes with

inlays. ABs were used in concentration 1:200.

3.2.2. Molecular biological methods

3.2.2.1 RNA isolation and sequencing

As described above (see 3.2.1.2) initially the respective chambers of a 6-well plate were coated
with fibronectin (10 pg/cm?). Approximately 300,000 WT cells per well were settled with 2.5 ml
medium. The ANG-2 stimulated condition additionally contained ANG-2 in a concentration of
250 ng/ml. After 48 h the cells were harvested for RNA-sequencing (RNA-Seq) and the
RNeasy Mini Kit (Qiagen N.v., Netherlands) was applied according to manufacturer’s
instruction. Total RNA was submitted to the CCG, a core facility specializing in high-throughput
sequencing and molecular analysis. The RNA was submitted with a concentration of 200
ng/uL. 3' mRNA sequencing libraries were generated using the Lexogen QuantSeq kit
(Lexogen, Austria) following the standard protocol. After validation and quantification cDNA
libraries were pooled. The pools were quantified and subsequently sequenced with lllumina
HiSeq 4000 (lllumina, USA) using a 2 x 100 bp protocol.

3.2.2.2 Western Blot

The cell lysates were generated by digesting the cells with lysing buffer. The BCA Protein
Assay (Pierce, Thermo Fisher Scientific Inc., USA) was applied to define protein
concentrations. For separating the protein samples by SDS-PAGE the cell lysates were
incubated with 4x NuPage® LDS buffer and sample reducing agent (10x) (Thermo Fisher
Scientific Inc., USA) for 10 min at 80 °C. The samples were placed on NuUPAGE Bis-Tris Gels
4-12% (Thermo Fisher Scientific Inc., USA) for around 90 min at 130 V. The proteins were
transferred to a nitrocellulose membrane (Amersham Hybond-C Extra) using the wet transfer
apparatus XCell [I™ Blot Module (Thermo Fisher Scientific Inc., USA). After blocking with
Blocking Buffer (4% milk in TBST) the respective primary antibody (AB) was added and left to
incubate overnight for approximately 14 h. Primary Antibodies: Vimentin (Abcam, 1:500,
EPR3776), p-Fak Tyr397 (Cell Signaling, 1:1000, polyclonal, 3283), FAK (Cell Signaling,
1:1000, D2R2E), p-SRC Tyr416 (Cell Signaling, 1:500, polyclonal, 2101), SRC (Cell Signaling,
1:1000, 36D10), B-actin (MP Biomedicals, 1:3000, C4).

Tris-buffered saline with Tween (TBST) was used to wash the membrane. Ensuingly,
secondary HRP-conjugated antibody 1:3000 in TBST was added for 1 h at RT (anti-rabbit-
HRP and anti-mouse-HRP antibodies; both from Millipore, USA). With ECL western blot
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detection System (GE Healthcare, Germany) ECL Hyperfiim was developed. Using 300 ug
protein the RTK assay (R&D Systems, USA) was conducted.

3.2.3. In vivo methods

3.2.3.1 Animal Welfare and the 3Rs Principle

In accordance with the 3Rs principle (reduce, refine and replace) all animal experiments were
designed and conducted with an emphasis on minimizing animal use and distress in
accordance to Federation of European Laboratory Animal Science Associations (FELASA)
guidelines (82,83). Prior to initiating our in vivo studies, we substantiated our hypothesis in
vitro to establish a solid rationale for subsequent animal testing. The principle reduce was
addressed by planning the minimal number of animal to achieve reliable results per group
determined by statistical power calculations using G*Power 3.1 (84). The actual number of
animals included in the analysis varied across experimental arms (Table 10, 11). This variation
was primarily due to unrelated iliness determined during regular scoring of the animals. Scoring
was performed on a daily basis upon mild suffering according the approved score sheets. The
final group sizes are reported below (Table 10,11).

For refinement, in vivo imaging via microCT and MRI was employed to enable longitudinal
monitoring of tumor progression and minimize suffering during the determination of tumor
growth. Particularly, application of these in vivo methods reduces the amount of required
animals, since several time points can be assessed in the same mouse. Furthermore, animals
showing signs of reduced food intake or weight loss were provided with nutritional support
such as soaked chow. In case, the weight loss would reach 20 % and more compared to the
time point o measurable target lesion the experiment will be directly abrogated due to severe
suffering, which is not tolerated.

The overall burden of conducted in vivo experiments is expected as low to moderate due to
continuous monitoring guided by the score sheets (Appendix 8.3). Upon reaching defined
human endpoints or detection of major progredient lesions by imaging, animals will be

euthanized in accordance with animal welfare regulations by cervical dislocation.

3.2.3.2 Mouse cohorts

Table 10: Orthotopically or intravenously injected mice cohorts

Genotype cell line Administration route | Mouse model Animal number
mRBP_157.8 WT Orthotopic C57BL/6J 7

mRBP_157.8 WT Orthotopic NSG 6
mRBP_157.8_CD29 KO Orthotopic C57BL/6J 3

mRBP_157.8 CD29 KO Orthotopic NSG 10
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mRBP_157.8 WT Intravenous C57BL/6J 3
mRBP_157.8 CD29 KO Intravenous C57BL/6J 4
mRBP_100.H7_WT Orthotopic C57BL/6J 7
mRBP_100.H7_MHCI-KO Orthotopic C57BL/6J 6
mRBP_100.H7_WT Intravenous C57BL/6J 3
mRBP_100.H7_MHCI-KO Intravenous C57BL/6J 5
Total 54
3.2.3.3 Treatment cohorts
Table 11: Autochthonous SCLC mice therapy cohorts
Treatment cohorts Mouse model Animal number
Vehicle Rb1/Trp53-deleted SCLC mice 9
ERBB2 inhibitor (mubritinib) Rb1/Trp53-deleted SCLC mice 6
Anti-PD-1 Rb1/Trp53-deleted SCLC mice 16
Anti-PD-1 + ERBB2 inhibitor | Rb1/Trp53-deleted SCLC mice 11
(mubritinib)
Total:

3.2.3.4 Subcutaneous tumor cell injection

Mice were anesthetized with isoflurane (O2: 30%; N2O: 70%; isoflurane 4%) (Piramal, India).
Surgical tolerance was tested by interdigital reflex. A heating pad ensured a constant body
temperature of 37 °C. To prevent drying-out, the eyes were protected with eye ointment (Bayer,
Germany). Subsequently 5x10° tumor cells in a volume of 0.1 ml/per 10 g body weight per
mouse were injected subcutaneously (sc.) in both femoral sides with a maximum volume of
0.1 ml per side. Mice were randomly assigned to different cell lines. After the procedure, mice
were allowed to regain consciousness in their warmed cages. Tumor development and animal
conditions were assessed daily. Detailed tumor measurement was conducted weekly by

caliper (FINO, Germany).

3.2.3.5 Orthotopic tumor cell injection

Previously mice received anesthesia by intraperitoneal injection of xylazine (Bayer AG,
Germany)/ketamine (Zoetis Inc., USA) (10/100 mg/kg/KGW; max. injection volume 0.1 ml/10
g mouse). Surgical tolerance was tested by interdigital reflex. Eyes were protected by eye
ointment and mice were warmed by a heating pad. To guarantee a safe injection the mouse
was laid on its left side and injected into the right thorax. Before the procedure the injection

side was disinfected and shaved. A 32 G needle (Braun, Germany) was applied to bring in 80
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ul of approximately 5x10° tumor cells diluted in PBS. The scapula served as an orientation

point leading to the 4" or 5" intercostal space. The needle was inserted in a position of 90°

Latest termination
of experiment by
cervical dislocation

Injection of 5 x 10° Weekly measurement
tumor cells orthotopically of tumor size in microCT.
Termination by reaching
defined humane
endpoints or major
progredient lesion

| v

[ [ [ I [ | | [ .
wo wl w2 w3 w4 wbh w6 w7 w8 w9

Fig. 6: Experimental setup orthotopic injection Initial tumor injection into the lung
and following continuous tumor monitoring. Termination of experiment with reaching of

human endpoint or tumor outgrowth.

angular degrees. After the procedure, mice were allowed to regain consciousness in their

warmed cages. Animal conditions were assessed daily. Tumor growth was followed by serial

in vivo imaging using microCT.

3.2.3.6 Intravenous tumor cell injection

The mice were mechanically restrained. The tail was disinfected by antiseptic spray (Schilke

& Mayr GmbH, Germany). A distant tail vein section was selected for intravenous (iv.) injection.

Approximately 1x108 tumor cells in a volume of 80 ul PBS were injected by a 30 G needle

(Braun, Germany). After the procedure, mice were allowed to regain consciousness in their

warmed cages. Animal conditions were assessed daily. Tumor growth was followed by serial

in vivo imaging using Magnetic resonance imaging (MRI).

Injection of 1 x 10° Latest termination
tumor cells intravenously of experiment by
in V. caudalis cervical dislocation

Weekly measurement
of tumor size in MRI

| '

[ [ [ [ [ -
wo wl w2 w3 wd wh w6

Fig. 7: Experimental setup intravenous injection Initial tumor injection into the
V. caudalis and continuous tumor monitoring by MRI. Termination of experiment with

reaching of human endpoint or tumor outgrowth.
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3.2.3.7 Autochtonous mouse model and therapy cohorts

Genetically engineered SCLC mouse model based on the conditional inactivation of the tumor
suppressor genes Rb1 and Trp53 were used (11,85,86) Mice were bred on a C57BL/6
background and included in experiments at minimal age of 6 weeks and with a minimum body
weight of 20 g. Tumor induction was achieved via inhalation of Adeno-Cre virus, which was
delivered under anesthesia (xylazine/ketamine at 10/100 mg/kg body weight, max. 0.1 ml/10
g), which was administered intraperitoneally. The viral vectors were sourced from the
University of lowa Viral Vector Core. Tumor formation was regularly monitored using micro-
(MCT; LaTheta mCT, Hitachi Aloka). Therapy began only after the identification of at least one
measurable pulmonary lesion with a diameter of 21 mm. Mice were randomized into four
treatment arms with balanced baseline tumor sizes across groups. Interventions were
administered every three days: vehicle (PBS), anti-PD-1 monotherapy (clone RMP1-14; 10
mg/kg, i.p.), ERBB2 inhibitor monotherapy (mubritinib 10 mg/kg, orally) and combination
therapy with anti-PD-1 and ERBB2 inhibitor (mubritinib). Tumor development and treatment
response were assessed weekly using serial uCT scans under isoflurane anesthesia. Tumor
progression and regression were classified according to mouse-adapted RECIST v1.1 criteria,

using a slice thickness of 0.3 mm.

3.2.3.8 In vivo imaging

For imaging the small animal microCT (LaTheta mCT, Hitachi Alcoa Medical, Japan) or the
Ingenia 3.0 Tesla (T) MR system (Philips, Germany) was used. In the clinical setting the CT is
preferred to detect tumor growth in the lung, MRI was only applied upon the need to detect
liver metastases. A CT scan was run for 8 min, and an MRI scan for 15 min. Tumor growth
was assessed using mouse adapted RECIST criteria, as previously described (85). Mice were
narcotized with isoflurane. Each mouse was continuously observed during measurement. In
case of early awakening the measurement was stopped immediately. After the scan the mice
were placed on a heating pad and further controlled. After regaining consciousness, they were

transported back to the animal housing facility.

3.2.3.9 Animal euthanasia

All mice were euthanized by cervical dislocation.

3.2.3.10 Tissue processing
After removal of a part of the tumor tissue for FACS analysis the lung, liver, kidneys and adrenal
glands, as well as the brain were fixated with 4% PBS-buffered PFA (Carl Roth GmbH +

Co.KG, Germany) overnight. Three-micrometer tissue sections were deparaffinized and IHC
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was performed using the LabVision Autostainer-480S (Thermo Scientific, USA) staining with
H&E, primary antibodies against CD56 (Zytomed, Germany) and CD45 (BD Pharmingen,
USA). For later analysis, parts of lung and liver were frozen in liquid nitrogen and immediately
placed at -80 °C.

3.2.4. Statistical analysis

To analyze the statistics of the experiments, Microsoft Excel (Microsoft Inc., USA) and the
GraphPad Prism software (6.0 GraphPad Software, USA) were applied. Initially, the normal
distribution was checked with the D’Agostino Pearson normality test for n = 8, the Shapiro-Wilk
normality test. In the t-test, the means of two samples were compared, provided that the values
follow normal distribution (parametric test). If not stated otherwise error bars indicated standard

error of the mean (SEM). The p-value was set at 0.05 for statistical significance.
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4, Results

4.1. CD29-dependent metastasis formation

41.1. Elevated CD29 and vimentin expression in patients’ SCLC liver
metastases

EMT is one of the major mechanisms of metastasis formation, frequently indicated by vimentin
expression as a biomarker for mesenchymal differentiation (87). Thus, we analyzed publicly
available RNA-Seq datasets from large SCLC patient sample cohorts (88) and SCLC cell lines
(89) (Fig. 8A, B). It was revealed that in SCLC patients the expression of CD29 significantly
correlates with the expression of the EMT marker vimentin (r= 0.5266; Fig. 8A). This could also
be confirmed in the case of a large set of SCLC cell lines (r= 0.6224, Fig. 8B). The
mesenchymal cells display a high expression of vimentin associated with an increasing
expression of CD29 (Fig. 8B). Analyzing human cell lines, unveiled that with progression of the
disease the CD29 expression increases (Fig. 8C). The cell line derived from a primary tumor
displays the lowest CD29 expression. In the pleural effusion cell lines, the CD29 expression is
elevated in comparison. The SCLC liver metastasis cell line shows the highest CD29
expression (Fig. 8C).

To investigate this phenomenon at a protein level in SCLC patients, we initially received an
exclusive patient sample cohort (n=6) of matched lung and liver tissue (Fig. 8D). A histological
comparison of the lung tumor and the liver metastases revealed a significant higher CD29 (Fig.
8F) and vimentin (Fig. 8G) expression in the respective liver metastases. In summary, in SCLC
patients CD29 is increased in liver metastases compared to primary tumors and goes along
with the EMT marker vimentin (86).
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Fig. 8: Increased CD29 and vimentin expression in SCLC liver metastasis
(A) Correlation graph of CD29 and vimentin expression in publicly available RNA-Seq
data of SCLC patient tissue. (B) Correlation graph of CD29 and vimentin expression in
publicly available RNA-Seq data of patient SCLC cell lines. (C) CD29 expression in
human SCLC cell lines derived from primary tumor, pleural effusion and liver metastasis,
analyzed by flow cytometry. (D) Matched SCLC patient samples (n=6) obtained from
primary lung tumor and matching liver metastasis. Created with BioRender.com. (E) IHC
of patient’s matched lung and liver FFPE SCLC tissue samples stained for CD29 and
vimentin. (F, G) Quantification of CD29 and vimentin expression in IHC samples using
Imaged, shown as relative expression in percent. Scale bar is 100 ym in E. Bar graphs
represent mean + SD. Violin plots (minimum to maximal values) show median, Q1 and
Q3 (dashed lines) with individual values. * p < 0.05. Institute of Pathology, University
Hospital Cologne, Germany performed by M.L. Eich. The analysis was conducted by C.
Orschel. This figure contains data that is adapted from (86)
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4.1.2. Liver metastases in the autochthonous SCLC mouse model show the
highest CD29 expression

We further analyzed our autochthonous SCLC mouse model, in which Rb7 and Trp53 are Cre-
mediated deleted biallelically, regarding metastatic characteristics. As in the clinical setting, a
separation into limited and extensive stage disease is possible (Fig. 9A). We analyzed the
expression of CD29 measured by mean fluorescence intensity (MFI) in murine SCLC lung,
lung in metastatic disease and in liver metastases. The liver metastases exhibited the highest
CD29 expression, but also the lung in the stage of metastatic disease shows a significantly
elevated CD29 expression compared to the primary lung tumor in non-metastatic disease (Fig.

9B). Thus, also in the murine setting, the CD29 expression increases with progressing
metastatic disease.
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Fig. 9: Increased CD29 with disease progression (A) Autochthonous mouse
model of SCLC. Rb1 and Trp53 are Cre-mediated biallelicly deleted by virus inhalation.
Created with BioRender.com. (B) CD29 expression in cells isolated from primary lung
tumor, lung tumor in metastatic disease and liver metastasis from autochthonous SCLC
mouse model (mean fluorescence intensity, MFI). Horizontal lines in dot plots represent
mean = SD. * p < 0.05, *** p < 0.001. Lu — lung; Liv — liver; M — metastasis. The analysis
was conducted by L. Meder. This figure contains data that is adapted from (86).
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4.1.3. CD29 high-level expressing cell line shows migrative behavior upon
fibronectin stimulation

In the next step, we aimed to unravel the role of CD29 in SCLC metastasis. Thus, CD29-

dependent signaling was activated in tumor cells by fibronectin stimulation.

Tumor cell lines 240.1 and 240.5 were obtained from different primary lung tumor lesions from

our autochthonous SCLC mouse model (Fig. 10A). Cells were taken into culture and were

cultivated until a stable passage. Comparing 240.1 and 240.5, a significantly stronger CD29

expression on 240.5 (MFI) was detectable (Fig. 10B).

In a scratch assay, cell migration was assessed. Interestingly, cell line 240.5 showed a

significant and dose-dependent migration into the scratch in reaction to fibronectin coating (1

mg/cm?; 10 mg/cm?) (Fig. 10C). Cell line 240.1 did not show a significantly altered migration

behavior when comparing PBS and fibronectin coating (Fig. 10C). Taken together, CD29

expression correlates with enhanced migration capacity in vitro.
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Fig. 10: CD29-expressing SCLC cell line presents stronger invasive
reaction upon fibronectin stimulation (A) Tumor cell lines 240.1 and 240.5
generated out of different lung lesions in autochthonous SCLC mouse model. Created
with BioRender.com. (B) Comparison of CD29 expression in the cultivated tumor cell
lines 240.1 and 240.5 measured by FACS (mean fluorescence intensity, MFI). Scale bar
is 500 um in A. Bar graphs represent mean £ s.e.m. * p <0.05, ** p < 0.01, *** p < 0.001.

These experiments were conducted and analyzed by C. Orschel. This figure contains
data that is adapted from (86).
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4.1.4. CRISPR-Cas CD29 KO generation

To functionally elucidate the importance of CD29 in the process of migration we performed a
CRISPR-Cas9 KO on the cell line 157.8. Four different clones were generated (Clone 2, 3, 6,
14) and checked on CD29 expression by FACS. All clones have lost CD29 expression (Fig.

11) in comparison to the WT.

CD29KO
Clones

% of Max

CD29
Fig. 11: CRISPR KO of CD29 CD29 expression in CD29 KO clones 2, 3, 6, and 14
compared to the WT and IgG control, measured by FACS. The CRISPR KO was
performed by M. Koker. The FACS experiment was conducted and analyzed by C.
Orschel.

4.1.5. CD29 KO abrogates fibronectin promoted migration

To check whether the CD29 KO has altered the migratory behavior in comparison to the WT,
also here a scratch assay was performed. After 24 h of incubation, microscope images showed
the overgrown scratch by the WT and the clearly visible scratch in the CD29 KO condition (Fig.
12A). After 8 h of incubation the WT, CD29 KO Clone 2 and 3 show a significant decrease in
the scratch area (Fig. 12B). However, the WT exhibited a greater reduction in scratch area
than Clone 2 (Fig. 12B). This is also the case for WT vs. Clone 3 after 24 h (Fig. 12C). The
WT, Clone 6 and Clone 14 show no significant differences after 8 h (Fig. 12D). After 24 h the
WT demonstrated a significantly higher decrease in scratch area than Clones 6 and 14 (Fig.
12E). In summary, these results show that all CD29 KO clones tested lost the capacity to close

the scratch upon fibronectin stimulation as fast as the original WT did.
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Fig. 12: CD29 KO clones show an abrogation of migratory behavior upon
fibronectin stimulation (A) Scratch assay images at time point 0 h and after 24 h of
the WT and CD29 KO Clone 6. (B) Area of the scratch in % of WT, Clone 2, and Clone
3 after 8 h of incubation under fibronectin stimulation. (C) Area of the scratch in % WT,
Clone 2, and Clone 3 after 24 h of incubation under fibronectin stimulation. (D) Area of
the scratch in % of WT, Clone 6, Clone 14 after 8 h of incubation under fibronectin
stimulation. (E) Area of the scratch in % of WT, Clone 6 and Clone 14 after 24 h of
incubation under fibronectin stimulation. Horizontal lines in dot plots represent the mean.
*p <0.05, ** p<0.01, ** p <0.001. These experiments were conducted and analyzed
by C. Orschel. This figure contains data that is adapted from (86).
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To confirm those results and to further check especially on invasion the Boyden Chamber
assay was applied. Cells were placed in a chamber above and migrated through a porous filter
(8 um pore size) to the respective chemoattractant underneath, in this case fibronectin. The
images on the left depict the cells (stained with trypan blue), which have reached the other
side of the membrane after an incubation time of 48 h. The WT tumor cells cover a much higher
area in the fibronectin stimulated setting (Fig. 13A). Also, the CD29 KO cells have migrated
through. However, the medium and the fibronectin stimulated migration show no difference.
The images on the right show the cells settled on the ground of the well (Fig. 13A). In the
fibronectin stimulated condition the WT has formed a huge cell colony on the ground (Fig.
13A). Also Clone 2 forms single small populations on the ground (Fig. 13A). Regarding the fold
change in covered area, the WT invasion was significantly increased upon fibronectin
stimulation compared to CD29 KO Clone 2 (Fig. 13B).
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Fig. 13: CD29 KO abrogates invasion capacity upon fibronectin stimulation
(A) On the left, microscopic images show the membrane on the other side of the Boyden
chamber. On the right, images show of the cells settled on the ground of the well. (B)
Fold change in covered area. Scale bar is 500 ym in A. Horizontal lines in dot plots

represent the mean. ** p < 0.01. These experiments were conducted and analyzed by
C. Orschel.
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4.1.6. CD29 deletion decreases ANG-2 stimulated migration

As ANG-2 is another important ligand to CD29 (90), we wanted to clarify how the CD29 KO
affects the behavior of the tumor cells under ANG-2 stimulation (500 ng/ml) in comparison to
the WT. After an incubation time of 24 h, the original scratch in the WT colonized well is visibly
reduced (Fig. 14A). In contrast, the CD29 KO Clones 2 and 3 still show a clearly discernible
scratch after 24 h (Fig. 14A). Measurements revealed that after 24 h the WT does not show a
significant reaction to ANG-2 stimulation as there is no significant difference compared to the
control (Fig. 14B). After 48 h, the WT shows a significant decrease in scratch size upon ANG-
2 stimulation, whereas Clone 2 and Clone 3 show no significant reduction in comparison to the
control (Fig. 14C). Moreover, the area of the remaining scratch in percent under ANG-2
stimulation of the WT is significantly smaller than the area of the remaining scratch of Clone 2
and Clone 3 (Fig. 14C).
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Fig. 14: CD29 KO abrogates ANG-2 stimulated migration (A) Scratch assay
pictures at time point 0 h and after 24 h of the WT, Clone 2, and Clone 3 under ANG-2
stimulation. (B) Area of the scratch in % of WT, Clone 2, Clone 3 after 24 h of incubation
under ANG-2 stimulation (500 ng/ml). (C) Area of the scratch in % of WT, Clone 2, Clone
3 after 48 h of incubation under ANG-2 stimulation (500 ng/ml). Horizontal lines in dot
plots represent the mean. * p < 0.05, ** p < 0.01, *** p < 0.001. These experiments were

conducted and analyzed by C. Orschel. This figure contains data that is adapted from
(86).

To corroborate those results the Boyden Chamber was applied, and the underneath was
supplemented with ANG-2. The photos on the left depict the cells, which have reached the
other side of the porous membrane after an incubation time of 48 h (Fig.15). It is evident that
the WT under ANG-2 stimulation passes through the membrane and colonizes a broader area
compared to the unstimulated condition (Fig. 15A). The photos on the right depict the ground
of the well and thereby portray the next step of migration. Under ANG-2 stimulation, the WT is
able to form a huge colony of tumor cells on the ground of the well. Also, the CD29 KO cells

migrate through the porous membrane and colonize the outer side of the membrane. However,
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the medium and the ANG-2 stimulated well show no significant difference in colonization (Fig.

15A). The fold change in covered area with ANG-2 supplemented medium of Clone 2 is
significantly decreased towards the WT (Fig. 15B) (86).
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Fig. 15: CD29 KO shows no increased invasion upon ANG-2 stimulation (A)
Photos of the Boyden Chamber membrane colonized with WT and Clone 2 after 48 h of
incubation with medium and medium supplemented with ANG-2. (B) Fold change in
coverage of the outer Boyden chamber membrane under ANG-2 stimulation. Scale bar
is 500 ym in A. Horizontal lines represent mean. *p < 0.05. In this figure, the same images
for the Clone 2 medium condition as in Fig. 11 are applied, as they represent the control
condition in an experiment testing fibronectin and ANG-2 as chemoattractants in the
Boyden chamber. These experiments were conducted and analyzed by C. Orschel. This

figure contains data that is adapted from (86).
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4.1.7. CD29/ANG-2 signaling activates FAK/SRC cascade

To exclude possible effects due to proliferation, we compared the proliferation rate of the WT
to Clone 2 and 3. Up to 48 h, no significant differences in proliferation were observed
comparing WT and clones. However, after 72 h, Clone 2 showed elevated cell proliferation
compared to WT and Clone 3 (Fig. 16A). Next, we wanted to check whether ANG-2 or
fibronectin have effects on the proliferation rate. ANG-2 and fibronectin stimulated WT tumor
cells show no increased proliferation rate in comparison to untreated cells (Fig. 16B). Then,
we analyzed intracellular signaling proteins, known to be involved in migration (91), namely
the focal adhesion kinase (FAK) and the non-receptor tyrosine kinase SRC (short for
Sarcoma). Indeed, after 20 min of ANG-2 stimulation there was an upregulation of
phosphorylated SRC and FAK (Fig. 16C) (86).

4.1.8. CD29/ANG-2 signaling causes an upregulation of ADAM9

To examine how ANG-2 and fibronectin affect migration set genes, initially cells of the WT
were seeded and stimulated with the respective agent (Fig. 16D). RNA was isolated and
analyzed by RNA-Seq. Both fibronectin and ANG-2 showed similar migration gene expression
profiles, marked by an upregulation of ADAM9 in comparison to the untreated WT (Fig. 16E)
(86).

45



Proliferation Assay

Proliferation Assay

» 15+ = 30
g e - WT 2 -e- WT untreated
=4 £
5 / -m Clone 2 ‘3: -= WT ANG-2
3 10+ ~4 Clone 3 T 204 -« WT Fibro
o 3]
£ £
[ Q
2 5- , 2 104
2 / £
3] F 3]
ke 3
[<} (<}
wo T T T - o T T T
24h 48h 72h 24h 48h 72h
Migration gene set - log2(CPM)
ANG-2 i P
e — Cell stimulation Fbro) BCAR3
0 min 10 min 20min E 1,,* > igz:g 6
pSRC - . P s ( -] TRPC1
* e »* @ »* @ —. ::;A 4
e e e ITGB1 2
tSRc l . Untreated ANG-2 Fibronectin ingle Read b MYLS .
Medium 250ng/ml 10pg/cm? Single Read, 1x50bp ;‘l:l(: 0
pFAK - THES1
veL
DUSP1
tFAK | (e o by oy
CAPN2
B-actin |t wm—— .FT?;SAL:
CD151

COL4A1
AMOTL2
LOXL2

ViIM

s
3

unim

Fig. 16: ANG-2 stimulation activates the FAK/SRC signaling cascade and
upregulates ADAM9 (A) Proliferation assay of WT, Clone 2, and 3 over 72 h
measured by fold change in cell number. (B) Proliferation assay of WT untreated,
stimulated by ANG-2 and by fibronectin measured by fold change in cell number. (C)
Western blot of the FAK/SRC signaling cascade in WT after 10 min and 20 min of ANG-
2 stimulation. (D) Experimental setup of RNA isolation of untreated WT and WT treated
with ANG-2 or fibronectin. Created with Microsoft PowerPoint. (E) Expression of
migration genes of the untreated WT and WT stimulated with ANG-2 or fibronectin. Line
graphs represent the mean £+ SD. ** p < 0.01. CMP - counts per million. These
experiments were conducted and analyzed by L. Meder and C. Orschel. Western blot in
C was provided by M. Koker. RNA sequencing analysis was provided by J. Bragelmann.

This figure contains data that is adapted from (86).
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4.1.9. CD29 KO clones can form subcutaneous and orthotopic lesions in NSG
mice
After testing the CD29 KO clones behavior in an in vitro setting, we wanted to examine their
characteristics in vivo. Initially, we chose immune-compromised NOD scid gamma (NSG)
mice, where tumor cells (WT & CD29 KO clones) were brought in by sc. and orthotopic injection
into the lung (Fig. 17, Fig.16). The orthotopically injected mice were then monitored regarding
tumor initiation and progression by in vivo microCT. After injection, Clone 2 showed the fastest
tumor growth with progressed disease on day 5 post injection (Fig. 17B). Clone 6 displayed a
slow growing phenotype with CT visible tumor on day 54 (Fig. 17B). All clones formed

metastases in the ribcage (Fig. 17B).

A B

wild
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Clone 2

Clone 3

Clone 6

Clone 14

Fig. 17: CD29 KO clones form lung tumors after orthotopic injection (A)
Schematic representation of orthotopic injection of NSG mouse. Created with
BioRender.com. (B) CT lung images and macroscopic images of lung and ribcage of
orthotopically injected mice. WT and CD29 KO clones (2, 3, 6, 14) with different time
interval until tumor outgrowth. The experimental procedures and animal care were

conducted by C. Orschel. This figure contains data that is adapted from (86).
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41.10. CD29 KO abrogates metastasis formation in vivo

To confirm the presence of the macroscopic lung tumors of WT and the CD29 KO clones after
orthotopic injection, we analyzed harvested tissues by immunohistochemistry (IHC) (Fig. 18).
The stains show that the WT and all CD29 KO clones were able to form tumors positive for the
neuroendocrine marker CD56 (N-CAM). The respective matched liver tissue is portrayed
underneath and was analyzed for metastasis formation. While the WT forms tumor cell nests
in the liver (Fig. 18A), none of the clones were able to form liver metastases (Fig 18B) (86).

The staining with CD45 highlights the immune desert in the tumor tissue (Fig. 18).
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Fig. 18: CD29 KO clones show no liver metastasis formation in contrast to

the WT cell line (A) IHC of FFPE tissue samples from subcutaneously and
orthotopically WT-injected mice, stained with HE, CD56 (N-CAM) and CD45. Tissue
samples originate from subcutaneous tumor (sc. injection), lung and matching liver
tissues (orthotopic injection). (B) Histology samples of subcutaneously injected CD29
KO clones (2,3,6,14), followed by orthotopic injection induced CD29 KO lung tumors with
matching liver samples stained with HE, CD56 (N-CAM) and CD45. Scale bar is 250 pm
in overview and 50 ym in the following images in A, B. The experimental procedures and
animal care were conducted by C. Orschel. IHC staining was done by A. Florin. This

figure contains data that is adapted from (86).
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41.11. Pleural infiltration of CD29 KO clones is decreased

NSG mice harbor an immunocompromised phenotype (92). However, they still have
neutrophils and monocytes. DCs and macrophages are also present in their immune cell
compartment, though with limited activation potential (92). After orthotopic injection of WT and
CD29 KO clones we observed the infiltration in the rib cage (see 4.1.9) and the formation of
pleural effusions. After centrifugation of the pleural effusion formed by the WT SCLC tumor
cells, a large cell pellet was visible (Fig. 19A). When taken into culture, one can see a major
difference in morphology towards the original cells (Fig. 19A). The pleural tumor cells
tendentially showed a higher proliferation rate (Fig. 19B). Also the CD29 KO clones formed
pleural effusions. However, the calculated tumor/immune cell ratio in pleural effusion was
significantly decreased in comparison to the WT. Examining the immune cells in the pleural
effusion, we found the dendritic cells (DCs) in the CD29 KO condition to be decreased (Fig.
19D). Additionally, the dendritic cells in the pleural effusion of the CDKO mice showed a lower
expression of the activation marker CD80 (Fig. 19E). In summary, the CD29 KO clones

infiltrate the pleura to a lesser extent compared to the WT (Fig. 19).
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Fig. 19: Lower CD29 KO tumor cell infiltration in the pleura (A) Macroscopic
image of pleural effusion after centrifugation. Microscopic image of tumor cells from
pleural effusion taken into culture in comparison to the original injected tumor cell line.
(B) Proliferation assay of cultivated pleura tumor cells and the original injected cell lines.
(C) Tumor/Immune cell ratio in the pleural effusion of WT and CD29 KO-injected mice.
(D) Percentage of dendritic cells in the lung of WT and CD29 KO. (E) Expression of the
dendritic cell activation marker CD80 (MFI) on DCs in the lung. Scale bar is 100 ym in
A. Line graphs represent and the bar graphs represent mean + SD. Horizontal lines in
dot plots represent the mean. * p < 0.05, ** p < 0.01. These experiments were conducted
and analyzed by C. Orschel.
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41.12. CD29 KO abrogates the process of intravasation and extravasation

In a next step, we aimed to investigate whether an intact immune system may affect liver
metastasis potential of SCLC WT and CD29 KO.

For comparison, in the immune-compromised NSG mice orthotopically injected WT SCLC cells
produced a tumor in 100% of cases (6/6) and formed liver metastasis in 83.3% of cases (5/6)
(Table 12). The CD29 KO also develops a lung tumor to 100% (10/10) cases but instead forms
no liver metastasis (0/10) (Table 12, Fig. 20A) (86).

Now, in the immunocompetent setting the WT did form a lung tumor and liver metastasis in
71.4 % of cases (5/7), respectively when orthotopically injected in BL6 mice (Table 13). Also,
the CD29 KO was able to form a lung tumor in the presence of an intact immune system in
66.7% (2/3), but as in the immune-compromised mouse, did not develop liver tumors (0/3)
(Table 13). Injected intravenously into BL6, the WT developed lung (3/3) and liver tumors (3/3)
in 100% of cases. In contrast, CD29 KO cells failed to establish tumors at any site following
intravenous injection (0/4) (Table 13, Fig. 20B) (86).

A P

Lung tumor No liver metastasis

CD29 KO Clone

4

Orthotopic injection

e |
No tumor (metastases) formation
CD29 KO Clone

Intravenous injection

Fig. 20: CD29 KO clones lose their capacity to intra- and extravasate (A)
Orthotopic injection of CD29 KO in BL6 mice. Macroscopic image of CD29 KO lung
tumor. HE staining of respective liver tissue with no detectable metastases. Created with
BioRender.com. (B) Intravenous injection of CD29 KO in BL6 mice with no detectable
tumor formation in the lung and liver. Created with BioRender.com. The experimental
procedures and animal care were conducted by C. Orschel. This figure contains data
that is adapted from (86).
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Table 12: Tumor formation of WT and CD29 KO after orthotopic injection in immune

deficient setting. This table contains data that is adapted from (86).

NSG
WT ITGB1 KO
Lung Liver Lung Liver
Orthotopic 6/6 5/6 10/10 0/10

Table 13: Tumor formation of WT and CD29 KO with different injection methods in

immunocompetent setting. This table contains data that is adapted from (86).

BL6
WT ITGB1 KO
Lung Liver Lung Liver
Orthotopic 5/7 5/7 2/3 0/3
Intravenous 3/3 3/3 0/4 0/4
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4.2. Effects of MHC-I loss

4.2.1. Downregulation of MHC-l and activation of ERBB2 in SCLC liver
metastases

In the initial screen of matched SCLC patient samples of lung and liver (n=6), a downregulation

of MHC-I in the respective liver metastases could be observed (Fig. 21A) (under revision in

Nature Communications since 15" January 2025 under review again since 4" August 2025).

The same pattern was observed in the murine setting comparing matched SCLC lung tumors

and liver metastases by flow cytometry (Fig. 22A).
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Fig. 21: Loss of MHC-I expression in matched patient liver metastases (A)
Matched patient samples of the lung and the respective liver metastases (n=6). Created
with BioRender.com. (B) Histological staining of MHC-I of matched lung and liver
samples. Collection of patient samples was done in cooperation with Institute of
Pathology, University Hospital Cologne, Germany performed by M.L. Eich. This figure
contains unpublished data that is adapted from under revision in Nature Communications

since 15" January 2025, under review again since 4" August 2025.

As there is evidence, that potentially targetable receptor tyrosine kinases (RTKs) are involved
in MHC-I regulatory mechanisms (93), we performed an RTK array comparing tumor cells of

murine SCLC lung tissue and liver metastases. The array revealed that the phosphorylation of
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ERBB2 was increased in liver metastases (Fig. 22B, C) (under revision in Nature

Communications since 15" January 2025 under review again since 4" August 2025). ERBB2

also influences downstream signaling pathways (Fig. 3, Fig. 22D). The cell lines 157.8 and
240.5 were tested with different concentrations of the ERBB2 blocker mubritinib (100 nM, 1
MM). With time, in both cell lines mubritinib (1 uM) led to an upregulation of pTBK and a

downregulation of pAKT (Fig. 22D) (under revision in Nature Communications since 15"

January 2025 under review again since 4" August 2025).
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Fig. 22: Increased ERBB2 activity in SCLC liver metastasis (A) MHC-I
expression in primary lung tumor and matched liver metastasis measured by FACS. (B)
RTK array of ERBB2 expression in primary lung tumor and liver metastasis. (C) Relative
ERBB2 phosphorylation in primary tumor and metastasis. (D) Western blots of ERBB2
downstream cascade under 100 nM and 1 M mubritinib treatment of liver metastasis
cell line 158.8 and primary tumor cell line 240.5 after 24 h, 72 h, and 96 h. Bar graphs
represent mean + s.e.m. *** p < 0.001. Western blots in D were provided by M. Koker.
The analysis was conducted by L. Meder (B, C) and C. Orschel (A). This figure contains
unpublished data that is adapted from under revision in Nature Communications since

15% January 2025 under review again since 4" August 2025.

primary metastasis
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4.2.2. CRISPR-Cas B2M KO generation

We used an in suspension growing SCLC cell line, 100.H7, derived from a primary lung tumor
and performed a B2M CRISPR-Cas9 KO to analyze the consequences of a MHC-I loss in vivo.
The original cell line showed an upregulation of MHC-I expression upon extensive IFNy
stimulation (40 ng/ml). Simultaneously, there was an upregulation of PD-L1, used as a control
(Fig. 23). The CRISPR B2M KO did not show MHC-I expression upon IFNy stimulation (40
ng/ml), but an increased expression of the control PD-L1 (under revision in Nature
Communications since 15" January 2025 under review again since 4™ August 2025).

Therefore, the generated B2M KO clones are hereinafter referred to as MHC-1 KO.

MHC-I PD-L1
100.H7 bulk IFNy 48h 40ng/ml
control 48h
100.H7 CRISPR
control *

AMax

10

1 10 0 * 10

10 1 1 10 1
FL4 PerCP MHCI FL5 PECy7 PDL1

100.H7 CRISPR
B2M KO

\

10" 0 10 "0 ; 10 " 10
FL4 PerCP MHCI FLS PECy7 POL1

3

Fig. 23: CRISPR KO of B2M leads to a loss of MHC-l expression FACS readout
of the original 100.H7 cell line and the CRISPR B2M KO concerning the expression of
MHC-I and the expression of PD-L1 as a control. The analysis was conducted by L.
Meder and C. Orschel. This figure contains unpublished data that is adapted from under
revision in Nature Communications since 15% January 2025 under review again since 4t
August 2025.
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4.2.3. IFNy stimulation leads to MHC-Il expression of the MHC-l KO

To further characterize the B2M KO SCLC cells, we checked MHC-II, ERBB2, and AXL
expression. MHC-II is of particular interest, as growing evidence shows, that MHC-II
expression on tumors was associated with improved survival and increased response to
immunotherapy (94). This suggests that MHC-II plays a role in cancer antigen presentation,
besides its physiological functions on antigen-presenting cells (94). ERBB2 and AXL are
interesting markers as we see both phosphorylated in the RTK array.

Stimulating the WT with IFNy (40 ng/ml) for 24 h led to an upregulation of MHC-I (Fig. 24A)
and MHC-II (Fig. 24B). As expected, the MHC-I KO did not exhibit MHC-I expression under
IFNy stimulation (Fig. 24E). However, there was still an upregulation of MHC-II (Fig. 24F).
Testing several markers, we found that the original WT cell line also demonstrated an
upregulation of the receptor tyrosine kinase AXL upon IFNy stimulation (Fig. 24C). The AXL
expression of the MHC-I KO did not increase after IFNy stimulation (Fig. 24G). Both the WT
and the MHC-I KO displayed no significant differences in ERBB2 expression upon IFNy
stimulation (Fig. 24D, 24H).
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Fig. 24: MHC-I KO upregulates MHC-Il under IFNy stimulation FACS Readout
of WT cell line in untreated and IFNy (40 ng/ml, 24 h) stimulated condition: (A) MHC-I,
(B) MHC-II, (C) AXL, (D) ERBB2. FACS Readout of MHC-I KO cell line in untreated and
IFNy (40 ng/ml, 24 h) stimulated condition: (E) MHC-I, (F) MHC-II, (G) AXL, (H)

ERBB2.These experiments were conducted and analyzed by C. Orschel.
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4.2.4. MHC-l KO displays an aggressive fast-growing phenotype

To check on the in vivo behavior of SCLC cells with depleted MHC-I, the MHC-I KO was
injected intravenously into BL6 mice, which have an immunocompetent background. After
approximately 30 days the MHC-I KO-injected mice suffered from liver lesions comprising
multiple nodules. In contrast, after 76 days, the WT injected mice showed only small, single
lesions (Fig. 25A) (under revision in Nature Communications since 15" January 2025 under

review again since 4" August 2025).

4.2.5. MHC-l KO liver metastases contain a significantly higher number of
granulocytes and macrophages

Analyzing the harvested tumor tissue from the liver revealed that the MHC-I KO tumor cells
showed a higher expression of the “don’t eat me”-signal CD47 (Fig. 25B). Via the CD47/SIRPa
pathway, CD47 attenuates the anti-tumor reaction of the innate immune system, especially of
the macrophages (95). Beside the higher presentation of CD47 on the MHC-I KO tumor cells,
a significantly higher infiltration of granulocytes could be found (Fig. 25C). Additionally, there
was a tendency towards an increased percentage of macrophages (Fig. 25D). On the other
hand, the NK-cells were significantly diminished in the MHC-I KO tumors in comparison to the
WT tumors (Fig. 25E). Furthermore, the marker of NK cell functional activity CD107a was
decreased in MHC-I KO tumors (Fig. 25F). Regarding the specific immune response, there
was a tendency toward a higher CD4 T cell ratio in the WT (Fig. 25G). The relative number of
CD8* T cells showed no significant differences (Fig. 25H). However, there is a trend toward
more activated CD8" T cells in the WT (Fig. 25I).

59



(@]

Granulocytes [%]

CD4+ T-cells [%]

WTiv. MHC-I KO iv.
Liver
10+ L)
T o
s s
g °
2 6 ——
7] L]
e L
g 4
Q
N~
3 2
(%)
-—
WT MHC-l KO
D E F
Liver Liver Liver Liver
*
10- il 20+ il 60 * 50+
L]
- — : . = 40-
8 * & 15+ _ —_ =40 —
e @ == = 40+ . S .
6 L4 )] ) X S 304 X
© -] by
£ 10+ - © — [a)
4 2 R g 9 o O 20+ e
= X 20 ¥
o -
. © 5 Z hd - .
2 = ¥ 10
=z
o—"T o—"T 0 T T 0 T T
WT MHC-l KO WT MHC-l KO WT MHC-l KO WT MHC-l KO
. H . I .
Liver Liver Liver
25+ ns 15+ 60 ns
ns
L L]
- Ll f— L]
20 = . S
s @ 10- T 404 —
[ ] g 0.. g °
104 . " oo ¥
- & 5- H X 20+ .
. o Q
5 3) o
L]
L]
o—T o—T o—T T
WT MHC-l KO WT MHC-l KO WT MHC-l KO

Fig. 25: MHC-l KO liver metastases show a decreased specific immune cell
infiltration (A) Representative image of the liver of WT and MHC-I KO intravenously
injected mice. (B-l) Percentage of immune cell subsets detected by FACS analysis of
liver tumor samples. The horizontal lines in dot plots indicate the mean value. * p < 0.05,
*** p < 0.001. The experimental procedures, animal care and analysis were conducted
by C. Orschel. This figure contains unpublished data that is adapted from under revision
in Nature Communications since 15" January 2025 under review again since 4! August
2025.



4.2.6. Decreased T cell infiltration in MHC-I KO pleural effusion

In order to investigate the effect of MHC-| loss also in the context of the lung immune

microenvironment, we orthotopically injected WT and MHC-I KO tumor cells. The BL6 mice

formed lung tumors with pleural effusion in both cases. FACS analysis revealed that the WT

mice generally display a higher immune cell infiltration. Moreover, the WT showed a more
specificimmune answer with a higher percentage of CD4* (47.71%) and CD8" T cells (19.64%)
(Fig. 26A). The MHC-I KO exhibited a decreased specific immune cell response with less CD4*
(13.71%) and CD8* T cells (7.41%) (Fig. 26B).
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Fig. 26: Lower CD4*, CD8* T cell infiltration in the pleural effusion of MHC-
I KO tumors (A) FACS- Readout of pleural effusion of orthotopically injected WT tumor

cells. (B) FACS- Readout of pleural effusion of orthotopically injected MHC-1 KO tumor

cells. Analysis was done by C. Orschel.
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4.2.7. MHC-ll upregulation in MHC-l KO lung tumors

Orthotopic injection of MHC-I KO tumor cells resulted in lung tumors of massive size. The
tumors occupied the entire lung volume after approximately 3 weeks post injection (Fig. 27A).
However, the matching liver tissue revealed no large liver metastasis (under revision in Nature
Communications since 15" January 2025 under review again since 4" August 2025).
Analyzing the tumor tissue, we found no MHC-| expression, as expected (Fig. 27B). However,

also in the in vivo setting an upregulation of MHC-II can be observed (Fig. 27C).
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Fig. 27: MHC-Il expression in MHC-I KO tumor tissue (A) Large MHC-I KO lung
tumor from different perspectives. (B) MHC-I expression in MHC-I KO lung tumor with
IgG control. (C) MHC-II expression in MHC-I KO lung tumor with IgG control measured
by FACS. The experimental procedures, animal care and analysis were conducted by C.
Orschel. This figure contains unpublished data that is adapted from under revision in
Nature Communications since 15" January 2025 under review again since 4% August

2025.
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4.3. Combined PD-1 and ERBB2 blockade prolongs overall and progression
free survival in autochtonous SCLC mouse model

Having ERBB2 identified as a potential regulator of MHC-I and we next sought to investigate
therapeutic efficacy of ERBB2 inhibition in combination with immune checkpoint blockade in
vivo. In our autochthonous mouse model, we established 4 treatment cohorts: vehicle, anti—
PD-1 monotherapy, ERBB2 inhibitor monotherapy and combination therapy with anti-PD-1
and ERBB2 inhibitor. We monitored tumor response and resistance using yCT and mouse
adapted RECIST criteria ((96). Therapy began after the identification of at least one
measurable target lesion with a diameter of 21 mm.

Notably, the combined blockade of PD-1 and ERBB2 resulted in significantly improving both
overall survival and progression-free survival compared to either monotherapy or control (Fig.
28A, B) (under revision in Nature Communications since 15th January 2025, under review

again since 4™ August 2025).
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Fig. 28: ERBB2 blockade restores sensitivity to anti-PD-1 therapy and enhances
treatment efficacy in autochthonous SCLC mice. (A) Kaplan—Meier curve showing overall
survival. (B) Kaplan—Meier curve showing progression-free survival (PFS). Data represent survival
across the four treatment groups: vehicle (n = 9), anti—-PD-1 (n = 16), ERBB2 inhibitor (mubritinib, n =
6), and combination therapy with anti—-PD-1 and ERBB2 inhibitor (mubritinib, n = 11). Statistical analysis
was performed using the Mantel-Cox test, p values are indicated in the graphs. This figure contains
unpublished data that is adapted from under revision in Nature Communications since 15" January 2025

under review again since 4" August 2025.
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5. Discussion

Regarding the high metastatic potential of SCLC and its life limiting consequences, the purpose
of the study was to decipher mechanisms relevant for metastasis formation in SCLC.

Our study provides evidence that CD29 is a key regulator of metastasis in SCLC. In summary,
our analysis demonstrated that CD29 KO abrogates angiopoietin-2 and fibronectin stimulated
migration in SCLC. Further, our study revealed that after CD29 KO tumor cells do not form
liver metastasis after orthotopic injection and do not settle after intravenous injection. This
finding indicates that CD29 KO clones lose the capacity to intra- and extravasate and thereby
the ability to form metastasis (86).

The second part of our work focused on MHC-I loss, as a common mechanism of immune
evasion in cancer. A screening of a unique cohort of matched patient samples identified MHC-
| loss in the liver metastases in comparison to primary SCLC. The CRISPR-Cas9 generated
B2M KO resulting in MHC-I loss showed fast-growing capacity and created a more aggressive
phenotype in vivo. Analyzing the immune setting highlighted that the MHC-I KO escapes
specific, T cell-mediated immune response. Instead, the innate immune system is activated,
but obviously not potent enough to control the SCLC MHC-I KO tumor. Additionally, our
findings demonstrate that ERBB2 inhibition in combination with immune checkpoint blockade,
significantly prolonged survival in autochtonous SCLC model, supporting its potential to restore

MHC-I presentation and warranting further evaluation.

5.1. CD29 in metastasis

5.1.1. CD29 dependent signaling in SCLC and other (solid) cancers
Initial analysis of matched human SCLC liver metastases revealed an upregulation of CD29 in
comparison to the primary tumor (86). This leads to the assumption that CD29 high expressing
tumor clones in the primary tumor have a selective advantage in leaving the primary site and
form metastasis in the liver. Analysis of publicly available RNA-Seq data of patient SCLC tissue
and of patient SCLC cell lines revealed a positive correlation of CD29 and vimentin (86).
Consistent with this finding, vimentin has been established as a core marker for epithelial-
mesenchymal-transition, which initiates the process of metastasis (97) and was found to be
upregulated in progressed metastatic disease (98,99). In addition, our metastasis data
obtained from a genetically engineered mouse model for SCLC, comparing liver metastasis
vs. primary tumors, showed an overexpression of CD29 along with the progression to
metastatic disease (86). Also, in the context of breast cancer CD29 plays a role in metastasis
formation. Huck and colleagues demonstrated that CD29 deficient tumors display an
attenuated capability to form pulmonal metastasis and a general decrease in adhesion
signaling (100). In colorectal cancer the expression of CD29 was increased in liver metastasis
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and correlated with the histological grading of liver metastasis (101). Similarly, in esophageal
squamous cell carcinoma (ESCC), CD29 has been identified as a key driver of metastasis and
therapy resistance. Its expression in ESCC tissues showed a strong association with lymph
node metastasis (102). Altogether, these results suggest a relevance of CD29 in the context
of EMT and for metastatic spread.

The next step was to investigate the mechanism underlying the involvement of CD29 in SCLC
metastasis formation. In the scratch assay the CD29-high expressing cell line strongly
responded to fibronectin coating by invading the scratch. Fibronectin is a vital component of
the ECM and partakes in formation of the premetastatic niche (35). We hypothesized that by
attachment to extracellular ligands such as fibronectin the CD29-expressing tumor cells were
able to migrate. To elucidate whether CD29 mediates increased migration a knockout was
performed. It revealed that under fibronectin stimulation the CD29 knockout abrogates the
capacity to overcome the scratch (86). An alternative ligand for CD29 is ANG-2 (90). ANG-2 is
classically secreted by endothelial cells (103), but also by macrophages (104) and thereby is
potentially also involved in CD29-dependent migration in SCLC. Our experiments indicated
that ANG-2 stimulation had similar effects on SCLC migration and invasion as fibronectin, as
the CD29KO clones showed decreased invasion and migration through the porous membrane
in comparison to the WT under ANG-2 and fibronectin stimulation (86).

Our western blot analysis revealed an increased phosphorylation of FAK and SRC following
ANG-2 stimulation (86). The FAK/SRC cascade is known to play an important role in integrin
mediated cell adhesion (105) and is therefore likely the underlying mechanism driving the
migration-promoting effects of ANG-2 in WT SCLC cells. Concordantly, Vassilopoulos and
colleagues also observed decreased migration potential of CD29 CD49f KO breast cancer
cells (106). Also hematopoietic stem cells were found to use CD29-dependent mechanisms
for migration processes (107). To sum it up, our study shows, that CD29 in vitro conceivably
fulfills migratory functions and thereby plays a supportive role in SCLC metastasis formation
(86).

Next we applied in vivo models to investigate metastatic behavior of SCLC in dependence of
CD29. In the metastatic cascade the intra- and extravasation process mark important steps in
the generation of distant lesions. During intravasation, the tumor cell has to overcome the base
membrane and endothelial junction to enter the bloodstream. This portrays the initiation of
metastasis formation (108). Also, the process of extravasation is a multistep process, still not
fully understood. There are several approaches describing extravasation such as diapedesis
or angiopellosis. In brief, the circulating tumor cells attach to the endothelium and transmigrate
through the endothelial barrier (109).

We have shown that CD29 is essential or even conditio sine qua non for both processes.

Injected locally into the lung by orthotopic injection, CD29 KO SCLC clones were capable of
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forming tumors on-site. Despite local tumor formation of the CD29 KO, no metastasis
developed in the liver opposing the original nature of the WT (86). This suggests that CD29 is
required to leave the primary side and enter the bloodstream. Choosing the most aggressive
growing CD29 KO Clone 2, intravenous tumor injection led to no tumor settlement at all (86).
These findings lead to the assumption that CD29 is required for the exit from bloodstream. As
CD29 is an integrin involved in cell-cell contact formation, the CD29KO tumor cells might lose
the function to attach to the endothelial cells. Consistent with our findings CD29 blockade
abrogates binding to human umbilical vein endothelial cells in vitro by highly invasive human
bladder carcinoma tumor cells (110). Taken together, the loss to extravasate aligns with the
physiological function of CD29, as it mediates the binding of immune cells to the endothelium
(40). In addition, fibronectin is a crucial factor forming the premetastatic niche (35). As
fibronectin is a ligand to CD29, the CD29 KO may also lose the ability to attach to the preformed
premetastatic niche. This could be a second mainstay of explanation, why the CD29 KO does
not form metastasis. Although CD29 seems to be the dominant player in SCLC migration, there
might be other players, interacting and potentiating CD29-dependent signaling, which should
be addressed in future studies. One of these players influencing CD29-dependent migration
might be ADAM9. In RNA-Seq we have identified ADAM9 upregulation after fibronectin and
ANG-2 stimulation, along with increased migration capacity in SCLC (86). ADAM9 is a
membrane-anchored protein also known as disintegrin and metalloproteinase domain-
containing protein 9 (111). Also in other cancer entities such as in melanoma, ADAM9 is
expressed by the tumor cell itself and by the surrounding stromal cells (112). The deletion of
ADAMS9 in melanoma cells led to significant decrease in the formation of lung metastases
(112). In vitro assays after ADAM9 deletion further showed a reduced transmigration and
adhesion behavior towards endothelial cells (112). Furthermore, in pancreatic cancer an
overexpression of ADAM9 is associated with quicker tumor progression and poor prognosis
(113) as well as increased migration (114). It is of great interest whether CD29 and ADAM9
directly interact to regulate the migration and invasion in SCLC. This will be investigated in
follow-up projects using, for example, co-immunoprecipitation and CRISPR-Cas9 KO
experiments. As Giebeler and colleagues identified that ADAM9 deletion leads to decreased
transmigration (112), future experiments will test whether ADAM9 KO will decrease the

migration stimulated by ANG-2 and fibronectin.

5.1.2. Clinical relevance of CD29 targeting in (solid) cancer

As our study has shown the importance of CD29 in metastasis development, the next step is

to debate the clinical relevance of our findings. CD29 occupies a universal role in immune

processes as the exit of immune cells from the blood system (39,40). Therefore, a general

blockade of CD29 would probably lead to unforeseeable effects on the immune system and
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could have negative effects on tumor control. For example, the Phase | study of the anti-CD29
monoclonal antibody (mAb) OS2966 was terminated due to safety concerns (NCT04608812)
(115).

Our experiments for example have shown that total CD29 depletion on tumor cells also brings
along immune effects such as the decrease of dendritic cell infiltration in the tumor. Dendritic
cells are vital for activating T cells in anti-tumor response (116). Hence, for therapy approaches
it is necessary to focus on certain migration-promoting CD29 ligands as ANG-2 instead of
blocking CD29 itself. Our study showed that ANG-2 is a strong attractant for the CD29 WT
(86). This fits to previous findings describing ANG-2 as a metastasis promoting factor via
effects on the EMT (56). Therefore, an idea for preventing metastatic spread would be the
blockade of ANG-2. Testing the immune checkpoint blocker atezolizumab, Horn and
colleagues found that liver metastases are a limiting factor in the therapy success (19). So, an
anti-ANG-2 targeted therapy could prevent the formation of metastasis and thereby overcome
this critical point in therapy success. Indeed BI836880 (aANG-2/aVEGF-A), produced by
Boehringer Ingelheim (Germany) is already tested in clinical trials with progressed solid
tumors. Two trials combine BI836880 with aPD-1 (ezabenlimab) (NCT03468426,
NCT05249426) (117,118). However, one has to keep in mind that the prevention of metastasis
would only affect a small patient group, as 85% are already diagnosed in an extensive stage
of disease (1).

As the clinical approach should be based on targeting the ligands of CD29, discussing the
potential effects of ANG-2 blockade in the tumor micro-milieu is important. Independent of the
elaborated CD29-ANG-2 signaling in metastasis formation, ANG-2 is also known to have an
influence on the immune tumor microenvironment (119,120). Coffelt and colleagues, for
example, described a population of monocytes and macrophages, which express one of the
receptors for ANG-2, namely TIE-2. This subgroup of monocytes and macrophages was
described to significantly express IL-10 and thereby suppress T cell proliferation. The ratio of
CD4 and CD8 shifts towards CD4 cells with T regulatory features. Thereby, ANG-2 contributes
to the establishment of an immunosuppressive microenvironment (119).

Our group laid focus on the effects of ANG-2 blockade on the immune milieu. Given the
previously described results, a reversal of the immunosuppressive effects would be expected
under ANG-2 blockade. Indeed, results of our group displayed an upregulation of IFNy and IL-
2 in the serum of SCLC bearing mice under ANG-2 targeted monotherapy (86). IFNy plays an
important role in the activation of the innate immune system (121) and IL-2 in the proliferation
of CD4" T cells (122). Thereby they contribute to an anti-tumor immune response. Moreover,
our group revealed that ANG-2 blockade influences the subtypes of tumor associated
macrophages and supports the anti-tumorigenic M1-like signature (86). Accordingly, in

glioblastoma, a bispecific antibody against VEGFR/ANG2 shifted the tumor macrophage
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signature into the M1 profile. The M1 macrophages exerted anti-tumor effects, which led to an
increased survival in glioblastoma patients (123).

Therefore, ANG-2 blockade is from different perspectives an interesting approach in the
treatment of SCLC. On the one hand, it addresses the CD29-ANG-2 metastasis promoting
pathway and on the other hand, our group has also shown its favorable effects on the anti-
tumor microenvironment (86,123). Immune checkpoint blockade in combination with
chemotherapy was approved for the treatment for SCLC patients in the IMpower133 trial (19).
As immune checkpoint blockade has been described not only to enforce T cell mediated anti-
tumor immunity but also enhance macrophage mediated tumor cell killing (62) the combination
with the M1 signature promoting effects of ANG-2 seems reasonable. Consequently, one
should consider adding ANG-2 targeted therapy to established therapy regimens. We
hypothesize at that point, that blocking ANG-2/CD29 signaling in a combination with immune
checkpoint blockade might improve the outcome in SCLC treatment, which remains to be

proven.

5.2. MHC-l loss in (solid) cancer

5.2.1. MHC-l regulatory mechanisms in (solid) cancer

The second part of our research examined the MHC-I loss, which is a common mechanism of
therapy resistance across different cancer entities (124—126). Our initial broad screening
showed that MHC-I loss particularly can be found in liver metastasis of SCLC patient samples
(under revision in Nature Communications since 15" January 2025 under review again since
4™ August 2025). This leads to the assumption that MHC-I decreased clones in the primary
tumor might have an advantage concerning metastasis formation. Analyzing the primary SCLC
lung tumor from our autochthonous mouse model, we found two populations of tumor cells
with different levels of MHC-I| expression. One population showed a reduced MHC-I| expression
comparable with the MHC-I expression in the liver metastasis. Presumably, this MHC-I
reduced colony has an advantage in forming metastasis and settling in the liver. To further
evaluate the behavior of MHC-| reduced SCLC clones in vivo, we created a B2M knockout
resulting in MHC-I loss. The MHC-I KO caused a fast tumor outgrowth with an early death of
the mouse (under revision in Nature Communications since 15" January 2025 under review
again since 4" August 2025). Additionally, we found a predominant activation of the innate
immune system and less infiltrating specific immune cells (under revision in Nature
Communications since 15" January 2025 under review again since 4" August 2025). This is
consistent with clinical observations concerning MHC-I loss. In different cancer entities, such
as for example melanoma, colorectal, and breast cancer MHC-I loss goes along with worse
clinical outcomes (127-129). The MHC-| expression is also a decisive point regarding the

response of metastases to immunotherapy. It was described that MHC-I low metastases under
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immunotherapy progressed (130). These clinical findings might be due to less recognition by
tumor-infiltrating lymphocytes and thereby reduced specific anti-tumor immunity. This is
supported by several studies, which have reported that tumor-infiltrating lymphocytes are
correlated with MHC-I expression on tumor cells (131,132).

To evaluate the capacity to form metastases the MHC-| KO was injected orthotopically into the
lung. However, the matching liver samples just showed single tumor cell nests. These findings
resemble the metastatic behavior of the WT (under revision in Nature Communications since
15" January 2025 under review again since 4" August 2025). This might indicate that MHC-I
loss in the primary tumor does not enhance metastasis formation but locally leads to an
aggressive tumor growth. On the other hand, fast local tumor growth of the MHC-I KO led to
an early death of the animal (under revision in Nature Communications since 15" January
2025 under review again since 4™ August 2025). This quick progression could time-related
prevent metastatic settlement.

Stimulating the MHC-I KO SCLC cells in vitro with IFNy (40 ng/ml) led to an increased
expression of MHC-II. In agreement with this result, it was described in different cancer entities
that tumor cells can express MHC-II on their surface (133). Our in vitro findings have been
confirmed in vivo, where we found an increased expression of MHC-Il on the SCLC cells, as
well. Nevertheless, it seems that the tumor detection by the immune system via MHC-II
presentation on tumor cells is not sufficient, since MHC-I KO tumors present as aggressive
and rapidly growing lesions. In breast cancer, MHC-Il on tumor cells is associated with a better
prognosis as well as more infiltrating lymphocytes (134). This observation is likely not
transferable to SCLC, where MHC-I seems to be superior to MHC-II regarding anti-tumor

immunity.

5.3. Restoring anti-tumor immunity in SCLC

5.3.1. Pharmacological targeting of ERBB2

We aimed to identify targetable pathways regulating MHC-I in SCLC and revealed ERBB2 as
potential candidate. The review of Kumagai and colleagues gives a detailed overview of the
ERBB2-dependent signaling likely regulating MHC-I expression on tumor cells. As shown in
Fig.3 ERBB2 leads via PI3BK/AKT and MAPK/ERK downstream signaling to a decreased MHC-
| presentation on tumor cells. TBK1 is less phosphorylated, and STING signaling is inhibited.
Consequently, IRF3, one of the transcriptional factors of MHC is less activated, which leads to
a decreased interferon type I/l signaling and thereby to diminished presentation of MHC-I (70).
Indeed, our first trials with the ERBBZ2 blocker mubritinib in western blots showed a
downregulation of phospho-AKT and phospho-ERK (under revision in Nature Communications
since 15" January 2025 under review again since 4" August 2025). The RAS—-RAF-MEK-

ERK cascade is a negative regulator of MHC-I presentation and additionally contributes to cell
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proliferation and survival of cancer cells (70). Moreover, we observed an enhanced
phosphorylation of TBK, which is essential for the MHC-I transcription cascade (under revision
in Nature Communications since 15" January 2025 under review again since 4" August 2025).
Another ERBB-family member, which creates reduced antigenicity, is EGFR. Similar to
ERBB2, EGFR downstream signaling pathways (PI3K/AKT, MAPK/ERK) inhibit interferon
signaling by downregulating interferon regulatory factor 1. The latter is a transcription factor for
MHC-I (70). In the therapy of lung adenocarcinomas, belonging to the group of non-small cell
lung cancer (NSCLC), overactivation of EGFR due to the L858R mutation in exon 21 or small
deletions in exon 19, is targeted by tyrosine kinase inhibitors (TKIs). Third-generation EGFR-
TKls could achieve a median overall survival of 38.0 after progression under first- or second-
generation TKI therapy (135). In SCLC, EGFR mutations and especially the classical L858R
mutation in exon 21 or deletions in exon 19 are uncommon (136), and may occur in the context
of small cell transitions as acquired resistance mechanisms of lung adenocarcinomas
(137,138) and squamous cell carcinomas (137,139). Nevertheless, EGFR targeting mAbs like
cetuximab can also target EGFR wild type (140) and might also show effects in SCLC. The
same is true for mAbs targeting ERBB2 such as trastuzumab (141). Preclinical models have
shown trastuzumab to be effective in chemoresistant SCLC expressing ERBB2 (142).
However, irinotecan resistant SCLC cells were refractory to trastuzumab (142). This could be
overcome by the antibody-drug conjugate trastuzumab emtansine, which led to inhibition of
tumor growth and increased apoptosis (142). Also first case reports reveal favorable effects of
combining chemotherapy irinotecan with trastuzumab in SCLC (143). Therefore, targeting
ERBB2 might be a potential approach in future SCLC treatment as around 13% of patients
express ERBB2 (76).

The next objective is to examine whether ERBB2 blockade leads to increased MHC-I
expression on SCLC cells in vivo using the genetically engineered SCLC model. The enhanced
recognition of SCLC cells by T-lymphocytes upon ERBB2 blockade, consequently, leads to a
more efficient killing of tumor cells by the immune system and probably to increased survival.
Moreover, growing evidence across different cancer entities indicates that combining
immunotherapy with ERBB2-targeted therapy may boost treatment efficacy. The PANACEA
trial demonstrated that the combination of trastuzumab and pembrolizumab could overcome
trastuzumab resistance by restoring anti-tumor immunity (NCT02129556) (144). Additionally,
in a case of squamous cell carcinoma, the combination of the ERBB2 inhibitor lapatinib and
Anti-PD-1 antibody nivolumab led to significant tumor regression (145). Also in lung cancer,
the combination of ERBB2 blockade with immunotherapy is being actively investigated. A
recent clinical trial is assessing the combination of the a PD-1 inhibitor with pyrotinib, a pan-
HER tyrosine kinase inhibitor, in patients with advanced NSCLC harboring HER2 mutations
(NCT04144569) (146).
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Given the limited treatment options for advanced SCLC, our findings that ERBB2 blockade,
particularly in combination with immunotherapy, prolongs survival and are promising and could

serve as a basis for further evaluation in clinical trials.

5.4. Limitations

Integrins are highly promiscuous ECM receptors forming integrin heterodimers and also
interacting with other transmembrane receptors driving oncogenic signaling (39). We focused
on the canonical CD29 ligand fibronectin and the pharmaceutically targetable non-canonical
ligand ANG-2. We may have overlooked other relevant CD29 ligands contributing to
metastasis, since we did not systematically screen for potential CD29 ligand abundance in
SCLC. However, we were able to identify CD29 as a key driver in SCLC liver metastasis in
relation to other integrins.

Although we observed consistent downregulation of MHC-| in metastatic lesions, we did not
systematically assess the epigenetic signature by chromatin accessibility or DNA methylation
profiling methods and mutational status of B2M or IFNy response genes such as JAK1, JAK2,
STAT1 and IRF1 by next generation sequencing. Epigenetic regulation of MHC-I has been
recently described in SCLC (28,29,147) and mutations in B2M and IFNy response genes are
known to contribute to immune evasion in other tumor entities (148,149). Today, we cannot
exclude the possibility that epigenetic alterations and genomic mutations are part of the
observed MHC-I loss observed in metastasis.

Furthermore, our preclinical evaluation relied on syngeneic mouse models, which may not fully
portray human SCLC tumor and the respective tumor microenvironment. In future work, testing
the combined therapy regimen in xenograft models using patient-derived tumor could confirm
potential therapeutic efficacy and make translation to human more likely.

Finally, our study proposes novel therapeutic strategies combining immune checkpoint
blockade and kinase inhibiton. The safety and efficacy of the applied combination using
mubritinib and anti-PD-1 remain to be tested in a clinical context. For the reason that mubritinib
was also shown to affect the electron tranfer chain (150), investigating further relevant ERBB2
inhibitor such as lapatinib and neratinib on a preclinical basis, would overcome a further
limitation of our study to enable a clinical translation with a high probility.

Taken together, our study harbors some limitations highlighting the need for further
investigation to translate our findings into effective therapeutic approaches for SCLC patients

in the future.
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6. Conclusion

In summary, SCLC is still a highly aggressive cancer entity, which lacks favorable treatment
options, particularly regarding metastatic spread. Overall, we found CD29 to be a key driver in
SCLC metastasis formation. Especially, fibronectin and ANG-2 portray important ligands of the
tumor micro-milieu enforcing the tumor cells’ migration and invading capacities (86). Therefore,
CD29 ligand dependent signaling pathway is a strong mechanism and should be addressed in
SCLC therapy. For example, blocking ANG-2 in combination with established therapy regimes
might be a promising strategy for future clinical trials.

The second part of our study addressed the loss of MHC-I, frequently observed as a
mechanism of immunotherapy resistance, but also relevant for metastasis. We confirmed the
devastating consequences of MHC-I loss, which resulted in immune escape and rapid tumor
progression. Notably, liver metastases exhibited an increased reduction in MHC-| expression
compared to the primary tumor. Based on this finding, we tested the ERBB2 small molecule
inhibitor mubritinib, which showed promising results in the western blots initiating an MHC-I
regulating signaling cascade (under revision in Nature Communications since 15" January
2025 under review again since 4" August 2025). Altogether, our study uncovered two critical
signaling mechanisms in SCLC, offering new vulnerabilities within the otherwise unsatisfactory

treatment situation of this highly deadly disease.
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Lower CD4*, CD8" T cell infiltration in the pleural effusion of MHC-I KO tumors
MHC-II expression in MHC-I KO tumor tissue

28: ERBB2 blockade restores sensitivity to anti-PD-1 therapy and enhances treatment

efficacy in autochthonous SCLC mice.
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8.3. Score sheets

Score Sheet fur das Versuchsvorhaben mit dem Titel
simmuntherapie in Kombination mit zielgerichteter Therapie fiir
Bronchialkarzinome in immunkompetenten und humanisierten
Mausmodellen" - Teilversuch 5 (orthotopes Modell)

Die Verantwortlichkeit fur die korrekte Aufzeichnung des Versuchsvorhabens und die
Uberwachung der Tiere liegt beim Versuchsleiter bzw. dessen Stellvertreter.

Beobachter und Anwender:

Diese Personen missen in den Umgang mit dem Score Sheet und die Protokollierung
eingewiesen und Uber die in der Versuchsgenehmigung festgelegten Kontrollintervalle
infarmiert sein.

i Versuchsdurchfihrende
iz Tierpflegerisches Personal

A. Korperkonstitution Punkte
Kdrpergewicht {BezugsgrofBe: Ausgangsgewicht bei
Versuchsbeginn; Kontrollintervall: wéchentlich)

Gewichtsreduktion 5-10% 5
Gewichtsreduktion 11-19% bzw. Wirbel und Beckenknochen tastbar (BCS 10
2)

Gewichtsreduktion = 20% bzw. Wirbel und Beckenknochen deutlich 20
sichtbar (BCS 1)

B. Allgemeine Kriterien

Fell/Haut

Haarausfall (nicht lokal begrenzt) 1
verklebtes Fell 5
verklebte Korperdffnungen mit/ohne verklebtern Fell 10
punktuelle Kratzstellen/Hautverletzungen (oberflachlich, lokal begrenzt, 1

ohne Roétung, ohne Schwellung, trocken und sauber, mit/iohne Kruste)
mit/ohne Haarausfall ohne Juckreiz

kleine (<= 1 o©m), krustig-trockene Kratzstellen/Hautverletzungen 3
{oberflachlich, ohne Rétung, ohne Schwellung, trocken und sauber), ochne
Juckreiz

kleine (< 1 com), krustig-trockene Kratzstellen/Hautverletzungen 5
{oberflachlich, mit Rétung, Schwellung, trocken und sauber), ohne Juckreiz
mittelgradige Kratzstellen/ Hautverletzungen (1-2 cm, oberflachlich, 10
Rétung, Schwellung, Wundheilung gestért/verzdgert) mit/ohne Haarausfall
ohne Juckreiz

Mehrere (2-3), krustige Kratzstellen/Hautverletzungen (1-2  cm, 15
oberflachlich, Rotung, Schwellung, Wundheilung  gestortverzogert);
vermehrter Juckreiz

massive (>3) und/oder schwerwiegende Kratzwunden/ Hautverletzungen 20
{Rotung, Schwellung, eitriger Ausfluss, keine Wundheilung) mit/ohne
Haarausfall, mit/ohne Juckreiz

Spontanverhalten inkl. Motorik und Schmerz
Ataxie (Unregelmaligkeiten im Gangbild) ohne L&hmungen 5




ausgepragte Koordinationsstorungen (z.B. Taumeln/Torkeln) mit/ohne 10
Ataxie

Parese (unvollstandige Lahmung einer oder mehrerer Gliedmalien) 10
Plegie (vollstdndige LAhmung einer oder mehrerer Gliedmalien) 20
gekrimmter Ricken/gekauerte Haltung ohne gestraubtes Fell 10
gekrimmter Riicken/gekauerte Haltung mit gestrdubtem Fell 20
intermittierende Stereotypien (z.B. Kreiseln, Hochspringen in 10
einer Kafigecke)

ununterbrochene Stereotypien (z.B. Kreiseln, Hochspringen in einer 20
Kafigecke)

Apathie mit Reaktion auf Verhaltensprovokation 15
Apathie mit fehlender Reaktion auf Verhaltensprovokation 20
Selbstisolation 20
Automutilation/-aggression 20
Klinischer Befund

geringgradig betonte, abdominale Atmung 10
deutlich verstarkte, abdominale Atmung*, pathologische Atemgerausche*, 20
Dyspnoe™, Zyanose

*um ggf. das Auftreten einer Dyspnoe zu verhindern

“*pumpende Atmung mit starker Beteiligung der Bauchmuskulatur, starke
Luftnot

Rektumprolaps 20
C. Versuchsspezifische Kriterien

Normaler Stuhl 0
Breiiger Durchfall 5
Flussiger Durchfall 10
persistierende Durchfalle langer als 2 Tage 20
Infektion der Injektionsstellen 20
Aszites 20
Peritonitis 20
Bewertung Punkte
Keine Belastung 0
Geringe Belastung 1-9
Mittlere Belastung Grad 1 10-14
Mittlere Belastung Grad 2 15-19
Schwere Belastung =20
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Score Sheet fiir das Versuchsvorhaben mit dem Titel:
Identifizierung von Biomarkern fiir Resistenz und Ansprechen auf
neue HKombinationstherapien mit Immuncheckpointblockade in
murinen genetisch veranderten Lungentumormodellen.

Teilversuch 1+3 - RB+p53 abhangig

Die Verantwortlichkeit fir die korrekle Aufzeichnung des Versuchsvorhabens und die
Uberwachung der Tiere liegt beim Versuchsleiter bzw. dessen Stellvertreter.

Beobachter und Anwender:

Diese Personen missen in den Umgang mit dem Score Sheet und die
Protokollierung eingewiesen und Uber die in der Versuchsgenehmigung festgelegten
Kontrollintervalle informiert sein.

| Versuchsdurchfiihrende

i Tierpflegerisches Personal

A. Allgemeine Kriterien (nicht versuchsspezifisch) Punkte

Bezugsgrofie: Ausgangssituation zum Start der Adenovirus Applikation

Beginn: 20 Wochen nach Adenovirus Applikation, zu Beginn der ersten

HCT/MRT Messung

Kontrollintervall: 3x wdchentlich, wenn keine Belastung vorliegt,

dartiber hinaus Malnahmen geméll Score Sheet bei Belastung

I. Kdérpergewicht

-unbeeinflusst 0

-Anderung < 5% 1

-Gewichtsreduktion 5-10% 5

-Gewichtsreduktion 11-19% bzw. Wirbel und Beckenknochen tasthar 10

-Gewichtsreduktion = 20% bzw. Wirbel und Beckenknochen deutlich 20

sichibar

II. Alilgemeinzustand

-Fell glatt glanzend; Korperdffnungen sauber, Augen klar und 0

glanzend, keine Hautirritation

-Fell gestraubt, Fell stumpf undfoder schuppige Haut; punktuelle 1
Kratzstellen/Hautverletzungen (oberflachlich, lokal begrenzt, ohne
Rétung, ohne Schwellung, trocken und sauber)

- verklebtes Fell und/oder verklebte Kdrperdffnungen, Augen triib, 10
gekrummter Ricken, aufgezogener Leib, Kopfschiefhaltung

- mittelgradige Kratzstellen/ Hautverletzungen (oberflachlich, Rétung, 10
Schwellung, Wundheilung gestort/verzogert)

- massive bzw. schwerwiegende Kratzwunden/ Hautverletzungen 20
(hochgradige Rotung, Schwellung, eitriger Ausfluss, keine
Wundheilung), Abszess; aufgetriebener Leib, Bauch hart/angespannt,
Léahmungen

. Spontanverhalten

-normales, unauffalliges Verhalten 0

-geringe Abweichungen vom Normalverhalten 1

-ungewdhnliches Verhalten, eingeschrankte Motorik oder Hyperkinetik 5

-Selbstisolation, deutlich ausgepragte Stereotypien (z.B. Kreiseln) 10
und/oder ausgepragte Koordinationsstdrungen {z.B.:
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Taumeln/Torkeln) und/oder phasenweise Teilnahmslosigkeit mit halb
geschlossene Augen

-Automutilation/-aggression, Apathie (mit ganz geschlossene Augen) 20
V. Klinischer Befund

- Atmung normal 0
- schnelle Atmung 5
- geringgradig betonte, abdominale Atmung 10
-deutlich verstarkte, abdominale Atmung* sowie pathologische 20

Atemgerausche®, Dyspnoe™*, Zyanose

*um ggf. das Auftreten einer Dyspnoe zu verhindern

**pumpende Atmung mit starker Beteiligung der Bauchmuskulatur,
starke Luftnot

B. Versuchsspezifische Kriterien

-normaler Stuhl, gesunde Haut 0
-leichter Durchfall 5
-leichter Hautausschlag 5
-auffalliger Durchfall 10
-auffalliger Hautausschlag 10
Bewertung Punkte
Keine Belastung 0
Geringe Belastung 1-9
Mittlere Belastung 10-19
Schwere Belastung =20

9. Vorabveroffentlichung von Ergebnissen

Diese Arbeit ist teilweise in Anlehnung und Zusammenarbeit mit der Publikation mit dem Titel
.Blocking the angiopoietin-2-dependent integrin -1 signaling axis abrogates small cell lung
cancer invasion and metastasis " von Meder et al., 2024 entstanden. Weitere in der Publikation
gelistete Mitautoren waren an der Entstehung dieser Arbeit Uber diesen Weg mittelbar beteiligt.
In dieser Arbeit werden Inhalte, die aus der Publikation Meder et al. mit freundlicher

Genehmigung Gbernommen wurden, entsprechend zitiert.

Diese Arbeit ist zuséatzlich in Kooperation mit der noch unveréffentlichten Publikation mit dem
vorlaufigen Titel ,ERBB2 signaling drives immune cell evasion and resistance against
immunotherapy in small cell lung cancer " von Meder et al. (Ersteinreichung am 13.11.2024
bei ,Nature Communications®, in Revision seit dem 15.01.2025, Manuskript NCOMMS-24-
74632-T) entstanden. Weitere in der Publikation gelistete Mitautoren waren an der Entstehung
dieser Arbeit Uber diesen Weg mittelbar beteiligt. In dieser Arbeit werden Inhalte, die aus der
noch unverdffentlichten Publikation Meder et al. mit freundlicher Genehmigung Gbernommen
wurden, entsprechend zitiert und als ,under revision in Nature Communications since 15th
January 2025 under review again since 4" August 2025 gekennzeichnet. Das schriftliche
Einverstandnis von Prof. Dr. Lydia Meder Uber die Vorabver6ffentlichung von Teilergebnissen

in dieser Arbeit liegt vor.
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