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Zusammenfassung 

Das kleinzellige Lungenkarzinom (SCLC) ist eine hochaggressive Malignität mit 

rascher Progression, früher Metastasierung und sehr schlechter Prognose. Obwohl 

die Einführung von Immun-Checkpoint-Inhibitoren (ICIs) in die Erstlinientherapie die 

Überlebensraten moderat verbessert hat, sprechen die meisten Patienten nicht an, 

und prädiktive Biomarker fehlen. Ein molekulares Kennzeichen von SCLC ist die hohe 

Tumormutationslast (TMB), hauptsächlich verursacht durch tabakinduzierte 

Mutagenese. Jüngste proteogenomische Studien haben eine Patientensubgruppe 

(~15 %) mit Mismatch-Reparatur-Defizienz (MMRd) identifiziert, darunter 

Veränderungen in zentralen MMR-Genen wie MSH2. Diese Subgruppe weist 

einzigartige Mutationssignaturen und schlechte klinische Ansprechraten auf, ist 

jedoch weitgehend unerforscht – bedingt durch seltene Biopsien und fehlende 

präklinische Modelle. Diese Arbeit beschreibt die Entwicklung eines neuartigen 

genetisch veränderten Mausmodells (GEMM) für SCLC durch konditionale Msh2-

Deletion im Rb1/Trp53-defizienten (RP) Hintergrund, wodurch das RPM-Modell 

(Rb1fl/fl;Trp53fl/fl;Msh2fl/fl) entsteht. Mithilfe von Whole-Exome-Sequencing (WES) 

zeigten wir, dass RPM-Tumoren mit biallelischem Msh2-Verlust erfolgreich die für 

MMRd typische genomische Landschaft nachbilden – mit erhöhter TMB, 

Frameshift-Mutationen und dominanten MMRd-Mutationssignaturen (SBS15/SBS21). 

Diese Veränderungen führten zu einer höheren Neoantigenlast im Vergleich zu RP-

Tumoren. Funktionell zeigten RPM-Tumore eine erhöhte Sensitivität gegenüber 

PD-1-Blockade. Zudem wiesen mit einem Treg-Suppressor (CDK4/6-Inhibitor) 

kombinierte Behandlungen mit platinbasierter Standardchemotherapie und ICI auf ein 

verbessertes Überleben hin. Immunprofiling mittels Durchflusszytometrie und Imaging 

Mass Cytometry (IMC) zeigte unterschiedliche Muster der T-Zell-Aktivierung und 

stromalen Umgestaltung im Vergleich zu RP-Kontrollen. Diese Arbeit liefert das erste 

physiologisch relevante SCLC-GEMM zur Untersuchung von MMRd und beleuchtet 

die Auswirkungen des Msh2-Verlusts auf Tumorentwicklung, Immunogenität und 

Therapieansprechen. Die Erkenntnisse unterstützen die Entwicklung neuer, auf 

DNA-Reparatur-defiziente SCLC-Tumoren zugeschnittener Behandlungsstrategien. 
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Abstract 

Small cell lung cancer (SCLC) is a highly aggressive malignancy characterized by 

rapid progression, early dissemination of metastases, and very poor prognosis. 

Although the introduction of immune checkpoint inhibitors (ICIs) into first-line therapy 

has shown modest improvement in survival outcomes, most patients remain 

unresponsive, and predictive biomarkers are lacking. One molecular hallmark of SCLC 

is its high tumor mutational burden (TMB), attributed mainly to tobacco-induced 

mutagenesis. However, recent proteogenomic studies have identified a subset of 

patients (~15%) harboring mismatch repair deficiency (MMRd), including alterations in 

key MMR genes such as MSH2. This subgroup exhibits unique mutational signatures 

and poor clinical outcomes. However, it remains largely understudied due to sparse 

tumor biopsies and a lack of representative preclinical models. To address this gap, 

this thesis presents the development of a novel genetically engineered mouse model 

(GEMM) of SCLC by introducing conditional Msh2 deletion into the Rb1/Trp53-

deficient (RP) background, generating the RPM model (Rb1fl/fl;Trp53fl/fl;Msh2fl/fl). 

Using whole-exome sequencing (WES), we demonstrate that RPM tumors with 

bi-allelic loss of Msh2 successfully recapitulate the genomic landscape associated 

with MMRd, including a significant increase in TMB, frameshift mutations, and 

dominant MMRd-associated mutational signatures (SBS15/SBS21). These 

alterations resulted in a higher load of neoantigens compared to RP tumors. 

Functionally, RPM tumors displayed significantly increased sensitivity to PD-1 

blockade. Furthermore, the RPM mouse model showed improved survival when 

treated with a Treg suppressor (CDK4/6 inhibitor) in combination with standard-of-care 

platinum-based chemotherapy and ICI. Additionally, immune profiling via flow 

cytometry and imaging mass cytometry (IMC) indicates distinct patterns of T cell 

activation and stromal remodeling in the RPM model compared to RP controls. This 

thesis provides the first GEMM of SCLC that serves as a physiologically relevant 

platform to study MMRd in SCLC and highlights the effects of Msh2 loss on 

tumorigenesis, immunogenicity, and treatment response. These findings have direct 

implications for developing therapeutic stratification strategies and designing novel 

treatment regimens tailored to DNA repair-deficient SCLC tumors. 
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1. Introduction 
 
1.1 Lung cancer 

 
Lung cancer is the most common cause of cancer mortality worldwide. It accounts for 

approximately 18% of all cancer deaths and results in around 1.8 million fatalities 

yearly (World Health Organization, 2023). It is also the second most commonly 

diagnosed cancer, with 2.2 million new cases annually (Hoang and Landi 2022). 

Although there have been significant treatment advancements recently, the overall 

5-year survival rate remains low at 19%. This is primarily due to late diagnosis and the 

aggressive nature of tumor progression (Hiddinga et al. 2021a). 

 

Lung cancer is categorized into non-small cell lung cancer (NSCLC) and small cell 

lung cancer (SCLC), comprising approximately 85-90% and 10-15% of all diagnoses, 

respectively (Figure 1.1) (Hoang and Landi 2022; Inamura 2017) . NSCLC is the most 

common form of lung cancer and it includes three histological types: adenocarcinoma, 

squamous cell carcinoma, and large cell carcinoma. Compared to SCLC, NSCLC 

exhibits slower tumor progression and spread, resulting in a better prognosis and 

improved response to treatment (American Cancer Society, 2023). 

 
Figure 1.1 Schematic representation of lung cancer classification. 
Lung cancer is broadly categorized into small cell lung cancer (SCLC) and non-small cell lung 

cancer (NSCLC) based on histological and clinical characteristics. SCLC accounts for 10-15% 

of lung cancer cases. NSCLC represents 85-90% of lung cancer cases and is further divided 

into three major subtypes: adenocarcinoma (40%), squamous cell carcinoma (25-30%), and 

large cell carcinoma (10-15%). Created with Biorender.com. 
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1.2 Overview of small cell lung cancer 
 
1.2.1 Epidemiology and risk factors 

 
SCLC is the most aggressive form of lung cancer, characterized by rapid proliferation 

and early dissemination of metastases (Gazdar et al., 2017; Rudin et al., 2021; Sabari 

et al., 2017). There are over 300.000 new cases annually worldwide. Around two-thirds 

of these are diagnosed at a late stage, at which point the disease is characterized by 

extensive metastatic spread. This results in extremely poor survival outcomes (Wang 

et al. 2023). Extensive-stage SCLC (ES-SCLC) has a median overall survival (OS) of 

only 2-4 months and a 5-year survival rate of less than 7% (Hiddinga et al. 2021; Zhou 

et al. 2020). 

 

Unlike NSCLC, which has various risk factors, SCLC is strongly associated with 

tobacco exposure, with around 95% of cases occurring in long-term smokers and 

former smokers. Additionally, second-hand tobacco smoke also increases the 

likelihood of an SCLC diagnosis (Johnston-Early et al. 1980; Videtic et al. 2003). Other 

risk factors contributing to SCLC include occupational exposure to several other 

carcinogens, such as asbestos, arsenic, and industrial chemicals like benzene. 

Individuals who have received radiation therapy in the chest are also at greater risk 

for developing SCLC. Although family history and genetic predispositions may play a 

role, the genetic factors of SCLC are not yet well understood (Raso, Bota- 

Rabassedas, and Wistuba 2021a). 

 
1.2.2 Histopathological characteristics 

 
SCLC has several histopathological features that contribute to its aggressiveness. 

Histologically, SCLC tissue appears very densely packed with small, round to 

spindle-shaped tumor cells that contain scant cytoplasm and dense nuclear chromatin 

(Figure 1.2a) (Raso et al., 2021). Typically, SCLC cells have exceptionally high mitotic 

rates, estimated as >10 mitoses per mm2 (Dumoulin, Bironzo, and Passiglia 2023). 

SCLC has limited architectural organization, and in combination with the small cell 

size, early detection becomes difficult. The tumors grow in diffuse sheet patterns, 

facilitating their infiltration into the surrounding tissues. Necrosis, because of rapid 
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outgrowth of the tumor’s blood supply, is very common and reflects its aggressive 

behavior (Figure 1.2b) (Raso et al. 2021). 

 
 

 

Figure 1.2 SCLC histological features (adapted from Raso et al. 2021). 

Representative H&E images of formalin-fixed paraffin-embedded (FFPE) SCLC tissues 

showing a) small cells with scant cytoplasm and b) densely packed tissue with intratumoral 
necrosis. 

 
In addition, SCLC tumors are highly vascularized with small vessels and lymphatic 

channels, which promote early dissemination of tumor cells. Metastases are a 

hallmark of malignancy, and they tend to invade the liver, brain, adrenal glands, and 

bones (Ganti et al. 2021). 

 

At the cellular level, SCLC has a neuroendocrine (NE) origin, and its cells of origin are 

thought to be pulmonary neuroendocrine cells (PNECs) in the lung epithelium. 

Therefore, SCLC can be differentiated from other lung tumor entities because it 

expresses neuroendocrine markers such as CD56/ neural adhesion molecule 

(NCAM), synaptophysin, chromogranin A, and neuron-specific enolase (NSE). CD56 

is the most common marker as it stains >90% of all SCLC samples. However, SCLC 

often exhibits a mixed phenotype and co-expresses markers typical for epithelial cells, 

including cytokeratins (Raso et al., 2021). The mixed cellular composition contributes 

to the complexity of the disease as it makes the tumor more adaptable and resistant 

to treatments. 
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1.3 Current treatment strategies for SCLC 
 
SCLC is a very challenging disease to manage clinically. Despite continuous research 

efforts to advance the therapeutic strategies that would be successful in eradicating or 

controlling this aggressive malignancy, classic chemotherapy and radiation therapy 

remain the primary treatment modalities. The therapeutic algorithm for SCLC is 

depicted in Figure 1.3. 

 

For limited-stage SCLC (LS-SCLC), defined as a confined lesion to one hemithorax 

and regional lymph nodes, the standard of care consists of chemotherapy 

(cisplatin-etoposide or carboplatin-etoposide) and radiotherapy (thoracic and nodal 

irradiation) (Dingemans et al. 2021). Moreover, prophylactic cranial radiotherapy (PCI) 

is advised based on numerous studies demonstrating its effect in reducing the risks of 

brain metastases (Nne et al., 1999). Surgical treatment with lobectomy and 

mediastinal lymph node resection (lymphadenectomy) is an option only in cases where 

localized disease is confirmed, where the tumor is present in only a single lung without 

extensive nodal spread. Such surgical interventions yield a five-year survival rate of 

45-65%. Adjuvant chemotherapy is still recommended, even when pathological tests 

detect no evidence of cancer spread to the lymph nodes (Dingemans et al., 2021). 

Additionally, thoracic and nodal irradiation may be used based on clinical staging and 

resection status. For ES-SCLC, where the tumors have spread to distant organs such 

as the brain, liver, or bone, platinum-based chemotherapy has remained the first-line 

treatment for over 30 years, providing a median OS of 7-11 months. In recent years, 

the addition of immune checkpoint inhibitors (ICI), atezolizumab and durvalumab, to 

standard chemotherapy has been approved because it achieved a moderate increase 

in median OS by approximately 2 months (Horn et al. 2018; Paz-Ares et al. 2019). 

Additionally, radiotherapy continues to play a key role in ES-SCLC, including thoracic 

and nodal irradiation, palliative radiation to control symptoms, and prophylactic cranial 

irradiation in selected patients. 

 

However, despite the established treatment protocols, achieving durable responses 

and improving long-term survival remains significantly challenging. Chemotherapy and 

radiotherapy outperform any novel treatment agents due to SCLC’s aggressive and 

rapid-growing   nature   (Hiddinga   et   al.,   2021).   However,   SCLC   is   a   very 
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chemo-sensitive cancer with a response rate of 70-90%; thus, rapid relapses are 

almost unavoidable (Zhang et al., 2023). As a result, long-term survival is extremely 

low, and new complementary strategies are urgently needed. 

 
 

 
 
Figure 1.3 Treatment strategies for different stages of SCLC. 
The illustration displays treatment approaches for SCLC according to different stages of the 

disease. In limited-stage SCLC, the tumor is confined to one hemithorax and regional lymph 

nodes and is treated with platinum-based chemotherapy (cisplatin/carboplatin + etoposide) 
and radiotherapy (nodal and thoracic irradiation). Localized SCLC, where the tumor is present 
in only a single lung without extensive nodal spread, is managed with surgical resection 

(lobectomy and lymphadenectomy), followed by chemotherapy and nodal/thoracic irradiation. 
Extensive disease, characterized by distant metastases to organs such as the brain, liver, and 

bone, is treated with a combination of chemotherapy and ICIs (atezolizumab or durvalumab) 
and radiotherapy mainly for symptoms management, prophylactic cranial irradiation, and 

thoracic/nodal irradiation in selective cases. Created with Biorender.com 
 
 
1.3.1 Standard chemotherapy 

 
Chemotherapy has been the standard of care and the cornerstone of SCLC treatment 

for decades. Even today, the first-line regimen in clinical practice is a combination of 

platinum-based chemotherapy (cisplatin or carboplatin) and etoposide, a DNA 

topoisomerase II inhibitor (Jiang et al. 2021; Mascaux et al. 2000). Mechanistically, 

cisplatin and carboplatin induce DNA crosslinks and, thus, prevent DNA replication 

and proliferation of cancer cells (Dilruba and Kalayda 2016). Etoposide augments this 

effect by further disrupting the repair and replication of DNA and not allowing the tumor 

cells to divide and grow (Montecucco, Zanetta, and Biamonti 2015; Nguyen et al. 
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2023). This therapy remains the most efficient in both limited-stage and extensive-

stage SCLC, with objective response rates (ORR) of 60-80% and 50-60%, 

respectively (Roth et al. 1992). However, almost all patients experience 

chemoresistance shortly after the start of therapy, with extensive-stage  disease 

patients relapsing within 6-12 months (Farid and Liu 2020; Socinski et al. 2009). The 

second-line treatment in such cases is topotecan, another topoisomerase inhibitor. 

However, topotecan exhibits only a minor efficacy with a median survival of less than 

6 months and is associated with very high toxicity levels (Horita et al. 2015). 

 
1.3.2 Standard radiation therapy 

 
Radiation therapy remains an important part in the management of SCLC, particularly 

for patients with limited-stage disease. In these cases, the standard treatment 

approach involves concurrent chemoradiation, which includes a combination of 

chemotherapy and thoracic radiation. This treatment strategy aims to achieve a 

curative outcome as it targets both the primary lung tumors and adjacent lymph nodes. 

On the other hand, the use of radiation for extensive disease is more limited and is 

primarily recommended for palliative reasons since the body is infested by metastases 

in different organs (Glatzer et al. 2017). In such cases, radiation helps in controlling 

symptoms like pain or bleeding from metastases. In addition to thoracic radiotherapy, 

PCI is suggested for patients who responded to chemotherapy to prevent brain 

metastases, which commonly follow metastases in other parts of the body. Although 

it improves overall survival moderately, it presents a high risk of multiple 

neurocognitive side effects, making it a difficult decision on whether it should be used 

(Tang, Tian, and Li 2024). 

 
1.3.3 Immunotherapy 

 
After decades of no significant advancements in SCLC treatment strategies and 

minimal survival outcome improvements, the introduction of ICI revolutionized the 

clinical management of ES-SCLC (Horn et al. 2018; Paz-Ares et al. 2019). Targeting 

the immune system to fight cancer has become an important focus of novel treatment 

strategies, especially in tumors such as SCLC with high mutation rates and DNA 

instability. ICIs disrupt the regulatory pathways of the immune system that suppress 

immune responses and prevent autoimmunity. These pathways are often utilized by 
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cancer cells to evade the immune system. 
 
 
Specifically, ICIs block proteins like programmed death-1 (PD-1), programmed death- 

ligand 1 (PD-L1), or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) immune 

checkpoints that are expressed on the surface of immune cells and tumor cells. Under 

physiological conditions, the engagement of these checkpoints results in T-cell 

inactivation and tumor immune escape. Anti-CTLA-4 antibodies block the binding of 

CTLA-4 to CD80/CD86 on antigen-presenting cells (APCs), restoring the activation of 

T cells (Figure 1.4a). Similarly, inhibiting the PD-1/PD-L1 interaction with respective 

checkpoint inhibitors prevents the suppression of T cell activity, reactivating the 

anti-tumor immune responses (Figure 1.4b) (Soularue et al. 2018). Thus, immune 

checkpoint inhibition restores the ability of the immune system to recognize and kill 

tumor cells (Kong et al. 2024). 

 
 

 

Figure 1.4 Mechanisms of immune checkpoint inhibition in cancer therapy (adapted 

from Soularue et al. 2018). 
a) Under normal conditions, antigen-presenting cells (APCs) activate T cells through the 

interaction of the T-cell receptor (TCR) with MHC-peptide complexes. However, CTLA-4 on 

the surface of T cells binds to the CD80/CD86 on APCs, leading to T cell inactivation and 

tumor escape. When anti-CTLA-4 antibodies are used, this inhibitory reaction is blocked, and 

the T cell activation is restored, resulting in tumor cell elimination. b) Similarly, tumor cells can 

express PD-L1, which binds to the PD-1 receptor on the T cell surface and leads to its 

inactivity, enabling tumor escape. Anti-PD-1 and anti-PD-L1 antibodies prevent this 

interaction, restoring T-cell activation and eliminating tumor cells. 
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In 2019, the U.S. Food and Drug Administration (FDA) approved atezolizumab and 

durvalumab, PD-L1 inhibitors, for administration alongside chemotherapy as a first-line 

treatment for ES-SCLC (FDA 2019, 2020). The Impower133 trial demonstrated that 

the addition of atezolizumab to first-line chemotherapy improved the median overall 

survival by 2 months in patients with extensive disease (12.3 months in the 

combination group vs 10.3 months in the chemotherapy alone group) (Horn et al. 

2018). Similarly, the CASPIAN trial showed that the combination of durvalumab with 

standard  chemotherapy  enhanced  survival  rates  up  to  13  months  compared  to 

10.3 months in ES-SCLC patients treated with chemotherapy alone (Paz-Ares et al. 

2019). 

 

Even though ICIs have revolutionized SCLC clinical management and initiated a new 

treatment era, major challenges remain. The response rates to ICI in SCLC are lower 

than in other cancer types, such as NSCLC. Furthermore, there is a profound 

variability in responsiveness among patients and only a small subset of patients is 

sensitive to ICI (Hamilton and Rath 2019; Rossi et al. 2023). Therefore, new 

biomarkers and predictive models for ICI response as well as stratification of patients 

who likely will benefit from immunotherapy are urgently required. 

 
1.3.4 Emerging treatments and their limitations 

 
Emerging therapies in various cancers focus on targeting specific molecular pathways, 

which might overcome some conventional therapy limitations, such as resistance to 

treatment and recurrence of disease. However, these novel therapies have their own 

challenges and have not made significant improvements in SCLC to date. Targeted 

therapies are among the most researched treatment approaches, as they have made 

substantial progress in treating many cancers with identifiable driver mutations, such 

as in NSCLC (McLaughlin et al., 2023). However, this is not the case for SCLC, which 

is characterized by rapid genetic evolution and a lack of consistent and actionable 

mutations (Denninghoff et al. 2021). Nevertheless, inhibitors of the phosphoinositide 

3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) pathway 

and fibroblast growth factor receptor 1 (FGFR1) are actively investigated in clinical 

trials and have shown only modest results (Hung, Wang, and Chi 2022; Weeden, 

Solomon, and Asselin-Labat 2015). 
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Another group of drugs currently being studied in SCLC is antibody-drug conjugates 

(ADCs). ADCs allow for selective delivery of chemotherapy into the tumor cells since 

they include cytotoxic drugs that are conjugated to antibodies that target a specific 

tumor antigen. For instance, an ADC targeting delta-like 3 (DLL3), a protein expressed 

in SCLC cells, showed initial promise in clinical trials, however, it quickly developed 

significant toxicity and was discontinued (Ding and Yeong 2024). 

 

Another emerging treatment for SCLC is the administration of poly (ADP-ribose) 

polymerase (PARP) inhibitors. PARP is an enzyme involved in DNA repair, and its 

inhibition in SCLC cells, which generally have impaired DNA repair mechanisms, leads 

to cell death. Olaparib, a PARP inhibitor, has demonstrated promising results when 

combined with chemotherapy or immunotherapy in preclinical studies, and its efficacy 

is still under investigation. Like other drugs, the PARP inhibitors´ efficacy in SCLC is 

limited due to the cancer´s ability to develop resistance (Barayan, Ran, and Lok 2020). 

 

Furthermore, in addition to PD-1/PD-L1 inhibitors currently being used in the clinical 

management of SCLC, other immunotherapeutic components are being explored. For 

instance, ipilimumab, a CTLA-4 inhibitor, is currently undergoing testing in combination 

with PD-1/PD-L1 inhibitors to achieve broader immune stimulation and to overcome 

the potential resistance that cancer can create against monotherapy (Cheng et al. 

2024). 

 

Despite showing great potential, these novel therapies yield only low response rates 

in SCLC and can have immune-related toxicities. All in all, emerging treatments in 

SCLC are promising, especially in the late stages of the disease, where conventional 

therapies are  not generally effective. However, their clinical application remains 

challenging due to heterogeneous patient responses, high toxicity, and the 

development of treatment resistance. 
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1.4 Genetic and molecular landscape of SCLC 
 
1.4.1 High tumor mutational burden and genetic instability 

 
SCLC is characterized by a highly complex and heterogeneous genomic profile 

harboring a high load of mutations, contributing to its aggressive phenotype. Unlike 

NSCLC, which generally harbors actionable driver mutations, SCLC displays genomic 

instability without distinct oncogenic drivers (Rudin et al. 2021). Additionally, SCLC 

has one of the highest tumor mutational burdens (TMB) among cancers, primarily 

associated with chronic exposure to carcinogens in cigarette smoke. The elevated 

TMB leads to pronounced genomic instability and a rapid accumulation of somatic 

mutations, including new mutations emerging during treatment cycles (Hellmann et al. 

2018). These mutations contribute to tumor heterogeneity and treatment resistance. 

 

The increased TMB also forms neoantigens, which are tumor-specific antigens 

generated by somatic mutations. Neoantigens can produce abnormal proteins 

presented on the tumor cell surface by major histocompatibility complex (MHC) 

molecules. Unlike normal self-antigens, neoantigens are not recognized by the 

immune system. This makes them highly immunogenic and potential targets of 

anti-tumor immune responses (Zhang et al. 2021). Although there is great potential in 

utilizing neoantigens  in clinical settings to elicit  strong immune responses,  their 

effectiveness in SCLC is limited due to the typical immunosuppressive tumor 

microenvironment in SCLC tumors. 

 

High TMB has also been proposed as a surrogate marker for ICI response in patients, 

as tumors with elevated TMB may be more prone to immune attack after ICI exposure. 

Notably, the FDA has approved the administration of pembrolizumab, an anti-PD-1 

agent, for all tumor types presenting with a TMB of more than 10 mutations per 

megabase, underscoring the role of TMB in predicting ICI outcomes (Strickler, Hanks, 

and Khasraw 2021). In the CheckMate 032 clinical trial of SCLC, patients with high 

TMB, defined as having more than 248 somatic missense mutations, exhibited an 

improved ORR, OS, and progression-free survival (PFS) when exposed to nivolumab 

(a PD-1 blocker) alone or in combination with ipilimumab (a CTLA-4 blocker) 

(Hellmann et al. 2018). However, although a high TMB is often linked to a better ICI 
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response in some tumor entities, its predictive role in SCLC remains unclear. Most 

patients with high TMB do not durably respond to immunotherapy; thus, TMB alone 

cannot stratify patients into responders and non-responders (Le et al. 2017; Westcott 

et al. 2023a). Some studies have demonstrated that TMB alone does not consistently 

predict ICI response and, therefore, is not a reliable biomarker (Gurjao et al. 2020). 

This highlights the importance of understanding other factors that mediate ICI 

sensitivity alongside TMB. 

 
1.4.2 Tumor suppressor gene alterations 

 
The genes responsible for cancer development are commonly categorized into two 

major groups: oncogenes and tumor suppressor genes. Oncogenes are modifications 

of proto-oncogenes, the first regulatory factors of biological processes, including cell 

differentiation and growth. An oncogene is created when a proto-oncogene is 

activated excessively, leading to uncontrolled cell proliferation. In contrast, tumor 

suppressor genes regulate cell division under normal conditions, and their inactivation 

leads to unchecked cell growth and tumor formation (Dakal et al. 2024; Kontomanolis 

et al. 2020). 

 
Even  though  the  genetic  landscape  of  SCLC  is  not  fully  understood  to  date, 

comprehensive studies have identified a near-universal alteration in two key tumor 

suppressor genes: tumor protein p53 (TP53) and retinoblastoma 1 (RB1). Mutations 

in these genes are present in approximately 90% and 50-90% of clinical cases, 

respectively, and are considered the main drivers of tumorigenesis (George et al. 

2015, 2024; Sivakumar et al. 2023). These genetic features are strikingly different in 

NSCLC, where oncogenic drivers such as epidermal growth factor receptor (EGFR) 

and anaplastic lymphoma kinase (ALK) mutations are prominent (Rudin et al. 2021). 

The TP53 gene encodes the p53 protein, which functions as a tumor suppressor by 

initiating cell cycle arrest or apoptosis upon DNA damage. In SCLC, TP53 mutation 

results in loss of function, allowing accumulation of DNA errors. As a result, mutated 

cells continue to proliferate excessively, leading to genomic instability and tumor 

progression (Jeong et al., 2025). Similarly, the RB1 gene encodes the retinoblastoma 

protein (Rb) that regulates the cell cycle progression by controlling the G1/S transition. 

Inactivation of RB1 disrupts this process and allows rapid tumor progression and early 

metastases (Dyson et al., 2016). 
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1.4.3 DNA repair deficiencies and mismatch repair defects in SCLC 
 
Although SCLC is predominantly associated with smoking (Wang et al. 2023), 

approximately 15% of cases in a recent cohort exhibited a distinct DNA mismatch 

repair (MMR) mutational signature (Liu et al., 2024). MMR deficiency (MMRd) leads to 

genomic instability, which is a hallmark of SCLC that largely contributes to its high 

TMB and rapid disease progression (Dietlein et al., 2014). This instability is linked to 

impaired DNA damage repair (DDR) pathways, which are responsible for maintaining 

genomic integrity. Among DDR mechanisms, the MMR system plays a fundamental 

role in identifying and correcting replication errors, including base mismatches and 

small insertions/deletions (indels). MMR is performed by key  proteins,  such  as 

MutS homolog 2 (MSH2), MutS homolog 6 (MSH6), MutL homolog 1 (MLH1), and 

post-meiotic segregation increased 1/2 (PMS1/PMS2). These proteins work as 

heterodimers, where MSH2/MSH6 creates the MutSα complex and recognizes 

replication errors and MLH1/PMS2 forms the MutLα complex and mediates 

downstream repair processes (Friker et  al. 2025). Loss  or inactivation of these 

components leads to the accumulation of mutations across the genome (Li 2008). 

Failure of MMR function results in the accumulation of replication errors and, 

subsequently, elevated mutation rate, microsatellite instability (MSI), and increased 

tumor heterogeneity (Schöniger and Rüschoff 2022). 

 

At the genetic level, MMRd causes the buildup of single nucleotide variants (SNVs) 

and frameshift mutations, the latter arising from indels (Germano et al. 2018). 

Frameshift alterations generate longer, highly immunogenic peptides, which increase 

the probability of producing strong neoantigens, eliciting a stronger immune response 

and improving the ICI sensitivity. Consequently, MMR-deficient and high MSI tumors 

exhibit greater sensitivity to ICIs. Supporting these results, studies have demonstrated 

a positive correlation between neoantigenic load and immune infiltration, as well as 

better survival in MSI cancers, such as colorectal tumors (Sahin et al. 2019). Notably, 

the clinical relevance of a positive MMRd status has been recognized by the FDA, 

which authorized pembrolizumab, a PD-I inhibitor, for MMR-deficient cancers, 

highlighting its role as a predictive biomarker (FDA., 2017; Marcus et al. 2019). 

 

However, the impact of MMR loss on prognosis and therapy responses is different 
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across cancer types. For instance, MMRd and MSI are associated with favorable 

prognosis and OS and high infiltration with immune cells in colorectal cancer (Batur et 

al. 2016; Gatalica et al. 2016). However, similar outcomes are not observed for 

endometrial cancers (McMeekin et al. 2016). Additionally, some studies have shown 

that MMRd tumors exhibit heightened resistance to cytotoxic drugs such as cisplatin 

and carboplatin (L. P. Martin, Hamilton, and Schilder 2008). At the same time, no 

significant effect has been noted on the response to oxaliplatin (Seetharam, Sood, and 

Goel 2009). These inconsistencies highlight the necessity for further comprehensive 

research to better understand the role of MMRd across various tumor types, including 

SCLC. 

 
1.4.4 MSH2 loss and its role in SCLC 

 
MSH2 is a crucial component of the MMR system and helps maintain genomic stability 

by detecting mismatched DNA bases and indel errors during DNA replication. MSH2 

can complete this function by forming heterodimers with MSH6 (MutSα complex) to 

detect replication errors and with MSH3 (MutSβ complex) to repair longer insertions 

or deletions. MSH2 recruits MLH1/PMS2 to begin the repair when a mismatch is 

identified (Edelbrock, Kaliyaperumal, and Williams 2013). Unlike other MMR 

deficiencies where partial activity remains, MSH2 loss results in a complete disruption 

of the MMR system since it is involved in the initial mismatch detection process, 

making it one of the most important components of the MMR machinery. 

Consequently, MSH2 inactivation allows for replication errors to happen undetected, 

resulting in MSI, increased accumulation of frameshift mutations, and intratumoral 

heterogeneity (Li et al. 2023). 

 

In addition to its role in controlling genomic integrity, MSH2 inactivation has been 

associated with tumor development, modulation of immune responses, and treatment 

resistance across various cancer types (He et al. 2022). In colorectal and endometrial 

cancers, MSH2 alterations are a hallmark of Lynch syndrome and make patients more 

prone to early-onset and highly immunogenic tumors. In sporadic cancers, MSH2 is 

often inactivated not by direct mutation, but via allelic loss, promotor hypermethylation, 

or other forms of genetic silencing (Peltomäki et al. 2023). MSH2-deficient tumors 

have higher resistance to platinum-based chemotherapy in prostate and ovarian 
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cancers, likely because of reduced DNA damage recognition. Additionally, defective 

MSH2 has been correlated with incorrect apoptotic signaling via the p53 pathway since 

p53 depends on MMR-mediated DNA damage detection to initiate cell death. This 

suggests that MSH2 inactivation causes genetic instability and is an indicator of 

increased tumor survival during chemotherapy exposure (Dong et al. 2023). 

 

In SCLC, MSH2 loss remains largely unexplored, as no studies to date have 

specifically examined its isolated role in this tumor type. However, based on the 

broader evidence from MMR-deficient tumors, MSH2 inactivation may have important 

implications for tumor development and therapy resistance. For instance, its loss has 

been linked in other tumor types with increased genetic instability, increased frameshift 

load, and intratumoral heterogeneity, which are also hallmarks of SCLC. These effects 

may lead to pronounced evolution and plasticity in SCLC, which can contribute to 

therapy resistance (George et al. 2015; Ireland et al. 2020). However, whether MSH2 

alone can drive these features of SCLC has not been explored, representing a 

significant gap in understanding the molecular players of therapy resistance and 

immune evasion in MMRd-SCLC. Therefore, characterizing the function of MSH2 in 

SCLC remains an important area of future research. 

 
1.4.5 Other genetic alterations 

 
Several other genetic alterations have been identified in SCLC as drivers of 

tumorigenesis, in addition to TP53 and RB1 mutations. Some alterations belong to the 

myelocytomatosis (MYC) family of oncogenes, especially MYC amplifications. MYC 

mutations are detected in approximately 20% of SCLC cases. MYC genes promote 

cell growth and proliferation, and their amplification leads to heightened disease 

aggressiveness and poor prognosis (Umemura 2014). Moreover, mutations in genes 

involved in the PI3K/AKT/mTOR pathway are found in about 36% of SCLC patients. 

Such alterations result in the disruption of optimal cellular growth, metabolism, and 

survival (Umemura 2014). 

 

Besides genetic  dysregulation, SCLC is also  affected  significantly by  epigenetic 

changes, particularly changes in DNA methylation and histone modifications. For 

instance, mutations in CREBBP and EP300 histone modifiers are frequently observed 
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in SCLC, occurring in approximately 15-17% and 5-13% of cases, respectively (Jia et 

al. 2018). Such mutations promote tumor progression by inducing alterations in the 

chromatin structure and gene expression (Zhu et al. 2023). 

 

Another hallmark of SCLC, which makes it highly challenging to treat, is its intrinsic 

tumor heterogeneity, referring to the presence of different tumor cell subpopulations 

within a single tumor. SCLC exhibits heterogeneity at both genetic and phenotypic 

levels. Genetically, the excessive accumulation of mutations, copy  number 

alterations (CNAs), and chromosomal rearrangements result in distinct subclones that 

respond differently to therapeutic interventions and make the tumor more adaptable 

and resistant (George et al. 2015; Peifer et al. 2012). Additionally, SCLC displays 

phenotypic heterogeneity, with the tumor cells showing different expression levels of 

neuroendocrine proteins, such as achaete-scute homolog 1 (ASCL1), neurogenic 

differentiation factor 1 (NEUROD1), synaptophysin (SYP), and chromogranin A 

(CHGA) (Augustyn et al. 2014; Rudin et al. 2019). Recent studies have identified 

different molecular subtypes of SCLC based on the expression of these markers, each 

with distinct transcriptional profiles. For example, ASCL1-high tumors have a typical 

neuroendocrine phenotype, while NEUROD1-high subtype exhibits neuronal-like 

behavior. The increased heterogeneity in SCLC makes standard treatments like 

chemotherapy and immunotherapy unsuitable for long-term therapeutic strategies 

(Rudin et al. 2019, 2021). 

 
 
1.4.6 Emerging SCLC subtypes 

 
Although genomic profiling in SCLC has not revealed mutationally defined subtypes, 

a recent classification based on the expression of transcription factors has been 

proposed (Figure 1.5). This poses an essential step towards the establishment of new 

therapeutic targets. The novel classification strategy identifies four distinct molecular 

subtypes of SCLC: SCLC-A (expressing ASCL1), SCLC-N (expressing NEUROD1), 

SCLC-P (expressing POU class 2 homeobox 3), and SCLC-I (representing tumors 

with an inflammatory phenotype) (Gay et al. 2021; Rudin et al. 2019). 

 

SCLC-A and SCLC-N are NE tumors expressing typical NE markers such as CHGA 

and SYP. In contrast, SCLC-P and SCLC-I exhibit a non-NE phenotype (Gay et al. 
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2021). SCLC-P is associated with POU2F3, normally expressed in tuft cells, which are 

chemosensory cells in the pulmonary epithelium, suggesting a different cell of origin 

from the  two NE  subtypes (Huang  et  al. 2018).  Some non-NE tumors  express 

yes-associated protein 1 (YAP1), which does not exclusively define a new subtype 

(Baine et al. 2020). In 2021, Gay et al. proposed the new SCLC-I subtype to classify 

tumors with epithelial-mesenchymal transition (EMT) and immune-related gene 

expression, including human leukocyte antigens, interferon-γ (IFNγ), and immune 

checkpoint molecules. 

 

This classification system for SCLC is being actively investigated for treatment 

stratification purposes. Notably, a retrospective analysis of the IMpower 133 trial, the 

first randomized trial to determine the OS and PFS of SCLC patients exposed to ICI, 

revealed that SCLC-I derives the greatest benefit from the combination of ICI with 

chemotherapy, followed by SCLC-A, SCLC-N, and SCLC-P (Figure 1.5, Right). The 

figure also illustrates that under treatment, the subtype SCLC-A can undergo subtype 

switching and turn chemoresistant, highlighting the dynamics of the plasticity of SCLC 

(Gay et al. 2021; Saida, Watanabe, and Kikuchi 2023). 
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Figure 1.5 Transcriptional subtypes of SCLC and their association with immune-related 

properties and therapeutic outcomes (adapted from Gay et al. 2021). 
Heatmaps depict the differential expression of immune-related genes, POU2F3, NE-genes, 
NEUROD1, and ASCL1 across the four SCLC subtypes: SCLC-N, SCLC-A, SCLC-P, and 

SCLC-I. The SCLC-I exhibits high EMT, IFNγ signaling, and immune infiltration. The right 
panel shows the survival outcomes of all subtypes, with SCLC-I having the greatest benefit 
from combining chemotherapy and immunotherapy. The inset illustrates the subtype plasticity, 
with the potential of SCLC-A tumors to transition to a chemoresistant type. 
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1.5 Emerging role of the tumor microenvironment 
 

The tumor microenvironment (TME) is a complex and dynamic network of non-

cancerous cells and extracellular structures that surround and interact with tumor 

cells. It consists of various components, such as immune cells, stromal cells, blood 

vessels, mesenchymal stem cells, and the extracellular matrix (ECM). These 

structures can affect the behavior of the tumor as well as impact important processes 

like tumor growth, proliferation, invasion, formation of metastasis, and response to 

therapies (Dai et al. 2020; Zhao et al. 2023). 

 
1.5.1 Overview of the TME 

 
There are different mechanisms for how TME influences tumor growth. For instance, 

the TME contributes to cancer progression by releasing signaling molecules that 

promote angiogenesis, which is the formation of new blood vessels that deliver 

nutrients and oxygen to the tumor (Z. Li et al. 2024; Yang, Lee, and Fan 2024). 

Additionally, the TME can lead to immune suppression, allowing cancer cells to evade 

the body´s immune defense and, thus, spread to other organs (W. Liu et al. 2024). 

Furthermore, the TME makes a favorable environment to support cancer stem cells, 

which are often resistant to conventional treatment strategies (Borlongan, Saha, and 

Wang 2024). 

 

Both the innate and adaptive immune systems are part of the TME. The innate immune 

system is the first line of defense against pathogens and tumors. It elicits rapid and 

non-specific responses with the help of macrophages, natural killer (NK), and dendritic 

cells (Marshall et al. 2018). In contrast, adaptive immune responses generated by T 

and B cells are slower to initiate but highly specific. The adaptive immune system is 

characterized by immunological memory, enabling quicker reaction upon a repeated 

encounter with the same antigen (Vesely et al. 2011). However, tumors develop 

mechanisms to suppress or evade both innate and adaptive immune responses, 

leading to immune escape and disease progression (Vinay et al. 2015). Given its 

critical role in shaping tumor dynamics, TME has become a major focus in cancer 

research. Discovering ways to suppress its tumor-promoting properties and modulate 

it to support drug efficacies holds great potential to improve treatment outcomes. 
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1.5.2 Key cellular components of the TME 

Effector immune cells 

CD8+  T cells (Cytotoxic T Lymphocytes): These cells are key players in anti-tumor 

immunity. They directly kill cancer cells using mechanisms like perforin- and 

granzyme-mediated apoptosis (Lin, Zou, and Wen 2023). However, some tumors can 

evade CD8+ T cell activity by upregulating immune checkpoints (e.g., PD-1, PD-L1) 

and producing immunosuppressive cytokines (Lin et al. 2024a). 

 

NK cells: NK cells detect and destroy tumor cells that escape the adaptive immune 

system by recognizing stress-induced signals or the lack of MHC molecules. They can 

release perforin and granzyme to induce tumor cell death (Paul and Lal 2017). 

 

Regulatory and suppressive immune cells 
 
CD4+ T cells (Helper T cells): These cells support the anti-tumor activity by 

orchestrating adaptive immune responses. They can activate macrophages  and 

CD8+ T cell-mediated cytotoxicity via IFN-γ release and support macrophages by 

producing interleukin-4 (IL-4), IL-5, and IL-3 cytokines. Besides the primary function in 

anti-tumor   immunity,   some   CD4+   T   cell   subsets   (e.g.,   T   helper   2   (Th2), 

T helper 17 (Th17) contribute to tumor progression under chronic inflammation (Kim 

and Cantor 2014). 

 

Regulatory T Cells (Tregs): Tregs are a subset of CD4+ T cells that exhibit suppressive 

abilities to anti-tumor immune responses by inhibiting effector T cells and dendritic 

cells. They achieve this by the secretion of IL-10 and transforming growth factor beta 

(TGF-β). Tumors often utilize Tregs to escape from the immune system (Josefowicz, 

Lu, and Rudensky 2012; Tanaka and Sakaguchi 2017). 

 

Other key cells 
 

Tumor-Associated Macrophages (TAMs): TAMs include the pro-inflammatory M1 and 

pro-tumorigenic M2 macrophages. Briefly, M1 macrophages promote anti-tumor 

activity by enhancing T-cell cytotoxicity, while M2 macrophages support tumor growth 

via angiogenesis and immune suppression (Pan et al. 2020). 
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Dendritic cells (DCs): DCs are antigen-presenting cells that play a critical role in 

initiating immune responses. They provide a link between the innate and adaptive 

immune systems by recognizing, capturing, and presenting antigens to T cells (Del 

Prete et al. 2023). 

 

Cancer-Associated Fibroblasts (CAFs): CAFs are known to remodel the ECM, 

promote angiogenesis, and secrete growth factors that contribute to tumor cell thriving 

(Popova and Jücker 2022). 

 
1.5.3 Non-cellular components of the TME 

 
Extracellular Matrix (ECM): The ECM is a network of proteins and polysaccharides 

that provide structural support, facilitate the exchange of chemical signaling between 

tissues, and impact cell behavior. Tumors often remodel the ECM to support their 

survival and invasion (Popova and Jücker 2022). 

 

Cytokines and chemokines: These are signaling molecules produced by various cells 

to regulate immune cell recruitment  and  activate anti-tumor immune  responses. 

However, tumors can use the cytokine network to create an immunosuppressive 

microenvironment (Yeo et al. 2021). 

 

Exosomes and extracellular vesicles: Tumors can secrete vesicles to transport pro-

tumorigenic molecules like microRNAs (miRNAs) or proteins to neighboring cells, 

enhancing tumor progression (Aseervatham 2023). 

 
1.5.4 Immune microenvironment in SCLC 

 
SCLC is generally considered an immune “cold” tumor as it exhibits low infiltration with 

immune cells, especially effector T cells, which are critical for anti-tumor responses. In 

addition, despite the high TMB in SCLC, which is commonly associated with elevated 

immunogenicity, the immune microenvironment in these tumors is characterized as 

predominantly immunosuppressive and thereby favors tumor growth (Rudin et al. 

2021). 
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As depicted in Figure 1.6, the cancer-immunity cycle in SCLC is disrupted at several 

levels. First, the antigen presentation is impaired due to a low or total lack of MHC 

class I and II expression on the surface of tumor cells and dendritic cells. As a result, 

the priming of CD8+ and CD4+ T cells is compromised. Additionally, the lack of 

costimulatory proteins worsens the priming further (Chen et al., 2023). The main 

features of SCLC, including rapid proliferation, high genomic instability, and 

expression of a high number of neoantigens, would theoretically make this tumor entity 

highly immunogenic. However, SCLC surprisingly often evades and suppresses the 

immune system, which is one of the hallmarks of cancer progression. Immune evasion 

allows cancer cells to escape immune detection and destruction and, thus, enables 

them to survive and thrive without being targeted by the body´s immune system 

(Hanahan and Weinberg 2011). The mechanisms used by cancer cells for immune 

evasion impact both innate and adaptive responses. One key strategy that SCLC cells 

use to evade immune responses is the upregulation of immune checkpoint molecules 

on tumor cells, such as PD-L1 (Rudin et al. 2019). PD-L1 normally interacts with the 

respective inhibitory receptor PD-1, which is expressed on the surface of T cells, 

leading to the inhibition of effector T cell-mediated cytotoxicity (Soularue et al. 2018). 

Other similar inhibitory molecules that contribute to effector T cell suppression include 

CTLA-4, T cell immunoreceptor with Ig and ITIM domains (TIGIT), and B7 homolog 3 

(B7-H3). SCLC cells also secrete immunosuppressive cytokines, including TGF-β and 

IL-10, which suppress the activity of effector cells and promote the recruitment of Tregs 

(Chen, Li, and Fan 2023b). 

 

Additionally, the SCLC microenvironment recruits immunosuppressive cells, such as 

Tregs and myeloid-derived suppressor cells (MDSCs), which repress the effector 

T cell and NK cell activity (Iclozan et al. 2013). TAMs exhibit predominantly a pro-

tumorigenic M2-like phenotype that supports angiogenesis, ECM remodeling, as 

well as immune suppression (Dora et al. 2021). Moreover, NK cells frequently become 

ineffective due to tumor-derived signals reducing their activator ligands and inhibiting 

their cytotoxic activity (Chen et al. 2023). The combined effect of these suppressive 

mechanisms disrupts all major steps of anti-tumor immunity, rendering immunotherapy 

less effective and making it difficult to reverse immune resistance in SCLC. 
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Figure 1.6 Schematic overview of the cancer-immunity cycle in SCLC (adapted from 

Chen et al., 2023). 
This schematic illustrates the key mechanisms  enabling  immune  evasion  in  SCLC. 
Step 1: Antigen presentation and immunogenicity. SCLC cells downregulate the 

expression of MHC class I and II, disrupting effective antigen presentation by DCs and 

reducing T cell priming. CD4+ and CD8+ T cells cannot be activated due to the lack of antigen 

presentation and costimulatory cytokines. Step 2: Infiltration of effector immune cells. NK 

cells and CD8+ T cells are not abundant and do not penetrate the tumor parenchyma. At the 

same time, the TME is heavily infiltrated by immunosuppressive immune cells such as Tregs, 
MDSCs, and TAMs. Step 3: Escape from immune killing. SCLC tumors express immune 

checkpoints like PD-L1 and B7-H3, which bind to respective inhibitory receptors (PD-1, TIGIT, 
and CTLA-4) on T cells, leading to T cell inactivation. 
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1.6 Mouse models of SCLC 
 
1.6.1 The need for preclinical mouse models 

 
Historically, SCLC has been challenging to investigate as human tumor samples are 

extremely scarce. Despite its high incidence, SCLC is typically diagnosed at advanced 

stages when metastases are already present, and surgical resection is no longer an 

option (Byers et al. 2015). Additionally, the rapid progression of the disease makes it 

difficult to collect longitudinal biopsy specimens. As a result, little progress has been 

made in understanding how SCLC evolves and acquires therapeutic resistance and 

what role immune interactions play. Due to these limitations, patient-derived 

xenografts (PDXs) and genetically engineered mouse models (GEMMs) have become 

essential tools in SCLC research (Oser et al. 2024). PDXs are generated by implanting 

immunocompromised mice with patient tumor samples, which allows the study of 

tumor heterogeneity and treatment responses in a setting that closely mirrors the 

human scenario (Liu and Yang 2025). Meanwhile, GEMMs are generated by altering 

the mouse genome and obtaining controlled genetic modifications. GEMMs provide 

another physiologically  relevant  platform, enabling  research  into the  role  of  key 

mutations and a fully competent immune system in the development and progression 

of malignancy (Oser et al. 2024). 

 
1.6.2 Existing mouse models of SCLC and their limitations 

 
The first and most important GEMM of SCLC was developed in 2003 by Meuwissen 

et al. This model incorporates the inactivation of two key genetic drivers, Rb1 and 

Trp53, in lung epithelial cells, particularly in PNECs. In this model, mice have floxed (fl) 

alleles of Rb1 and Trp53 (Rb1fl/fl;Trp53fl/fl), and the conditional deletion of the genes is 

achieved exclusively in lungs by infecting the animals via intratracheal injection with 

an adenoviral vector containing Cre recombinase (Ad-CMV-Cre) (Figure 1.7). The 

Rb1/Trp53 (RP) model effectively recapitulates SCLC's histopathological and 

metastatic patterns, including neuroendocrine differentiation, rapid progression, and 

therapy resistance (Meuwissen et al. 2003). However, a major limitation of the RP 

mouse is the development of only a few lung lesions (1-5 tumors per animal) with a 

long latency period of approximately 210 days (Oser et al. 2024). Several other mouse 

lines have been developed based on the RP model to overcome this limitation and 
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achieve faster-growing tumors. For instance, the RPR2 (Rb1;Trp53;Rbl2) model was 

created considering findings that p130/RBL2 expression is low in human SCLC, and 

it develops 10-20 times more tumors in half the time compared to the RP model 

(McFadden et al. 2014; Schaffer et al. 2010). The RPM (Rb1/Trp53/MycT58A) model 

also includes inducible MYCT58A expression, a key oncogene of SCLC, leading to a 

significantly shorter tumor onset (4-10 weeks) (Mollaoglu et al. 2017). Tumors in both 

RP and RPR2 mouse systems mainly express Ascl1, while RPM tumors are 

Neurod1-high, representing different molecular subtypes of SCLC (Oser et al. 2024). 

 
 

However, significant limitations of the existing GEMMs of SCLC include low TMB and 

low rate of acquiring new mutations. Since one of the most important hallmarks of 

human SCLC is high TMB and genomic instability, the current mouse models fail to 

capture the mutational complexity of the disease. In human SCLC, the main driver of 

genomic instability is chronic exposure to carcinogens in cigarette smoke, which 

creates a mutational signature harboring mainly C>A conversions (Rudin et al. 2021; 

Wang et al. 2023). Therefore, an ideal GEMM to study SCLC would carry 

tobacco-induced mutations in its genome. This preclinical model is very challenging to 

replicate and non-existent to date. In addition to the smoking signature, a subset of 

SCLC cases exhibits MMRd mutational signature, containing excessive indels and 

MSI. These patients also present with elevated TMB and neoantigenic load (Q. Liu et 

al. 2024). Therefore, establishing SCLC models with high TMB and MMRd patterns 

would provide a more suitable system for investigating SCLC biology and testing novel 

therapeutic strategies. 
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Figure 1.7 Schematic representation of the RP (Rb1fl/fl;Trp53fl/fl) mouse model of SCLC. 
This model incorporates the conditional deletion of the Rb1 and Trp53 tumor suppressor 
genes in lung epithelial cells, especially in PNECs, which are believed to be the cells of origin 

for SCLC. These cells contain floxed Rb1 and Trp53 alleles, flanked by loxP sites, which are 

excised by Cre recombinase delivered via an adenoviral vector. Once the genes are 

inactivated, lung lesions are developed. This model closely mirrors the histopathological 
features of human SCLC. Created with Biorender.com 

 
1.6.3 The novel RPM model: Introducing MMR deficiency into SCLC 

 
Despite the development of several GEMMs of SCLC, existing mouse models do not 

fully capture genetic instability and the high TMB. Although the RP mouse model and 

its derivatives can mimic the neuroendocrine differentiation and tumor progression in 

humans, they lack the high rate of spontaneous mutations driven by smoking 

carcinogens or defective DNA repair mechanisms (Ibruli et al. 2024). The subset of 

patients who harbor MMRd, including MSH2 loss, will also present with MSI, increased 

indel alterations, heightened neoantigenic load, and excessive TMB. MMRd in solid 

tumors has also been linked to increased sensitivity toward immunotherapy, especially 

ICI (Dietlein and Reinhardt 2014; Le et al. 2017; Samstein et al. 2019). Therefore, 

generating an MMR-deficient platform to study SCLC would provide a more 

physiologically relevant system to represent a subset of clinical cases and examine 

the impact of this genetic landscape on tumor development, evolution, and treatment 

response. 

 
To address this gap, we generated a novel Rb1fl/fl;Trp53fl/fl;Msh2 fl/fl (RPM) mouse 

model  containing  Msh2  loss  (Ibruli  et  al.  2024).  This  model  recapitulates  the 
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Msh2 loss-induced MMRd mutational signature of SCLC and allows the investigation 

of MMRd's impact on tumorigenesis, immune microenvironment, and behavior 

towards various therapies. Importantly, this RPM model is different from the RPM-Myc 

model, which incorporates overexpression of the Myc oncogene. Our model does not 

include Myc activation but serves as a system to investigate the impact of MMRd and 

high-TMB in SCLC. 

 

1.7 Aim of the thesis 
 
SCLC is a highly aggressive cancer entity with extremely poor prognosis, rapid 

development of metastases, and limited treatment options (Rudin et al. 2021). For the 

advanced disease stage, the first-line treatment strategy includes a combination of 

platinum-based chemotherapy and ICIs. Although the incorporation of ICIs in clinical 

practice revolutionized the SCLC treatment and improved survival outcomes, the 

benefit remains modest and heterogeneous across patients, underscoring the urgent 

need for novel treatment strategies (Dingemans et al. 2021). A hallmark of SCLC is its 

high TMB, predominantly linked to chronic exposure to tobacco carcinogens (George 

et al. 2015, 2024; Peifer et al. 2012). However, a subset of SCLC tumors harbors 

MMRd-associated genetic instability, characterized by indel mutations, MSI, and a 

high load of neoantigens (Q. Liu et al. 2024). Although MMRd has been widely 

recognized as a crucial factor in modulating tumor immune microenvironment and 

response to immunotherapy in various cancer types, its specific role in SCLC remains 

largely unknown. 

 

The main aim of this thesis is to investigate the influence of MMRd and particularly 

MSH2 loss in SCLC tumor development, survival outcome, treatment sensitivity, and 

immune landscape. To address this, a novel GEMM of SCLC exhibiting MMRd has 

been developed. We introduced Msh2 inactivation in the epithelial lung cells of the 

well-established Rb1fl/fl;Trp53fl/fl (RP) model of SCLC, generating the 

Rb1fl/fl;Trp53fl/fl;Msh2fl/fl (RPM) model (Ibruli  et al. 2024). The RPM mice offer  a 

physiologically relevant platform to study the impact of Msh2 loss on TMB, 

neoantigenic load, and response to immunotherapy. The first objective of this study 

was to generate and validate the RPM mouse line by conditionally deleting Msh2 in 
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RP animals. The tumor onset, progression, and histological features were further 

assessed to understand any potential impacts of MMRd in tumorigenesis. 

 

Furthermore, this study investigates the genomic and mutational landscape of the 

RPM model by evaluating the TMB and mutational signatures through whole-exome 

sequencing (WES). Given that MMRd and high TMB are associated with increased 

neoantigenic presentation in solid tumors (Q. Liu et al. 2024; Zhang et al. 2021), the 

neoantigen levels were examined in the RPM system to determine if MMRd correlates 

with enhanced immune recognition. In addition to characterizing the RPM model at the 

genomic level, this thesis explores how Msh2 loss influences therapeutic 

vulnerabilities to platinum-based chemotherapy and ICIs. The research also 

investigates whether targeting Treg-mediated immunosuppression can promote 

antitumor immunity. Lastly, this thesis examines the immune microenvironment under 

the presence of MMRd in preclinical SCLC. Immune cell infiltration in RPM tumors is 

analyzed using flow cytometry and imaging mass cytometry (IMC) and compared to 

RP tumors. Both immune activation and suppression are investigated, particularly 

focusing on T cells and Tregs, to determine any immune-related tendencies influenced 

by MMRd. By addressing these objectives, this thesis introduces a unique GEMM of 

SCLC with high TMB that accurately resembles a subset of human cases and provides 

novel insights into the role of Msh2 loss and MMRd in SCLC. These findings can pave 

the way for improved patient stratification for immunotherapy and offer new avenues 

for therapeutic strategies targeting DNA repair defects in SCLC. 
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2. Material and methods 
 
2.1 Materials 

 
2.1.1 Devices 

 
Equipment Company 

Achieva 3.0T clinical system Philips Healthcare, Best, Netherlands 

BD FACS Aria BD 

Cell Culture Centrifuge HERMLE Labortechnik GmbH 

Cryostat Leica CM3050 S Leica Microsystems 

Cytoflex S Beckman Coulter 

Gel chamber Bio-Rad 

Heated Paraffin embedding module Leica 

EG1150 H 

Leica Microsystems 

Hyperion Imaging System Standard BioTools 

Incubator Axon Labortechnik GmbH 

Laminar airflow cabinet (Biowizard 

Golden Line) 
LMS 

Light microscope CKX41SF Olympus 

Microtome Leica RM2 Leica Microsystems 

NanoDrop Thermo Scientific 

BX53 bright field microscope Olympus 

Stellaris 5 confocal microscope Leica Microsystems 

T100 Thermal Cycler Bio-Rad 

Tabletop Centrifuge LMS 
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2.1.2 Laboratory and cell culture materials 
 

Material Company 

1, 2, 5 and 10 ml syringe BD 

1.5, 2 ml microcentrifuge tube VWR 

1.5 mm biopsy punch Kai sterile dermal 

5, 10, 25 ml serological pipette Sarstedt 

40 µm cell strainer VWR 

Introcan safety-W 24G catheter Braun 

Neubauer chamber Glaswarenfabrik Karl Hecht 

Pipette 0.2-2 µl Gilson 

Pipette 0.5-10 µl Gilson 

Pipette 100-1000 µl Gilson 

Pipette 10-100 µl Gilson 

Pipette tips VWR 

Pipette tips Sarstedt 

Reusable oral gavage needle PetSurgical 

SuperFrost Plus™ Adhesion slide Thermo Fisher Scientific 

Sterile filter pipette tips Sarstedt 

T-Sue microarray mold6 Simport 

Tissue-Tek cryomold Sakura 

 

2.1.3 Buffers 
 

Buffer Content 

 
1x TAE 

40 mM Tris base 

20 mM Acetic acid 

1 mM EDTA 

 
Flow cytometry buffer 

1x PBS 

2% FBS 

0.5 M EDTA 
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2.1.4 Chemicals and solutions 
 

Chemical/Solution Company 

4`,6-Diamidin-2-phenylindol (DAPI) Sigma-Aldrich, Germany 

ACK LYSING BUFFER LONZA or Gibco 

Agarose Sigma-Aldrich, Germany 

Anti-mouse CTLA-4 (UC10-4F10-11) BioXCell 

Anti-mouse PD-1 (RMP1-14) BioXCell 

Bovine Serum Albumin (BSA) Sigma-Aldrich, Germany 

Cell-IDTM Intercalator-Ir Standard BioTools 

Cisplatin Accord 

DMSO ITW 

DNase I Roche, Germany 

D-PBS, Dulbecco's Phosphate Buffered Saline Life Technologies 

Eosin AppliChem, Germany 

Ethanol Roth, Germany 

Etoposide Hexal 

Hematoxylin Merck, Germany 

GelRed nucleic acid gel stain 10 000x in water Sigma 

GeneRuler 100bp Plus Thermo Fisher Scientific 

Image-iT™ Fixative Solution Thermo Fisher Scientific 

Intercalator-Ir Standard BioTools 

Isoflurane Piramal, USA 

Isopentane (2-methylbutane) VWR 

Isopropanol Roth, Germany 

Ketavet (ketamine hydrochloride) Zoetis 

Lysis buffer 

0.2 M NaCl 
1.1 1 M Tris HCl pH: 8.5 

5 µM EDTA 
1.2 % SDS 

in ddH2O 
5 µl Proteinase K (20mg/ml) added before use 

for each 200 ul of Lysis buffer 
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Liberase Sigma-Aldrich 

Methanol Roth, Germany 

Mowiol Merck, Germany 

Normal donkey serum (NDS) Sigma-Aldrich, Germany 

Normal goat serum (NGS) Sigma-Aldrich, Germany 

OneTaq Quick-Load 2X Master Mix (NEB) New England Biolabs 

Palbociclib LC Laboratories 

Paraformaldehyde (PFA) Merck, Germany 

Phosphate buffered saline (PBS) Merck, Germany 

Proteinase K Sigma-Aldrich, Germany 

RNase A Thermo Fisher Scientific 

Rompun (xylazine) Bayer Animal Health 

SDS Carl Roth 

Sucrose VWR 

Tissue-Tek O.C.T. compound Sakura 

Trypan Blue Sigma 

Tween-20 AppliChem, Germany 

Xylol Roth, Germany 
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2.1.5 Flow cytometry murine antibodies 
 

Target Clone Fluorophore Company 

CD11b M1/70 FITC Biolegend 

CD11c N418 BV605 Biolegend 

CD19 6D5 BV510 Biolegend 

CD3 17A2 Alexa700 Biolegend 

CD4 GK1.5 FITC Biolegend 

CD45 30-F11 PerCP-Cy5.5 Biolegend 

CD8 53-6.7 BV510 Biolegend 

CTLA-4 (CD152) UC10-4B9 APC Biolegend 

F4/80 BM8 APC Biolegend 

FoxP3 150D PE Biolegend 

Ki-67 11F6 BV421 Biolegend 

Lag-3 (CD223) C9B7W BV650 Biolegend 

Ly-6C HK1.4 PE/Dazzle594 Biolegend 

Ly-6G 1A8 BV421 Biolegend 

MHC-I AF6-88.5.5.3 PE/Cyanine7 Thermo Fisher Scientific 

Nkp46 (CD335) 29A1.4 PE/Cyanine5 Biolegend 

OX-40 (CD134) OX-86 PE Biolegend 

PD-1 (CD279) RMP1-30 PE/Dazzle594 Biolegend 

PD-L1 (CD274) 10F.9G2 PE/Dazzle594 Biolegend 

PD-L2 (CD273) TY25 PE Biolegend 

Tim-3 (CD366) RMT3-23 BV605 Biolegend 

Zombie violet  BV421 Biolegend 
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2.1.6 Imaging mass cytometry murine antibodies 
 

Metal Target Clone Source 

141Pr α-SMA 1A4 Standard Bio Tools 

142Nd CD11c N418 Standard Bio Tools 

143Nd MHC-II M5/114.15.2 Biolegend 

144Nd MHC-I 28148 Standard Bio Tools 

145Nd CD56/NCAM 123C3 Thermo Fischer Scientific 

146Nd MASH1/ASCL1 24B72D11 Thermo Fischer Scientific 

147Sm CD45 30F11 Standard Bio Tools 

148Nd CD11b/Mac-1 M1/70 Standard Bio Tools 

149Sm CD31 390 Biolegend 

150Nd CD44 IM7 Standard Bio Tools 

151Eu Ly-6G 1A8 Standard Bio Tools 

152Sm CD73 TY/11.8 Biolegend 

153Eu CD274/PD-L1 10F.9G2 Standard Bio Tools 

154Sm CD152/CTLA-4 UC104B9 Standard Bio Tools 

155Gd FasL MFL3 Biolegend 

156Gd PD-L2 polyclonal R&D Systems 

158Gd Foxp3 FJK16s Standard Bio Tools 

159Tb F4/80 BM8 Standard Bio Tools 

160Gd IFNy EPR21704 Abcam 

161Dy TIM-3 RMT3-23 Biolegend 

162Dy Ly-6C HK1.4 Standard Bio Tools 

163Dy TCRgd GL3 BD Biosciences 

164Dy CD134/OX40 OX-86 Thermo Fischer Scientific 

165Ho PD-1 polyclonal R&D Systems 

166Er CD19 6D5 Standard Bio Tools 

167Er Nk1.1 PK136 Biolegend 

168Er CD8 53-6.7 Biolegend 

169Tm CD206/MMR C068C2 Standard Bio Tools 

170Er Hif-1a polyclonal Novus 

171Yb CD4 RM4-5 Biolegend 

172Yb Cleaved caspase 3 5A1E standard Bio Tools 

173Yb Ki-67 16A8 Biolegend 

174Yb Lag-3 C9B7W Standard Bio Tools 

175Lu Perforin CB5.4 Novus 

176Yb Granzyme B polyclonal R&D Systems 
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2.1.7 Kits 
 

Product Company 

DNeasy blood & tissue kit Qiagen 

MaxPar antibody labeling kits Standard Biotools 

OneTaq Quick-Load 2X Master Mix NEB 

True Nuclear Transcription Factor Buffer Set Biolegend 

 

 

2.1.8 Softwares 
 

 

BWA (v0.7.17) 
 

 

Cytexpert 

Fiji Image J 
 

GATK (v4.2.1.0) 
 

 

Graph Pad Prism 10 
 

 

IGV (Integrative Genomics Viewer) 

Illustrator 
 

Horos 
 

 

MCD viewer 

Microsoft Office 

NetMHCpan (v4.1) 

Picard (v2.26) 

Python (v3.x) 

samtools (v1.13) 
 

SigProfilerAssignment (v0.0.24) 

VEP (v104) 
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2.2 Experimental mice 
 
2.2.1 Animal ethical compliance 

 
All animal experiments in this study were conducted under license number 81-

02.04.2019-A491 and were approved by the local Ethics Committee of Animal 

Experiments authorities (LANUV, North-Rhine-Westphalia, Germany). The care and 

housing of mice were carried out in accordance with FELASA recommendations and 

the guidelines from the European Union and Germany (Ibruli et al. 2024). 

 
2.2.2 Mouse models 

 
This study was performed with genetically engineered mice carrying Rb1fl/fl, in which 

sections of exons 18 and 19 are flanked by loxP sites, and Trp53fl/fl, in which sections 

of exons 2 to 10 are flanked by loxP sites. This model, named the RP model, is the 

standard preclinical platform used for replicating the key features of SCLC (Meuwissen 

et al., 2003). 

 

To generate an MMR-deficient SCLC mouse model, a conditional Msh2 gene was 

introduced in the RP background, resulting in the RPM model (Ibruli et al. 2024). For 

this, the RP mice were crossed with Msh2LoxP/LoxP mice, which carry an Msh2 genomic 

fragment with a flanked exon 12 and were developed to study Msh2-deficient intestinal 

cancer (Kucherlapati et al. 2010). Both RP and Msh2LoxP/LoxP mice were of a C57BL/6 

background, and all animals were backcrossed to this background for at least six 

generations to ensure genetic consistency. Following successful breeding, the mice 

were intercrossed to obtain the Rb1fl/fl;Trp53fl/fl;Msh2fl/fl genetic background. 

 

Mice were bred and housed in groups of five animals per cage in individually ventilated 

cages (IVC) under a controlled environment with a 12-hour light/dark cycle, 20-22°C 

room temperature (RT), and standard humidity conditions. Standard pellet food and 

water were available ad libitum, and the animals were monitored daily for well-being 

and general health. 
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2.2.3 Genotyping 
 
To confirm the deletion of floxed genes in RPM and RP mice, ear biopsies were 

collected three weeks after birth and stored at -20°C until DNA extraction. The biopsies 

were subjected to overnight digestion in 200 µl SDS-Lysis buffer supplemented with 

Proteinase K (0.5 mg/ml) at 55°C with constant agitation at 800 rpm. After 

centrifugation at maximum speed for 15 minutes, the resulting supernatant 

(approximately 200 µl) was carefully collected and transferred to a new Eppendorf 

tube. Genomic DNA was then precipitated by thoroughly mixing samples with 200 µl 

of 100% isopropanol, followed by centrifugation at maximum speed for 1 minute at RT, 

and washing the pellet with 600 µl of 70% ethanol, with subsequent centrifugation at 

maximum speed for 1 minute at RT. The supernatant was discarded, and the genomic 

DNA precipitate was allowed to dry at 27°C for approximately 30 minutes. The dried 

precipitates were then resuspended in 60 µl of ddH2O, and the DNA content was 

measured using a NanoDrop. The samples were then stored at 4°C until polymerase 

chain reaction (PCR) analysis. Genotyping PCR assays for Rb1, Trp53, and Msh2 

were performed using standard forward and reverse primers (from Sigma) to obtain 

PCR products of different sizes (Table 2.1). 

 

Table 2.1 List of primers for genotyping PCR. 
 

Gene Primer Sequence Amplicon 

(bp) 
Rb1 Forward 1 5’-ACT CAT GGA CTA GGT TAA GT-3’  

 
 
201 (flox) 
163 (wt) 

Forward 2 5’-GAA GCC ATT GAA ATC TAC CTC CCT 

TGC CCT GT-3’ 
Reverse 1 5’-TGC CAT CAA TGC CCG GTT TAA 

CCC CTG T-3’ 
Reverse 2 5’-AGC ATT TTA TAT GCA TTT AAT TGT 

C-3’ 
Trp53 Forward 5’-CAC AAA AAC AGG TTA AAC CCA G-3’  

370 (flox) 
288 (wt) Reverse 5’-AGC ACA TAG GAG GCA GAG AC-3’ 

Msh2 Forward 5’-AAC CAG AGC CTC AAC TAG C-3’  
340 (flox) 
210 (wt) Reverse 5’-TAC TGA TGC GGG TTG AAG G-3’ 
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PCR reactions  were performed  with OneTaq  Quick-Load 2X  Master  Mix  (NEB) 

according to the manufacturers’ recommendations as in Table 2.2. 

Table 2.2 List of components for genotyping PCR mix. 

 
Component 25 μl reaction 

10 µM Forward Primer 0.5 µl 

10 µM Reverse Primer 0.5 µl 

Template DNA 1 µl 

OneTaq Quick-Load 2x Master Mix 12.5 μl 

Nuclease-free water to 25 µl 

 

The thermal cycles shown in Table 2.3 were used to amplify specific DNA fragments. 

Samples and a low-range DNA ladder were loaded onto a 1.5% Agarose gel 

supplemented with GelRed nucleic acid gel stain in a 1:10.000 dilution. Samples were 

run in 1x TAE Buffer at 100-120 V for about 30 minutes for optimal separation of DNA 

fragments of interest. 

 
Table 2.3 Genotyping PCR thermal cycles. 

 
Step Temperature/Time 

Rb1 Trp53 Msh2 

1. Initial denaturation 94°C/ 2 min 94°C/ 2 min 94°C/ 2 min 

2. Cyclic denaturation 94°C/ 20 sec 94°C/ 30 sec 94°C/ 1 min 

3. Cyclic extension 72°C/ 20 sec   

4. Cyclic denaturation 94°C/ 20 sec   

5. Cyclic annealing 57°C/ 30 sec 60.5°C/ 30 sec 59°C/ 45 sec 

6. Cyclic extension 72°C/ 1 min 72°C/ 30 sec 72°C/ 20 sec 

7. Final extension  72°C/ 2 min 72°C/ 2 min 

Number of cycles 15 (step 2-3), 
25 (step 5-6) 

40 35 
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2.2.4 Tumor induction 
 
To initiate lung tumor formation, mice aged between eight and twelve weeks were 

exposed to an adenovirus. The animals were first anesthetized through intraperitoneal 

injection of Ketavet (ketamine hydrochloride) (100 mg/kg) and Rompun (xylazine) 

(20 mg/kg). Anesthesia success was confirmed by pinching the toes of the animals 

and observing no response. Subsequently, the mice received an intratracheal 

instillation of replication-deficient adenovirus expressing Cre-recombinase (Ad5-

CMV-Cre, 2.5 x 107 PFU). The intratracheal administration was conducted using 

Introcan safety-W 24G catheters (Braun) to ensure precise delivery of viral particles in 

the lungs. Mice were carefully positioned in a vertical plane for better exposure to the 

airways. The upper teeth were fixed, and the tongue was gently placed to the side. An 

external light source was directed at the throat to assist visualization of the airway and 

facilitate catheter insertion. Special care was taken to avoid damage to the trachea 

during the procedure. After inhalation, the animals were kept on a heating pad for 

observation until they became conscious again. They were monitored for 48 hours for 

signs of complications or distress, such as difficulty breathing. Viral vectors were 

provided by the Viral Vector Core at the University of Iowa 

(http://www.medicine.uiowa.edu/vectorcore). 

 

2.2.5 MRI scans and tumor volume estimation 
 
Five months after tumor induction, the progression of lung lesions was assessed 

bi-weekly using magnetic resonance imaging (MRI). Imaging was performed using an 

Achieva 3.0T clinical MRI system (Philips Healthcare, Best, the Netherlands) equipped 

with a mouse solenoid coil (Philips Healthcare, Hamburg, Germany). Prior to imaging, 

animals   were   anesthetized   using   2,5%   isoflurane   (Piramal   Critical   Care, 

#30372.00.00) for 5 to 10 minutes. The mice were then placed inside the imaging coil. 

Axial T2-weighted MRI images were generated with a turbo-spin echo (TSE) sequence 

(with the following parameters: repetition time [TR] = 3819 ms, echo time [TE] = 60 ms, 

field of view [FOV] = 40 × 40 × 20 mm3, voxel resolution = 0.13 × 0.13 × 1.0 mm3, and a 

number of averages =1. The images were exported as DICOM files and analyzed to 

identify and measure regions of interest (ROIs) using HorosTM software (Horos Project, 

New York, USA). 

http://www.medicine.uiowa.edu/vectorcore)
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Tumors were segmented manually in sequential scans to ensure an accurate definition 

of the tumor borders. The tumor volume was computed by integrating the segmented 

areas of all slices. Tumor volume progression was displayed as a fold change to 

correct for tumor size variance at the start of the experiment. 

 
2.2.6 Histology 

 
To confirm typical SCLC histological features of RPM tumors, paraffin-embedded 

tumor tissue sections were generated. Tumor-bearing lungs were harvested, and 

tumors were further dissected, ensuring that adjacent normal lung tissue in the 

surroundings was intact. The tumor samples were fixed in 4% PFA/PBS overnight at 

4ºC. Afterward, the tissues were placed in a tissue processor and dehydrated 

overnight. The following day, tissues were embedded in paraffin and stored at room 

temperature until further processing. Five-micron tissue slices were collected using a 

microtome at room temperature. Tissue slices were deparaffinized following the 

protocol in Table 2.4. 

 
Table 2.4 Deparaffinization of paraffin sections steps. 

 

Reagent Incubation time 

Xylol 10 minutes 

100% EtOH 5 minutes (x2) 

90% EtOH 3 minutes 

70% EtOH 3 minutes 

50% EtOH and dH2O 1 minute 

 
In sequence, Hematoxylin-Eosin (H&E) staining was conducted according to the 

protocol depicted in Table 2.5. Imaging of H&E stained tissue sections was performed 

with an Olympus bright field BX53 microscope with 4x and 40x air objectives. 

 

Table 2.5 Hematoxylin & Eosin staining. 
 
 

Reagent Incubation time 

Hematoxylin 3 minutes 

ddH2O 1 minute 
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37% HCl 1 minute 

Tap water 5 minutes 

Eosin 1 minute 

70% - 90% - 100% EtOH 1 minute each dilution 

100% Isopropanol 2 minutes (x2) 

Xylol 2 minutes (x2) 

 

2.3 Whole exome sequencing and genomic analysis 
 
2.3.1 Sample preparation 

 
For WES analysis, tumor specimens were collected from tumor-bearing RP and RPM 

animals. Tumor progression in mice was tracked via bi-weekly MRI, and animals were 

euthanized when sufficient tumor burden was reached. Following euthanasia, mice 

were perfused with 10 ml of sterile PBS to remove excess erythrocytes from the lungs, 

which could interfere with the quality of the analysis results. The lungs were then 

excised under sterile conditions. Tumors were immediately dissected and separated 

from normal lung tissue, taking care that no lung tissue contaminated the tumor 

specimen. Dissected tumor tissues were rapidly snap-frozen in liquid nitrogen to 

preserve DNA and RNA and stored at -80°C. 

 

To proceed with DNA extraction, frozen tumor samples were allowed to thaw on ice. 

DNA extraction was performed using the DNeasy blood & tissue kit (Qiagen), following 

manufacturer´s instructions. Approximately 25 mg of tissue was finely minced using 

sterile scalpels and transferred to a 1.5 mL microcentrifuge tube pre-filled with 590 µl 

cell lysis solution and 10 µl Proteinase K. The samples were incubated at 55°C 

overnight in a thermoshaker to ensure complete tissue lysis. The lysed samples were 

allowed to cool at room temperature before further processing. RNA was removed by 

adding 3 µl of RNAse A solution, followed by inverting the tubes approximately 15 

times for thorough mixing. The samples were then incubated at 37°C for 30 min in a 

thermoshaker. Protein precipitation was performed by adding 200 µl of Protein 

Precipitation Solution and vortexing at high speed for 20 seconds. The samples were 

placed in the freezer for 8 minutes and then centrifuged at 13,000 rpm for 3 minutes. 

The process was repeated in case a protein pellet did not form. The supernatant was 
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carefully collected and transferred to new tubes and mixed with 600 µl isopropanol. 

The tubes were inverted several times to mix, allowing DNA to precipitate, and 

centrifuged at 13,000 rpm for 1 minute. The DNA pellet was washed with 300 µl of 

70% ethanol. The DNA pellets were dried by placing the tubes with their lids open at 

45°C for a few minutes, taking care that the pellet does not over dry. Finally, the DNA 

pellets were rehydrated by adding 25-60 µL DNA Hydration Solution, depending on 

the size of the pellet. The tubes were incubated at 65°C for an hour, followed by 

overnight incubation at room temperature to ensure complete hydration. 

 

The concentration and purity of the extracted DNA were assessed using a NanoDrop 

spectrophotometer. Only samples with high purity (A260/A280 ratio between 1.8-2.0) 

and sufficient concentration were submitted to sequencing for library preparation. 

Sequencing was performed in cooperation with the Cologne Center for Genomics 

(CCG) NGS platform (Cologne). 

 
2.3.2 Sequencing data processing 

 
The extracted DNA from RP and RPM tumor samples were subjected to WES to 

analyze the genomic landscape and determine the mutational load. Sequencing 

libraries were obtained using standard protocols optimized for exome regions, and 

sequencing was conducted on an Illumina platform to generate paired-end reads. 

First, the sequencing reads were mapped to the Ensembl GRCm39 mouse reference 

genome utilizing Burrows-Wheeler Aligner (BWA) (version 0.7.17), which is a well-

established alignment tool (Li and Durbin 2009). To avoid potential biases during 

variant calling, PCR duplicates were detected and removed with PICARD (v2.26) and 

samtools (v1.13). Detection of somatic variants was performed with Mutect2, a 

component of the Genome Analysis Toolkit (GATK v4.2.1.0) used to detect 

tumor-specific mutations (McKenna et al. 2010). During this process, a panel of 

normals was generated using 14 healthy control samples to identify and filter out 

germline variants and technical artifacts (Depristo et al. 2011). Following variant 

calling, the list of detected variants was refined using some filtering criteria. Several 

variants were excluded from the analysis, such as those in more than one sample or 

in public databases like the database of single nucleotide polymorphisms (dbSNP). In 

addition, to ensure the accuracy of variant calling, loci with a coverage depth of less 
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than 30 reads were removed. The resulting list of variants was further improved by 

applying the GATK FilterMutectCalls tool but without the filter for slippage to allow for 

the selection of variants with minor allele frequency shifts. 

 
2.3.3 Estimation of Msh2 recombination efficiency 

 
The Msh2 recombination has a crucial influence on the degree of MMR deficiency, 

TMB, and tumorigenesis in the RPM mouse model. Thus, we estimated the Msh2 

recombination efficiency in the WES data generated. For this, the read counts for 

every exon within the Msh2 gene were calculated using the GATK CollectReadCounts 

tool (McKenna et al. 2010). This analysis focused on the exons included in the 

GENCODE vM27 reference, a comprehensive mouse gene reference database 

(Frankish et al. 2021). Furthermore, we particularly focused on the floxed Msh2 exon 

12, which is the exon targeted and deleted by our Cre recombinase system. The read 

counts of exon 12 were first normalized to the counts of the other Msh2 exons in each 

sample to control for variations in sequencing depth across different exons and ensure 

that our data reflected a true recombination event as opposed to technical noise. 

Subsequently, exon 12 read counts were normalized to the read counts of RP control 

mice. RP mice were used as the control group because they do not have a floxed 

Msh2 allele and recombination does not occur, exhibiting the copy number of 2 of exon 

12. A complete reduction of the copy number in the RPM mice indicated successful 

recombination of the floxed Msh2 exon 12. 

 

For  visualization,  the  single-base  coverage  of  Msh2  was  obtained   via 

GATK pileup v4.2.10 and visualized as a detailed view of the sequencing coverage 

across the whole Msh2 gene, enabling the detection of regions with reduced coverage 

where the exon was deleted (McKenna et al. 2010). To assess the coverage profile of 

exon 12 when recombination was not present, data from RP mice was utilized. The 

coverage of every base in exon 12 was divided by the median coverage of bases from 

other exons. This ratio was subsequently adjusted for each sample by multiplying it 

with the median coverage of non-floxed exons within that sample. 
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2.3.4 TMB estimation and mutation type analysis 
 
To estimate the mutational load in every tumor sample, TMB was determined by 

counting the number of mutations per million bases within a coverage of at least 30x. 

Somatic variants were annotated and classified by type using the Ensembl Variant 

Effect Predictor (VEP, v104) against the GRCm39 mouse genome (McLaren et al. 

2016). To study the mutation types associated with Msh2 loss, the filtered variants 

were grouped into categories, such as frameshift deletions, insertions, substitutions, 

intronic, intergenic, splice site, and regulatory mutations. The relative abundance of 

each of these mutation types in RPM Msh2fl/fl was calculated and compared to RP and 

RPM Msh2fl/wt samples. Fold-change values were visualized using heatmaps via 

GraphPad Prism. Group-wise comparisons were performed via the Kruskal-Wallis 

test. 

 
2.3.5 Mutational signature analysis 

 
To assess the mutational processes driving tumorigenesis in the RPM mouse system, 

we conducted a mutational signature analysis using the WES data. First, an in-house 

Python script and the Mus_musculus.GRCm39 reference genome were used to 

identify SNVs and their surrounding nucleotides (triplets or trinucleotides). The SNVs 

were then assigned to known mutational signatures using SigProfilerAssignment 

(v0.0.24) and the catalog of somatic mutations in cancer (COSMIC)_v3 reference 

panel, a collection of mutational signatures from various cancer types (Alexandrov et 

al. 2020). This allowed for the separation of mutational profiles into contributions from 

different signatures and quantification of their activity levels. All mutational signatures 

displaying activities above zero were included in the analysis. Given that the main 

focus of this study is to evaluate MMRd, the single base substitution (SBS) signatures 

SBS15 and SBS21 were considered. 

 
2.3.6 Neoantigen prediction and HLA-I binding 

 
To investigate the potential immunogenicity of the mutations present in the tumors of 

RPM mice, we conducted a comprehensive neoantigen prediction and human 

leukocyte antigen class I (HLA-I) binding analysis. For this, we predicted potential 

neoantigens, which are mutant peptides that could be recognized by the immune 

system when presented by MHC class I molecules, including HLA-I. An in-house 
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bioinformatics pipeline was used to generate a library of mutant coding regions from 

the WES data. This pipeline allows for the detection of different mutation types, such 

as missense, in-frame, and frameshift alterations. The mutant sequences in the 

missense and in-frame mutations were excised in such a way that the mutation was 

positioned in the center and was flanked by 13 base pairs on both the 3` and 5` ends. 

On the other hand, the mutant sequences in the frameshift mutations were trimmed 

only at the 3` end to maintain the novel peptide sequences by protecting the complete 

frameshift in the 5´ end. By applying this trimming approach, all possible HLA-I binders 

of 8 to 14 amino acids (8mers-14mers) could be identified, which represent the typical 

size needed to bind to the HLA-I molecules. 

 

After obtaining trimmed peptide sequences, they were analyzed using the immune 

epitope database (IEDB) resource, which uses the NetMHCpan (ver. 4.1) tool to 

predict peptide-MHC interactions (Reynisson et al. 2021). For this study, predictions 

were focused on the murine H2kb allele, the most common MHC-I allele in mice. 

Furthermore, for simplicity, the analysis was narrowed down to 9mers, the most 

common binder size that generates the strongest binding affinities. 

 

The predicted HLA-I binders were categorized based on their binding affinities and 

presented as a percentage rank relative to the reference dataset. Only candidates with 

a binding rank less than 2% were further analyzed and divided into strong binders 

(rank less than 0.5%) and weak binders (rank between 0.5% and 2%). 

 

2.4 Immunoprofiling via flow cytometry 
 
Flow cytometry was used to characterize the immune composition of the RPM TME 

and compare it to the RP. Flow cytometry examines the physical and chemical 

properties of individual cells in a single-cell suspension. It utilizes laser beams to 

detect antibodies previously conjugated with specific fluorescent dyes that bind to the 

surface or intracellular antigens. To prepare the cells for analysis, we initially disrupted 

micro-dissected tumors by mincing with scissors, followed by enzymatic digestion with 

0.2 mg/ml LiberaseTM supplemented with 0.1 mg/ml DNAse I at 37°C for 1 hour with 

constant agitation. The digested tissues were filtered through a 40 µm cell strainer to 

remove debris and clumps, and the harvested cells were washed and resuspended in 
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a flow cytometry buffer. To identify viable cells and exclude dead cells from the 

analysis, Zombie Violet™ viability dye (1:500, Biolegend) was used. Subsequently, 

surface staining was performed with antibodies targeting membrane markers at a 

1:200 dilution and incubating for 20 minutes at 4°C in the dark (section 2.1.5). 

Intracellular staining was carried out using the True Nuclear Transcription Factor 

Buffer Set (Biolegend). After fixing the cells in True Nuclear Fix Buffer overnight at 4°C 

in the dark, they were washed with 1x Perm Buffer and stained intracellularly with 

antibodies (1:50 dilution in 1x Perm Buffer) for 45 minutes at RT. We measured protein 

expression using CytoFLEX S (Beckman Coulter) and processed the data using 

CytExpert software (Version 2.3, Beckman Coulter). 

 
2.5 Preclinical treatment regimens 

 

To assess the effect of various treatment strategies in the MMR-deficient RPM model, 

we implemented a structured preclinical therapy design. After verifying tumor 

appearance via MRI and confirming that the tumor volumes fell within a range of 

5-20 mm3, different therapy regimens were designed, and RPM and RP mice were 

randomly included. 

 
2.5.1 First-line therapeutic regimens 

 
To reflect the first-line treatments used in the clinical management of SCLC, we treated 

RPM and RP mice with either platinum-based chemotherapy or ICI, as well as a 

combination of both. Compound solutions were administered as follows: 

 

Chemotherapy: Etoposide (Hexal), a topoisomerase II inhibitor, was administered 

intraperitoneally (i.p.) at a dose of 8 mg/kg and injected on days 1, 2, and 3 of a 14-day 

cycle. Cisplatin (Accord), a platinum-based chemotherapeutic agent that leads to 

apoptosis of fast-dividing cells (Florea and Büsselberg 2011), was administered i.p. at 

4 mg/kg on day 1 of a 14-day cycle. 

 

Immunotherapy: The anti-PD-1 antibody RMP1-14 (BioXCell) was selected for its 

role in inhibiting the PD-1/PD-L1 immune checkpoint pathway, which is known to be 

upregulated in SCLC (Lin et al. 2024). Every mouse received 200 mg of antibody, i.p. 

To evaluate the role of dosing frequency in survival outcomes, two dosing schedules 
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were applied: twice a week for three weeks and three times per week until study 

endpoints were reached, such as significant tumor reduction or pronounced disease 

progression. 

 

For control purposes, phosphate-buffered saline (PBS) was used for comparison, 

ensuring that any survival outcome differences were attributed to the active 

compounds only. 

 
2.5.2 Treg suppression treatment 

 
In addition to the standard first-line therapy regimens, we included two additional 

mouse cohorts treated with a Treg-suppressing agent as a monotherapy or in 

combination with chemotherapy and anti-PD-1 antibody. Treg suppression was 

considered in this study based on the emerging evidence of the therapeutic benefits it 

has shown across various tumor entities, including SCLC, with clinical trials currently 

ongoing (Daniel et al. 2021). 

 
2.5.2.1 Determination of a Treg suppression agent 

 
First, to identify an agent that suppresses Tregs in vivo in our setting, we treated RPM 

mice with either 200 mg of anti-CTLA-4 antibody, i.p., or palbociclib (a cyclin-

dependent kinase 4 and 6, CDK4/6 inhibitor) at a concentration of 100mg/kg via oral 

gavage. The mice were sacrificed two days after the last dose and the spleens 

were collected and further processed to isolate single cells, as in section 2.4. The 

isolated single cells were stained with CD45, CD3, CD4, and Foxp3 antibodies for one 

hour at 4°C. Cells were counted via Cytoflex S (Beckman coulter) and Treg subsets 

were defined via sequential gating and adequate channel compensation. 

 
2.5.2.2 Treatment with CDK4/6 inhibition 

 
After determining that palbociclib successfully suppresses Tregs in RPM mouse 

spleens, tumor-bearing animals were treated with either palbociclib alone or in 

combination with chemotherapy and ICI. Palbociclib was administered via oral gavage 

on days 1-7 of a 14-day cycle. It was dissolved in DMSO for aliquoting and long-term 

storage at -80ºC and further  diluted  in  PBS  for  injection  at  a  concentration  of 

100 mg/kg. 
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2.5.3 Treatment monitoring and criteria 
 
Following tumor initiation, the mice were monitored via MRI imaging for tumor 

formation. After confirming the tumor appearance and determining a minimum volume 

of 5 mm3, the mice were randomly allocated to therapy regimens. Throughout the 

treatment duration, mice were closely inspected for signs of drug toxicity, 

administration complications, and general health. Monitoring included daily 

assessments of physical appearance, body weight, and any breathing difficulties. In 

addition, tumor progression was tracked via bi-weekly MRI imaging. 

 
2.5.4 Survival analysis and termination criteria 

 
To determine the efficacy of therapeutic agents in the lifespan or remission of tumors, 

we assessed the OS of the RPM mice and compared that to RP mice. Survival analysis 

included only those animals that died as a result of the disease or that reached the 

predefined endpoints, such as weight loss exceeding 20% of initial body weight, 

severe tumor ulceration, or breathing difficulties. Animals that were terminated for 

other reasons, such as pronounced weight loss not attributed to the disease, were 

excluded from the analysis. 

 
2.6 Immune profiling via imaging mass cytometry 

 
To assess the immune infiltration in RPM and RP tumors under different treatment 

cohorts, we performed imaging mass cytometry (IMC) analysis, including mice from 

all treatment groups. IMC is used for multiplex spatial analysis of tissue sections as it 

detects up to 40 metal-labeled antibodies simultaneously, allowing for immune cell 

profiling in the tumor microenvironment (Giesen et al. 2014). 

 
2.6.1 Tumor collection and preservation 

 
Tumor-bearing lungs were harvested, and tumors were further dissected, ensuring 

that adjacent normal lung tissue in the surroundings was intact. Dissected tumors were 

immersed in 20% ice-cold sucrose for 30 minutes to prevent tissue damage during 

subsequent  freezing  steps.  The  tumors  were  then  embedded  in  Tissue-Tek 

O.C.T. Compound (Sakura) and frozen in an isopentane liquid  nitrogen bath to 

preserve cellular and structural integrity. The resulting frozen blocks were stored 

at -80ºC until further processing. 
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2.6.2 Tissue microarray construction 
 
After collecting all tumor samples, a tissue microarray (TMA) was established to 

facilitate high-throughput analysis. From every treatment group, tumors from 10 mice 

per genotype (RPM and RP) were selected, and one tumor per mouse was used in 

the TMA. To generate the TMA frozen block, the Tissue-Tek O.C.T compound was 

added to a plastic mold, removing any bubbles that might form, and allowed to freeze 

at -25ºC for approximately one hour. Once the block had solidified, the plastic mold 

was removed, revealing the tissue cores. The frozen tumor blocks were processed 

inside a cryostat at -25ºC. Using single-use 1.5 mm biopsy punches, tissue cores were 

collected from within the tumor tissue and from the tumor-normal lung interface, 

enabling the representation of both the central and peripheral tumor areas. These 

cores were then immediately loaded into a frozen TMA block. Once all cores of the 

TMA block had been filled with tissue, 5 µm sections were sliced and mounted onto 

microscope slides for staining. 

 
2.6.3 IMC antibody panel development and validation 

 
For IMC staining and analysis, we established a 30-marker antibody panel 

(section 2.1.6). This panel includes markers for major immune cell types (pan-

leukocytes, T cells, B cells, macrophages, dendritic cells, and Tregs), SCLC 

tumor cells, and stroma compartments (endothelial cells and fibroblasts). In addition, 

functional markers were incorporated to assess the functional state of cells, such as 

activation or exhaustion status, cell death, or proliferation. Each antibody was either 

pre-conjugated with metal isotopes or conjugated in-house using MaxPar antibody 

labeling kits (Standard Biotools) following the manufacturer’s instructions. We carefully 

selected metal isotopes to avoid spectral overlaps and improve the signal of weak 

antibodies. We validated the sensitivity and specificity of all antibodies by staining 

murine spleen tissue as control tissue. 

 
2.6.4 IMC staining procedure 

 
TMA blocks were cut into 5 µm thick sections using a cryostat and mounted onto 

SuperFrost Plus™ Adhesion slides (Thermo Fisher Scientific). The slides were stored 

at -80°C for up to two weeks until staining. Longer storage was not applied to ensure 

optimal staining quality. The staining procedure began by thawing the slides for 
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30 minutes at RT, followed by a 10-minute fixation with Image-iT™ Fixative Solution 

(Thermo Fisher Scientific) to preserve tissue morphology and antigen sites. After 

fixation, the  slides  underwent  a  series  of  washes  in  D-PBS  and D-

PBS/0.05% Tween-20 to remove residual fixatives and prepare the tissues for 

blocking. To minimize nonspecific binding, the tissue sections were blocked for one 

hour with Superblock blocking buffer in D-PBS at room temperature. Primary antibody 

staining was performed overnight at 4°C in a mix of D-PBS/0.05% Tween-20/1% BSA, 

which helped maintain tissue integrity while ensuring effective antibody penetration. 

The following morning, the slides were washed twice in D-PBS/0.05% Tween-20, and 

nuclear staining was performed using a mixture of Cell-IDTM Intercalator-Ir (Standard 

BioTools) containing iridium at 1:200 and 4`,6-Diamidin-2-phenylindol (DAPI) 1:5000 

in D-PBS for 30 minutes in RT. The Iridium and DAPI stains were utilized to allow dual 

imaging of the slides in the Hyperion system (IMC) and confocal microscope, 

respectively. After staining, the slides were rinsed in D-PBS and MilliQ water and then 

air-dried before IMC analysis. 

 
2.6.5 Confocal microscopy for DAPI imaging 

 
Prior to IMC analysis, to facilitate nuclear segmentation of the IMC images, we 

acquired DAPI images of all tissues using a confocal laser scanning microscope 

(Stellaris 5, Leica Microsystems). This step was added to achieve a more accurate 

nuclear segmentation since SCLC tissue is densely packed with tumor cells, and a 

clear distinction of individual cells is challenging. The Stellaris 5 microscope has an 

advanced super-resolution mode and can capture images at a resolution of 120 nm, 

much higher than the resolution of approximately 1 µm of the Hyperion Imaging 

system used for IMC. 

 
First, we acquired a panoramic image of the whole TMA slice with a low magnification 

(10x objective) to localize the cores and select ROIs. For each ROI, high-resolution 

images were generated with 40x magnification and an average of five focal planes per 

core. For visualization, DAPI images were processed using Fiji ImageJ software. 

 
2.6.6 IMC image acquisition 
For each TMA core, one ROI of approximately 500 × 500 µm (∼0.25 mm²) was ablated, 
ensuring we obtained one ROI in the central tumor region and one in the tumor-normal 
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lung border for each tissue. The IMC data was analyzed using MCD viewer software 

(Standard Biotools) to select specific channels and generate composite images. 

Images were pre-processed by image filtering and spillover correction before 

proceeding with quantitative analysis. 

 
2.6.7 DAPI and IMC images registration 

 
As DAPI and IMC images were produced by different imaging instruments, a step of 

registration, i.e. cropping and alignment of the two images, was needed. We adopted 

a semi-automated method using the Fiji plugin bUnwarpJ and a custom-made Python 

script. With the Fiji plugin bUnwarpJ, we visually compared the DAPI image with the 

IMC DNA image and marked on both images corresponding landmark points. Around 

5 to 10 landmark points were marked for each pair of images and then used by the 

Python script to compute the best matching affine transform to align the two images. 

We used linalg.lstsq from the numpy package, returning the least square solution from 

the linear matrix equation. While the IMC image is left untouched, the cropped and 

registered DAPI image is saved as a tiff file for further use. 

 

2.6.8 DAPI and single-cell segmentation 
 
 
Since DAPI images are of higher resolution than IMC images, they were used as input 

to the pretrained segmentation deep learning network “Mesmer” 

(https://github.com/vanvalenlab/deepcell-tf/tree/master/deepcell/applications). The 

Mesmer model outputs nuclear masks, outlining every detected nucleus as a separate 

object. Several tests were performed with additional channels marking cell 

membranes, such as NCAM, without giving satisfactory results. Upon manual 

inspection, even with the resolution achieved by the microscope, most tumors 

displayed very dense clusters of cells with frequent overlap. In these regions, even 

careful inspection by experts could not draw with confidence boundaries between 

overlapping nuclei. Hence, this segmentation was not used in the rest of the analysis 

because of the impossible performance validation. 
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2.6.9 Tumor detection 
 
 
To compare the immune profile between tumor cores and the tumor-normal lung 

interface (referred to as the tumor border), we manually outlined the tumor boundaries 

for each image. This was done using the Fiji ImageJ software, based on the DNA and 

NCAM markers signal. For each IMC image, we created a binary mask where pixels 

within the tumor were assigned a value of 255, and pixels outside the tumor were 

assigned a value of 0. These masks were then used for downstream analysis. 

 
2.6.10 Marker detection 

 
As mentioned previously, a nucleus-based single-cell segmentation could not be 

achieved due to the high density of cells inside the SCLC tumors. To overcome this 

problem, we used a pixel-based approach. For this, each marker channel was 

binarized to detect pixels with positive signals. Subsequently, immune cell types were 

identified based on the co-localization of specific markers within the same pixels. Our 

analysis focused on key immune and stroma populations, including leukocytes, T cells, 

B cells, and stroma cells. Pixels positive for CD45 were classified as leukocytes, 

co-expression of CD45 and CD4 was defined as CD4+ T cells, CD54 and CD8 

identified CD8+ T cells, CD45 and CD19 defined B cells, and CD31 and α-SMA were 

used to mark stroma cells. Therefore, without detecting the nuclear or cellular 

boundaries, this conservative approach ensured specificity by only counting pixels with 

positive signals. Following this approach, we quantified and reported the proportion of 

pixels corresponding to each category. 

 

2.7 Statistical analysis 
 
In this thesis, the data were analyzed with GraphPad Prism 10 software, using 

unpaired student t-test, Mann-Whitney test, Kruskal-Wallis test, and Log-rank 

(Mantel-Cox) test. The data were presented as mean ± SD and significance of p-values 

was denoted as *p < 0.5; **p < 0.01; ***p < 0.001 and ****p < 0.0001. 
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3. Results 
 
3.1 Development of the RPM mouse model 

 
The current preclinical models used to study SCLC are primarily based on the RP 

system, which involves targeted deletion of Rb1 and Trp53 (Meuwissen et al. 2003; 

Oser et al. 2024). However, these models fail to capture the genetic instability and 

high mutational load that is typically observed in clinical cases. Furthermore, emerging 

studies are shedding light on distinct mutational and transcriptomic subtypes of the 

disease with potentially significant impacts on survival and therapy outcomes. For 

instance, a large-scale gene expression analysis of clinical tumors revealed that 85% 

of the subjects had smoking-related mutations, 15% had MMR-related mutations, and 

5% had APOBEC-associated mutations (Q. Liu et al. 2024). In addition, Rudin et al. 

(2019) proposed that SCLC can be categorized into four molecular subtypes 

characterized by the expression of ASCL1, NEUROD1, POUF2F3, or YAP1. 

 

In this study, we aimed to model tumors with a high TMB associated with deficient 

MMR. We generated a novel GEMM by breeding into the conventional RP mouse a 

conditional Msh2 knockout gene from the Msh2LoxP/LoxP mice (Kucherlapati et al. 2010), 

resulting in the Rb1fl/fl;Trp53fl/fl;Msh2fl/fl (RPM) mice (Figure 3.1a, b) (Ibruli et al. 2024). 

Msh2 is a critical component to the maintenance of the optimal activity of MMR 

pathways, and its deletion leads to MSI (Dietlein, Thelen, and Reinhardt 2014; De 

Wind et al. 1995). An Ad-CMV-Cre virus was delivered intratracheally in the lungs to 

result in the simultaneous inactivation of Rb1, Trp53, and Msh2 in pulmonary cells. 

Tumor manifestation was observed approximately six months post-exposure to the 

adenovirus (Figure 3.1c). 
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Figure 3.1 Generation of the RPM mouse model. 
a) Illustration of the genetic backgrounds of RP and RPM mice. b) Representation of the floxed 

alleles Rb1, Trp53, and Msh2. c) Overview of  lung tumor induction using intratracheal 
administration of Ad-CMV-Cre virus. Created with Biorender.com. Figure originally created by 

the author and published in Ibruli et al. 2024. 
 

3.2 Characterization of the primary and secondary RPM lesions 
 
To characterize the SCLC tumors in RPM animals, we aimed to validate the Msh2 loss 

and assess corresponding histological features. We conducted WES analysis on 

micro-dissected lung lesions from mice of the RP, RPM with homozygous loss of Msh2 

(Msh2fl/fl), and RPM with heterozygous loss of Msh2 (Msh2fl/wt) backgrounds. The 

recombination efficiency of Msh2 was determined by generating coverage plots of the 

exon 12 in the Msh2 gene. As shown in the exemplary plots in Figure 3.2, the analysis 

demonstrated successful Cre-mediated recombination of Msh2 in RPM carrying 

Msh2fl/fl, displayed as a complete loss of coverage in exon 12. As expected, the RPM 

animals with Msh2fl/wt had only a partial recombination, while no recombination was 

observed in RP mice. 

 

Additionally, histological staining of RPM lesions revealed typical histopathological 

characteristics of human disease. The tumors displayed dense tissue with small round 

to fusiform cells containing granular chromatin and scant cytoplasm (Figure 3.3a). 

These features are similarly observed in RP tumors. (Raso, Bota-Rabassedas, and 

Wistuba 2021). Furthermore, both models are generally not prone to metastases, but 

when they occur, they are primarily restricted to the liver (Figure 3.3b). 
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Figure 3.2 Confirmation of the Msh2 loss in RPM tumors. 
WES-based coverage profiles of tumor samples from RP and RPM genotypes. The black lines 

represent exon 12 coverage profile assuming no recombination (copy number = 2) or 
heterozygous recombination (copy number = 1). a, b) The coverage profile of Msh2 exon 12 

in two exemplary mice of the RP genotype fits the predicted coverage in the absence of 
recombination. c, d) The coverage profile of Msh2 exon 12 in two mice of the RPM genotype 

fits the predicted coverage in the presence of heterozygous recombination. e, f) The coverage 

profile of Msh2 exon 12 in two exemplary mice of the RPM genotype shows full recombination. 
Residual coverage within exon 12 is likely derived from low-level contamination from healthy 

lung cells. Figure originally created by the author and published in Ibruli et al. 2024. 
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Figure 3.3 Impact of Msh2 loss in primary and secondary tumors. 
a) Histological staining of lung tumors confirms that RPM tumors, similar to RP lesions, display 

morphological features that are typically observed in clinical cases. Exemplary H&E staining 

images are obtained using 4x and 40x magnification objectives. b) The count of liver 
metastases identified post-mortem in n=8 RPM and n=9 RP mice. Statistical significance was 

assessed using statistical t-test Figure originally created by the author and published in Ibruli 

et al. 2024. 
 

 
3.3 Tumor onset and development in RPM animals 

 
RPM and RP mice were compared to assess how MMR deficiency, particularly Msh2 

loss, influences survival and tumor growth. For this, six months after the Ad-CMV-Cre 

administration, tumor manifestation and development were tracked bi-weekly via MRI. 

We observed no survival differences from birth to mortality (Figure 3.4a) of RPM 

animals  (median  age  =  48  weeks)  compared  to  the  RP  parental  strain 

(median age = 48 weeks). However, RPM mice displayed delayed tumor onset 

relative to RP animals (median: 285 days vs. 258.5 days; p=0.0233) (Figure 3.4b). 

Notably, RPM animals survived significantly less from the initial tumor detection 

compared to RP animals (median survival: 46.5 days vs. 55 days; p=0.018) 

(Figure 3.4c). Additionally, MRI imaging revealed no significant differences in tumor 

volume. However, RPM animals tend to have larger lesions than RP at any point in 

time (Figure 3.5a-c). These results suggest that an Msh2 loss in the RP setting 

promotes a more aggressive SCLC phenotype. 
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Figure 3.4 Survival and tumor onset analysis in RPM and RP animals. 
a) Survival curves from birth of RP (n=10, median 48 weeks)  and  RPM  mice  (n=11, 
median 48 weeks). b) Tumor onset in RP (n=10, median 258.5 days) and RPM mice (n=12, 
median 285 days). c) Overall survival determined from the timepoint of tumor onset of RP 

(n=10, median 55 weeks) and RPM mice (n=12, median 46.5 weeks). The figure was 

generated with licensed Biorender.com. Log-rank (Mantel-Cox) statistical test (a,c) and 

Mann-Whitney statistical t-test (b). Figure originally created by the author and published in 

Ibruli et al. 2024. 
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Figure 3.5 Tumor volume and growth trajectories in RP and RPM models. 
a) Quantification of tumor volume fold changes based on MRI segmentation after 2 weeks 

(n=12 RP, n=13 RPM), 4 weeks (n=12 RP, n=12 RPM), and 6 weeks (n=6 RP, n=6 RPM) after 
first tumor appearance. b) Longitudinal analysis of individual tumor growth from the time of 
detection, obtained by measuring tumor volumes from serial MRI scans (RP n=12, RPM 

n=13). c) Selected MRI images illustrating lung tumors in RP and RPM mice corresponding to 

the data in panel a. Statistical significance was assessed using Mann-Whitney statistical t-test 
(a). Figure created with a licensed version of Biorender.com. Figure originally created by the 

author and published in Ibruli et al. 2024. 
 

 
3.4 TMB analysis 

 
To characterize the genomic profile and determine the mutational load of the RPM 

tumors, WES was performed on micro-dissected lung lesions in cooperation with the 

Cologne Center for Genomics (CCG) NGS platform (Cologne). We submitted 11 RPM 

subjects and 5 RP samples as control and verified, using copy number analysis, that 

9 RPM subjects had a homozygous loss of Msh2 (Msh2fl/fl), while the other 2 had a 
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mono-allelic loss of Msh2 (Msh2fl/wt) (Figure 3.6a). First, TMB was quantified as the 

mutation count per million base pairs within tumor samples. As previously reported 

(Ibruli et al. 2024), we observed that the RPM animals with Msh2fl/fl exhibited a median 

TMB of 62.78 mutations/Mb compared to 3.45 mutations/Mb in RP, indicating an 

18-fold increase (p=0.0134). Interestingly, the RPM subjects with Msh2fl/wt had a 

median TMB of 2.17 mutations/Mb, similar to RP and, hence, significantly lower than 

that of the Msh2fl/fl RPM group (p=0.0144) (Figure 3.6b). This observation indicates 

that a mono-allelic deletion of Msh2 is insufficient to trigger genomic instability and 

that when both alleles are compromised, the mutational load increases drastically. 

 
 

 

Figure 3.6 TMB in RPM tumors based on WES analysis. 
a) Copy number analysis of Msh2 floxed exons demonstrates homozygous and heterozygous 

loss in n=9 and n=2 RPM subjects, respectively, as well as no alteration in n=5 RP mice. 
b) Analysis of the TMB extent based on WES data. Kruskal-Wallis statistical test (b). Figure 

originally created by the author and published in Ibruli et al. 2024. 
 

 
3.5 Mutation type analysis 

 
To further characterize the mutation profile induced by Msh2 loss, we identified key 

mutation types present in RPM tumors with Msh2fl/fl and compared them to RP and 

RPM Msh2fl/wt subjects. Using WES data, we classified mutations into non-

coding/regulatory and coding categories (Table 3.1) and visualized their 

enrichment in RPM Msh2fl/fl vs RP using fold-change heatmaps (Figure 3.7a). 
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The RPM Msh2fl/fl tumors showed a substantial increase  of silent, intronic, and 

untranslated region (UTR) mutations in the non-coding and regulatory mutation group. 

Silent mutations in RPM Msh2fl/fl exhibited a 21-fold increase with 514.33 mutations 

per tumor vs 24.6 in RP. Similarly, intronic mutations were increased 27-fold, from 26 

in RP to 377.56 in RPM Msh2fl/fl. In the coding region, the most dominant mutation 

types identified were frameshift deletions (267.56/ tumor), frameshift substitutions 

(3677.50/ tumor), and missense mutations (1972.11/ tumor). The expression of each 

of these mutation types was significantly increased compared to RP tumors, which 

showed counts of 2.6, 154, and 75.4, respectively. A strong enrichment was also 

observed in frameshift indels (165.89/ tumor in RPM Msh2fl/fl vs 2.2 in RP) and 

insertions (32.56/ tumor in RPM Msh2fl/fl vs 12.4 in RP). These elevated values were 

not observed in RPM Msh2fl/wt, which exhibited counts similar to those of RP in both 

regulatory and coding regions (Figure 3.7b-d). This further highlights the importance 

of bi-allelic Msh2 loss to induce hypermutation. Overall, these findings confirm the role 

of Msh2 in maintaining genomic instability and indicate that the Msh2 deletion disrupts 

both coding and non-coding regions, particularly inducing frameshift events, which are 

associated with increased neoantigen load. 
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Table 3.1 List of mutation types and the corresponding mutation counts obtained by WES. 
A complete list of mutation type definitions is provided in Appendix. 

 
 
 

Mutation type RP RPM 
homozygous 

RPM 
heterozygous 

Fold change 

(RPM hom/RP) 
Non-coding/ 
regulatory mutations 
UTR3 8.2 221.11 5.5 26.95 

UTR5 6 93.89 2 15.65 

UTR5; UTR3 0.2 1.22 0 6.11 

Downstream 0.6 6.56 1 10.93 

Exonic; splicing 0 1.89 0 0 

Intronic 16 377.56 9 23.6 

ncR0_exonic 22.4 400.33 10 17.87 

ncR0_intronic 2.4 27.67 1 11.53 

Silent 24.6 514.33 17.5 20.91 

Splice 4.2 62.89 4 14.97 

Stop 1.4 22.22 1 15.87 

Upstream 1.4 5.33 0 3.81 

Upstream; downstream 0.2 0.89 0 4.44 

Intergenic 0.8 0.56 0.5 0.69 

Startloss 0.2 0.33 0 1.67 

Coding mutations     

Frameshift deletion 2.6 267.56 1.5 102.91 

Frameshift insertion 12.4 32.56 8 2.63 

Frameshift substitutions 154 3677.50 98.5 23.88 

Frameshift indels 2.2 165.89 3 75.4 

Nonstop 0.2 3.89 0 19.44 

Missense 75.4 1972.11 52.5 26.16 

In-frame deletion 0.8 2.11 0.5 2.64 

In-frame insertion 0.6 0.89 0 1.48 

In-frame indels 1.4 3.00 0.5 2.14 
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Figure 3.7 Mutation landscape in RPM tumors. 
a) Fold change heatmap of mutation counts in RPM homozygous vs RP tumors of key 

mutations detected in WES data. Identification of frameshift mutations, including b) deletions, 
c) insertions, and d) substitutions in the RP, RPM Msh2fl/fl, and RPM Msh2fl/wt background. 

Kruskal-Wallis statistical test (b-d). Figure originally created by the author and published in 

Ibruli et al. 2024. 
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3.6 Mutational signature analysis 
 
Msh2 deletion is known to induce MSI and mutational profiles associated with 

deficiencies in DNA mismatch repair. We analyzed the WES data of our RPM model 

for potential mutational signatures using COSMIC as a reference panel, focusing on 

the single-base substitutions SBS15 and SBS21 signatures that typically represent 

MMRd (Crisafulli 2024; Farmanbar et al. 2022). 

 

RPM mice harboring homozygous loss of Msh2 exhibited a strong enrichment of 

MMRd-associated signatures. These tumors exhibited significantly higher total 

mutation count, exceeding 6000 mutations in some samples, and showed an increase 

in various mutational processes, including signatures related to aging and unknown 

categories. However, SBS15 and SBS21 remained dominant in the RPM with Msh2fl/fl 

group, confirming the crucial role of Msh2 in maintaining genome integrity. By contrast, 

RP and Msh2fl/wt tumors showed significantly fewer mutations and a predominance of 

aging- or non-MMR-related signatures (Figure 3.8a). 

 

To confirm this observation, the activity of MMRd signatures (SBS15 and SBS21), 

defined as the relative contribution of MMR mutations among all detected mutations 

in a tumor, was quantified (Figure 3.8b). Indeed, the analysis showed that the 

homozygous RPM mice exhibited a 1.76-fold increase compared to RP mice 

(median of 0.6227 vs. 0.3545 in RP, p=0.0041) and a 1.57-fold increase compared to 

heterozygous RPM (median of 0.6227 vs. 0.3970 in RPM Msh2fl/wt). However, traces 

of these signatures in RP subjects could still be detected, suggesting spontaneous or 

therapy-induced impairment of DNA repair pathways during tumor progression, which 

can contribute to subclonal diversity. 
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Figure 3.8 Mutational signature analysis. 
a) Analysis of mutational signatures based on WES data in RP and RPM animals using 

COSMIC. b) The proportion of SBS15 and SBS21 signatures was analyzed in RP, RPM 

Msh2fl/fl, and RPM Msh2fl/wt tumors to evaluate MMRd activity. Kruskal-Wallis statistical test 
(b). Figure originally created by the author and published in Ibruli et al. 2024. 

 
3.7 Neoantigen prediction and immunogenicity in RPM mice 

 
To assess any functional consequences of the mutations in the RPM tumors, the WES 

data was analyzed to predict the immunogenic potential of the mutations. Some 

mutations can produce neoantigens, which are new mutated peptides that the immune 

system recognizes as foreign and, thus, can elicit immune responses (Zhang et al., 

2021). Neoantigens commonly display strong affinity to HLA-I molecules (Garcia- 

Garijo et al. 2019). To identify the presence of such mutations in our model, neoantigen 

prediction analysis was carried out utilizing the HLA-I binding tool from the immune 

epitope database (Reynisson et al. 2021). Interestingly, this analysis revealed that 

RPM tumors harboring Msh2fl/fl contained significantly more potential neoantigens than 

RP (p=0.0106) and RPM Msh2fl/wt (p=0.0213) (Figure 3.9a,b). 

 

In addition, to further characterize the predicted HLA-I binders, we focused on the 

murine H2kb allele, which is a component of the MHC-I in mice and is responsible for 

presenting neoantigens on cell surfaces (Vijver et al. 2023). Furthermore, we focused 



Results 

66 

 

 

 

 

our analysis on the mutated peptides that were nine amino acids long (9mers) since 

they are the most common class of neoantigens binding to MHC-I molecules, including 

H2kb (Molano et al. 1998). We observed that the RPM Msh2fl/fl tumors had significantly 

more neoantigenic 9mers than both RP and RPM Msh2fl/wt (Figure 3.9c). 

Subsequently, we categorized the identified 9mers into strong and weak H2kb binders 

and compared their frequency across our mice lines. Consistently, the RPM Msh2fl/fl 

tumors exhibited a significantly higher number of strong and weak H2kb binders than 

the RP (p=0.0084) and Msh2fl/wt (p=0.0312) samples (Figure 3.9d,e). These findings 

strongly suggest that a homozygous loss of Msh2 in SCLC results in tumors with a 

high immunogenicity potential. 
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Figure 3.9 Prediction of neoantigens based on WES data. 
a) Analysis of neoantigen and non-neoantigen mutations, and b) the corresponding statistical 
analysis. c) Estimation of H2Kb binders and non-binders, d) Assessment of H2Kb strong and 

weak binders, and e) the corresponding statistical analysis for H2Kb binders (9mers). All 

analyses are performed in n=5 RP, n=9 RPM with Msh2fl/fl, and n=2 RPM Msh2fl/wt. 
Kruskal-Wallis statistical test (b,d). Figure originally created by the author and published in 

Ibruli et al. 2024. 
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3.8 Immune profiling of RPM tumors via flow cytometry 
 
To characterize the impact of the MMR deficiency and Msh2 loss on the TME, flow 

cytometry was performed on lung lesions of RPM Msh2fl/fl animals and compared them 

to RP subjects. We established an antibody panel to identify major immune cell types, 

such as leukocytes, T cells, B cells, macrophages, granulocytes, NK cells, and Treg 

cells. Moreover, we focused on CD4+ T cells and analyzed their functional status, 

including activation, proliferation, and exhaustion states. In addition, we examined the 

expression of MHC-I, PD-L1, and PD-L2 on the surface of SCLC cells. Figure 3.10 

illustrates the gating strategy for profiling immune cells in tumors. After initial selection 

based on their size and granularity (FSC-A and SSC-A), alive immune cells were gated 

with CD45+ expression, a standard hematopoietic marker. The remaining CD45- cells 

were considered tumor cells. The immune cell population was further subdivided using 

CD11b, a common myeloid marker, with CD45+ and CD11b+ cells assigned to the 

myeloid population and CD45+ CD11b- cells to the lymphoid population. Lymphoid 

cells were subsequently gated for CD3 expression to identify the total T cell population 

and CD19 to identify B cells. T  cells  were  further  categorized  into  CD4+  and 

CD8+ subsets. CD4+ T cells were further analyzed for Foxp3 expression to identify 

Tregs. On the other hand, CD45+ immune cell population was used to determine 

macrophages (CD11b+ CD11c+), granulocytes (Ly-6C+ Ly-6G+), and NK cells 

(Nkp46+). 

 
Flow cytometry analysis of immune cell populations in the tumor microenvironment of 

RPM lesions revealed no significant difference in the overall number of the major 

immune cell types compared to RP tumors (Figure 3.11a-b). This suggests that Msh2 

loss in murine SCLC tumors does not lead to substantial immune composition 

changes. In addition,  the expression of  the OX-40 activation marker and Ki-67 

proliferation marker on the surface of CD4+ T cells did not differ significantly (Figure 

3.11c-d). While there were no apparent differences in the expression of exhaustion 

markers, including Tim-3, Lag-3, and CTLA-4, there was a tendency toward higher 

expression of these markers in CD4+ T cells of RPM tumors compared to RP lesions 

(Figure 3.11e). Interestingly, we observed a significant increase in the expression of 

the PD-1 checkpoint on the surface of CD4+ T cells in RPM tumors as opposed to RP, 

indicating potential immune modulation (Figure 3.11f). The expression of MHC-I, 
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PD-L1, and PD-L2 functional markers on SCLC cells remained unchanged between 

the two mouse models (Figure 3.11g). Overall, the flow cytometry results indicate that 

the Msh2 loss in murine SCLC does not cause significant alteration of immune cell 

composition in the tumor microenvironment. However, the elevated expression of 

PD-1 on CD4+ T cells suggests a potential impact on the immune modulation of these 

tumors. 
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Figure 3.10 Gating strategy to profile the tumor resident immune cells in RPM mice. 
Representative flow cytometry plots showing the gating strategy (enclosed area) for immune 

cell profiling of RPM tumors. All: based on FSC-A and SSC-A characteristic and exclusion of 
cell debris; Single cells: exclusion of non-single cells; Alive cells: exclusion of dead cells with 

viability dye; Immune cells: total CD45+ cells within alive cells; Tumor cells: total CD45- cells 

within alive cells; Myeloid cells: CD11b+ and Lymphoid cells: CD11b- within alive CD45+ cells; 
T cells: CD3+ cells and B cells: CD19+ within the lymphoid population; CD4+ and CD8+ T cells 

within CD3+ cells; and Treg cells: Foxp3+ within CD4+ T cells. Within the CD45+ cells are 

macrophages (CD11b+ Ly-6C+), granulocytes (Ly-6C+ Ly-6G+), and NK cells (NKp46+). Arrows 

indicate the direction of sequential gating steps. 
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Figure 3.11 Immune profiling of RPM animals via flow cytometry. 
Identification and quantification (as total cell count/mg tumor tissue) via flow cytometry of 
a) major immune cell populations, and b) T cell subsets. Analysis  of CD4+ T cells  for 
expression of c) OX-40 activation marker, d) Ki-67 proliferation marker, e) exhaustion 

markers, and f) PD-1 checkpoint. g) Assessment of ligand expression on SCLC tumor cells. 
Statistical analysis was performed using the Mann-Whitney test, *p-value=0.04 for PD-1 

expression, n=10 mice. 
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3.9 Treatment responses in RPM model 
 
3.9.1 Cisplatin-based chemotherapy and immune checkpoint inhibition 

 
To investigate the Msh2/MMR-deficient tumors´ sensitivity towards variable therapies, 

we designed in vivo treatment cohorts and analyzed the effects on overall survival and 

tumor volume of the subjects. Following the detection of tumors of at least 5 mm3 via 

MRI imaging, RPM with Msh2fl/fl and RP animals were assigned random treatments 

that reflect the current clinical practice, including cisplatin/etoposide, anti-PD-1 

antibody, and a combination of both (Figure 3.12). Cisplatin and etoposide are 

chemotherapy agents, standard in the management of human SCLC since this cancer 

entity is initially highly responsive to chemotherapy. However, SCLC patients almost 

always relapse shortly after, rendering chemotherapy treatment insufficient (Jiang et 

al. 2021). This issue can be overcome in some patients by adding an ICI, representing 

the current first-line treatment in clinics (Horn et al. 2018). However, the genetic and 

epigenetic factors that increase ICI sensitivity in SCLC are still not fully understood, 

leading to random assignment in patients and, thus, a low success rate. 

 
 

 
Figure 3.12 Scheme of chemotherapy and ICI treatment schedules. 
Tumor-bearing animals were administered with anti-PD-1 antibody i.p. at a dose of 200 mg 

three times per week for three weeks or until predefined study endpoints were achieved. 
Cisplatin was injected i.p. at 4 mg/kg body weight once every 14 days, while etoposide was 

given i.p. at 8 mg/kg on days 1, 2, and 3 of a 14-day cycle. The figure was generated with 

licensed Biorender.com. 
 

As expected, the mice that received cisplatin/etoposide as treatment, irrespective of 

the genomic background, showed significantly lengthened survival in relation to the 

control cohorts. While both tumor models responded remarkably to chemotherapy, 

RPM animals displayed increased sensitivity, surviving approximately 42 more days 

than PBS-treated controls (median: 83 days vs. 41 days; p<0.0001). In contrast, RP 
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mice showed a modest increase in survival of 20.5 days, with a median of 73.5 days 

vs. 53 days in the control group (p=0.0015) (Figure 3.13a-b). Strikingly, RPM mice 

demonstrated a marked survival benefit following ICI treatment, with a median survival 

of 51.5 days compared to 41 days in the control group (p=0.0422), whereas RP 

animals did  not exhibit any measurable response (Figure 3.13c-d). When both 

therapy agents were combined, both mouse models showed significantly improved 

survival rates, with the RPM model harboring higher efficiency, similar to the mono-

chemotherapy cohort (Figure 3.13e-f). These findings indicate that Msh2-loss and 

MMR deficiency in an RP background make SCLC tumors more sensitive to ICI 

treatment. 
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Figure 3.13 Efficacy of chemotherapy and ICI treatments in RPM and RP animals. 
Kaplan-Meier survival curves for cisplatin/etoposide treatment of a) RP mice (n=20) and 
b) RPM mice (n=9). Kaplan-Meier survival curves for anti-PD-1 treatment of c) RP mice (n=16) 
and d) RPM mice (n=12). Kaplan-Meier survival curves for combined cisplatin/etoposide and 

anti-PD-1 antibody treatment of e) RP mice (n=10) and f) RPM mice (n=10). For all graphs, 
vehicle controls (PBS-treated animals) of the respective mouse model were included: n=31 

RP and n=11 RPM. Log-rank (Mantel-Cox) statistical test. Figure originally created by the 

author and published in Ibruli et al. 2024 
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3.9.2 Treg suppression therapy 
 
In addition to investigating the efficacy of standard clinical treatments of SCLC in the 

RPM model, we aimed to determine whether incorporating Treg suppression would 

yield additional benefits. Treg suppression therapies, especially prior to exposing 

patients to immunotherapy, have demonstrated marked survival improvements in 

various cancer entities, including melanoma, NSCLC, and renal cell carcinoma 

(Gelibter et al. 2024; Liu et al. 2023; Verma et al. 2019). Tregs can inhibit effector 

T cell function, thereby suppressing anti-tumor immune responses (Dowling et al. 

2018a). This way, the immune system can elicit effective anti-tumor responses, which 

also leads to enhanced immunotherapy benefits (Y. Li et al. 2024). Several Treg-

targeting strategies, such as anti-CTLA-4 antibodies, have shown promise in 

preclinical and clinical settings. CTLA-4 is primarily expressed on activated T cells and 

plays a key role in Treg function by supporting the immunosuppressive activity of 

Tregs. Therefore, blocking CTLA-4 might lead to Treg dysfunction and could promote 

the activation of effector T cells (Dowling et al. 2018b). In addition to anti-CTLA-4 

therapy, we also employed a CDK4/6 inhibitor (CDK4/6i), palbociclib. CDK4/6i is an 

emerging cancer treatment strategy that targets cell cycle, leading to reduced Treg 

proliferation and disruption of the immunosuppressive TME. Moreover, it has shown 

synergistic effects when used in combination with immunotherapy (Wander et al. 

2022). 

 

To determine which Treg suppressor works best in the RP background, we injected 

mice with either anti-CTLA-4 antibody or palbociclib and compared Treg counts in 

spleens using flow cytometry. We observed that while the anti-CTLA-4 antibody had 

no effect, palbociclib halved the Treg numbers (Figure 3.14). Thus, we selected 

CDK4/6i as the Treg suppression therapy in our treatment regimens and administered 

it to randomly assigned RP and RPM mice, as depicted in Figure 3.15. 
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Figure 3.14 Validation of Treg suppression treatments in the spleen. 
Representative flow cytometry plots of CD4+ FoxP3+ Treg cells isolated from the spleens of 
mice treated with either anti-CTLA-4 antibody (clone 9D9, BioXCell) administered i.p. at 
10 mg/kg, three times per week for one week or CDK4/6i palbociclib (LC Laboratories) dosed 

at 100 mg/kg and injected daily via oral gavage for one week. 
 
 
 
 

 
 
Figure 3.15 Scheme of Treg suppression treatment schedules. 
Tumor-bearing animals were administered with anti-PD-1 antibody i.p. at a dose of 200mg 

three times per week for three weeks or until predefined termination criteria were met. Cisplatin 

was injected i.p. at 4 mg/kg body weight once every 14 days, while etoposide was given i.p. 
at 8 mg/kg on days 1, 2, and 3 of a 14-day cycle. The CDK4/6 inhibitor palbociclib was dosed 

at 100 mg/kg and administered via oral gavage for seven consecutive days every three weeks. 
The figure was generated with licensed Biorender.com. 

 

 
Interestingly, we observed that the RP animals did not respond to CDK4/6i treatment 

alone (Figure 3.16a). In contrast, RPM mice exhibited a significant survival 

improvement, with a median survival of 60 days compared to 41 days in the vehicle-

treated controls (p=0.0022) (Figure 3.16b). Consistently, combined treatment with 

CDK4/6i and first-line therapy resulted in a remarkable increase in survival of 

RPM mice by approximately 36 days (median survival of 77 days vs. 41 days in the 

controls,  p<0.001)  (Figure  3.16d).  Surprisingly,  while  the  combination  therapy 
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improved the survival of RP animals by 13 days, it had no statistically significant effect 

(Figure 3.16c). 
 
 
 
 

 
 
Figure 3.16 Efficacy of CDK4/6 inhibition in RPM and RP animals. 
Kaplan-Meier survival curves for CDK4/6i palbociclib treatment of a) RP mice (n=8) and 
b) RPM mice (n=10). Kaplan-Meier survival curves for combined CDK4/6i, cisplatin/etoposide, 
and anti-PD-1 antibody treatment of c) RP mice (n=10) and d) RPM mice (n=9). For all graphs, 
vehicle controls (PBS-treated animals) of the respective  mouse  model  were  included: 
n=31 RP and n=11 RPM. Log-rank (Mantel-Cox) statistical test. 
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3.10 Immune profiling via IMC 
 
3.10.1 Establishment of an antibody panel for immune microenvironment 

characterization 

 
To characterize the spatial immune landscape in the RPM and RP models and 

determine the effects of various treatment strategies, we conducted IMC analysis via 

the Hyperion system. IMC is an advanced technology that enables the detection of up 

to 40 markers simultaneously on a single tissue slide.  It employs metal-tagged 

antibodies separated by time-of-flight (TOF) mass spectrometry, enabling spatial 

biology analysis and studying complex cellular interactions within tumors (Giesen et 

al. 2014). 

 

We designed a 35-marker antibody panel that covers a wide range of immune cell 

populations, tumor cells, and components of the stromal compartment. In addition, we 

included markers to assess the functional states of immune cells, particularly T cells, 

such as activation, exhaustion, antigen presentation, and apoptosis (Figure 3.17a). 

The staining protocol was optimized to ensure optimal sensitivity and reproducibility of 

all antibodies in murine-frozen SCLC samples. Spleens were stained to verify antibody 

specificity as they can serve as control tissues containing all the immune cell subsets 

of interest (Figure 3.17b). In addition to spleen staining, Figure 3.17c depicts a 

representative staining image of a frozen RP tumor, pinpointing the spatial distribution 

of markers, such as NCAM, CD45, and α-SMA. These images demonstrate the 

successful application of the IMC panel in detecting immune cell populations in the 

SCLC models. 
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Figure 3.17. Validation of IMC antibodies in frozen spleen and RP tumors. 
a) IMC panel of 35 antibodies to identify the lymphoid, myeloid, tumor, and stromal cells and 

detect the activation, proliferation, exhaustion, and cell death status. b) Validation of IMC 

antibodies in spleen frozen tissue. The representative image is false-colored for CD19 (red), 
CD4 (green), CD8α (blue), F4/80 (yellow), Foxp3 (magenta). c) Representative image of a 

frozen RP tumor stained for: NCAM (red), CD45 (green), PD-L1 (yellow), PD-L2 (blue). 
Scale bars = 100 µm. 
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3.10.2 Tumor morphology and immune infiltration in SCLC 
 
To further characterize the morphology and immune infiltration in SCLC, we performed 

IMC staining in untreated RP and RPM lung lesions. In line with observations in human 

SCLC, murine SCLC tumors displayed a densely packed architecture with abundant 

expression of the NCAM/CD56, which serves as a tumor marker. The tumors also 

exhibited an immune “cold” phenotype, with minimal and uneven immune cell 

infiltration (Figure 3.18a). CD45+ immune cells (green) were predominantly localized 

in the tumor periphery (borders). Infiltrating immune cells inside the tumor tissue were 

sparse and mainly contained within the CD31+ blood vessels (blue). These findings 

suggest limited penetration into the tumor parenchyma and impaired access to the 

tumor. 

 

For comparison, we analyzed murine NSCLC tumors using EpCAM as an epithelial 

marker to identify tumor cells. Unlike SCLC, NSCLC tumors displayed a more 

glandular architecture with higher immune infiltration. CD45+ lymphocytes were more 

abundant and uniformly distributed inside the tumor tissue. In addition, immune cells 

were not restricted to CD31+ vascular structures (Figure 3.18b). This stark difference 

in immune patterns reflects the well-established classification of SCLC as immune 

“cold” and NSCLC immune “hot” tumor entities. 

 

In addition to the overall low immune cell infiltration in SCLC, we observed substantial 

intratumoral heterogeneity in the spatial distribution of immune cells within RP and 

RPM lesions. As illustrated in Figure 3.18c, some areas exhibited a high number of 

CD45+ immune cells, while other areas nearby completely lacked immune cells. This 

uneven distribution makes the SCLC tumor microenvironment highly complex and 

poses a major challenge in defining the full immunological landscape by using 

analyses based on specific regions of the tissues. 
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Figure 3.18 Immune infiltration and tumor morphology in murine SCLC and NSCLC 

tumors. 
a) Representative IMC image of an untreated RP tumor showing NCAM/CD56+ tumor cells 

(red), CD45+ lymphocytes (green), and CD31+ vessels (blue). b) Representative IMC image 

of a murine NSCLC tumor depicting EpCAM+ tumor cells (red), CD45+ lymphocytes (green), 
and CD31+ vessels (blue). c) Representative image of an RP tumor illustrating intratumor 
heterogeneity in CD45+ lymphocytes (red) infiltration.  Nuclei are shown in  blue  (DNA). 
Scale bars = 100 μm. 
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3.10.3 Development of a comprehensive IMC analysis pipeline for murine 

SCLC 

 
To investigate the immune microenvironment of RP and RPM tumors under different 

treatments, we constructed a TMA for high-throughput and standardized analysis of 

multiple samples. For each mouse, one lung lesion was dissected, from which two 

tissue cores were  collected: one  from inside  the tumor core and one  from the 

tumor-normal lung interface (tumor border). All cores were embedded into a TMA 

block and stained with a validated 35-marker IMC panel (Figure 3.19a). Using this 

approach, simultaneous imaging and comparison of a high number of tumor ROIs in 

one acquisition session was facilitated. This minimizes batch effects and ensures 

uniform staining and laser ablation parameters. 

 

The TMA included all treatment groups previously analyzed in the survival 

experiments, including untreated, chemotherapy alone, anti-PD-1 antibody alone, a 

combination of chemotherapy and anti-PD-1, CDK4/6i via palbociclib, and a 

combination of palbociclib with chemotherapy and anti-PD-1 antibody. To generate 

quantitative data from IMC images, we first tested single-cell segmentation, which 

involves identifying individual nuclei and expanding the segmentation to include the 

membrane components. However, it is very challenging to perform nuclei 

differentiation and segmentation in the densely packed SCLC tissue containing small 

and overlapping tumor cells, particularly when combined with the low resolution of the 

Hyperion imaging system. Specifically, the Hyperion system has a resolution of 1 µm, 

which is insufficient to distinguish tightly packed nuclei. To address this issue and 

achieve higher-resolution images of nuclei, IMC was combined with confocal imaging. 

First, high-resolution DAPI images were acquired using a confocal microscope prior 

to IMC ablation, resulting in a clearer visualization of nuclear boundaries. Next, the 

same sections were ablated on the Hyperion Imaging System for multiplex detection 

via IMC. DAPI and respective IMC images were then co-registered using a semi-

automated pipeline, enabling spatial alignment. 

 

Since single-cell segmentation is the standard method used to extract quantitative 

data from IMC data, we made considerable efforts to incorporate it into our analysis 

pipeline. Despite testing and optimizing high-resolution DAPI input and integrating 
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deep-learning-based segmentation tools such as the Mesmer model, we could not 

achieve reliable nuclear segmentation in large portions of the tumor cores. Many 

regions showed substantial nuclear overlap, and even manual corrections could not 

consistently identify reliable cell boundaries. As a result, this approach could not be 

validated, and we excluded it from our downstream analysis. 

 

Instead, we developed a robust pixel-based analysis strategy. Each marker channel 

was binarized to detect positive signals and specific immune cell types were identified 

by co-localizing biologically relevant markers within the same pixels. To illustrate, 

CD8+ T cells were defined by co-expression of CD3 and CD8 markers. Although this 

method cannot provide true single-cell resolution, it provides an alternative for reliable 

and reproducible quantification of immune cell types in tumors where segmentation is 

not feasible. Additionally, we applied manual tumor marks to distinguish between the 

tumor tissue and normal lung tissue to compare immune infiltration in each area 

(Figure 3.19b). 

 

To illustrate the results of our analysis pipeline, Figure 3.20 depicts the steps applied 

to each IMC image. First, the tumor boundaries were manually defined, and the raw 

signal from key markers (CD45, α-SMA, and CD31) was visualized. Next, individual 

marker channels were binarized to detect positive signals and show the spatial 

distribution of immune and stromal cells. Finally, cell type mapping was performed 

based on the pixel-level co-localization of respective biologically relevant markers, 

enabling the classification of immune cell types inside or in the border of tumors. This 

pipeline allows us to analyze immune profiles across all TMA cores and treatment 

conditions, facilitating biological comparisons presented in the following section. 
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Figure 3.19 Workflow for high-throughput IMC analysis of RPM and RP tumor tissues. 
a) Schematic of TMA design and ROI selection. Two tissue cores, one from the tumor core 

and one from the tumor-normal lung interface, were extracted from each sample and 

embedded in a TMA block. ROIs were selected within each core. b) Overview of the IMC 

analysis pipeline. Four-micron frozen murine SCLC tissue slices were mounted on microscopy 

slides and stained with a combination of metal-tagged IMC antibodies. DAPI images were 

captured using a confocal microscope at 40x magnification. IMC images were generated with 

the Hyperion system, which utilizes the TOF principle to detect and quantify metal isotopes 

and produce multi-dimensional images. The data underwent initial processing, which involved 

co-registering the DAPI and IR193-DNA (IMC) channels for better detection of the nuclei. 
Images were initially pre-processed by image filtering and spillover correction. Single-cell 
segmentation was tested on RP and RPM tumor tissues via Mesmer, a deep-learning network. 
Subsequently, tumor masks were created to differentiate between intratumoral and 

extratumoral (border) regions. Each channel was analyzed by identifying positive pixels, which 

were then used for cell-type mapping. Created with Biorender.com. 
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Figure 3.20 Stepwise output of the IMC analysis pipeline. 
Representative example of pixel detection analysis applied to each IMC sample. Left: Raw 

signal of CD45 (red), α-SMA (green), and CD31 (blue) and the manually drawn tumor border 
overlaid in white. Middle: Binarized detection of markers to visualize the spatial distribution of 
immune and stromal cells. Right: Cell type mapping based on pixel-level co-localization of 
relevant markers. 

 
 
3.10.4 IMC-based immune profiling of RPM and RP tumors under treatment 

 
Due to the size and complexity of the dataset, as well as the very low frequency of 

immune cell subsets in SCLC tissue, we focused our analysis on the most abundant 
and relevant immune populations: total leukocytes (CD45⁺), T cell subsets (CD4⁺ and CD8⁺), and B cells (CD19⁺). These markers were quantified in all RP and RPM 
samples from baseline (vehicle group) and treated conditions. 

 
 
We first performed a general comparison of untreated RP and RPM tumors to assess 

whether MMRd in the RPM model leads to differences in immune infiltration. This 

analysis complements the flow cytometry data by distinguishing between the tumor 

tissue versus the tumor-normal lung border/interface. We observed that in both 

models, immune cells were enriched at the border as compared to inside the tumor, 

consistent with the typical immune-excluded phenotype of SCLC (Rudin et al. 2021). 

However, RPM tumors showed markedly lower CD45+ expression inside tumors than 
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RP, suggesting an even stronger immune exclusion effect in the MMR-deficient setting 

(Figure 3.21a). 
 
 To explore these differences in more detail, we quantified major CD45+ immune cell 
types, including CD4⁺ T cells, CD8⁺ T cells, and CD19⁺ B cells. In the tumor interface 

(periphery), both RP and RPM samples showed similar expressions of all markers. 

The CD4+ and CD8+ T cell levels remained low and similar in both models. However, 

within the tumor core, we observed a significantly higher presence of CD19+ B cells in 

RP tumors (Figure 3.21b). These results show minor but potentially important 

differences between the two animal models, with B cells being particularly excluded in 

the RPM setting. 

 

Next, we assessed the effect of different treatment regimens on the immune landscape 

inside tumor cores in RP and RPM models (Figure 3.22). Treatments included 

monotherapies (cisplatin/etoposide, anti-PD-1, CDK4/6i) and combinations 

(cisplatin/etoposide + anti-PD-1; CDK4/6i + cisplatin/etoposide + anti-PD-1). Across 

all treatments, RPM tumors showed a consistently lower CD45+ infiltration compared 

to  RP.  Notably,  treatment  with  CDK4/6i  +  chemotherapy  +  anti-PD-1  led  to  a 

significantly higher CD45⁺ lymphocyte infiltration in RP vs RPM tumors. CD4+ T cells 
followed a similar trend, with significantly greater levels in RP compared to RPM under 

the triple combination. For CD8+ T cells, expression levels remained low in both groups 

across all treatments, with the tendency of being lower in RPM tumors but with no 

significant changes. Interestingly, CD19+ B cells were significantly reduced in 

untreated RPM samples compared to RP and remained almost undetectable in most 

treatment groups besides the chemotherapy-alone group. These findings may indicate 

that B cell exclusion is a feature of RPM tumors and is not reversed by therapy. In 

addition, the analysis of stroma content by measuring the expression of α-SMA+ or 

CD31+ pixels revealed comparable numbers across regimens. However, when 

exposed to the triple combination, RP mice showed a significant increase in stromal 

cells, suggesting more microenvironment remodeling in this setting. 
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Taken together, these findings indicate that, similar to RP mice, RPM tumors remain 

largely minimally infiltrated by immune cells. Various treatment strategies do not have 

a meaningful impact on RPM, unlike RP, which shows a less responsive 

microenvironment    under    certain    treatments.    The    combination    of 

CDK4/6i + cisplatin/etoposide + anti-PD-1 antibody was able to significantly increase 

CD45+ cells, CD4+ T cells, and stroma compartment in RP but had limited effect in 

RPM. These results suggest that MMRd contributes to a more resistant immune 

microenvironment, even under a combination of immunotherapy. 
 

 
Figure 3.21 Immune cell distribution in untreated RP and RPM tumors. 
a) Quantification of CD45+ pixels in the tumor core vs. tumor-normal lung interface in untreated 

RP (left) and RPM (right) tumors. b) Quantification of CD45+ leukocytes, CD4+ T cells, 
CD8+ T cells, and CD19+ B cells in RP and RPM tumors inside the tumor and in the interface. 
Data are presented as mean ± SD; statistical comparisons were made using unpaired t-tests. 
p < 0.01 (**) and p < 0.0001 (****). 
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Figure 3.22 Immune and stromal composition inside the tumor core of RP and RPM 
models across treatment conditions. 
Quantification of immune and stromal cell populations inside tumor tissues in RP (blue) and 

RPM (orange) tumors under the following treatments: vehicle, anti-PD-1, cisplatin/etoposide 

(Cis/Eto), Cis/Eto + anti-PD-1, CDK4/6i, and triple combination (CDK4/6i + Cis/Eto + anti-
PD-1). Data are shown as mean ± SD. Statistical comparisons between RP and RPM 

within each treatment group were performed using the Mann–Whitney test. p < 0.05 (*), 
p < 0.01 (**). 
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4. Discussion 
 
4.1 The novelty and rationale behind the RPM model 

 
SCLC remains one of the most aggressive malignancies, characterized by rapid 

progression, early dissemination of metastases, and extremely poor survival 

outcomes (Kalemkerian et al. 2013; Krpina et al. 2023). Despite extensive research 

efforts, the molecular landscape of SCLC remains largely uncharacterized, 

contributing to restrictive efficacy and heterogeneity of current treatment strategies in 

clinical practice. This is largely attributed to the fact that, unlike many other tumors, 

SCLC is almost always diagnosed at advanced stages. At this point, surgical resection 

is no longer an option, and thus, tumor biopsies are especially limited. In addition, 

SCLC cells have a fast-growing and diffuse nature and longitudinal sampling is 

challenging (Byers et al. 2015). Consequently, GEMMs play a crucial role in SCLC 

research, providing a physiologically relevant platform to study tumor biology, immune 

interactions, and therapy responses. 

 

The most important GEMM of SCLC is the Rb1fl/fl;Trp53fl/fl (RP) model, which 

successfully reflects the main histopathological and neuroendocrine characteristics of 

the human disease (Meuwissen et al. 2003). This model harbors the conditional 

deletion of Rb1 and Trp53 tumor suppressor genes, which are almost universally 

inactivated in human SCLC samples (George et al. 2015, 2024). However, the RP 

model lacks extensive genomic instability and high TMB that are hallmarks of SCLC. 

In patients, most of this genomic instability is driven by chronic tobacco exposure, 

which results in extremely high mutation acquisition rates (Johnston-Early et al. 1980; 

Rudin et al. 2021). In addition to the smoking-driven mutational signature, recent 

large-scale proteogenomic studies have identified a distinct subset of clinical cases 

(~15%) that carry deficient MMR machinery genes, involving genes such as MSH2, 

MSH6, and PMS3. MMRd in these tumors results in disrupted DNA replication, 

accumulation of indel mutations, and MSI. Importantly, these patients exhibit worse 

OS compared to smoking-driven SCLC patients, underscoring the need for a specific 

model to represent this tumor subset (Q. Liu et al. 2024). However, no existing GEMM 

recapitulates MMRd in SCLC, limiting the investigation of tumor evolution, immune 

interactions, and treatment sensitivity in this subset of SCLC. 
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To address this gap, we have generated the first high-TMB GEMM of SCLC. By 

incorporating a conditional Msh2 deletion in the RP background, we have created an 

MMR-deficient SCLC model (Rb1fl/fl;Trp53fl/fl;Msh2fl/f (RPM)), that better mimics the 

genetic landscape of MMR-deficient SCLC patients (Ibruli et al. 2024). This model 

enables the examination of how MMRd-related genomic instability influences tumor 

development, genomic instability, and immune responses. This is particularly relevant 

considering recent evidence that MMRd-SCLC exhibits different genetic features and 

a worse prognosis than smoking-driven SCLC (Q. Liu et al. 2024). 

 

Given that MMRd has been strongly associated with improved responses to ICIs in 

colorectal and endometrial cancers (Eerkens et al. 2024; Sahin et al. 2019), the RPM 

model can extend the exploration of MMRd as a predictive biomarker of ICI response 

in SCLC. However, recent findings suggest that MMRd alone is not sufficient to elicit 

enhanced immune responses and sensitivity to ICIs. Despite the high TMB typically 

associated with a deficient MMR system, studies have shown that these tumors do not 

consistently present with increased T cell infiltration and efficient immune activation, 

contradicting the assumptions that MMRd  always enhances anti-tumor immunity 

(Westcott et al. 2023). The RPM model allows the study of the tumor immune 

microenvironment and can determine whether MMRd-SCLC exhibits similar immune 

patterns observed in other MMRd tumor entities or whether it remains immune-cold. 

Additionally, exposing RPM mice to novel combination treatment strategies, such as 

Treg suppression and ICIs, may offer new insights in further enhancing ICI efficacy. 

 

By addressing this important gap in SCLC research, the RPM model represents a 

significant advancement, which can potentially provide valuable insights into tumor 

progression, immune interactions, and therapeutic vulnerabilities. Ultimately, this 

model could improve patient stratification strategies, optimize combination therapies, 

and help develop personalized treatment approaches for SCLC patients. 



Discussion 

91 

 

 

 

 

4.2 Tumor growth, progression, and survival differences between RP 

and RPM models 

 
An important observation in our study is a key difference in tumor kinetics between the 

RPM and RP models. Despite the increased genomic instability expected in RPM 

tumors due to Msh2 loss, we observed a significantly delayed tumor onset compared 

to RP animals. This finding does not follow the general notion that tumors with higher 

mutation rates are characterized by accelerated oncogenesis. However, our results 

support the concept that although a rich mutational burden helps tumors to evolve, it 

may initially also slow  tumor development by activating immune surveillance or 

reducing the ability of tumor cells to grow because of excessive genomic damage. 

Similar observations have been reported in other hypermutated tumor types, such as 

in preclinical models of gliomas, where a high TMB has been correlated with delayed 

tumor growth due to activated immune responses and lethal mutational load (Johanns 

et al. 2016). 

 

Despite the delayed tumor onset, RPM tumors exhibited significantly more aggressive 

growth and ultimately led to earlier fatality compared to RP tumors. This was supported 

by both MRI-based tumor volume analysis and survival curves following tumor 

formation, where RPM mice showed poorer survival outcomes. These findings may 

indicate that MMR deficiency promotes rapid proliferation and evolution once the 

tumors can overcome the initial immune surveillance or replicative stress. This 

phenomenon has been also observed in other MMR-deficient tumors, such as 

endometrial cancers (Pakish et al. 2017), which demonstrated similar patterns of 

switching from delayed onset to aggressive progression. It is speculated that this 

behavior is attributed to rapid tumor evolution leading to a shift from anti-tumor immune 

responses to immune evasion . Overall, we hypothesize that Msh2 loss accelerates 

tumorigenesis, consistent with the established role of deficient MMR in inducing 

genomic instability (Dietlein et al. 2014). This insight aligns with existing literature on 

the impact of MMRd on aggressive tumor features in other cancers like colorectal 

cancers (Oliveira, Bretes, and Furtado 2019), and highlights the potential clinical 

relevance of this study. 

This study also reports that RPM and RP backgrounds hardly develop metastases 

regardless of different aggressiveness levels.  Rarely occurring metastases were 
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confined mainly to the liver, aligned with the knowledge from other SCLC GEMMs 

(Kalemkerian et al. 2013). However, this observation contrasts the nature of human 

SCLC, which is almost always associated with distant metastases in the liver, brain, 

bones, and adrenal glands (Kalemkerian et al. 2013). This discrepancy may be related 

to species-specific differences in lung architecture, vascularization, or immune system 

efficacy (Vanharanta and Massagué 2013). Additionally, the lung tumor development 

via Adeno-Cre in the mouse models generates many primary lesions, which does not 

reflect the human scenario. It is possible that multiple lung tumors lead to early death 

and there might be no sufficient time for the development of metastases. The limited 

number of distant metastases in the RPM and RP mouse models indicates that, while 

they are important in investigating primary tumor biology, they cannot accurately 

model the metastatic behavior of human SCLC. 

 

In summary, our data reveal a clear correlation between a deficient MMR system and 

the aggressiveness of tumors. Although the deletion of Msh2 in our preclinical model 

led to delayed tumor formation, RPM tumors were significantly more aggressive than 

RP once the tumors developed. These findings underscore the complex interplay 

between genomic composition and tumor behavior, which is not represented in other 

SCLC models to date. 

 
4.3 Genomic and molecular alterations in RPM tumors 

 
The incorporation of Msh2 loss in the RPM model was expected to result in significant 

alteration of the genomic landscape, considering the well-established impact of MMRd 

in promoting genomic instability across various solid tumors (Dietlein and Reinhardt 

2014). WES analysis confirmed that RPM tumors exhibit a substantially higher TMB 

compared to RP tumors, aligning with findings in other MMRd cancers. The increased 

TMB is primarily attributed to the accumulation of insertions and deletions, particularly 

frameshift events, one of the main features of MMRd tumors. Our results are 

consistent with the established role of Msh2 in correcting replication-associated DNA 

errors (Dietlein et al. 2014b; De Wind et al. 1995). 

 
Recent large-scale proteogenomic studies have identified a distinct subgroup of 

SCLC, which is characterized by predominant defective MMR mechanisms. Liu et al. 

(2024) reported that 15% of their human SCLC subjects exhibited MMRd-related 
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mutational signatures characterized by mutations in the MSH2, MSH6, and PMS3 

mutations. Our findings align with this study by demonstrating that MMR is a significant 

contributor to genomic instability in some SCLC cases. Furthermore, we provide 

mechanistic insights by showing that Msh2 loss alone is sufficient to induce a high-

TMB phenotype in a preclinical SCLC setting without the need for additional 

external factors such as tobacco exposure. Interestingly, our study contrasts findings 

from Westcott et al. (2023), who also used Msh2 loss to induce MMRd in GEMMs of 

lung and colon cancer. This study revealed that MMRd in their preclinical models 

exhibited no significant impact on the mutational load of SCLC, contradicting the 

conventional notion that MMRd is responsible for extensive genomic instability. The 

discrepancy between our study and theirs could be due to the different genetic 

backgrounds of the models used. Our RPM model introduces Msh2 loss in the RP 

background, where the absence of Rb1 and Trp53 are the main drivers of 

tumorigenesis, mimicking human SCLC. Meanwhile, Westcott et al. studied Msh2 

inactivation in preclinical settings lacking these deletions, suggesting that the sole 

inactivation of Msh2 has limited potential to influence TMB. The difference in our 

findings underscores the need for further investigation of how different genetic and 

external factors influence the extent of TMB in MMRd-SCLC. 

 

To further examine the mutational landscape of RPM tumors, we performed a 

mutational signature analysis based on the COSMIC database and focused on the 

SBS15 and SBS21 signatures, which are predominantly involved in MMRd-induced 

tumorigenesis. While these  signatures have been widely identified  in colorectal, 

endometrial, and  gastric cancers (Crisafulli et  al. 2024; Farmanbar et al.  2022; 

Dominkuš et al. 2023), their role in SCLC remains poorly understood. We found that 

the RPM tumors showed a significantly elevated presence of these mutational 

signatures compared to RP controls, which mainly harbor background mutational 

processes. These results verify that in our preclinical model, Msh2 alone is sufficient 

to induce mutational profiles observed in human MMRd cancers, supporting the 

relevance of the RPM model as a suitable platform to represent this SCLC subtype. 

 

One of the most striking findings of our analysis is the identification of increased events 

of frameshift mutations, another established hallmark of MMRd tumors (Germano et 

al. 2018), in RPM tumors compared to RP subjects. It has been shown that frameshift 
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alterations produce dysfunctional proteins, which disrupt various signaling pathways 

and ultimately affect tumor biology (Germano et al. 2018). Additionally, frameshift 

mutations can create highly immunogenic neoantigens, as abnormal proteins can be 

recognized by the immune system more easily. Indeed, the neoantigens derived from 

frameshift alterations in colorectal and endometrial cancers have been demonstrated 

to elicit robust anti-tumor immune reactions (Gebert et al. 2021; Song and Zhang 

2022). However, whether this phenomenon is similar in SCLC is yet to be explored. 

To address this question, we determined the neoantigen burden of RPM tumors and 

compared it to the RP background with support from a bioinformatician. We observed 

a significant enrichment of predicted H2Kb-binding neoantigens in RPM subjects, 

suggesting that Msh2 loss can introduce tumor immunogenicity at the molecular level. 

However, this does not necessarily imply that the higher load of neoantigens translates 

to more effective immune responses in SCLC. Emerging evidence in other 

malignancies has shown that a stronger marker of immune activation is neoantigen 

clonality rather than the absolute neoantigen count. Highly clonal neoantigens, which 

are present in all tumor cells, can elicit strong T-cell reactions. On the contrary, 

subclonal neoantigens, present in only a fraction of tumor cells, have been shown to 

evade immune recognition (McGranahan et al. 2016; Rosenthal et al. 2019). RPM 

tumors generate most likely subclonal neoantigens, given their hypermutator nature. 

This could provide an explanation of why MMRd-SCLC cases have a worse OS 

compared to smoking-induced tumors (Q. Liu et al. 2024). 

 

Overall, our findings indicate that MMRd is a critical driver of genomic instability, high 

TMB, and increased neoantigen load in a subset of SCLC cases. Furthermore, the 

RPM model provides a relevant preclinical model to further explore the MMRd in 

SCLC. 
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4.4 The impact of Msh2 loss on the immune microenvironment 

assessed by flow cytometry 
 
SCLC is widely recognized as an immune-cold tumor entity characterized by low levels 

of immune cell infiltration. It exhibits reduced antigen presentation, weak anti-tumor 

immune responses, and thus low sensitivity to immunotherapy, particularly ICIs (Chen 

et al. 2023; George et al. 2015). This is paradoxical, considering that SCLC is one of 

the cancers with the highest TMB, which typically results in enhanced immunogenicity. 

 

A major question of this thesis was whether the MMRd via Msh2 deletion could change 

the tumor immune microenvironment in SCLC. Despite the high TMB and elevated 

neoantigen load in RPM tumors, flow cytometry analysis revealed no major differences 

in the composition of immune cells when compared to RP tumors. Frequencies of the 

major immune cell types, including T cells, B cells, macrophages, granulocytes, and 

NK cells, were similar in both genotypes. These results indicate that MMRd and 

increased mutational burden in our model do not significantly impact immune cell 

recruitment. This finding contrasts the typical scenario in other MMRd models, such 

as MSI-high colorectal cancer, where high TMB often correlates with increased T cell 

infiltration (Jin et al. 2022). However, a recent study from Westcott et al. (2023) 

provides insights that align with ours. Their mouse models of MMR-deficient lung and 

colon cancer failed to exhibit increased T cell activation or improved response to ICI 

despite a high TMB and extensive neoantigen burden. This was attributed to elevated 

intratumoral heterogeneity that gave rise to subclonal neoantigens, resulting in 

ineffective immune responses. 

 

Interestingly, while we detected no new patterns in the overall immune infiltration, the 

PD-1 expression on the surface of CD4+ T cells was significantly higher in RPM 

tumors. PD-1 is a well-established marker of T cell exhaustion and chronic activation 

and has emerged as an important marker of T cell dysfunction (Thommen and 

Schumacher 2018). This finding may suggest that, although MMRd tumors contain 

more mutations and neoantigens, they can only elicit non-functional or only partial 

T-cell mediated anti-tumor responses. This phenomenon has been observed in other 

tumors and has been linked to additional factors, such as the presence of inhibitory 

molecules in the tumor microenvironment. The elevated PD-1 expression in the 
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absence of increased immune infiltration may also indicate early stages of T-cell 

involvement followed by functional suppression,  as shown  in other tumor types 

(Thommen and Schumacher 2018). 

 

The lack of immune activation in RPM tumors may be explained by several immune 

suppression mechanisms that are involved in cancer. For instance, Treg cells, TAMs, 

and MDSCs can suppress effector T cell activity. We did not detect any considerable 

changes in either of these populations; however, our analysis was not focused on 

assessing their functional states deeply. Previous studies have reported similar 

scenarios. MMRd TME has been shown to shift towards an immunosuppressive state 

as a result of cytokine secretion or metabolic reprogramming. Indeed, MMR-deficient 

colorectal cancer models could upregulate indoleamine 2,3-dioxygenase 1 (IDO1) and 

TGF-β, which are able to impair effective anti-tumor reactions even in the presence of 

immunogenic mutations (Azimnasab-sorkhabi et al. 2023; Chen et al. 2022; Llosa et 

al. 2015). 

 

Furthermore, we detected no major differences in the expression of surface ligands, 

such as MHC-I, PD-L1, or PD-L2, which assist immune cells in recognizing tumor cells 

and acquiring checkpoint signaling. This is particularly unexpected, considering that 

RPM lesions have a high neoantigen load, which has been shown to upregulate MHC-I 

and promote antigen presentation. This may be a mechanism that MMRd-SCLC uses 

to evade immune activation. In fact, recent studies have reported that SCLC is 

generally characterized by low MHC-I expression, which may be attributed to 

epigenetic silencing. Thus, despite their high TMB, these tumors are less visible to 

cytotoxic T cells (Chen et al. 2023b; George et al. 2015). 

 
Taken together, our data demonstrate that MMRd in our RPM model drives genomic 

instability, resulting in high  TMB and elevated neoantigen load, but it does not 

significantly impact the tumor immune microenvironment. Thus, high TMB alone may 

not be sufficient to shape immune responses in SCLC, reinforcing the immune-cold 

phenotype of SCLC. This highlights the need to consider other factors, such as antigen 

presentation mechanisms, suppressive immune cells, and spatial distribution, in 

designing effective immunotherapies for MMRd-SCLC cases. 
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4.5 Response to standard therapy: Chemotherapy and ICI 
 
The first-line treatment in the management of SCLC, particularly ES-SCLC, involves 

platinum-based chemotherapy in combination with ICIs (atezolizumab or durvalumab) 

(FDA 2019, 2020). While most patients respond initially very well to this treatment, 

almost all of them relapse rapidly, and the added benefit of ICIs varies substantially 

(T. Zhang et al. 2023). In this study, we evaluated the sensitivity of the RPM model to 

both chemotherapy and ICI to determine whether the presence of deficient MMR 

impacts the therapeutic response. 

 

Consistent with observations in clinical practice, both RP and RPM mice responded to 

cisplatin/etoposide treatment, as evidenced by the significantly increased OS 

compared to vehicle-treated animals. However, RPM mice exhibited notably greater 

sensitivity by showing nearly double the survival benefit of RP controls. This may be 

due to the extensive DNA damage and replicative stress in MMR-deficient tumors, as 

previously described in other malignancies (Bouffet et al. 2016). In addition, Msh2 

deletion may prevent the RPM tumors from effectively repairing cisplatin-induced 

crosslinks, resulting in amplified cytotoxic effects and increased sensitivity to 

DNA-damaging agents (S. A. Martin, Lord, and Ashworth 2008). 

 

Strikingly, while RP mice did not benefit from ICI alone, RPM animals exhibited a 

significant survival increase when exposed to anti-PD-1 therapy. This survival 

improvement was further enhanced when ICI was combined with chemotherapy, 

suggesting a potentially improved synergistic effect. The enhanced sensitivity to ICI 

may be attributed to the high TMB and extensive neoantigen panel in the RPM tumors, 

as they are both established features in other cancers. Le et al. (2015) demonstrated 

that patients with MMR-deficient colorectal, endometrial, and gastrointestinal cancers 

showed better survival outcomes than MMR-proficient tumors when treated with an 

anti-PD-1 antibody. Similarly, Rizvi et al. (2015a) reported that high TMB and 

increased neoantigen burden correlated with greater response to anti-PD-1 therapy in 

NSCLC cases. Additionally, this result aligns with our flow cytometry finding that PD-1 

expression on the surface of CD4+ T cells was elevated, indicating a chronically 

stimulated but exhausted T cell activity, which can be reactivated by PD-1 blockade 

(Thommen and Schumacher 2018). 
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Although our findings match with similar observations in other cancer types, where 

MMRd is associated with increased ICI sensitivity, the potential use of MMRd as a 

predictive biomarker in SCLC remains poorly understood. This is partly attributed to 

the scarcity of patient biopsies and the limited number of MMRd-SCLC cases. 

However, Liu et al. (2024) recently detected that a decent number of SCLC patients 

(~15%) in their cohort presented with dominant MMRd mutational signatures. 

Interestingly, they found that this subgroup showed poor OS, emphasizing that high 

TMB alone may not be sufficient in predicting immunotherapy response. Our RPM 

model shows a similar complexity by having a higher sensitivity to anti-PD-1 treatment 

but still lacking robust immune activation. 

 

Interestingly, our findings contradict those reported by Westcott et al. (2023), who 

performed a similar investigation using Msh2-deleted mouse models of lung and colon 

malignancies. Their preclinical models did not show any survival benefit when treated 

with anti-PD-1, and they concluded that MMRd is not a reliable marker to predict ICI 

responsiveness. However, our MMRd-SCLC model exhibited a clear survival benefit 

following PD-1 blockade. There are two aspects that may account for this contrast. 

First, our preclinical models have different genetic backgrounds. Unlike their model, 

our RPM setting includes concurrent Rb1 and Trp53 deletion, reflecting a 

physiologically more relevant genetic makeup of clinical SCLC. Combining Msh2-

deletion with Rb1 and Trp53 deficiency may play an important role in ICI 

susceptibility. Next, while we specifically mimic SCLC, Westcott generated 

adenocarcinoma-prone lung models, which are genetically and biologically distinct 

from SCLC. These observations highlight the importance of specific preclinical 

platforms to examine immunotherapy responses in MMRd tumors. 

 

Taken together, our findings highlight the role of the RPM model in investigating 

therapy responses in MMRd-SCLC. We show that MMRd in our model not only 

improves chemotherapy effectiveness but also offers a selective advantage to anti-

PD-1 treatment, especially in combination regimens. These results support the 

relevance of MMRd as a potential biomarker to stratify SCLC patients who would 

benefit from ICI therapy but also point out that additional factors beyond genetic 

alterations must be considered. 
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4.6 The role of Tregs and CDK4/6 inhibition in SCLC 
 

In general, Tregs are a critical component of immunological self-tolerance and, in 

cancer, actively involved in immune suppression. It has been shown that Tregs can 

infiltrate tumors and control the activity of T and B cells, NK cells, DCs, and 

macrophages through cell-cell contact or the release of signaling molecules, including 

CTLA-4, IL-2, IL-10, and TGF-β (Josefowicz et al. 2012; Wing et al. 2010). Their 

immunomodulatory role is particularly relevant in the context of ICI resistance, in which 

Tregs can help even immunogenic tumors to evade T cell-mediated anti-tumor 

reactions (Tanaka et al. 2017; Togashi et al. 2019). Recent studies have described 

similar patterns in SCLC as well. Even though SCLC is an immune-cold tumor, 

immunosuppressive cell types like Tregs and TAMs have been linked to poor response 

to immunotherapy (Wang et al. 2024). Hence, new treatment strategies in various 

cancer types include depletion or functional suppression of Tregs. Depletion  or 

suppression of Tregs results in the development of autoimmune diseases in humans 

and strong anti-tumor immune responses in cancer patients (Josefowicz et al. 2012). 

 

To investigate whether targeting Tregs in our preclinical model improves survival 

outcomes, we tested two well-established Treg suppression methods: anti-CTLA-4 

antibody therapy and CDK4/6 inhibition via palbociclib. CTLA-4 is an immune 

checkpoint receptor expressed on Tregs that downregulates immune responses by 

competing with CD28 for binding to B7 ligands on antigen-presenting cells (Walker et 

al. 2011). CDK4/6 are enzymes that regulate the G1/S checkpoint of the cell cycle, 

and their inhibition leads to cell cycle arrest and disruption of cell proliferation (Goel et 

al. 2022). It has been shown that CDK4/6i disrupts the proliferation of not only tumor 

cells but also immune cells, particularly Tregs (Goel et al. 2017; Zhang et al. 2023). 

Surprisingly, treatment with anti-CTLA-4 antibody did not change Treg levels in the 

spleens of the RP mice. This could be because the dose and timing of anti-CTLA-4 

administration may have been insufficient to achieve effective Treg depletion in our 

model or because Tregs in SCLC may be less dependent on CTLA-4 signaling to 

function, as observed in other tumor types such as glioblastoma (Fecci et al. 2007). In 

contrast, palbociclib significantly reduced Treg numbers. This supports previous 

studies in breast and colorectal cancer models where CDK4/6i significantly reduced 

the Foxp3+ Treg population (Deng et al. 2018; Goel et al. 2017). 
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Strikingly, RPM mice responded very well to palbociclib alone and in combination with 

the standard-of-care treatment in the clinics (chemotherapy + ICI). On the other hand, 

the RP tumors did not benefit from palbociclib alone, and additionally, they showed no 

improvement when exposed to the combination with chemotherapy and ICI. These 

results suggest that MMRd-SCLC may rely more on Treg-mediated immune 

suppression, which can lead to reactivation of the immune system when disrupted. A 

potential mechanism that enables the improved OS could be the CDK4/6i´s parallel 

effect on increasing effector T cell activation driven by the high neoantigen load in 

RPM tumors (S. Zhang et al. 2023). This was particularly effective in combination with 

chemotherapy and ICI, suggesting that an initial depletion of Tregs may boost the 

outcomes of both cytotoxic and immune-based treatments. 

 

The combination of CDK4/6i and immunotherapy has drawn significant interest across 

various tumor entities. Although CDK4/6 inhibitors have been primarily utilized to 

disrupt tumor proliferation, they have been shown to impact immune cells, including 

reducing Treg proliferation and enhancing antigen presentation (Bonelli et al. 2019; S. 

Zhang et al. 2023). Of note, CDK4/6 treatment has been shown to sensitize melanoma 

to ICIs by promoting T-cell infiltration and reducing immunosuppression (Jerby-Arnon 

et al. 2018). Similarly, several early-phase clinical trials of NSCLC are investigating 

this combination as a strategy to overcome resistance to immunotherapy (Pujol et al. 

2021). Importantly, the role of CDK4/6 inhibitors is currently being investigated in 

SCLC clinical trials. In particular, the ongoing phase II clinical study NCT03041311 

assesses the combination of Trilaciclib, another CDK4/6i, with ICI and platinum-based 

chemotherapy in patients with ES-SCLC (Daniel et al. 2021; Goldschmidt et al. 2023). 

Preliminary results from this trial indicated that Trilaciclib significantly reduced severe 

neutropenia and enhanced peripheral T-cell clonal expansion, suggesting a favorable 

immunomodulatory effect without compromising anti-tumor efficacy. This ongoing trial 

highlights the clinical relevance of our findings, which can provide important insights 

and support the rationale for incorporating CDK4/6i in treatment regimens. 

 

Nevertheless, a major drawback of using CDK4/6i to deplete Tregs is their non-specific 

activity. Besides interrupting Treg´s cell proliferation, they also arrest the cell cycle of 

tumor cells (Bonelli et al. 2019). This makes it difficult to interpret CDK4/6i effects, and 
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the improved survival observed in RPM mice might not be fully attributed to Treg 

suppression but also to cell-cycle arrest of highly proliferating tumor cells with deficient 

MMR. Furthermore, some studies have discussed CDK4/6i effects on effector immune 

cells (Schaer et al. 2018; Teh et al. 2020). Since the immune profile is not 

comprehensively investigated, the understanding of the immunological effects 

remains vague. In addition, several clinical trials reported serious toxicity of some 

CDK4/6 inhibitors, including palbociclib (Pujol et al. 2021; Yuan et al. 2021). The 

toxicity was mainly related to neutropenia, and it increased in combination with 

immunotherapy (S. Zhang et al. 2023). However, different inhibitors have distinct 

pharmacological activity and determining the most suitable agent and dosing schedule 

for every tumor type is essential. Some studies have suggested that reducing the 

duration of CDK4/6i treatment or including a short-term inhibition can achieve similar 

anti-tumor activity as a longer treatment (Jerby-Arnon et al. 2018; S. Zhang et al. 

2023). 

 

In summary, our study suggests that including an initial step of reducing the Treg 

number via CDK4/6 inhibition, could be a promising strategy to increase the survival 

outcomes in MMRd-SCLC co-treated with ICIs or chemotherapy. CDK4/6i can be 

particularly successful in combination with ICI in SCLC to convert this immunologically 

“cold” tumor into a “hot” one (S. Zhang et al. 2023). However, further research is 

required to understand its individual impact on cell cycle arrest, Treg suppression, and 

other immunological effects in order to fully define its role in the management of SCLC. 

Additionally, new studies should explore the safety and efficacy of CDK4/6i to exploit 

their full immunotherapeutic potential (Lelliott et al. 2022). 

 

4.7 Immune profiling in murine SCLC models at baseline and following 

treatment via IMC 
 
In this project, we used IMC to further characterize the immune infiltration patterns in 

our murine SCLC models (RPM and RP) at baseline (vehicle group) and under various 

treatment conditions. We established a high-dimensional imaging pipeline to analyze 

immune cells within tumor tissues and at the interface with normal lung tissue. 

Although our IMC panel initially included 35 markers, our quantitative analysis focused 

on  a  selected  subset  of  the  most  important  and  relevant  cell  types,  including 



Discussion 

102 

 

 

 

 

CD45+ leukocytes, CD4+ and CD8+ T cells, CD19+ B cells, and stromal cells identified 

by α-SMA and CD31 expression. This decision was made based on several factors. 

First, our staining results confirmed limited immune infiltration that is typical in murine 

and human SCLC tumors, consistent with previous reports describing SCLC as 

immunologically “cold” (Rudin et al. 2021). Additionally, we had to ensure the statistical 

robustness of this large and heterogeneous dataset. Lastly, we had practical 

constraints about the time and funding toward the end of the project. Therefore, the 

prioritization of the most abundant and biologically relevant cell populations allowed 

us to generate reproducible results even from this technically challenging dataset. 

 

The IMC analysis confirmed and extended the previous findings from flow cytometry 

as well as complemented with some spatial information on the presence of immune 

cells in our murine SCLC models. At baseline, both RP and RPM tumors exhibited the 

classic immune-excluded phenotype, with the majority of CD45+ cells accumulating at 

the tumor-normal lung border rather than penetrating the tumor core. The limited T cell 

infiltration is a hallmark of human SCLC and has been linked to poor immunotherapy 

response (Yang et al. 2018). Unlike NSCLC samples, RP and RPM tumors displayed 

a low and uneven distribution of infiltrating immune cells that seemed restricted in the 

vascular structures. The quantitative analysis further supported these observations by 

revealing low CD45+ signals inside RP and RPM tumor tissues. This was more 

pronounced in the RPM samples, with even lower CD45+ expression within tumor 

compartments than in RP. These findings suggest that both murine SCLC models 

display the typical immune “cold” phenotype, which is further enhanced in an MMR-

deficient setting, possibly by reinforcing physical or molecular barriers. This mode 

of action has been proposed in other immune-excluded tumors as well (Joyce et al. 

2015). 

 

Further analysis of immune subsets revealed that CD4+ and CD8+ T cells were scarce 

across all samples and regions. This is consistent with the low activity of effector T-cell 

responses typically reported in SCLC (Baine et al. 2020; Rudin et al. 2021). Notably, 

we observed a significant difference in the presence of CD19+ B cells. RPM tumors 

showed significantly lower B cell count than RP samples at baseline. This observation 

is in line with emerging evidence that links a higher B cell infiltration with increased 

anti-tumor immunity and improved survival outcomes (Helmink et al. 2020; Petitprez 
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et al. 2020). Significantly, this finding correlates with the survival experiments 

(Figure 3.4c), in which RP mice exhibited a significantly prolonged survival at baseline 

compared to RPM. Thus, the higher presence of B cells in RP tumors may contribute 

to higher immune surveillance and lower tumor progression, a notion described in 

other solid tumors as well (Sharonov et al. 2020). 

 

Next, we assessed the impact of different treatment regimens and observed limited 

effects on immune cell infiltration in central parts of the tumor, particularly in RPM. 

Surprisingly, the combination treatment with CDK4/6i, chemotherapy,  and anti-

PD-1 blockade led to significantly higher CD45+ and CD4+ T cells in RP tumors 

compared to RPM. This treatment also increased the stromal cell content in this model, 

which may reflect broader microenvironmental remodeling and contribute to improved 

immune cell trafficking. This phenomenon has been reported in other settings and has 

been shown to improve immunotherapy responses (Salmon et al. 2012). 

 

However, there is a discrepancy between the IMC results and survival outcomes. 

While at baseline, higher B cell levels correlated with improved survival in RP mice 

compared to RPM, this correlation was not maintained after triple therapy. Although 

we observed higher CD45+ and CD4+ T cells within RP tumor cores compared to RPM, 

RPM mice survived significantly longer following treatment (Figure  3.16d). This 

discrepancy suggests that survival outcomes after therapy cannot be explained by 

only the quantity of immune cells determined by IMC. Several explanations can be 

proposed. First, our IMC experiments captured the infiltration and spatial distribution 

of immune cells at only the endpoint of the experiment. Thus, this method may miss 

the dynamic processes involved at earlier time points, as previously pointed out in 

longitudinal studies of immunotherapy responses (Spitzer et al. 2017). Second, the 

total CD45+ and CD4+ pixel counts may not correlate with possible changes induced 

by the therapy, including enhanced antigen presentation or increased type I interferon 

signaling, which have been detected in immune priming triggered by CDK4/6i (Deng 

et al. 2018; Goel et al. 2017). Third, the improved survival outcomes in RPM could be 

attributed to tumor-intrinsic factors, such as increased sensitivity to DNA damage due 

to chemotherapy or enhanced tumor cell senescence by CDK4/6i. Both these 

mechanisms have been shown to enable anti-tumor activity (Barros et al. 2022; Goel 

et al. 2017). Moreover, changes in the stroma, including vessel structure and function, 
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might have improved drug delivery and oxygenation in RPM tumors without affecting 

immune infiltration patterns. Although the scope of this study does not include 

exploring any of these mechanisms, they are potential biological explanations to 

understand the lack of correlation between the immune system and survival outcomes 

in our setting. 

 

Taken together, our findings suggest that overcoming the immune resistance in 

MMR-deficient SCLC tumors may require more complex therapy strategies that do not 

rely only on increasing T-cell infiltration. One option could be disrupting physical 

barriers to enable infiltration, which are very prominent in our murine SCLC samples, 

as previously suggested in fibrotic and desmoplastic tumors (Joyce et al. 2015). 

Additional insights into a broader range of immune cell subsets, spatial cell-cell 

interactions, and functional states of infiltrating cells in SCLC will be crucial to 

understanding the treatment impacts. 

 

4.8 Implications for personalized medicine in SCLC 
 

Personalized medicine has transformed cancer treatment by tailoring therapies based 

on molecular and immunological features of individual tumors (Goetz et al. 2018). 

However, this strategy is still not entirely applicable in SCLC, mainly due to limited 

tissue biopsies, the aggressive and rapid disease progression, and the lack of 

established molecular subtypes in clinical practice (George et al. 2015). Nonetheless, 

emerging data, like the ones reported in this study, highlight the potential importance 

of incorporating biomarkers such as TMB or MMRd status into clinical practice. 

 

The newly generated RPM model demonstrates that MMRd in SCLC drives genomic 

instability and predicts sensitivity to immunotherapy and Treg suppression therapy. 

These findings align with literature reports in other cancer types, where MMRd and 

high TMB have been suggested as predictive biomarkers of response to ICIs. For 

instance, MMRd is an FDA-approved biomarker for anti-PD-1 administration in 

colorectal and endometrial cancers since anti-PD-1 treatment yields superior OS (Le 

et al. 2017). Similarly, high TMB is considered a potential predictor of immunotherapy 

benefits in NSCLC, with several ongoing clinical trials to confirm its utility (Hellmann 

et al. 2018; Rizvi et al. 2015). 
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In SCLC, the use of biomarkers to guide therapy approaches is still in the early stages. 

Nevertheless, our results suggest that the subset of patients presenting with 

MMR-deficient SCLC may benefit from PD-1 blockade or CDK4/6 inhibition. This 

opens the door for a new classification of SCLC based on genomic features. 

Therefore, we believe that integrating MMRd and TMB testing into routine diagnostic 

procedures could assist in building stratified treatment regimens. Additionally, these 

insights could help design clinical trials with more specific patient selection criteria, 

leading to potential increased clinical benefit and reduced exposure of some patients 

to unnecessary and ineffective drugs (Q. Liu et al. 2024; Westcott et al. 2023). 

 

In summary, our study contributes to the growing body of evidence that supports the 

establishment of personalized treatments in SCLC. Incorporating genomic, molecular, 

and immunological biomarkers in standard molecular profiling in the clinics may 

transform SCLC clinical care from a one-size-fits-all strategy to individualized 

treatment approaches. 

 

4.9 Study limitations and future directions 
 
While our study provides a comprehensive characterization of a novel SCLC mouse 

model harboring MMRd and its therapeutic vulnerabilities, several limitations must be 

considered when interpreting these findings. 

 

One important limitation is the fact that our GEMM does not incorporate 

tobacco-associated mutational signatures, which constitute the majority of human 

SCLC cases. Although the RPM model successfully generates a high TMB phenotype, 

it does not reflect the mutational composition driven by chronic smoking exposure. 

Instead, our RPM mouse line represents only a minority of human SCLC, 

approximately 15%, as reported in a recent cohort (Q. Liu et al. 2024). This narrows 

the translational potential of our findings by not covering the broader population of 

smoking-associated SCLC cases (George et al. 2015). 

 

A second limitation of our model is the genetic simplicity. The RPM mouse 

incorporates only one MMR gene, Msh2, while human MMRd tumors often carry 
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alterations in multiple MMR genes, including MSH6 or PMS2 (Anon 2017; Hause et 

al. 2016). This important difference may account for variations in immune composition 

or therapy responses. Thus, while our model is valuable in understanding the loss of 

Msh2 in SCLC, it does not capture the full heterogeneity of MMRd in patients. 

 

Additionally, another drawback of our GEMM is the low metastatic potential. Both RPM 

and RP models rarely developed metastases, and if they did, they were mostly 

contained in the liver. This dramatically contrasts with human disease, which is highly 

invasive and characterized by early and rapid dissemination of metastases into the 

brain, bones, adrenal glands, and liver (Kalemkerian et al. 2013). This limitation does 

not allow for the investigation of the impact of MMRd in metastatic processes, immune 

responses in  metastatic niches,  or therapy resistance in such  distal sites. This 

discrepancy could be explained by the differences in lung architecture and immune 

regulation of human and murine systems, and it underlines the need for a better 

representation of metastatic processes in preclinical SCLC models (Vanharanta et al. 

2013). 

 

Another important limitation of our study is linked to the extent of the immune profiling 

analysis. Our analyses were focused on assessing the immune cell composition and 

functional marker expression in effector T cells at the endpoint of tumors. However, a 

longitudinal analysis would be crucial to track how immune cell populations differ over 

time, which enables us to understand the kinetics of immune activation. Furthermore, 

while we provided more thorough insights into the immune composition inside and on 

the border of tumors when different therapy regimens were applied, we did not conduct 

high-resolution spatial profiling that could identify critical patterns in the immune 

microenvironment (Binnewies et al. 2018). 

 

In addition to these constraints, we did not also explore other immunosuppressive 

pathways that could explain the lack of effective immune activation in RPM tumors. 

For instance, upregulation of TGF-β, IDO1, or MDSCs has been shown to dampen the 

immune activation induced by a high neoantigen load (Llosa et al. 2015; Spranger et 

al. 2015; Waldner et al. 2023). These mechanisms are well described in 

MMRd-colorectal and endometrial tumors. They should be evaluated in the future to 

improve the understanding of immune evasion in MMR-deficient SCLC cases. 
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Several limitations also apply to the therapeutic investigations used in this thesis. 

While we show that CDK4/6i via palbociclib can improve survival rates in RPM mice, 

its function is not exclusively due to Treg suppression. The primary activity of CDK4/6i 

is to induce the cell cycle arrest of cells, particularly proliferating tumor cells. In 

addition, CDK4/6i have been described as modulators of cytotoxic T cells or dendritic 

cells (Goel et al. 2022; S. Zhang et al. 2023). For this reason, the interpretation of the 

mode of action of palbociclib in our model is complicated. Moreover, we did not 

address any potential resistance mechanisms to ICIs or explore other combination 

therapies besides standard chemotherapy and CDK4/6i. 

 

Another limitation of this study is the depth of IMC analysis. Although a 35-marker 

panel was established and staining protocols were optimized, the quantitative analysis 

focused on only a few immune cell types (CD45⁺, CD4⁺, CD8⁺, and CD19⁺ cells). This 
decision was necessary given the low immune infiltration observed in the stained 

samples, the complicated single-cell segmentation due to the densely packed tumor 

tissue, and practical constraints regarding the time and funding of this project. As a 

result, rare cell populations, functional markers, cell-cell interactions, and broader 

spatial analyses could not be conducted. Furthermore, IMC analysis was performed 

at the end of the treatment regimens and at a single time point, making it impossible 

to study the dynamics of therapy-induced changes in the immune microenvironment. 

Continuing the analysis of our existing dataset could reveal a broader understanding 

of therapeutic effects on our MMR-deficient SCLC mouse model compared to the 

standard RP mouse. Additionally, future studies should combine longitudinal IMC 

profiling with functional assays to provide a deeper understanding of how immune 

activation evolves over time under different therapies. 

 

In summary, while the RPM model provides a physiologically relevant preclinical 

platform to gain valuable insights into MMR-deficient SCLC and its sensitivity to 

therapies, it does not fully recapitulate the genetic complexity, immune responses, and 

metastatic patterns of human SCLC. Addressing these limitations by generating more 

diverse models, performing longitudinal and spatial immune profiling, and expanding 

therapeutic options will be critical to fully disentangle the potential of personalized 

medicine in SCLC therapeutic approaches. 
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4.10 Outlook 
 
The findings presented in this thesis provide new insights into how MMRd, specifically 

Msh2 deletion, affects tumorigenesis, mutation load, and immune responses in SCLC. 

We successfully established a novel GEMM (RPM) by introducing Msh2 loss in the 

well-characterized RP mouse model. We also show that the RPM model mimics 

important molecular properties of MMRd-SCLC, including high TMB, MMR-related 

mutational signatures, and an increased number of neoantigens. 

However, further research is required to deepen the understanding of the impact of 

these mutations and neoantigens  in  the  RPM  model.  For  instance, 

CRISPR/Cas9 screening or an MHC-I binding assay could explore which neoantigens 

are actually immunogenic in RPM tumors. Additionally, longitudinal studies focusing 

on how RPM tumors change over time or under various treatment strategies could 

shed light on the mechanisms of immune escape and resistance to therapy. 

In addition to genomic profiling, further studies should also investigate the tumor 

immune microenvironment in more detail. While this thesis indicates that MMR 

deficiency reshapes the immune microenvironment and promotes sensitivity to ICI, the 

immunosuppressive components of SCLC, including Tregs, MDSCs, and TAMs, 

remain not understood. Our IMC data should be further analyzed to retrieve spatial 

information, which, paired with spatial transcriptomics and single-cell RNA 

sequencing, could help characterize these cell types in detail. 

Finally, the  RPM model may serve as a preclinical platform to investigate new 

therapeutic strategies that exploit DNA repair deficiencies. For instance, synthetic 

lethality-based approaches (PARP or ATR inhibitors) or additional Treg-targeting 

therapies could have potential synergistic effects in combination with ICIs. 

Furthermore, personalized immunotherapies based on neoantigen profiling or immune 

cell properties might exhibit effectiveness in MMR-deficient SCLC. 

In conclusion, our RPM model opens new avenues for conducting mechanistic 

explorations and translational research. The data generated from this thesis may 

contribute to the development of more precise and effective treatments for a subset of 

patients who are currently under-investigated. 
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Appendix 
 
Table 1. A list of definitions for the mutation types derived from WES analysis. 

 

Mutation Type Definition 

UTR3 (3´untranslated region) 
Non-coding region located at 3’ end of the gene 

UTR5 (5´untranslated region) 
Non-coding region located at 5’ end of the gene 

UTR5;UTR3 
Mutations impacting both 5’ and 3’ untranslated regions 

 
Downstream 

Mutations occurring downstream of the coding region 

and affecting regulatory sequences of the gene 

expression 

Exonic;splicing 
Mutations in both the exonic coding regions and splice 

sites, possibly affecting splicing and protein production 

Intronic 
Mutations within the non-coding regions between exons 

which may affect gene splicing or regulation 

 
ncR0_exonic 

Mutations in the exonic regions of non-coding RNA 

genes, which do not code for proteins but may regulate 

gene expression 

ncR0_intronic 
Mutations in the intronic regions of non-coding RNA 

genes 

Silent 
Mutations with no functional effect 

 
Splice 

Mutations at the splice junctions (intron-exon 

boundaries), which can cause incorrect splicing of the 

pre-mRNA and produce abnormal proteins 

Stop 
Mutations that introduce a premature stop codon, usually 

leading to non-functional proteins 

 
Upstream 

Mutations occurring upstream of the coding region, 
potentially affecting regulatory sequences of the gene 

expression 

Upstream;downstream 
Mutations occurring both upstream and downstream of a 

gene, potentially affecting regulatory regions 

 
Intergenic 

Mutations located between genes in non-coding regions, 
which may affect regulatory sequences but not protein- 
coding regions 

Startloss 
Mutations that affect the start codon, preventing the 

initiation of protein translation 

Frameshift deletion 
A deletion of nucleotides that shifts the reading frame, 
usually leading to non-functional proteins 

Frameshift insertion 
An insertion of nucleotides that shifts the reading frame, 
usually leading to non-functional proteins 

Frameshift substitutions 
Replacement of nucleotides within the reading frame, 
usually leading to non-functional proteins 
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Frameshift indels 
Insertion or deletion mutations that result in a shift of the 

reading frame, usually leading to non-functional proteins 

Nonstop 
Mutations that remove the stop codon, resulting in 

longer, non-functional proteins 

Missense 
Mutations that change one amino acid in a protein 

In-frame deletion 
A deletion of nucleotides that does not affect the reading 

frame, but may still affect the protein's function 

In-frame insertion 
An insertion of nucleotides that does not affect the 

reading frame, but may still affect the protein's function 

In-frame indels 
An insertion or deletion that does not affect the reading 

frame, but may still affect the protein's function 



133 

List of abbreviations 
 

 

 

 

 

 

List of abbreviations 
 
 
 

i.p. Intraperitoneal 

ADC Antibody-drug conjugate 

Ad-CMV-Cre Adenoviral vector containing Cre recombinase 

AKT Protein kinase B 

ALK Anaplastic lymphoma kinase 

APC Antigen-presenting cell 

ASCL1 Achaete-scute homolog 1 (human) 

Ascl1 Achaete-scute homolog 1 (mouse) 

B7-H3 B7 homolog 3 

BWA Burrows-wheeler aligner 

CAF Cancer-associated fibroblast 

CCG Cologne center for genomics 

CDK4/6 Cyclin-dependent kinase 4 and 6 

CDK4/6i CDK4/6 inhibition 

CHGA Chromogranin A 

Cis/Eto Cisplatin/Etoposide 

CNA Copy number alteration 

COSMIC Catalog of somatic mutations in cancer 

CTLA-4 Cytotoxic T-lymphocyte associated protein 4 

DAPI 4`,6-Diamidin-2-phenylindol 

dbSNP Database of single nucleotide polymorphism 

DC Dendritic cell 

DDR DNA damage repair 

DLL3 Delta-like 3 

ECM Extracellular matrix 

EGFR Epidermal growth factor receptor 

EMT Epithelial-mesenchymal transition 

ES-SCLC Extensive-stage SCLC 
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FDA U.S. food and drug administration 

FFPE Formalin-fixed paraffin-embedded 

FGFR1 Fibroblast growth factor receptor 1 

FOV Field of view 

GATK Genome analysis toolkit 

GEMM Genetically engineered mouse model 

H&E Hematoxylin-Eosin 

HLA-I Human leukocyte antigen class I 

ICI Immune checkpoint inhibitor 

IDO1 Indoleamine 2,3-dioxygenase 1 

IEDB Immune epitope database 

IFNγ Interferon-γ 

IGV Integrative Genomics Viewer 

IL-4 Interleukin-4 

IMC Imaging mass cytometry 

IVC Individually ventilated cage 

LS-SCLC Limited-stage SCLC 

Mb megabase (1 million bases) 

MDSCs Myeloid-derived suppressor cell 

MHC Major histocompatibility complex 

miRNA microRNA 

MLH1 MutL homolog 1 

MMR Mismatch repair 

MMRd MMR deficiency 

MRI Magnetic resonance imaging 

MSH2 MutS homolog 2 (human) 

Msh2 MutS homolog 2 (mouse) 

MSH6 MutS homolog 6 

MSI Microsatellite instability 

MYC Myelocytomatosis oncogene (human) 

Myc Myelocytomatosis oncogene (mouse) 

mTOR Mammalian target of rapamycin 
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NCAM Neural Adhesion Molecule 

NE Neuroendocrine 

NEUROD1 Neurogenic differentiation factor 1 (human) 

Neurod1 Neurogenic differentiation factor 1 (mouse) 

NK cells Natural killer cell 

NSCLC Non-small cell lung cancer 

NSE Neuron-specific enolase 

OS Overall survival 

ORR Objective response rate 

PARP Poly (ADP-ribose) polymerase 

PBS Phosphate-buffered saline 

PCI Prophylactic cranial radiotherapy 

PCR Polymerase chain reaction 

PD-1 Programmed death-1 

PD-L1 Programmed death-ligand 1 

PDX Patient-derived xenograft 

PFS Progression-free survival 

PI3K Phosphoinositide 3-kinase 

PMS1/PMS2 Postmeiotic segregation increased 1/2 

PNEC Ppulmonary neuroendocrine cell 

POU2F3 POU class 2 homeobox 3 

Rb Retinoblastoma protein 

RB1 Retinoblastoma 1 (human) 

Rb1 Retinoblastoma 1 (mouse) 

ROI Region of interest 

RP Rb1fl/fl;Trp53fl/fl 

RPM Rb1fl/fl;Trp53fl/fl;Msh2fl/f 

RT Room temperature 

SBS Single base substitution 

SCLC Small cell lung cancer 

SNV Single nucleotide variant 

SYP Synaptophysin 
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TAM Tumor-Associated Macrophage 

TE Echo time 

TGF-β Transforming growth factor beta 

Th2 T helper 2 

Th17 T helper 17 

TIGIT T cell immunoreceptor with Ig and ITIM domains 

TMA Tissue Microarray 

TMB Tumor mutational burden 

TME Tumor microenvironment 

TOF Time-of-flight 

TP53 Tumor protein p53 (human) 

Trp53 Tumor protein p53 (mouse) 

TR Repetition time 

Treg Regulatory T cell 

TSE Turbo-spin echo 

VEP Variant Effect Predictor 

WES Whole-exome sequencing 

YAP1 Yes-associated protein 1 
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