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Abstract 

Cancer remains one of the leading causes of mortality worldwide, with an estimated 10 million 

deaths in 2022 according to the World Health Organization. Despite significant advances in 

cancer research and treatment, certain types of cancer, particularly those characterized by a 

dense stromal reaction, continue to pose significant challenges in terms of treatment efficacy 

and patient outcomes. This thesis focuses on three such desmoplastic cancers: lung cancer, 

hepatocellular carcinoma (HCC), and pancreatic ductal adenocarcinoma (PDAC). While PDAC 

and certain forms of lung cancer are highly desmoplastic, HCC shows significantly less 

desmoplastic activity with little intratumoral extracellular matrix (ECM), though its characteristic 

capsule formation should be noted. These cancers are known for their aggressive nature, poor 

prognosis, and resistance to conventional therapies, largely due to their complex tumor 

microenvironment (TME). 

The urgent need for new therapeutic strategies for these cancer types stems from their unique 

biological characteristics. Lung cancer, particularly non-small cell lung cancer (NSCLC), the 

leading cause of cancer-related deaths globally, often develops resistance to targeted 

therapies. HCC, typically arising in the context of chronic liver disease, presents challenges 

due to its heterogeneity and the compromised liver function of patients. PDAC is notorious for 

its late diagnosis and extreme resistance to current treatment modalities, largely attributed to 

its dense stromal component. 

This study investigates the complex roles of cancer-associated fibroblasts (CAFs) and tumor-

associated macrophages (TAMs) in the progression of these desmoplastic cancers. Various 

subcutaneous and orthotopic injection models were established to study tumor-stroma 

interactions in vivo. A key aspect involved using a bi-transgenic Col3a1-CreERT2/TGFβRII fl/fl 

mouse model to selectively inactivate TGF-β signaling in CAFs, revealing its impact on tumor 

growth and the TME. The study also explored innovative therapeutic strategies, Fra-2 

antisense oligonucleotide and the mTOR inhibitor rapamycin, to target different components 

of the tumor microenvironment. Combination therapy showed promising results in reducing 

tumor burden and modulating the TME in an orthotopic HCC model. The post-treatment mRNA 

expression profiles unveiled striking alterations, with notable changes in collagen transcripts. 

Histological examination provided additional data on collagen distribution within the tumor 

tissue, confirming this observation. Combination therapies elicited more pronounced effects 

on several measured parameters compared to single-agent treatments, highlighting 

synergistic effects.  Additionally, novel murine models for HCC and PDAC research were 

established, and a new Col3a1-CreERT2/iDTR mouse strain was developed for future CAF 

depletion studies. The findings highlight the intricate interplay between tumor cells and stromal 
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components, offering insights into potential therapeutic approaches for desmoplastic cancers 

and paving the way for more effective treatment strategies in these challenging malignancies. 

Zusammenfassung 

Krebs bleibt weltweit eine der häufigsten Todesursachen, mit schätzungsweise 10 Millionen 

Todesfällen im Jahr 2022 laut der Weltgesundheitsorganisation. Trotz bedeutender 

Fortschritte in der Krebsforschung und -behandlung stellen bestimmte Krebsarten, 

insbesondere jene mit dichtem Stroma, weiterhin erhebliche Herausforderungen hinsichtlich 

der Behandlungseffizienz und der Überlebensrate dar. Die vorliegende Arbeit konzentriert sich 

auf drei Krebsarten: Lungenkrebs, hepatozelluläres Karzinom (HCC) und duktales 

Adenokarzinom des Pankreas (PDAC). Während PDAC und bestimmte Lungenkrebsformen 

stark desmoplastisch sind, zeigt HCC eine deutlich geringere desmoplastische Aktivität mit 

wenig intratumoraler extrazellulärer Matrix (ECM), wobei jedoch die charakteristische 

Kapselbildung zu beachten ist. Diese Krebsarten sind bekannt für ihre Aggressivität, schlechte 

Prognose und Resistenz gegenüber konventionellen Therapien, größtenteils aufgrund ihrer 

komplexen Tumormikroumgebung (TME). 

Der dringende Bedarf an neuen therapeutischen Strategien für diese Krebsarten ergibt sich 

aus ihren einzigartigen biologischen Eigenschaften. Lungenkrebs, insbesondere das nicht 

kleinzellige Lungenkarzinom (NSCLC), die weltweit führende Ursache für krebsbedingte 

Todesfälle, entwickelt oft Resistenzen gegen zielgerichtete Therapien. Das HCC, das 

typischerweise im Kontext chronischer Lebererkrankungen auftritt, stellt aufgrund seiner 

Heterogenität und der beeinträchtigten Leberfunktion der Patienten eine besondere 

Herausforderung dar. PDAC ist berüchtigt für seine späte Diagnose und extreme Resistenz 

gegen aktuelle Behandlungsmethoden, was größtenteils auf seine dichte stromale 

Komponente zurückzuführen ist. 

Diese Studie untersucht die komplexen Rollen von Krebs-assoziierten Fibroblasten (CAFs) 

und Tumor-assoziierten Makrophagen (TAMs) bei der Progression dieser desmoplastischen 

Krebsarten. Verschiedene subkutane und orthotope Injektionsmodelle wurden etabliert, um 

Tumor-Stroma-Interaktionen in vivo zu untersuchen. Ein zentraler Aspekt beinhaltete die 

Verwendung eines bi-transgenen Col3a1-CreERT2/TGFβRII fl/fl Mausmodells zur selektiven 

Inaktivierung des TGF-β-Signalwegs in CAFs, was dessen Auswirkungen auf das 

Tumorwachstum und die TME offenbarte. Die Studie erforschte auch innovative 

therapeutische Strategien, Fra-2-Antisense-Oligonukleotid und den mTOR-Inhibitor 

Rapamycin, um verschiedene Komponenten der Tumormikroumgebung zu beeinflussen. Die 

Kombinationstherapie zeigte vielversprechende Ergebnisse bei der Reduzierung der 
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Tumorlast und der Modulation der TME in einem orthotopen HCC-Modell. Die mRNA-

Expressionsprofile nach der Behandlung enthüllten auffällige Veränderungen, mit 

bemerkenswerten Änderungen in Kollagen-Transkripten. Die histologische Untersuchung 

lieferte zusätzliche Daten zur Kollagenverteilung im Tumorgewebe und bestätigte diese 

Beobachtung. Die Kombinationstherapie zeigten im Vergleich zu Einzelwirkstoffbehandlungen 

ausgeprägtere Effekte auf mehrere gemessenen Parameter, was ihr synergistisches Wirken 

bestätigt. Zusätzlich wurden neue Mausmodelle für die HCC- und PDAC-Forschung etabliert 

und ein neuer Col3a1-CreERT2/iDTR Mausstamm für zukünftige CAF-Depletionsstudien 

generiert. Die Ergebnisse unterstreichen das komplexe Zusammenspiel zwischen 

Tumorzellen und Stroma-Komponenten und bieten Einblicke in potenzielle therapeutische 

Ansätze für desmoplastische Krebsarten, wobei sie den Weg für effektivere 

Behandlungsstrategien bei diesen herausfordernden Malignomen ebnen. 
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1 Introduction 

1.1 Cancer as significant public health threat 

Despite significant advancements in scientific research, cancer continues to pose a profound 

threat to global health. After cardiovascular diseases, cancer ranks as the second leading 

cause of mortality worldwide, claiming approximately 10 million lives in 2022, according to data 

from the World Health Organization (WHO; [1]; Fig. 1). Among all cancer types, lung cancer 

remains one of the deadliest, responsible for nearly two million deaths. Additionally, primary 

liver cancer (predominantly hepatocellular carcinoma, HCC) accounted for 760,000 fatalities, 

while pancreatic cancer, with ductal adenocarcinoma (PDAC) representing more than 90% of 

cases, claimed 470,000 lives in the same year. These three cancer types, despite their 

differences in origin and mortality rates, display varying levels of desmoplastic characteristics. 

PDAC and certain lung cancers exhibit pronounced desmoplastic reactions, characterized by 

dense fibroblastic extracellular matrix (ECM) infiltrating between the tumor cells. In contrast, 

HCC typically presents with significantly lower desmoplastic activity and minimal intratumoral 

ECM, although its characteristic capsule formation remains a notable feature. This 

characteristic not only complicates treatment but also contributes to their aggressiveness. 

Each of these cancer types exhibits distinct underlying risk profiles. Non-small cell lung cancer 

(NSCLC) demonstrates a strong association with tobacco exposure [2]. HCC development 

predominantly results from viral hepatitis B infection and alcohol-related liver disease [3], while 

pancreatic cancer involves multiple, less well-characterized factors including certain 

environmental chemicals and toxins [4]. 
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Figure 1: Global cancer statistics.  Pie chart depicting cancer mortality rates across genders and all 

age groups worldwide in 2022 (adapted from [1]).  

 

1.1.1 Lung cancer  

As previously stated, lung cancer exerts a profound negative impact on global health, as 

evidenced by the enormous two million deaths worldwide reported in 2022 alone [1]. It is 

classified into two main types based on histology: small cell lung cancer (SCLC) and non-small 

cell lung cancer (NSCLC), with NSCLC being the most prevalent subtype, accounting to 85-

90% of cases [5]. NSCLC comprises various histological subtypes, including lung 

adenocarcinoma (LUAD), lung squamous cell carcinoma, and large-cell lung carcinoma [6]. 

Notably, LUAD predominantly originates in the distal regions of the lung, while squamous cell 

carcinoma tends to occur in the central lung, demonstrating distinct growth pattern 

characteristics.  

The mutational landscape of lung cancer is unique, characterized by numerous molecular 

alterations, encompassing both oncogenes and tumor suppressor genes. Genomic changes, 

such as somatic mutations, translocations, homozygous gene deletions, amplifications as well 

as epigenetic silencing, drive alterations in different pathways. These changes transition 

normal cells to premalignant states and ultimately lead to the formation of lung tumors [7]. 

Genetic profiling reveals significant heterogeneity among lung cancer patients. Several 
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oncogenes and tumor suppressor genes have been identified in NSCLC, including EGFR, 

KRAS, LKB1, ALK, MET, BRAF, PIK3CA, RET, ROS1, and P53 genes, which serve as 

actionable targets [7], [8], [9]. Recommended treatment for early-stage (stage I or II) NSCLC 

typically involves surgical tumor resection followed by adjuvant therapy, whereas advanced-

stage (stage III or IV) disease often can only be treated in a palliative approach using 

chemotherapy or radiotherapy  [10,11]. However, conventional chemotherapeutic agents face 

limitations such as non-specific targeting and low efficacy. In recent years, remarkable 

progress has been achieved, especially in the fields of personalized medicine and cancer 

therapy. Immunotherapy, including adoptive cell transfer (ACT) and immune checkpoint 

inhibitors (ICIs), utilizes components of the immune system to target tumor cells [12], [13]. 

However, only a small subset of patients experiences long-term benefits.  Treatments of such 

desmoplastic cancers often show decreased efficiency compared to those targeting stroma-

poor tumors. Through intricate crosstalk with tumor cells, cancer-associated fibroblasts (CAFs) 

significantly drive tumor proliferation, invasion, and metastasis, as will be explained in more 

detail below [14]. In NSCLC, the presence of a fibrotic, CAF-rich stroma is common and 

correlates negatively with patient prognosis [15], [16]. However, CAF-targeted interventions 

are considered as promising novel strategies in cancer treatment [17], [18]. 

 

1.1.2 Liver cancer 

Hepatocellular carcinoma (HCC) ranks among the most prevalent malignant tumors worldwide, 

representing the second leading cause of mortality [3]. Chronic inflammation, triggered by 

various factors like chronic viral hepatitis B and C infections, obesity, alcoholism leading to 

alcohol-associated liver disease (ALD), and iron accumulation and resultant oxidative stress 

in hemochromatosis, serve as key promoters of malignant hepatocyte transformation. In 

metabolism associated steatohepatitis (MASH), which usually goes along with metabolic 

syndrome, mainly with overweight, insulin resistance or overt type 2 diabetes, the process 

starts with steatohepatitis (fatty liver inflammation), which can progress to fibrosis and cirrhosis 

if left untreated [19], [20], [21]. Cirrhosis is characterized by extensive scarring of the liver 

tissue, compromising liver architecture and vascular organization and finally impairing liver 

function and causing portal hypertension. As in the other chronic liver diseases, cirrhosis is a 

major predisposition for the development of HCC, and most HCCs develop within the cirrhotic 

liver (Fig. 2). This leads to fatal outcomes, contributing to approximately two million deaths 

worldwide, representing 4% of total global mortality due to cancer [22]. 

The complex etiology of HCC, involving multiple risk factors and a prolonged disease course, 

presents significant challenges for early detection and effective treatment [23]. Current 
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therapeutic approaches for HCC encompass a range of options, depending on the stage of the 

disease and the patient's overall liver function. For early-stage HCC, curative treatments such 

as surgical resection, liver transplantation, and radiofrequency ablation are the primary options 

[24]. However, the majority of HCC cases are diagnosed at advanced stages, limiting the 

applicability of these curative treatments [25]. 

For intermediate-stage HCC, transarterial chemoembolization (TACE) is the standard of care, 

while advanced-stage disease is typically treated with systemic therapies. The approval of the 

poly-tyrosine kinase sorafenib in 2007 marked a significant milestone in the systemic treatment 

of HCC, offering the first effective targeted therapy for advanced disease [26], [27], although it 

prolongs survival only by a few months and often incurs significant side effects. Since then, 

several other multikinase inhibitors have been approved, including growth factor targeted 

therapies with lenvatinib as a first-line treatment, and regorafenib, cabozantinib, and 

ramucirumab as second-line options [28], [29], [30], [31]. Recent advancements have greatly 

enhanced the treatment options available for patients with late-stage HCC. The combination 

of atezolizumab (anti-PD-L1) and bevacizumab (anti-VEGF) has emerged as the standard first-

line systemic therapy, demonstrating superior overall survival compared to sorafenib [32]. 

Lenvatinib remains an alternative first-line option [33]. In the second-line setting, multiple 

options are available, including regorafenib, cabozantinib, ramucirumab,  pembrolizumab, and 

dual combinations providing tailored approaches based on individual patient characteristics 

[34], [35], [36]. 

Despite these advances, the prognosis for many HCC patients remains poor, with a 5-year 

survival rate of only 18% [37]. This underscores the urgent need for continued research into 

novel therapeutic strategies, improved methods for early detection, and a better understanding 

of the molecular mechanisms driving HCC progression [38]. 

 

Figure 2: Stages of liver disease progression from healthy liver to hepatocellular carcinoma. 

Progression from a healthy liver (Stage 0) to hepatocellular carcinoma (Stage 4) through steatosis, 

fibrosis and cirrhosis, with indications of reversibility in early stages and irreversibility in advanced stages 

(created with BioRender.com). 
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1.1.3 Pancreatic cancer 

Pancreatic cancer is a highly lethal very aggressive malignancy originating in the pancreas, an 

organ crucial for digestive and endocrine functions. Ranked as the seventh leading cause of 

cancer-related deaths worldwide, it has an alarming five-year survival rate of under 10% [39]. 

The most common and deadly form is pancreatic ductal adenocarcinoma (PDAC), accounting 

for over 90% of all cases. A leading hypothesis regarding the cellular origin of PDAC suggests 

that acinar cells, known for their remarkable plasticity within the pancreas, undergo a process 

known as acinar-to-ductal metaplasia (ADM). This transformation, during which acinar cells 

acquire a ductal-like epithelial phenotype, is considered an early event in the development of 

PDAC. This cellular reprogramming is usually triggered by various stressors such as 

inflammation or tissue injury [40], [41].  

The most prevalent mutation occurs in the KRAS oncogene, present in over 90% of cases, 

which drives aberrant signaling pathways that promote cell proliferation, survival and invasion 

[42]. This mutation plays a critical role in the transformation of metaplastic cells into pancreatic 

intraepithelial neoplasia (PanIN). Additionally, inactivating mutations in tumor suppressor 

genes such as TP53, CDKN2A, as well as disruptions in the TGF-β signaling pathway are 

contributing to the loss of cell cycle control, genomic instability and evasion of apoptosis [43], 

[44]. This sequential acquisition of mutations ultimately results in the development of invasive 

PDAC [45] (Fig. 3). 

 

Figure 3: Development of pancreatic ductal adenocarcinoma. Morphological changes and key 

genetic alterations associated with each stage of pancreatic intraepithelial neoplasia (PanIN). The 

progression is marked by increasing desmoplasia and mutations in KRAS, CDKN2A, TP53 and SMAD4 

genes (adapted from [45], with modifications). 
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PDAC is characterized by a dense desmoplastic stroma, which contributes to therapeutic 

resistance by impairing drug delivery and promoting an immunosuppressive 

microenvironment. Early detection of PDAC remains challenging due to its anatomical location 

and unspecific symptoms, including jaundice, unintentional weight loss and abdominal pain 

[46]. As a result, the majority of patients are diagnosed at an advanced stage, where the tumor 

has either metastasized or is locally advanced. Therefore, surgical resection - the only 

potentially curative procedure - is no longer feasible for most of the patients  [47]. Even if 

surgical resection is possible, the recurrence rate remains high.  

Usually, palliative systemic chemotherapy remains the primary treatment for advanced PDAC. 

The two standard first-line options are gemcitabine combined with nanoparticle albumin-bound 

(nab)-paclitaxel and the FOLFIRINOX treatment scheme with multiple drugs. While these 

therapies provide some benefits, they have only modestly improved patient survival rates 

[48],[49]. Due to high radioresistance radiotherapy is less commonly used to treat PDAC [50]. 

However, it can be used as a neoadjuvant approach to render the tumors operable  [51].  

While immunotherapy, particularly immune checkpoint inhibitors, has transformed the 

treatment landscape for various cancers like melanoma and NSCLC, its impact on PDAC has 

shown to be limited [52], [53]. Only a small subset of PDAC patients, specifically those 

exhibiting microsatellite instability, showed relevant responses  [54], [55]. 

Thus, the need for novel therapeutic strategies in PDAC management. For the stroma-rich 

PDAC, stroma-targeted interventions have potential. These approaches belong to therapies 

that address the tumor microenvironment (TME) that is composed of immune cells and cancer-

associated fibroblasts (CAFs), potentially enhancing drug delivery and overcoming pancreatic 

cancer's intrinsic resistance mechanisms such as the immune suppressive TME. 

Hence, there is a pressing need for innovative therapeutic strategies in managing PDAC, such 

as stroma-targeted interventions. These approaches seek to reconfigure the TME, potentially 

improving drug delivery and overcoming the inherent resistance mechanisms of pancreatic 

cancer. 

 

1.2 Components of the TME 

The tumor microenvironment (TME) is a dynamic milieu comprising an intricate network of 

cellular and non-cellular components that influence tumor initiation, progression, metastasis 

and therapeutic response [56,57]. Desmoplastic tumors exhibit distinctive features within their 

TME, marked by a prominent stromal reaction and extensive remodeling of the extracellular 

matrix (ECM). One of the most important cell types for shaping the ECM are fibroblasts, 

mesenchymal cells that are essential for the synthesis and modification of the ECM and the 
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typical histopathologic features to desmoplastic tumors. While maintaining a quiescent state in 

non-pathological tissues, they play a pivotal role in processes such as wound healing, tissue 

fibrosis and tumor fibrosis [58–60]. Following injury, fibroblasts can transition into 

myofibroblasts (MF) through the activation of the transforming growth factor-β (TGF-β) 

signaling pathway, thereby contributing to the synthesis of diverse ECM molecules during 

tissue repair and inflammation [61]. In the context of tumor biology, activated fibroblasts, 

referred as CAFs, play a crucial role in mediating communication between tumor cells and the 

surrounding stroma, facilitating ECM deposition, remodeling and also stiffening [62,63], as also 

illustrated in Fig. 4. ECM remodeling, characterized by excessive deposition of collagen, 

fibronectin, and other matrix proteins, creates physical barriers that hinder drug uptake and 

immune cell infiltration, further driving disease progression and therapeutic resistance. By 

secreting a variety of cytokines, chemokines and growth factors, CAFs influence tumor cell 

behavior, promoting proliferation, invasion and metastasis [58, 60, 62]. Moreover, CAF-

mediated promotion of neo-angiogenesis, the formation of new blood vessels, facilitates tumor 

growth and nutrient supply, which is critical for the expansion of cancer [65], [66].  However, 

the contribution of CAFs to tumorigenesis is not exclusively pro-tumorigenic, but can also 

display anti-tumorigenic effects, depending on the context [67], [68–70]. In addition to CAFs, 

the immune landscape within the TME of desmoplastic cancers is complex and diverse. 

Tumor-infiltrating lymphocytes (TILs), myeloid-derived suppressor cells (MDSCs) and tumor-

associated macrophages (TAMs) constitute key immune cell populations within the TME, 

exhibiting diverse phenotypic and functional characteristics [71] . Effector T cells are involved 

in initiating anti-tumor immune responses, while regulatory T cells (Tregs) and 

immunosuppressive cytokines such as TGF-β and interleukin-10 (IL-10) create an 

immunosuppressive environment supporting tumor immune evasion and resistance to different 

therapeutic approaches [72], [73]. TAMs represent one of the most abundant immune cell 

populations within the TME communicating with various cell types [74], [75]. The presence of 

TAMs within the TME has been consistently linked to unfavorable clinical outcomes across 

different cancer types [76], [77],[78]. TAMs are actively involved in the secretion of numerous 

cytokines, growth factors and enzymes. These molecules include but are not limited to 

vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), and matrix 

metalloproteinases (MMPs), which also facilitate angiogenesis, extracellular matrix remodeling 

and metastasis [79], [80], [81]. 
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Figure 4: Schematic representation of the tumor microenvironment. Illustrated is a complex 

interplay of tumor cells, various immune cells, activated fibroblasts, and excessive extracellular matrix 

(ECM). Excessive desmoplasia is the main feature that promotes neo-angiogenesis, 

immunosuppression, and therapy resistance (created with BioRender.com). 

 

1.2.1 Origins and activators of CAFs 

The heterogeneous populations of CAFs within the TME are characterized by their diverse 

origins, activation pathways and expression of specific markers [82], [83], [84]. Tissue-resident 

fibroblasts, typically viewed as a major contributor to CAF populations, remain dormant until 

triggered by various stimuli, such as TGF-β, PDGF, FGF-2, stromal-derived factor-1 (SDF-1) 

and reactive oxygen species (ROS) [85], [86],[87]. Notably, CAFs themselves are important 

producers of hepatocyte growth factor (HGF) [85], [86], [87]. Furthermore, pulmonary 

mesenchymal stem cells (MSCs), hepatic stellate cells (HSCs), and pancreatic stellate cells 

(PSCs) are potential precursors for CAFs, depending on the cancer type [88], [89].  

The activation process of bone marrow-derived mesenchymal stem cells (BM-MSCs) into 

CAFs entails complex interactions, involving modulation by bone marrow-derived progenitors 

and intercellular communication. Additionally, the exposure of BM-MSCs to a diverse array of 

cytokines in the tumor microenvironment acts as a potent stimulus, driving their evolution into 

CAFs [90], [91]. 
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In certain contexts, particularly in breast cancer, white adipocytes have emerged as potential 

contributors to the CAF population, facilitated by the adipose-rich environment of breast tissue. 

Studies have demonstrated that both human adipose-derived stem cells (HASCs) under 

TGF- β stimulation and mature adipocytes exposed to tumor-secreted Wnt-3a can 

transdifferentiate into fibroblast-like cells [92], [93]. While still under investigation, other cell 

types such as epithelial cells and endothelial cells have been proposed as origins of CAFs. It 

should be noted that while EMT-like alterations in gene expression and behavior have been 

demonstrated in several cell types, the evidence for complete cellular transformation to 

fibroblasts or CAFs in human cancers is limited and would likely make only a minor contribution 

to CAF populations if present [94], [95], [96]. In addition, pericytes and smooth muscle cells 

have been observed to give rise to CAFs [97], [98]. The possibility of recruiting of various cell 

types and their plasticity within the TME to eventually become CAFs demonstrates the 

important function of CAFs for the tumor evolution. 

 

 

 

Figure 5: Origins of cancer-associated fibroblasts (CAFs) in the TME.  CAFs arise from diverse 

cellular precursors including tissue-resident fibroblasts, bone marrow-derived mesenchymal stem cells, 

pericytes, endothelial cells, epithelial cells, smooth muscle cells, adipocytes, and stellate cells through 

various trans-differentiation processes (created with BioRender.com; inspired by [99]). 

 

1.2.2 TGF-β signaling pathway in CAFs 

TGF-β is a multifunctional cytokine that plays critical roles in diverse cellular processes, 

including cell growth, differentiation, apoptosis, and ECM production, making it a key regulator 

in both normal physiological functions and various pathological conditions, particularly in 
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cancer development and progression [100], [101]. In cancer biology, the TGF-β signaling 

pathway is particularly significant due to its role in activating CAFs. Therefore, a deeper 

understanding of TGF-β signaling in CAFs could uncover potential therapeutic targets. These 

targets could be used to disrupt tumor-stroma interactions, hindering cancer progression. 

The mature TGF-β protein is initially secreted in a latent complex bound to latency-associated 

polypeptide, which binds TGF-β to the ECM and inhibits it from binding to its receptors [100]. 

Once activated by various factors including proteases, integrins, reactive oxygen species, or 

mechanical forces, TGF-β interacts with the transmembrane kinases transforming growth 

factor beta receptor type I (TGFβRI) and TGFβRII leading to the phosphorylation of 

downstream signaling molecules. This triggers a cascade of intracellular events, including 

canonical Smad)-dependent signaling and activation of non-Smad pathways [102]. The 

canonical TGF-β/Smad signaling involves a heterotetrameric receptor complex of two type I 

and two type II transmembrane receptor subunits with serine/threonine kinase domains. 

Ligand binding triggers type II receptor mediated phosphorylation of the type I receptor, 

activating Smad2 and Smad3 in most cells [103]. These activated Smad proteins associate 

with Smad4 and migrate to the nucleus. Upon nuclear translocation, these complexes interact 

with transcription factors (TFs) and co-regulators, thereby regulating the expression of target 

genes involved in various cellular processes. Cell type-specific responses to TGF-β vary due 

to differential expression of these regulators [104], [105], [106], [107]. The array of cellular 

pathways activated by TGF-β through diverse cellular interactions are collectively referred to 

as non-canonical signaling pathways. Key examples are illustrated schematically in Figure 4, 

including Erk1/2, p38/MAPK, c-Jun amino-terminal kinase (JNK), JAK/STAT, and PI3K/Akt 

pathway [108], [109], [106] (Fig. 6). 
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Figure 6: Schematic overview of TGF-β -induced canonical and non-canonical signaling. TGF-β 

signaling involves a heterotetrameric receptor complex of type I and type II transmembrane receptor 

subunits. Ligand binding leads to type II receptor mediated phosphorylation of the type I receptor, 

activating Smad2 and Smad3. These activated Smad proteins form complexes with Smad4 and 

translocate to the nucleus, recruiting transcriptional regulators to modulate target gene expression. 

TGF- β also activates or modulates non-canonical pathways including Erk1/2, p38/MAPK, JNK, 

JAK/STAT, and PI3K/Akt (created with BioRender.com). 

1.2.3 Tumor associated macrophages (TAMs) 

Apart from tissue resident macrophages like Kupffer cells in the liver, bone marrow-derived 

monocytes are the precursors of originally no-tissue resident macrophages, both being key 

players of the innate immune system that are widely distributed throughout all organs [110]. 

They play a vital role in maintaining tissue health by clearing away dead cells and cellular 

remnants [111], [112]. Macrophages act as a primary defense against pathogens but can also 

act as players of the adaptive immune system while presenting processed antigens. Equipped 

with a range of pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), they 

can detect and respond to pathogen-related as well as to internal (danger associated 

molecular patterns, DAMPs) signals  [113], [114]. When these receptors recognize specific 

microbial or inflammation related patterns, they activate key signaling pathways involving 

nuclear factor-kappa B (NF-κB), mitogen-activated protein kinases (MAPKs) and interferon 

regulatory factors (IRFs). This activation cascade leads to the production of cytokines and 

chemokines that drive and regulate the inflammatory response [115], [116]. 
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Macrophages display high plasticity in response to various stimuli and are typically categorized 

into two extreme immunological states. The pro-inflammatory type, often termed as M1 

macrophages, is involved in driving inflammation, supporting immune responses and breaking 

down connective tissue. In contrast, the anti-inflammatory M2 macrophages are associated 

with dampening inflammation, fostering immune tolerance and supporting tissue repair by 

promoting the deposition of connective tissue, which can also contribute to cancer 

development. In vitro, the M1 macrophage phenotype is activated by exposure to 

lipopolysaccharide (LPS) and interferon-γ (IFN-γ), while the M2 macrophage phenotype is 

stimulated by IL-4 and IL-13 [117], [118], [119] (Fig. 7). However, the traditional classification 

of macrophage subsets into M1 and M2 categories significantly oversimplifies their complexity. 

Macrophages, in fact, display overlapping phenotypes that are influenced by their organ tissue 

location, the local microenvironment and the specific signaling cues they receive. For example, 

the M2 category can be further divided into several subtypes—M2a, M2b, M2c and M2d—

each distinguished by unique receptor expressions, cytokine secretion profiles and immune 

effector functions [120], [121]. A variety of organ-specific, tissue resident macrophages have 

been described, e.g. for liver the prominent Kupffer cells, for lungs the alveolar macrophages, 

and for pancreas the pancreatic islet macrophages, interacinar macrophages, and perivascular 

macrophages. Given their significant roles in fibrosis and cancer development, strategies to 

convert TAMs, which often exhibit an M2-like phenotype, to a regenerative state are of 

considerable interest for potential therapeutic approaches. 

 

Figure 7: Inducers of (extreme) macrophage polarization in vitro. Monocytes (M0) can be polarized 

into M1 or M2 types depending on factors like IFN-γ, LPS (for M1) and IL-4, IL-13 (for M2). M1 

macrophages enhance inflammation and anti-tumoral responses, while M2 macrophages can suppress 

inflammation and act pro-tumoral (created with BioRender.com; adapted from [122] ). 
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1.2.4 Therapeutic modulation of M1 macrophages 

1.2.4.1 Fra-2: key roles and functions in cellular regulation 

As described in the previous chapter, the possibility of a modulation of TAMs is a highly 

promising goal for experimental approaches to treat cancer and the various functions and 

plasticity of macrophages offer many potential options for this. The activator protein-1 (AP-1) 

transcription factor family, a key regulator of diverse cellular processes, has been subject of 

extensive research since its discovery. This family comprises Jun (c-jun, junB, junD) and Fos 

(c-fos, Fra-1, Fra-2, fosB) proteins, each playing unique roles in transcriptional regulation [123]. 

Initially identified through its activation by the phorbol ester TPA (12-O-tetradecanoylphorbol-

13-acetate), AP-1 binds to the TPA-responsive element (TRE), characterized by the 

consensus sequence TGAG/CTCA  [33]. Structurally, AP-1 belongs to the basic-region leucine 

zipper (bZIP) class of transcription factors. This classification is based on its ability to form 

dimers through a leucine zipper domain (LZD) and bind to DNA via an adjacent basic amino 

acid-rich domain [124]. The dimerization capabilities of AP-1 proteins are diverse, with Jun 

proteins able to form both homo- and heterodimers, while Fos proteins, including Fos-related 

antigen-2 (Fra-2), are limited to heterodimer formation with Jun proteins [125]. Most AP-1 

factors possess a transactivation domain (TAD) crucial for activating downstream target genes. 

However, Fra-2 and some other Fos family members lack a strong TAD, making them 

dependent on dimerization partners with TADs for effective transcriptional activation  [126]. 

Fra-2's unique structure leads to varied transcriptional activity based on its dimerization 

partner. While c-Jun/Fra-2 dimers show lower activity than c-Jun/c-Fos pairs, Fra-2/JunD 

dimers exhibit enhanced activity compared to JunD homodimers, underscoring Fra-2's 

complex partner-dependent functionality. Fra-2 activation is governed by a complex interplay 

of multiple signaling pathways, responding to a range of stimuli such as growth factors and 

cytokines [127] (Fig. 8). 
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Figure 8: Regulation of Fra-2 and target gene expression. Fra-2 activity and expression are 

regulated by various upstream signals such as growth factors and inflammatory mediators, which 

activate MAP kinases and lead to Fra-2 phosphorylation. Newly formed Fra-2/c-Jun dimers have 

reduced transcriptional activity compared to c-Fos/c-Jun dimers, enabling Fra-2 to negatively regulate 

its own expression. Other Fra-2 dimers bind to AP-1 sites to activate genes involved in processes like 

proliferation, ECM deposition, inflammation and mucus production (created with BioRender.com; 

inspired by [127]).  

 

Fra-2's influence extends across multiple cell types, each with unique outcomes that contribute 

to its roles in fibrosis and cancer. Fig. 9 illustrates the cellular mechanisms involved in lung 

fibrosis. In the lung, M1 macrophages are transformed into M2 macrophages through the 

action of macrophage-colony stimulating factor (M-CSF). This transformation is accompanied 

by an increase in Fra-2 expression in macrophages. The M2 macrophages then produce and 

release interleukins IL-4 and IL-13. These cytokines stimulate collagen production in 

fibroblasts. Besides, the image shows fibroblasts with increased Fra-2 levels. These activated 

fibroblasts produce high amounts of IL-1. The release of IL-1 promotes both pro-angiogenic 

(formation of new blood vessels) and pro-inflammatory responses in the surrounding tissue 

[128], [129]. 

Recent in vitro studies using primary cultures of bone marrow-derived macrophages have 

shown Fra-2's role in macrophage plasticity. These studies have revealed Fra-2's capacity to 

drive a phenotypic shift in macrophages, from the tumor-promoting M2 phenotype to the anti-

tumoral M1 phenotype (Giardino MC et al., unpublished). 
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Figure 9: Fra-2 upregulation in macrophages and fibroblasts during lung fibrosis. Under the 

influence of M-CSF, M1 macrophages transition to the M2 phenotype, leading to increased Fra-2 

expression. M2 macrophages release IL-4 and IL-13, which stimulate fibroblasts to produce collagen. 

Simultaneously, fibroblasts with upregulated Fra-2 expression produce higher levels of IL-1, which 

fosters pro-angiogenic and pro-inflammatory responses (created with BioRender.com; inspired by 

[127]). 

 
 

1.2.4.1.1 Antisense oligonucleotides (ASOs) targeting Fra-2 

Antisense oligonucleotides (ASOs) have emerged as powerful tools in molecular biology and 

therapeutics since their initial discovery in 1978 [130]. These short, synthetic single-stranded 

sequences, typically 12-24 nucleotides in length, are consisting of RNA and are designed to 

bind complementary RNA targets and regulate gene expression at the post-transcriptional 

level  [131]. ASOs function through various mechanisms to modulate protein synthesis and 

gene expression (Fig. 10). The main mechanism of action involves binding to the target RNA 

(pre-mRNA, mRNA or microRNA) via Watson-Crick base pairing, forming a DNA-RNA hybrid. 

This structure, in turn, is recognized by the enzyme RNase H1, which cleaves the RNA strand 

of the duplex, leading to degradation of the target RNA and reduction of its levels in the cell  

[132].  

Besides, ASOs bind closely to their target mRNA without inducing RNase H1-mediated 

degradation but leading to the inhibition of mRNA translation of the desired gene via ribosome 

blockade. This process "sequesters" the mRNA, reducing protein production without 

necessarily degrading the transcript [133], [134].   

Another possible mode of action is the splice-switching of pre-mRNA  [135]. By binding to 

specific splice sites or regulatory sequences, ASOs can modify pre-mRNA splicing, potentially 

leading to exon inclusion or exclusion [132], [136]. This process may result in the production 

of alternative protein isoforms or trigger nonsense-mediated mRNA decay [137], [138]. Due to 

their diverse mechanisms, ASOs can be adapted for a range of therapeutic applications, based 

on the desired effect and the specific attributes of the target RNA. Improvements in chemical 
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modifications have led to increased stability, enhanced target affinity and improved 

pharmacokinetic properties of ASOs, establishing them as a promising class of therapeutic 

agents  [139], [140]. 

The research presented in this thesis investigates the therapeutic potential of an ASO 

designed to modulate the expression of Fra-2. 

 

 
Figure 10: Mechanisms of antisense oligonucleotide (ASO) action. After cellular entry, ASOs 

modulate gene expression via: pre-mRNA splice-switching, RNase H1-mediated degradation of RNA 

targets and mRNA sequestration through complementary binding (created with BioRender.com; inspired 

by [141]). 

 

1.2.4.2 Rapamycin: mTOR inhibitor 

Rapamycin, also known as sirolimus, was initially discovered as an antifungal compound 

produced by the bacterium Streptomyces hygroscopicus. Further research uncovered 

rapamycin's potent immunosuppressive properties and over time it has emerged as a 

significant player in cancer therapeutics due to its ability to target the mammalian target of 

rapamycin (mTOR). mTOR is a critical intracellular regulator involved in energy metabolism 

and cell cycle control, making it an attractive target for anti-cancer therapies  [142]. 
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The mechanism of action of rapamycin involves the formation of a complex with FK506-binding 

protein 12 (FKBP12), which selectively inhibits mTOR complex 1 (mTORC1). This inhibition 

leads to decreased phosphorylation of mTORC1 substrates, affecting multiple downstream 

pathways, impacting lipid synthesis via sterol regulatory element-binding protein-1 (SREBP-1) 

and PPAR-γ, modulating transcription through S6K1 and S6, and affecting translation via 4E-

BP1 and eIF4e. Besides, mTORC1 inhibition promotes autophagy, a cellular recycling process 

often dysregulated in cancer [143], [144] (Fig. 11). These multifaceted effects on cellular 

processes contribute to its potential in suppressing cell growth and proliferation, key hallmarks 

of cancer. Interestingly, while mTORC1 is readily inhibited by the rapamycin-FKBP12 complex, 

mTOR complex 2 (mTORC2) generally exhibits resistance. However, prolonged exposure to 

rapamycin may lead to reduced mTORC2 activity in certain cell types [145]. 

Originally approved as an immunosuppressant for organ transplant recipients nearly two 

decades ago, rapamycin's potential in cancer treatment has led to the development of 

derivatives with improved pharmacokinetic properties, collectively known as "rapalogs". These 

include everolimus (RAD001), temsirolimus (CCI-779), and deforolimus (AP23573) [146], 

[147]. 

Due to mTOR's involvement in cell proliferation, temsirolimus received approval in 2007 for 

the treatment of renal cell carcinoma and later for mantle cell lymphoma [148]. mTOR's 

relevance in cancer goes beyond its approved uses, with increased expression of pathway 

components like pRPS6, p-AKT, and RICTOR observed in cancers such as breast, colorectal 

and lung [149]. This upregulation often correlates with poor prognosis and early recurrence, 

again highlighting the pathway's significance in cancer progression. mTOR inhibitors are 

valued for their selectivity and minimal off-target effects and therefore predetermined for drug 

repurposing. 

Recent investigations have expanded the therapeutic potential of rapamycin beyond its 

established role as an mTOR inhibitor. A promising hypothesis suggests that rapamycin may 

also have the ability to repolarize TAMs from a tumor-promoting M2 phenotype to a M1 

phenotype. This repolarization could potentially reduce both tumor growth and progression. In 

vitro studies using primary cultures of bone marrow-derived macrophages (M0, M1 and M2 

polarized) have provided strong evidence for this M2 to M1 macrophage repolarizing effect 

[150]. Given rapamycin's well-established safety profile and its known mechanism of action, 

these findings open new avenues for its application in cancer immunotherapy, potentially 

enhancing its efficacy in combination treatment strategies. 
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Figure 11: Mechanism of action of rapamycin. Rapamycin binds to FKBP12, forming a complex that 

directly inhibits mTORC1, while mTORC2 is sensitive to prolonged rapamycin treatment. mTORC1 

inhibition influences several cellular pathways, including lipid synthesis (through SREBP-1 and 

PPAR- γ), transcription (via S6K1 and S6), and translation (via 4E-BP1 and eIF4e). Additionally, 

mTORC1 inhibition enhances autophagy (created with BioRender.com; inspired by [144]). 

 

1.3 Mouse models 

Mouse models have become essential tools in cancer research, offering valuable insights into 

the genetic underpinnings of tumor development and progression. The genetic similarities 

between mice and humans, particularly evident in the C57BL/6 strain where over 90% of genes 

have human equivalents, make these models highly relevant for studying human cancers 

[151], [152]. Subcutaneous and orthotopic injection models both offer distinct advantages and 

potential limitations. Subcutaneous models, where tumor cells are injected beneath the skin, 

are widely used due to their simplicity and ease of monitoring. They allow for straightforward 

tumor growth measurement using calipers, making it easy to assess treatment efficacy. These 

models are also less invasive and generally cause minimal distress to the animals. However, 

subcutaneous models have limitations in authentic replication of the TME, potentially leading 

to differences in tumor behavior compared to clinical scenarios [153]. 

By implanting tumor cells into their organ of origin, orthotopic models provide a more natural 

physiological setting. This approach better mimics the complex interactions between tumor 

cells and their native tissue, potentially offering more accurate insights into tumor growth, 
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metastasis and treatment response. However, these models are more challenging to establish 

and often require surgical procedures or genetical engineering. Besides, tracking tumor growth 

is more challenging compared to subcutaneous tumors, requiring in vivo imaging [153], [154]. 

Despite these challenges, the enhanced clinical relevance of orthotopic models makes them 

important in translational cancer research. 

Genetically engineered mouse models (GEMMs) have been crucial for replicating and studying 

the wide range of genetic mutations identified across various human cancers. The Cre/loxP 

system has emerged as a powerful technique for creating conditional genetic models, allowing 

researchers to study gene function in specific tissues or cell types and mimicking common 

mutations and their role in cancer in vivo [155]. This system utilizes the Cre recombinase to 

delete DNA segments flanked by loxP sites, effectively inactivating or activating target genes. 

An advanced version of this system, CreERT2, offers even greater precision in genetic 

manipulation. By fusing Cre recombinase with a modified estrogen receptor, gene inactivation 

or activation can be controlled through the administration of tamoxifen (Tam) [156]. This 

advanced technique has become an essential tool for cancer studies. 
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1.4 Aim of the study 

The complex interplay between tumor cells and the TME in desmoplastic cancers represents 

a significant challenge in cancer research and treatment. This study aimed to elucidate the 

intricate roles of key TME components, particularly CAFs and TAMs, in the progression of 

some of the most relevant types of desmoplastic cancers, including lung cancer, HCC and 

PDAC, while evaluating novel therapeutic approaches targeting the tumor stroma.  

To achieve this goal, we established various subcutaneous and orthotopic injection models, 

enabling a comprehensive investigation of tumor development. These models were designed 

to provide valuable insights into the spatial and temporal dynamics of tumor-stroma 

interactions, which are crucial for understanding the complexities of cancer progression in vivo. 

A central aspect of our study is to specifically inactivate TGF-β receptor II (TGFβRII) in CAFs 

by utilization of our bi-transgenic Cre/loxP mouse model (Col3a1-CreERT2/TGFβRII fl/fl). This 

targeted approach allowed us to assess the direct impact of CAF-specific TGF-β signaling on 

tumor progression. Furthermore, we generated a novel Cre/loxP mouse model designed for 

the complete depletion of CAFs (Col3a1-CreERT2/iDTR), which is intended to serve as a proof 

of principle of the tumor promoting role of CAFs in future experiments. 

Our research explored the efficacy of various innovative therapeutic strategies targeting the 

tumor stroma. These included the application of a Fra-2 ASO to modulate CAF activity, the 

administration of the mTOR inhibitor rapamycin to target stromal components and to induce a 

phenotypic switch in TAMs from a pro-tumoral M2-like state to an anti-tumoral M1-like 

phenotype. Moreover, this study aimed to evaluate the potential synergistic effects of 

combining these therapeutic strategies.  
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2 Materials and methods 

2.1 Materials and chemicals 

Table 1: Equipment  

Equipment Supplier 

Appl.Biosystems StepOne Applied Biosystems 

Autoclave Sartorius AG 

Balance Kern PEJ 

Balance Precisa Gravimetrics AG 

Cell counter Bio-Rad Laboratories Inc. 

Centrifuge   Thermo Fisher Scientific Inc. 

ChemiDoc Imaging System Bio-Rad Laboratories Inc. 

CO2 incubator Heraeus 

Electrophoresis Power Supply (Consort E844) Merck KGaA 

FACSSymphony™ BD Biosciences 

Freezer (-20 °C) Liebherr-International  

Deutschland GmbH 

Freezer (-80 °C) Thermo Fisher Scientific Inc. 

Heatblock Eppendorf AG 

Ice machine Ziegra Eismaschinen GmbH 

Incubation shaker Thermo Fisher Scientific Inc. 

Isoflurane anesthesia machine (EZ-7000 Classic 

System) 

E-Z Systems Inc. 

Liquid nitrogen cell tank Thermo Fisher Scientific Inc. 

Magnetic stirrer Merck KGaA 

Microscope Leica DMi8 Leica Mikrosysteme Vertrieb GmbH 

Microscope Zeiss AXIO Carl Zeiss AG 

Microwave Alaska e.K. 

Neubauer counting chamber Braun 

PCR cycler Eppendorf AG 

pH Meter WTW 

Pipettes Eppendorf AG 

Refrigerator (4 °C) Liebherr-International  

Deutschland GmbH 

Safety cabinet Microflow  Bioquell UK Ltd 
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2.1.1 Cell lines   

Equipment Supplier 

Serological pipette controller Hirschmann Laborgerate GmbH & Co. 
KG 

scil Vet abc Plus+™ Scil Animal Care 

Spectrophotometer NanoDrop Thermo Fisher Scientific Inc.  

Tabletop centrifuges Eppendorf AG 
Thermo Fisher Scientific Inc. 

Tecan Infinite 200 Pro plate reader Tecan Life Sciences Home 

UV table  LTF Labortechnik 

Vortex mixer IKA-Labortechnik 

Water bath Grant Instruments Limited 

XGI-8 Gas Anesthesia System Xenogen 

Cell line Definition Usage 

LuCa6 Murine cell line isolated in our research group from a tumor in the 

lung cancer model Scgb1a1/CreERT2/K-RasG12VlacZ/p53fl/fl (CKP) 

[157]. 

Subcutaneous 

injection 

RIL-175 Murine hepatocellular carcinoma cell line isolated from liver tumors 

generated in C57BL/6 mice through the transfer of p53-/- fetal 

hepatoblasts transduced with HRasv12 (Dr. Lars Zender 

(University of Tübingen, Tübingen, Germany). 

Subcutaneous  

and intrasplenic 

injection 

Dt81Hepa1-

6/βgeo 

Hepa1-6 clone was isolated from the BW7756 tumor, 

spontaneously arising in the C57BL6/J mouse strain. Lacoste et 

al. performed in vivo passage (intrasplenic injection) of Hepa1-6 

cells in C57BL/6 mice. From this cell line, the Dt81Hepa1-6/βgeo 

cell line expressing the β-geo gene was established in our 

research group. 

Intrasplenic 

injection 

Hy15549 Cell lines was established from primary pancreatic tumors of Ptf1-

Cre; LSL-KRAS-G12D; p53 Lox/+ mice in the laboratory of Dr. 

Nabeel Bardeesy at Harvard Medical School (Boston, MA, USA) 

[158]. 

Subcutaneous 

injection 

FC1242  

All three cell clones were isolated from K-rasLSL.G12D/+; 

Trp53R172H/+; Pdx-1-Cre mice and were provided to us by the 

Cold Spring Harbor Laboratory (New York, USA). 

Subcutaneous 

injection 

FC1245 Subcutaneous 

injection 

FC1199 Subcutaneous 

injection 
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2.1.2 Chemicals and consumables                                                                                                                                                                 

Table 2: Consumables 

 

Table 3: Reagents and chemicals 

Consumables Supplier 

Cell counter slides Bio-Rad Laboratories Inc. 

Cell culture flasks (25 /75 /175 cm2) Greiner Bio One International GmbH 

Cell culture plates (6 /12 /24 well) Greiner Bio One International GmbH 

Cell sieve (70 µm) Greiner Bio One International GmbH 

Cryo tubes  Greiner Bio One International GmbH 

FACS tubes BD Biosciences 

MultiScreen HTS Filter Plates Millipore Ireland BV 

Nitrile gloves  Starlab International GmbH 

Parafilm® sealing film A. Hartenstein GmbH 

Pasteur pipettes  Carl Roth GmbH + Co. KG 

Petri dishes Greiner Bio One International GmbH 

Pipette tips (0.1-20 µl /10-200 µl /100-1000 μl) Greiner Bio One International GmbH 

Reaction tubes (1.5 ml /2 ml /5 ml) Eppendorf AG 

Reaction tubes (15 ml /50 ml)  Greiner Bio One International GmbH 

Reaction tubes (200 μl) Starlab International GmbH 

Serological pipettes (5 ml / 10 ml/ 25 ml) Greiner Bio One International GmbH 

Suture material Vicryl 4-0 ETHICON 

Syringe (5 ml /10 ml) BD Biosciences 

Wound clips AutoClip® System Fine Science Tools 

Reagents Supplier 

1 kb DNA marker  Bio&SELL GmbH 

100 bp DNA marker  Bio&SELL GmbH 

2-Propanol  Merck KGaA 

5x PCR mix “ready to load”  Bio&SELL GmbH 

6x Gel loading dye  Thermo Fisher Scientific Inc. 

Agarose basic  AppliChem GmbH 

Ammonium chloride (NH4Cl) Carl Roth GmbH + Co. KG 

Bovine serum albumin (BSA)  Carl Roth GmbH + Co. KG 

Bupresol® vet. 0.3 mg/ml cp pharma 
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Reagents Supplier 

Dimethylsulfoxid (DMSO)  Merck KGaA 

DNA oligonucleotides  Metabion GmbH 

Dulbecco’s Modified Eagle’s Medium (DMEM) GlutaMAX GibcoTM 

Dulbecco‘s phosphate buffered saline (DPBS) Sigma-Aldrich 

EDTA 0.5 M  Thermo Fisher Scientific Inc. 

Ethanol absolute  VWR International 

Ethidium bromide solution 0.025%  Carl Roth GmbH + Co. KG 

Ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA) 

AppliChem GmbH 

Fetal calf serum (FCS)  Greiner Bio One International GmbH 

Hydrogen peroxide (H2O2) 30% Carl Roth GmbH + Co. KG 

Isoflurane Piramal Critical Care GmbH 

Ketamin Hameln 50 mg/ml Hameln pharmaceuticals 

Mayer’s hemalum solution Sigma-Aldrich 

Paraformaldehyde  Carl Roth GmbH + Co. KG 

Penicillin-Streptomycin (Pen-Strep)  Life Technologies 

Phenobarbital Sigma Aldrich 

Picric acid Sigma Aldrich 

Potassium bicarbonate (KHCO3) Carl Roth GmbH + Co. KG 

Rapamycin Thermo Fisher Scientific Inc. 

Rompun 2% Bayer vital GmbH 

Roswell Park Memorial Institute (RPMI) 1640 GlutaMAX GibcoTM 

Roti-Histokitt II Carl Roth GmbH 

Roti-plast paraffin Carl Roth GmbH 

Sodium chloride  Carl Roth GmbH + Co. KG 

Tamoxifen (Tam) Merck KGaA 

Tissue protein extraction reagent (T-PER) buffer Thermo Fisher Scientific Inc. 

Tris(hydroxymethyl)aminomethan (TRIS) AppliChem GmbH 

Triton X-100 AppliChem GmbH 

Trypan blue Sigma-Aldrich 

Tween 20 AppliChem GmbH 

Xylene  AppliChem GmbH 
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Table 4: Media and buffer  

Acidified water  

5 ml glacial acetic acid  

fill up to 1 l with H2Odd 

 

10 x Citrate buffer  

0.04 M sodium citrate dihydrate  

0.06 M citric acid 

adjust to pH 6.0 

fill up to 1 l with H2Odd, sterile filtration 

 

DMEM GlutaMAX comp. 

DMEM GlutaMAX (Gibco™) 

10% FCS (heat inactivated) 

1% Pen-Strep (10,000 U/ml penicillin, 10 mg/ml streptomycin) 

 

Erythrocyte lysis buffer 

155 mM NH4Cl 

10 mM KHCO3 

0.1 mM EDTA 

adjust to pH 7.4, sterile filtration 

 

Flow cytometry buffer 

1x PBS 

1 – 2% BSA 

2 mM EDTA 

 

Fixation buffer 

1 x PBS 

4% paraformaldehyde 
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50 x TAE buffer  

242 g Tris Base 

57.1 ml Acetic acid 

100 ml EDTA (0.5 M, pH 8.3) 

fill up to 1 l with H2Odd, dilute 1:10 with H2Odd before use 

 

Tail buffer 

1 M Tris pH 8.0  

5 M NaCl 

0.5 M EDTA pH 8.0 

10% SDS 

 

10 x TBS  

0.5 M Tris base  

1.37 M NaCl 

adjust to pH 7.6 

fill up to 1 l with H2Odd 

 

Lysis buffer 

40 µl Tail buffer 

10 µl Proteinase K (10 mg/ml) 

 

100x Mg solution 

0.1 M MgCl2  

4.5 M β-mercaptoethanol 

 

RPMI GlutaMAX comp. 

RPMI 1640 GlutaMAX (Gibco™) 

10% FCS (heat inactivated) 

1% pen-strep (10,000 U/ml penicillin, 10 mg/ml streptomycin) 

 

Sirius Red solution  

0.5 g Sirius Red powder 

500 ml saturated picric acid  
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Sodium phosphate buffer 

1 M Na₂HPO₄ 

1 M NaH₂PO₄ 

adjust to pH 7.5 

fill up to 1 l with H2Odd 

 

Table 5: Kits 

 

 

 

 

 

 

Table 6: Primer 

Kits Manufacturer 

Pierce™ BCA Protein Assay Kit  Thermo Fisher Scientific Inc. 

ImmPACT® DAB Substrate Kit, Peroxidase (HRP) Vector Laboratories, Inc. 

Luna Universal Probe One-Step RT-qPCR New England Biolabs GmbH 

Vectastain ABC-Kit Thermo Fisher Scientific Inc. 

Target gene  Primer sequence 5'-3' 

18S Fwd GTA ACC CGT TGA ACC CCA TT 

 Rev CCA TCC AAT CGG TAG TAG CG 

α-SMA Fwd GAC TAC TGC CGA GCG TGA G 

 Rev GTC AGC AAT GCC TGG GTA CA 

CD206 Fwd TTG GAG GCT GAT TAC GAG CAG TG 

 Rev GGA CAT GCC AGG GTC ACC TTT 

CD38 Fwd AAG ATG CCT GTG GTG TGG TCC 

 Rev CTT GAA CAT GCG TTA CTG GAA GC 

Col1a1 Fwd GGA GAG AGC ATG ACC GAT GG 

 Rev AAG TTC CGG TGT GAC TCG TG 

Col3a1 Fwd GAA AGA GGA TCT GAG GGC TCG 

 Rev GGG TGA AAA GCC ACC AGA CT 

Fra-2 Fwd CAC TCC CGG CAC TTC AAA C 

 Rev GAG TCT GAT GAT GAC TGG TCC CC 

GAPDH Fwd TCC ACT CAC GGC AAA TTC AAC 

 Rev CGC TCC TGG AAG ATG GTG ATG 

IL-10 Fwd AGC CTT ATC GGA AAT GAT CCA GT 

 Rev GGC CTT GTA GAC ACC TTG GT 
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Table 7: Primary antibodies 

Target gene  Primer sequence 5'-3' 

iNOS Fwd TTG GTG AAG GGA CTG AGC TGT T 

 Rev AAG AGA AAC TTC CAG GGG CAA GC 

PPIA Fwd GCC GAT GAC GAG CCC TTG G 

 Rev CCC TGG CAC ATG AAT CCT GGA A 

Tbp Fwd TGG AAT TGT ACC GCA GCT TCA AAA T 

 Rev GCA GTT GTC CGT GGC TCT CT 

TGFβRII Fwd GAG TCG TTC AAG CAG ACG GA 

 Rev GAA CCA AAT GGG GGC TCG TA 

YM1 Fwd AGA AGG GAG TTT CAA ACC TGG T 

 Rev GTC TTG CTC ATG TGT GTA AGT GA 

Antigen Antibodies Application Source Article 

no. 

Dilution 

α-SMA anti-α-SMA IHC Abcam ab124964 1:1000 

CD3 anti-CD3  IHC Abcam ab5690 1:250 

CD4 anti-CD4  IHC Abcam ab 183685 1:400 

CD4 anti-CD4  FC BD Horizon™ 612952 1:100 

CD8 anti-CD8α IHC Abcam ab 237723 1:200 

CD8 anti-CD8 α FC Biolegend® 100707  1:500 

CD11c anti-CD11c  FC Biolegend® 337225 1:200 

CD25 anti-CD25 FC Biolegend® 302609 1:100 

CD31 anti-CD31 FC Biolegend® 102407  1:500 

CD45 anti-CD45  FC Biolegend® 110729 1:200 

CD68 anti-CD68 y IHC Abcam ab 125212 1:200 

CD68 anti-CD68 FC Biolegend® 137001 1:100 

CD86 anti-CD86 FC Biolegend® 105011 1:100 

CD206 anti-CD206 FC Biolegend® 141707 1:100 

Col1a1 anti- Col1a1 IHC Cell Signaling Technology 72026T 1:400 

F4/80 anti- F4/80 FC Biolegend® 123111 1:200 

FoxP3 anti-FoxP3  IHC Cell Signaling Technology #12653S 1:600 

Granzyme B anti-Granzyme B  IHC Abcam ab255598 1:2000 

Ly6G anti-Ly6G FC BD Horizon™ 552093 1:500 
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Table 8: Secondary antibodies 

Table 9: Software 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antigen Antibodies Application Source Article no. Dilution 

MHCII anti-MHCII FC BD Horizon™ 563414 1:500 

pSMAD2 anti-pSMAD2 IHC Cell Signaling Technology 3108S 1:100 

Vimentin anti-Vimentin IHC Abcam ab92547 1:400 

YM1 anti-YM1  IHC StemCell Technologies #60130 1:300 

Antigen Antibodies Application Source Article no. Dilution 

IgG 

rabbit 

Goat anti-rabbit IgG heavy and 

light chain (HRP) 

IHC Abcam ab205718 1:1000  

- 1:10000 

IgG rat Goat anti-rat IgG heavy and light 

chain (HRP) 

IHC Abcam ab6845 1:1000 

      

Software Source 

BD FACSDivaTM Becton, Dickinson and Company (Ashland, USA) 

FlowJo Single Cell Analysis Software Becton, Dickinson and Company (Ashland, USA) 

GraphPad 9.5.1 Prism (La Jolla, USA) 

ImageJ 1.8.0 National Institute of Health (Maryland, USA) 

Image Lab 6.0.1 Bio-Rad Laboratories Inc. (Hercules, USA) 

Microsoft Office Microsoft (Redmond, USA) 
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2.2 Methods 

2.2.1 Molecular biology  

2.2.1.1 Polymerase chain reaction 

The polymerase chain reaction (PCR) is used for the quantitative amplification of a DNA 

segment using oligonucleotide primers. In the initial denaturation step at 95 °C, the DNA 

double strand separates into single strands. The primers then anneal to the desired base 

sequence (primer annealing). The final reaction step involves elongation by a DNA 

polymerase. One PCR reaction tube (0.2 ml) contained the master mix, both primers (forward 

and reverse), the DNA and H2Odd, in a total volume of 25 µl. The negative control consisted 

of all components except the DNA. All PCR reactions were performed using an automated 

thermocycler programmed as follows: 

 

Table 10: Standard PCR protocol for amplifying the target DNA 

 

 

 

 

 

 

 

 

2.2.1.2 Agarose gel electrophoresis  

Agarose gel electrophoresis was used for the separation of DNA. Agarose gels were prepared 

by blending agarose in Tris-Acetate-EDTA (TAE) buffer to achieve a final concentration of 2% 

(fragments of 0.1 – 1 kb). The mixture underwent microwave heating until the agarose was 

completely dissolved. To visualize the bands, a drop of 0.025% ethidium bromide was added 

and the solution was poured into a horizontal chamber. Once the gel had set, DNA samples 

were loaded onto it with the appropriate amount of 6-fold gel loading dye. The electrophoresis 

was performed in TAE buffer at 120 V for 30 to 60 min. Gene ladders were included as size 

reference. DNA fragments were visualized using UV light. 

 

Step Time Temperature 

Denaturation 1 min 95 °C 

Primer annealing 30 s 60 °C 

Elongation 45 s 72 °C 

Finale elongation 10 min 72 °C 

Cooling ꝏ 4 °C 

30 cycles 
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2.2.2 Cell culture 

2.2.2.1 Passaging of cells  

In this thesis, exclusively adherent cell lines were used, cultivated in Dulbecco's Modified 

Eagles Medium (DMEM) supplemented with 1% penicillin/streptomycin (pen/strep) and 10% 

fetal calf serum (FCS). Cells were cultured in either T75 or T175 flasks and underwent 

passaging before reaching confluence to prevent contact inhibition of growth. First, the old 

medium was removed, and cells were rinsed with 10 ml of Dulbecco's Phosphate Buffered 

Saline (DPBS). Subsequently, 2 to 4 ml of Trypsin-EDTA was added based on the volume of 

the cell culture flask, followed by a 1-minute incubation period. Trypsin-EDTA was removed, 

and cells were incubated until they were detached, but not longer than 10 min. Detached cells 

were then transferred into a reaction tube and centrifuged at 1.500 rpm for 5 min at room 

temperature (RT). The supernatant was decanted, and the pellet resuspended in 5 ml PBS 

followed by a second centrifugation. The resulting cell pellet was resuspended in 1 to 5 ml 

DMEM and the cell count was determined using a Neubauer counting chamber. The specified 

cell number was placed in a new cell culture flask preloaded with fresh medium. Cultivation 

took place in a CO2 incubator at 37 °C and 5% CO2. 

 

2.2.2.2 Freezing and thawing of cell lines 

For long-term storage, cells were frozen. Therefore, one sub-confluent T175 flask was used. 

The media was removed, and cells were washed with 10 ml DPBS. After detachment from the 

bottom with 1 to 2 ml Trypsin-EDTA, fresh medium was added to inactivate trypsin. After 

centrifugation for 5 min at 1.500 rpm, the cell pellet was resuspended and 1 x 106 cells were 

aliquoted in 1 ml freezing medium containing 90% FCS and 1 % DMSO. Each cell suspension 

was transferred to a cryo vial and slowly frozen to -80 °C in a specialized cryo-box. Cells can 

remain some days at -80 °C but should be frozen in liquid nitrogen for a long-term storage. 

Upon thawing, it was crucial to rapidly combine the cells with the respective medium to prevent 

any toxic effects and osmotic shock arising from high intracellular concentrations of DMSO. 

Following centrifugation at 1.500 rpm for 5 min, the supernatant was removed, and the pellet 

was resuspended in PBS. After an additional centrifugation step, the supernatant was 

discarded, and the pellet was resuspended in culture medium for transfer into a cell culture 

flask. Cells were cultivated in an incubator at 37 °C and 5% CO2. 
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2.2.2.3 Mycoplasma test 

Our research group has established a universal protocol for routine mycoplasma testing using 

PCR. This method was published in iScience [159]. All steps were carried out according to the 

instructions outlined in the mentioned publication. 

 

2.2.2.4 Counting of cell numbers 

Ensuring the accurate and precise determination of cell concentration and viability is essential 

to uphold optimal culture conditions. Both was determined with a Neubauer cell counting 

chamber. For cell quantification, 10 µl of cell suspension were mixed with 10 µl of trypan blue 

solution. The resulting mixture was loaded into a Neubauer cell counting chamber using 10 µl. 

The trypan blue dye exclusion technique enabled the differentiation between viable and non-

viable, blue-colored, cells. The counting and calculation were performed by the following 

formula: 

 

cell number/ml = Mean value of counted cell numbers × dilution factor (2) × 104 cells/ml 

Formula 1: Calculation of the cell number per ml. 

Cells were diluted as required for further usage. 

 

2.2.2.5 Protein quantification via BCA assay 

Protein concentration of supernatants was measured using the Pierce™ Bicinchoninic Acid 

(BCA) protein assay kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

This colorimetric assay provides a quick and efficient method for protein quantification. The 

samples were incubated with the BCA reagent for 30 min at 37 °C. Following incubation, the 

absorbance was measured at 562 nm using a Tecan plate reader. 

 

2.2.3 Animals  

All experiments involving animals were approved by the ethics committee on animal care of 

Rheinland-Pfalz (Landesuntersuchungsamt Koblenz, LUA) under the file reference  

G 23-1-007 and G20-1-045. The breeding of mouse strains was implemented in compliance 

with the regulations and under the supervision of the Translational Animal Research Center 

(TARC), Johannes Gutenberg University Mainz. Wild type C57BL/6N mice were purchased 

from Charles River. Mouse colonies were held and bred under specific pathogen-free (SPF) 

conditions following a 12 h light, 12 h dark cycle. The start of the experiments was scheduled 

one week after arrival of the mice providing a minimum adaptation period. 
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2.2.3.1 Mouse strains and transgenic mice 

For mouse experiments, C57BL/6N wild-type mice, as well as transgenic mouse models were 

used (Table 11). In our research group, several mouse models were generated under the 

supervision of the TARC. A bi-transgenic mouse model was developed, incorporating a Col3a1 

promoter-driven and estrogen-inducible Cre expression in combination with a floxed TGFβ 

type II receptor (Col3a1-CreERT2/TGFβRII fl/fl mouse; [160]). TGFβRII knock-out in MF/CAFs 

was induced by tamoxifen (Tam) administration (Fig. 12). During this thesis, a novel mouse 

strain was established by crossing the Col3a1-CreERT2 strain with the iDTR mouse strain. 

The expression of the diphtheria toxin receptor (DTR) is normally inhibited by a loxP-flanked 

STOP sequence. After activation of Cre recombinase, the STOP sequence will be deleted in 

cells with active Cre, permitting DTR expression. Subsequent administration of diphtheria toxin 

(DT) leads to the induction of apoptosis in MF/CAFs expressing DTR, without showing toxic 

effects on the mice themselves (Fig. 13). 

 

Table 11: Mouse strains 

 

 

 

 

 

 

 

 

 

Figure 12: Schematic representation of the Col3a1-CreERT2/TGFβRII fl/fl mouse model. Upon 

injection of tamoxifen (Tam), Cre-dependent excision of exon 4 of the TGFβRII receptor leads to its 

inactivation in MF/CAFs (created with BioRender.com). 

 

Strain Source 

C57BL/6N Charles River 

Col3a1-CreERT2 In-house breeding 

TGFβRII fl/fl In-house breeding 

Col3a1-CreERT2/TGFβRII fl/fl In-house breeding 

iDTR Kindly provided by Prof. A. Waisman 

Col3a1-CreERT2/iDTR Established during this thesis 
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Figure 13: Schematic representation of the Col3a1-CreERT2/iDTR mouse model. The Cre-

inducible expression of DTR in this mouse strain results in the depletion of MF/CAFs upon administration 

of diphtheria toxin (DT) (created with BioRender.com). 

 

2.2.3.2 Genotyping 

To determine the genotype of transgenic mouse models, one ear punch from each mouse was 

incubated with 50 μl lysis buffer at 56 °C for at least 4 h or overnight at 37 °C. The enzymatic 

reaction was terminated by adding 150 μl autoclaved H2Odd and boiling at 99 °C for 5 min. 

Subsequently, samples were centrifuged at 14.000 rpm for 5 min and 1 μl of the DNA-

containing supernatant was used for each genotyping PCR reaction. Agarose gel 

electrophoresis (see section 2.2.1.2) was performed to confirm the accurate genotype of a 

mouse. 

Primers and expected PCR product sizes are listed in Table 12. 

 

Table 12: Sequences of primers and band sizes of the expected PCR fragments 

Target gene Primers Primer sequence 5'-3' Expected band 

size 

Col3a1-

CreERT2 

CreERT2_Col3a1_Fwd TCG CTG CAT TAC CGG TCG 

ATG C 
430 bp 

CreERT2_Col3a1_Rev CCA TGA GTG AAC GAA CCT 

GGT CG 

TGFβRII fl/fl 

TGFβR2flfl_Fwd TGT AAT CGT TGC ACT CTT 

CCA TGT 

 

TGFβR2flfl_Rev GCA CAG GTA CAC ATC TCT 

GCA C 

mutant = 575 bp 

wild-type = 420 bp 

iDTR 

R26mut GCG AAG AGT TTG TCC TCA 

ACC 

mutant = 300 bp 

wild-type = 603 bp 

R26WT GGA GCG GGA GAA ATG GAT 

ATG 

R26com AAA GTC GCT CTG AGT TGT 

TAT 
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2.2.3.3 Anesthesia of mice with isoflurane 

Isoflurane functions as an inhalation anesthetic that acts as a muscle relaxant and provides 

analgesic effects as well. During injections, both subcutaneously and orthotopically, the mice 

were anaesthetized through a nose-cone using a specialized ventilation apparatus with a 

mixture of isoflurane and oxygen (2.5-4% isoflurane plus O2, flow rate 2-3 l/min). 

 

2.2.3.4 Subcutaneous (s.c.) mouse models 

For subcutaneous tumor implantation, both C57BL/6N wild type mice and transgenic mouse 

models were employed (see section 2.2.3.1). The wild type mice were exclusively used for the 

initial establishment phase, specifically for testing different cell numbers. The desired cancer 

cell line of one of the various tumor entities (lung, liver or pancreas) was thawed at least 7 days 

before use and expanded prior tumor inoculation. Cells were cultured in cell culture flasks until 

reaching 80% confluence, and the preparation proceeded as follows:  

The cells were harvested by trypsinization, and the resulting cell suspension was then 

centrifuged at 1.500 rpm for 5 min. After two washing steps of the pellet with an equivalent 

volume of PBS, cell counting was performed as previously described (see section 2.2.2.4). 

Then, the cell pellet was resuspended in an appropriate volume of ice-cold PBS and cells were 

kept on ice until usage. Subsequently, the cancer cells were subcutaneously implanted into 

the flank of the mice in a 100 µl volume using a 29 G sterile needle and syringe. Prior to 

implantation, the injection site was disinfected with 70% ethanol to prevent bacterial infections. 

Upon the formation of small solid tumors in the flank of the injected mice, tumor burden was 

examined by measuring tumor length and width using a digital caliper twice per week. Once 

the tumor reached a diameter of 10 mm, measurements were taken every other day. In the 

case of a rapidly growing cancer cell line, daily measurements were performed. Also, the 

weight of mice bearing tumors was regularly documented and the overall fitness was checked 

throughout the experiment. 

The tumor volume was calculated using the following formula: 

Tumor volume = length (mm) x width (mm)2 x 0.52 

Formula 2: Calculation of the tumor volume. 

2.2.3.5 Orthotopic HCC tumor models 

The RIL-175 or Dt81Hepa1-6/βgeo cell line was trypsinized and washed in PBS through two 

centrifugation steps at 1.500 rpm for 5 min each. After that, the cells were resuspended at the 

desired concentration in a saline solution containing 0.25% albumin. To induce orthotopic 

HCC, a surgery for intrasplenic injection was performed. For pain relief, all mice received one 

s.c. injection of buprenorphine (0.1 mg/kg in 0.9 % NaCl) into the skin over their neck approx. 
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30 min pre-surgery. During the surgical procedure, the animals were exposed to isoflurane 

anesthesia (see section 2.2.3.4). Once the mice were asleep, they were placed on a heating 

pad with their nose in a nose-cone. To prevent corneal drying, a small amount of eye ointment 

was applied. Subsequently, the mice were placed in a lateral position on their right side. The 

surgical area was shaved and sterilized with 70% ethanol. The abdominal cavity was accessed 

via a subcostal incision and the spleen with its associated ligaments was carefully pulled out 

using forceps. The previously prepared HCC cells were slowly injected in a volume of 100 µl 

into the spleen. Once the spleen regained its deep red color, the needle was gently retracted, 

and one single drop of surgical glue was applied to prevent blood loss and cell leakage. The 

spleen was carefully returned to its original position and the abdominal incision was closed 

using sutures and wound clips. For post-operative pain management, buprenorphine (0.009 

mg/ml) was included in the drinking water for three days. Once again, the weight of the mice 

and their overall fitness were recorded throughout the duration of the experiment. 

 

2.2.3.6 Preparation of tamoxifen (Tam) solution 

For the induction of Cre-recombinase activity in mice, a tamoxifen (Tam) solution was 

prepared. Therefore, 1 g of Tam powder was dissolved in 10 ml of methanol at 37 °C. After 

that, the mixture was united with 90 ml of autoclaved sunflower oil and shaken overnight at 

RT. The resulting homogeneous solution was aliquoted into 2 ml reaction tubes and stored at 

-20 °C. 2 mg of Tam were injected intraperitoneally (i.p.) in Col3a1-CreERT2/TGFβRII fl/fl 

mice, resulting in Cre activation for the specific TGFβRII knock-out in CAFs. The total number 

and timing of the injections depended on the experimental design. For a short period of time, 

Tam was kept at 4 °C, always protected from light. 

 

2.2.3.7 Blood extraction and serum preparation 

For a complete blood count of the mouse, at least 10 µl blood from the facial vein were 

collected in an EDTA tube and then analyzed using the scil Vet abc Plus+™. For serum 

preparation 0.5 to 1 ml blood were obtained via cardiac puncture. The blood clotted within 15 

to 30 min at RT. Centrifugation at 1.000 to 2.000 x g for 10 min was performed to separate the 

serum from the clot. The serum in the supernatant was immediately transferred into a new 

1.5 ml tube and stored at -20 °C.  

 

2.2.3.8 Isolation of single-cell suspension from primary tissue 

Animals were sacrificed by cervical dislocation. Carefully dissected s.c. tumors were placed in 

a Petri dish on ice containing PBS. The tumor tissue was briefly rinsed and then minced into 
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small fragments within a 2 ml tube using scissors.  The prepared fragments were transferred 

into a 50 ml Falcon tube each, with the volume adjusted to 5 ml using PBS. To initiate digestion, 

1.2 ml of collagenase/dispase (derived from a 10 mg/ml stock solution in H2O/PBS) was added 

to the Falcon tube, resulting in a final collagenase/dispase concentration of approx. 2 mg/ml 

and the mixture was shaken for 45 min at 37 °C. The digested tissue was then placed on ice. 

For further processing, 25 µl of DNAse I per 6 ml of the digest solution (from a 1% stock solution 

of 10 mg/ml) was added, achieving a final DNAse I concentration of around 0.025 mg/ml. After 

inverting the solution several times, it was left on ice to cool, not exceeding 5 min. Following 

this, the digested tissue was filtered through a 70 µm filter into a new 50 ml tube. After 

centrifugation at 1.500 rpm for 5 min, the supernatant was discarded, and the red blood cell 

(RBC) lysis protocol was performed for RBC elimination.  

 

2.2.3.9 Red blood cell lysis 

The single-cell pellet obtained in section 2.2.3.8 was resuspended in 2 ml erythrocyte lysis 

buffer and incubated for 3 min at 4 °C. To stop the reaction, 10 ml of DMEM were added, 

followed by centrifugation for 5 min at 1500 rpm. The supernatant was discarded, and the 

remaining pellet was resuspended in PBS for cell counting and FC staining. 

 

2.2.3.10 Flow cytometry (FC) 

Flow cytometry serves as a technique for detecting and quantifying the expression of 

intracellular or extracellular surface markers in individual cells. The staining process includes 

preparing a single-cell suspension from tissue samples (see section 2.2.3.8). Single cells, 

stained with fluorescence-labelled antibodies, can be allocated to a cell population by passing 

a laser system, generating characteristic sideward scatter (SSC) and forward scatter (FSC). 

Depending on the cell yield, 1 x 105 to 1 x 106 cells per tube were stained. Therefore, cells 

were incubated with the labeled antibody (directly labeled) in a volume of 200 μl FC buffer for 

30 min on ice and protected from light. After incubation, stained cells were centrifuged for 5 

min at 1.500 rpm at 4 °C and the supernatant was discarded. Then, 500 µl FC buffer were 

added and the tube was gently vortexed. The washing procedure was repeated three times 

and afterwards cells were resuspended in 300 μl FC buffer and were ready for measurement.  

7-amino-actinomycin D (7-AAD) is a ready-to-use fluorescent dye that intercalates into double-

stranded DNA and was used for live/dead cell discrimination, following the manufacturer's 

instructions (BD Pharmingen™ 7-AAD). Flow cytometric data were acquired using a BD 

FACSSymphony™ flow cytometer and analyzed using FlowJo V10 (BD Biosciences). 

 



Materials and methods 

41 

 

2.2.3.11 RNA extraction and RT-qPCR 

For optimal RNA release, whole preserved organs were mechanically disrupted using a bead 

homogenizer (Tissue Lyser II, Qiagen). All further steps were performed according to the 

manufacturer's instructions of the Monarch Total RNA Miniprep Kit. The RNA concentration 

was determined by a Nanodrop spectrophotometer. Afterwards, the NEB Luna Universal 

Probe One-Step RT-qPCR Kit was used to quantify target RNA. This involved a one-step 

process converting RNA into cDNA in a single tube, followed by amplification for quantification 

via qPCR. 

 

2.2.3.12 Quantitative assay for β-galactosidase 

A 4-Methylumbelliferyl-β-D-galactopyranoside (MU-Gal) assay was performed to measure the 

activity of the enzyme β-galactosidase in liver tissue samples of mice. This assay utilizes the 

fluorogenic substrate MU-Gal, which, upon enzymatic hydrolysis by β-galactosidase, releases 

4-methylumbelliferone (4-MU), a fluorescent compound. The fluorescence of 4-MU can then 

be measured to quantify the enzyme activity. Therefore, liver tissue samples were thawed and 

pulverized under liquid nitrogen. The pulverized tissue was then extracted with T-PER tissue 

extraction buffer (5 ml/g tissue) for 20 min on ice. Following extraction, the samples were 

centrifuged at 3.500 rpm for 10 min at 4 °C. The resulting supernatant was aliquoted and stored 

either at 4 °C for short-term use or at -20 °C for long-term storage. To perform the β-

galactosidase assay, a reaction mixture was prepared containing 3 µl of 100x Mg solution, 

15 µl of MU-Gal substrate (1.7 mM final conc.), 5 µl of protein extract and 277 µl of sodium 

phosphate buffer. Fluorescence measurements were carried out in triplicates using a Tecan 

plate reader, with readings taken at 5 min intervals. The obtained results were normalized to 

protein concentration determined by BCA assay.  

 

2.2.4 Histology and microscopy 

2.2.4.1 Tissue paraffin-embedding  

To generate paraffin-embedded sections, s.c. tumors or the particular organ of interest was 

extracted from the mouse and rinsed twice in PBS. After that, the tissue was placed in a pre-

labeled histology cassette, following fixation in a container/glass containing ice-cold 

paraformaldehyde (PFA; 4%) over night or until the dehydration and paraffinization steps were 

performed using a tissue infiltration machine. The tissue was immersed in H2Odd and passed 

through a series of dehydration steps by exposure to increasing concentrations of isopropanol: 

70%, 80% and 95%. The tissue was then treated three times with 100% isopropanol. After 
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dehydration, the samples were immersed with xylene. Finally, the tissue was left in liquid 

paraffin until embedding. 

 

Tissue embedding was carried out using the Leica EG1150 modular tissue embedding center 

with an incorporated cooling plate and the EG1150H heated embedding module, following the 

manufacturer's instructions. 

 

2.2.4.2 Microtome sectioning 

A microtome was employed for sectioning FFPE (formalin-fixed paraffin-embedded) material. 

The blocks were cooled to facilitate cutting and were trimmed before obtaining the first 

section. Paraffin sections were sliced at a thickness of 4 - 6 µm, positioned in warm water (42 

°C), and subsequently transferred to a glass slide once fully extended. Dried slides were stored 

at RT until they were used for several staining methods, including immunohistochemistry 

(IHC), hematoxylin and eosin (H&E) or Sirius Red (SR) staining. 

 

2.2.4.3 Immunohistochemistry 

To eliminate paraffin, tissue sections underwent two incubation steps in xylene (2× 10 min 

each). Deparaffinized sections were then rehydrated through a series of alcohol and water 

washes (2× 100% isopropanol for 10 min, 2× 95% isopropanol for 10 min, 2× 75% isopropanol 

for 10 min, and 2× H2Odd for 5 min). Antigen retrieval was carried out using a 10 mM sodium 

citrate buffer at pH 6.0 in a steam cooker for 45 min, followed by a cool down and a washing 

step in H2Odd for 5 min. To inhibit endogenous peroxidase activity, tissue sections were 

treated with 3% hydrogen peroxide (H2O2) in H2Odd for 15 min and subsequently washed 

again for 2× 5 min in H2Odd. Blocking was accomplished by incubating the sections with 2.5% 

normal horse serum for 1 h. In every case, primary antibodies (see Table 7) were diluted in 

TBS-T (1% bovine serum albumin in TBS containing 0.1% Triton X-100), applied to the 

sections, and allowed to incubate in a dark humid chamber at 4 °C overnight. On the following 

day, the sections were washed twice in TBS-T for 10 min, and then secondary antibodies were 

applied. For primary rabbit antibodies, sections were treated with an HRP-labeled secondary 

goat anti-rabbit IgG antibody for 1 hour. If primary rabbit antibodies were used, sections were 

incubated with a biotinylated anti-rat IgG for 1 h, underwent a 10 min washing step in TBS-T, 

and then proceeded to an ABC-Kit for signal amplification. In each case, DAB staining was 

performed and finished with a final tap water rinse. This was followed by counterstaining with 

hematoxylin, dehydration through sequential incubations in 95% ethanol, 100% ethanol, and 
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2× xylene (each lasting 10 sec) and mounting with Roti Histokit II. Finally, the slides were 

sealed with coverslips. 

 

2.2.4.4 Hematoxylin and eosin staining 

Deparaffinization and rehydration of the sections were performed following the procedure 

outlined in section 2.2.4.3. For hematoxylin and eosin (H&E) staining, sections underwent a 5 

min staining with hematoxylin, followed by a 10 min washing step under running tap water. 

Subsequently, the sections were stained with acidified eosin for additional 3 min before being 

rinsed in deionized water. To complete the process, sections were dehydrated in reverse order, 

followed by two 5 min incubations in xylene. Finally, the sections were mounted with Roti 

Histokit II, coverslips were applied, and the slides were allowed to dry. 

 

2.2.4.5 Sirius red staining 

Deparaffinization and rehydration of the sections performed based on the protocol in section 

2.2.4.3. For Sirius Red (SR) staining, sections were immersed in the SR solution for 30 min. 

Subsequently, they were rinsed in H2Odd, followed by 2x 5 min washes in acidified water 

(0.005%). The sections were then dehydrated and mounted as described in the preceding 

sections. 

 

2.2.5 Quantitative data analysis 

For quantitative data analysis the GraphPad Prism 9.5.1 software was used. Results are 

presented as mean ± standard deviation (SD) unless noted otherwise. Significance levels are 

indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, with unmarked comparisons 

indicating no significant difference. For comparisons between two groups, a two-tailed 

unpaired Student's t-test was performed. One-way analysis of variance (ANOVA) was applied 

to evaluate differences across three or more groups.  
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3 Results 

3.1 Lung cancer 

3.1.1 Influence of TGFβRII K.O. in CAFs on tumor growth and TME 

Subcutaneous tumors were induced by injecting the LuCa6 mouse lung carcinoma cell line 

beneath the skin on both the right and left flank of homozygous Col3a1-CreERT2/TGFβRII fl/fl 

and heterozygous Col3a1-CreERT2/TGFβRII fl/- mice, serving as controls. A total of 7x105 

cells were injected in the right flank, while 3x105 cells were injected in the left flank of the mice 

with 3-4 mice per experimental group. Two groups were examined: an early Tam (tamoxifen) 

group, receiving Tam (2 mg) via intraperitoneal administration three days post LuCa6-

inoculation, and a late Tam group, with the first Tam administration initiated ten days after 

inoculation. Tam injections, occurring every 3 to 4 days, facilitated Cre activation, resulting in 

TGFβRII knockout in CAFs of Col3a1-CreERT2/TGFβRII fl/fl mice, while TGFβRII remained 

active in the control group. At day 21, all mice were sacrificed and further analyzed (Fig. 14A).  

The tumor progression in the early Tam group is illustrated in Fig. 14B. The left side of the 

illustration shows the tumor development corresponding to the higher cell count (right flank), 

with an average tumor volume of approx. 700 mm³ in the control group in contrast to a smaller 

median tumor volume of 200 mm³ observed in the floxed group. The right side of the figure 

outlines the progression of tumors with the lower cell count (left flank), revealing a tumor 

volume of about 150 mm³ in the control group and approx. 50 mm³ in the K.O. group. The 

tumor progression in the late Tam group is depicted in Fig. 14C. On the left, tumors in the 

control group measure approx. 500 mm3, while knockout mice bear smaller tumors with a 

volume of around 300 mm3. There is a noticeable trend toward reduced tumor volume when 

Tam is administered early, though this difference is not yet statistically significant. On the right, 

aligned with the lower number of injected cells, there is no difference in the tumor development 

between the groups, demonstrating tumor volumes around 100 mm3. 

The tumor volume at the endpoint of the experiment is shown in Fig. 14D. The early Tam 

administration time point revealed a significant reduction in tumor burden in the knockout group 

compared to the control group, whereas no significant difference in tumor development was 

observed in the late tamoxifen group. While not yet a significant effect on tumor size could be 

documented from caliper measurements of the flank, there was a strong trend in the two early 

knockout settings (early Tam) independent from the administered cell number, indicating that 

tumor growths was strongly inhibited by inactivation of TGFβRII signaling in CAFs compared 

to the control group with fully functional CAFs. After sacrifice and preparation of the s.c. tumors, 

the tumor volume was re-measured and a clearly significant difference in tumor growth of the 
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early Tam group could be observed. In Fig. 14E the ex vivo images of all subcutaneous LuCa6 

tumors from both the early and late Tam groups are shown. It should be noted that while the 

observed trend in the in vivo measurements showed a clear tendency toward reduced tumor 

growth in the early Tam group, the limited number of mice per group (3-4) likely prevented 

these differences from reaching statistical significance. The more pronounced and statistically 

significant differences observed in the isolated tumors (Fig. 14D) compared to the in vivo 

measurements could be attributed to the absence of peritumoral edema, which might have 

masked the actual tumor size differences during caliper measurements in the living animals. 
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Figure 14: Impact of TGFβRII knockout in CAFs on desmoplastic LuCa6 lung tumors. 

A. Experimental design for subcutaneous tumor induction in Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-

CreERT2/TGFβRII fl/- mice. Tamoxifen administration (2 mg i.p.) schedules, early and late, were 

employed to explore TGFβRII K.O. effects in CAFs and on tumor growth (created with BioRender.com). 

B. Tumor progression in the early Tam group: volumes of tumors arising from 7x105 cells (left side) and 

from 3x105 cells (right side). C. Tumor progression in the late Tam group: volumes of tumors arising 

from 7x105 cells (left side) and from 3x105 cells (right side). D. Tumor volumes from 7x105 cells of the 

isolated, encapsulated tumors measured after sacrifice. E. Ex vivo images of s.c. LuCa6 tumors from 

both early and late Tam groups from tumors originated from an initial inoculum of 7×10⁵ cells. (*p < 0.05, 

**p < 0.01, n = 3-4/group). 

To gain insight into collagen deposition in the subcutaneous LuCa6 tumors, Sirius Red staining 

was performed, comparing collagen deposition and distribution between the tumor margin and 

core. This analysis focuses on and presents data from tumors exhibiting a higher cellular 

density (7x105 cells), with 3-4 tumors per group selected for detailed examination. In the early 

Tam group, collagen deposition was notably higher in tumor margins (Fig. 15A) compared to 

tumor cores (Fig. 15B), showing a similar trend in both groups. The floxed group demonstrated 

approx. 40% positive Sirius Red stained area relative to the total tumor section area analyzed 

in the tumor margin (capsule), while the control animals showed around 35%. Within the tumor 

cores, collagen expression was around 10% in the floxed group and 15% in the control group. 
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Figure 15: Histological- morphometric analysis of Sirius Red stained sections of the early Tam 

group. Distribution of collagen fibers stained with Sirius Red in the tumor margin (A.) and tumor core 

(B.) of subcutaneous (s.c.) LuCa6 tumors from Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-

CreERT2/TGFβRII fl/- mice is shown. Quantitative analysis of the positive stained area is presented. 

For each tumor, between 5-10 high power fields (20× magnification) were analyzed per region (margin 

and core). Results are expressed as mean values ± SD. Scale bar = 100µm. n = 3/group. 

In the late Tam group, collagen deposition was prominent in the tumor margins (Fig. 16A) 

compared to the tumor cores (Fig. 16B), a consistent observation in both groups. While not 

reaching statistical significance, notable differences in collagen distribution were observed 

between floxed and non-floxed mice in the late Tam group. Across both the tumor margin and 

core, mice with a functional TGFβRII in CAFs demonstrated higher collagen expression than 

the floxed group. The Sirius Red positive area in the tumor margin reached approx. 60% in the 

control group and slightly below 50% in the floxed group. In the tumor core, the Sirius Red 

positive area measured around 30% in the control group, in contrast to approx. 20% in the 

K.O. mice. Although it cannot be definitively concluded to what degree the observed effects on 

tumor growth are attributable to altered collagen formation via the inactivated TGFβRII in 

CAFs, this mechanism likely plays a significant role, as evidenced by the observed trend of 

disrupted collagen formation. A larger cohort would likely have resulted in statistically 

significant differences in collagen deposition, which would have further strengthened the 

observed trend. 
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Figure 16: Histological- morphometric analysis of Sirius Red stained sections of the late Tam 

group. Distribution of collagen fibers stained with Sirius Red of subcutaneous (s.c.) LuCa6 tumors from 

Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-CreERT2/TGFβRII fl/- mice is shown in (A.) the tumor margin 

and (B.) tumor core. Quantitative analysis of the positive stained area is presented. For each tumor, 

between 5-10 high power fields (20× magnification) were analyzed per region (margin and core). Results 

are expressed as mean values ± SD. Scale bar = 100µm. n = 4/group. 

To further investigate the impact of the TGFβRII K.O. in CAFs on s.c. LuCa6 tumors, 

immunohistochemical staining using the α-SMA antibody (a marker for activated 

myofibroblasts) was carried out. In the early Tam group (Fig. 17A/B), α-SMA positive cells 

were evenly distributed in the tumor margin and tumor core. Surprisingly, α-SMA expression 

was higher in both the tumor margin and the tumor core in the floxed mice than in the control 

group. The tumor margin in the floxed group demonstrated a significantly higher positive area 

of about 7.5%, while the control animals revealed a positive α-SMA expression of about 3%. 

This pattern was consistently observed in the tumor core as well. 
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Figure 17: Immunohistochemical staining for α-SMA of the early Tam group. Representative 

photomicrographs and image quantification of α-SMA expression in the tumor margin (A.) and tumor 

core (B.) of subcutaneous (s.c.) LuCa6 tumors from Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-

CreERT2/TGFβRII fl/- mice are shown. For each tumor, between 5-10 high power fields (20× 

magnification) were analyzed per region (margin and core). Results are expressed as mean values ± 

SD (** p <0.01). Scale bar = 100µm. n = 3/group. 

In the late Tam group (Fig. 18A/B), while not achieving statistical significance, a distinct trend 

contrary to the early Tam group was observed. Notably, α-SMA expression was higher in the 

control group compared to the tumors in the K.O. group. In contrast, the distribution of  

α-SMA positive cells did not differ between tumor margin and tumor core. The values of the  

α-SMA positive area measured around 5% in the floxed group and 8% in the control group. 
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Figure 18: Immunohistochemical staining for α-SMA of the late Tam group. Representative 

photomicrographs and image quantification of α-SMA expression in the tumor margin (A.) and tumor 

core (B.) of subcutaneous (s.c.) LuCa6 tumors from Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-

CreERT2/TGFβRII fl/- mice are shown. For each tumor, between 5-10 high power fields (20× 

magnification) were analyzed per region (margin and core). Results are expressed as mean values ± 

SD. Scale bar = 100µm. n = 3-4/group. 

 

3.1.2 TGFβRII K.O. in CAFs altering growth dynamics of lead and contralateral 

LuCa6 tumors 

After obtaining preliminary insights into the TME of s.c. LuCa6 tumors encompassing aspects 

such as collagen distribution and α-SMA expression, the previously described experiment was 

repeated in a modified form with expanded cohorts (Fig. 8A). Unlike the prior analysis involving 

two distinct cell numbers, in this experiment, a cell number of 3x105 of the LuCa6 cell line was 

bilaterally injected into the flanks of Col3a1-CreERT2/TGFβRII fl/fl mice. The initiation of the 

first Tam injection occurred on day 12 post-implantation, with subsequent administrations of 

2 mg Tam via i.p. injection every 3-4 days with the intention to clear TGFβRII signaling in newly 

developing CAFs throughout the complete experimental time. Col3a1-CreERT2 mice with a 

completely intact wild type TGFβRII served as control animals. On day 29, all mice were 

euthanized, and the excised tumor tissue was further analyzed through histological staining, 

qPCR and flow cytometry. 
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Throughout tumor progression, minimal differences were observed between the groups and 

both tumor injection sides (Fig. 19B). However, at the endpoint of the experiment, more distinct 

differences in tumor development were present. Despite injecting the same concentration of 

LuCa6 cells, varying tumor sizes developed on each flank of the same mouse.  Henceforth, no 

more distinctions between the right and left flanks were made from that point onward. Instead, 

tumors were classified into a lead tumor and its smaller contralateral counterpart. In Fig. 19C, 

the tumor volumes of the lead tumors (left), contralateral tumors (middle), and the combined 

tumor volumes (right) are shown. In the lower section of the figure, tumor weights at the 

endpoint are equally arranged. Representative samples from each group including a lead 

tumor (left) and its contralateral counterpart (right) are demonstrated in Fig. 19D. Thus, the 

inactivation of TGFβRII in CAFs resulted in a significant reduction of overall tumor volume and 

weight by almost 50%. With this experiment, the previous findings could be confirmed, and 

strong evidence was generated that deleting the TGFβRII signaling in CAFs highly significantly 

hinders their supportive function for tumor growth. 
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Figure 19: Impact of TGFβRII inactivation in CAFs on development of s.c. LuCa6 lung tumors. 

A. Experimental design: LuCa6 cells (3x105) were bilaterally injected into Col3a1-CreERT2/TGFβRII fl/fl 

and Col3a1-CreERT2 mice, with Tamoxifen (Tam) treatment (2 mg i.p.) initiated on day 12. (created 

with BioRender.com). B. Tumor progression over the study period (right flank vs. left flank) C. Tumor 

volumes and weights at the endpoint of the experiment categorized into lead and contralateral tumors 

based on size. D. Representative ex vivo images of s.c. LuCa6 tumors from K.O. and control group.  

(*p < 0.05, **p < 0.01, n = 6-9/group)  
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Next, Sirius Red staining was performed to investigate the potential impact of TGFβRII K.O. in 

CAFs on collagen deposition within the tumor margin and core of s.c. LuCa6 tumors. Both, 

lead tumors and the contralateral tumors were analyzed. Collagen deposition was prominent 

in the tumor margins compared to the tumor cores and comparable in both groups (Fig. 20A/B). 

The amount of collagen deposited was not reduced in the floxed group in contrast to the control 

mice. Thus, the knockout of TGFβRII in CAFs did not result in an attenuation of collagen 

synthesis. 

 

Figure 20: Histological analysis of Sirius Red stained sections of the late Tam group. Distribution 

of collagen fibers stained with Sirius Red in the tumor margin (A.) and tumor core (B.) of subcutaneous 

(s.c.) LuCa6 tumors from Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-CreERT2 is shown. Quantitative 

analysis of the positive stained area of lead and contralateral tumors is presented. For each tumor, 

between 5-10 high power fields (20× magnification) were analyzed per region (margin and core). Results 

are expressed as mean values ± SD. Scale bar = 100µm. n = 6-9/group. 

Following this, an analysis utilizing the α-SMA antibody was carried out (Fig. 21A/B). No 

discernible differences in α-SMA expression were observed in both groups, be it in the tumor 

margin or the tumor core. Therefore, the knockout of TGFβRII in CAFs had no detectable effect 

on the expression of α-SMA. 
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Figure 21: Immunohistochemical staining for α-SMA. Representative photomicrographs and image 

quantification of α-SMA expression in the tumor margin (A.) and tumor core (B.) of subcutaneous (s.c.) 

LuCa6 tumors from Col3a1-CreERT2/TGFβRII fl/fl and Col3a1-CreERT2 mice are shown. For each 

tumor, between 5-10 high power fields (20× magnification) were analyzed per region (margin and core). 

Results are expressed as mean values ± SD. Scale bar = 100 µm. n = 6-9/group. 

 

Throughout the performed immunohistochemical analyses, immune cell infiltration and other 

specific cellular characteristics and signaling pathways in CAFs were investigated to obtain 

more insight into the full impact of TGFβRII K.O within the TME of desmoplastic tumors. These 

markers included CD68 and YM1, CD4, FoxP3 and CD8, collagen type I, vimentin and 

pSMAD2 for histological evaluation. CD68 staining was utilized to identify total macrophages 

and monocytes within the tumor tissue samples, while YM1 served as a marker for alternatively 

activated macrophages (M2 phenotype). CD3 staining allowed for the evaluation of overall T 

cell infiltration and distribution in the tumor tissue, while CD8 staining provided insights into the 

presence and distribution of cytotoxic T cells (CD8+ T cells). CD4 staining was used to detect 

helper T cells (CD4+ T cells), and FoxP3 expression was assessed to identify regulatory T 

cells (Tregs), which play a critical role in immune regulation. Collagen type I staining focused 

on interstitial collagen deposition, an essential component of connective tissues. Vimentin 

staining highlighted mesenchymal cells (including vascular endothelia), reflecting alterations 

in mainly fibroblast phenotype in comparison to α-SMA-positive contractile myofibroblasts. 

Lastly, pSMAD2 staining indicated activation of the TGF-β signaling pathway. 
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Immunohistochemical analysis of tumor tissues revealed distinct patterns between the tumor 

margin and core regions. CD68+ macrophages were quantified as a percentage of positive 

area in the tumor margin and as positive cells per field in the tumor core. In the tumor margin, 

the K.O. group showed a trend towards a higher CD68+ percentage compared to the control 

group, although this difference did not reach statistical significance. In the tumor core a similar 

trend was observed. YM1 staining, indicative of alternatively activated (M2) macrophages, was 

also assessed in both regions. In the tumor margin, the YM1+ area was slightly elevated in the 

floxed group compared to the control, while in the tumor core, YM1+ levels were comparable 

between groups (Fig. 22A). 

 

T cell infiltration was assessed by quantifying CD4+, FoxP3+ and CD8+ cells in both the tumor 

margin and core regions (Fig. 22B). In the tumor margin, CD4+ T cells showed a slightly higher 

presence in the floxed group compared to the control group, although this difference was not 

statistically significant. The tumor core exhibited minimal CD4+ T cell infiltration in both groups, 

with values close to 0%. FoxP3+ cells were more abundant in the tumor margin, compared to 

tumor core in both groups, with overall low FoxP3+ cell numbers and some individual tumors 

with very high levels of FoxP3+ cells. Notably, FoxP3 defines both CD4+ regulatory T cells 

(Treg) and regulatory dendritic cells. Analysis of (cytotoxic) CD8+ T cell infiltration revealed 

differences between the floxed group and controls. In the tumor margin, the floxed group 

showed a trend towards higher CD8+ cell counts, though this was not statistically significant. 

The tumor core exhibited significantly higher CD8+ infiltration in the floxed group compared to 

controls. 

 

The immunohistochemical panel also included collagen type I staining to assess collagen type 

I deposition, an important component of the TME. Collagen type I expression was comparable 

in the tumor margin between the floxed and control group. In the tumor core, collagen type I 

expression was generally lower, with the floxed group exhibiting approx. 5% positive area 

compared to around 8% in the control group, although this difference was not statistically 

significant.  

A significant finding emerged from the analysis of vimentin expression, a marker for 

mesenchymal cells, mainly fibroblasts. In the tumor core, a statistically significant increase in 

vimentin positive cells was observed in the K.O. group compared to the controls (Fig. 22C). 

This unexpected observation suggests an enhanced presence of mesenchymal or fibroblast-

like cells in the tumor core when TGF-β signaling is disrupted in Col3a1-expressing cells. 
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To evaluate the activity of the TGF-β signaling pathway, pSMAD2 levels were quantified (Fig. 

22D). The analysis of pSMAD2 expression in the tumor margin and core revealed distinct 

patterns of cellular localization. In the tumor margin, the number of pSMAD2-positive cells was 

slightly lower in the floxed group, although not significantly. Interestingly, despite the genetic 

deletion of TGFβRII in Col3a1-expressing cells, pSMAD2 levels in the tumor core did not differ 

between both cohorts, suggesting that the loss of TGFβRII in Col3a1+ cells may not 

dramatically alter overall SMAD2 phosphorylation within the TME. 
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Figure 22: Quantitative analysis of immunohistochemistry markers. Plots showing the distribution 

of various cellular markers in tumor margin and core of Col3a1-CreERT2/TGFβRII fl/fl (blue) and 

Col3a1-CreERT2 (black) groups. Expression of CD68+ and YM1 (A.), CD4, FoxP3+ and CD8 (B.), 
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Col1a1 (collagen type I) and vimentin (C.), pSMAD2+ (D.) Each dot represents an individual sample, 

with mean ± SD indicated (*p < 0.05, **p < 0.01, n = 6-9/group). 

 

In the following part, qPCR analysis was used to assess the expression of acta2 (α-SMA) and 

tgfbr2 (TGFβRII) in both the lead tumor and its contralateral counterpart (Fig. 23A/B). The 

transcript data revealed a significant upregulation of α-SMA and TGFβRII transcripts in 

Col3a1-CreERT2/TGFβRII fl/fl mice compared to the control group. 

In the subsequent analysis, the examination of col1a1 and col3a1 expression revealed 

comparable transcript levels for both collagen chains in the lead tumors of both experimental 

groups. However, higher transcript levels were observed in the contralateral tumors of the 

floxed group, even significant regarding col3a1 transcripts, indicating that the expression of 

these major collagen chains is independent of TGFβRII signaling in CAFs.  
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Figure 23: mRNA expression analysis of subcutaneous (s.c.) LuCa6 tumors from Col3a1-

CreERT2/TGFβRII fl/fl and Col3a1-CreERT2 mice. Quantitative analysis of α-SMA and TGFβRII 

mRNA levels (A.) and of Col3a1 and Col1a1 mRNA levels (B.) in lead tumors, contralateral tumors, and 

pooled tumor samples. Results are expressed as mean values ± SD. (*p < 0.05, **p < 0.01,  

n = 6- 9/group)  
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Figure 24: Flow cytometric analysis of subcutaneous (s.c.) LuCa6 tumors from Col3a1-

CreERT2/TGFβRII fl/fl and Col3a1-CreERT2 mice. A. Various cell populations, including tumor cells, 

endothelial cells, dendritic cells (DCs), macrophages, neutrophils, and T cells, were analyzed from s.c. 

LuCa6 tumors. Gating strategy: living cells with SSC-H and FSC-A, single cells in FSC-H and FSC-A. 

B. Quantification of T cell subsets, macrophages, dendritic cells, and neutrophils in the tumor 

microenvironment, comparing Col3a1-CreERT2/TGFβRII fl/fl (blue bars) and Col3a1-CreERT2 (black 

bars) mice. Data are presented as mean ± SD. (*p < 0.05, **p < 0.01, n = 6-9/group) 
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Flow cytometric analysis of one half of the lead tumor was performed to better assess the 

numbers and characteristics of immune cells of interest in the TME. Relevant data are 

presented in Fig. 24B. The left side of the figure shows T-cell populations identified as CD45+ 

and either CD4 or CD8 positive. Unexpectedly, Col3a1-CreERT2/TGFβRII fl/fl mice revealed 

significantly lower levels of CD8+ T cells compared to controls, recognized as pivotal 

contributors to anti-tumor immunity. Conversely, there was an increased CD4 expression in 

the fibroblast TGFβRII K.O. mice, as already demonstrated by quantitative IHC. CD25, 

employed as a T cell activation marker) both for Treg and cytotoxic T cells, exhibited no 

discernible difference between the groups. Further investigation extended to other immune cell 

types, including M1 macrophages (CD45+CD64+F4/80+ positive) and M2-type macrophages 

(F4/80+CD206+). Here, no statistically significant differences in expression were detected. The 

total numbers of dendritic cells and neutrophils showed no differences between the two 

experimental groups. Overall, the flow cytometric results were in line with the 

immunohistochemistry and resulted in no clear observation that immune cell infiltration could 

play a crucial role in the tumor progression of this desmoplastic lung cancer model with 

TGFβRII K.O. in CAFs. 
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3.2 Primary hepatocellular carcinoma (HCC) 

3.2.1 Treatment of immune competent mice with an orthotopic and syngeneic 

HCC with rapamycin, Fra-2 ASO and their combination 

To assess the impact of the mTOR inhibitor rapamycin and Fra-2 targeting on the tumor growth 

and associated TME, an orthotopic and syngeneic liver cancer model, established by us, was 

used. Therefore, Dt81Hepa1-6/βgeo cells (1x105) were injected into the spleens of male 

C57BL/6 mice leading to a homogeneous colonization of the livers with HCC foci. At day 17 

after inoculation, 5-8 mice per group received either 0.075 mg/kg of the mTOR inhibitor 

rapamycin as monotherapy via daily i.p. injection or Fra-2 ASO as a macrophage polarization 

modulator at 2 mg/kg i.p. twice a week. The third group received the combination of both 

rapamycin and Fra-2 ASO. Untreated HCC-bearing C57BL/6 mice served as controls (Ctrl). 

Five weeks post-surgery all mice were sacrificed, and the livers were further analyzed 

(Fig. 25A). Livers of tumor-free wild type mice were harvested and weighed to provide a valid 

basis for comparison with the treated mice. Fig. 25B illustrates that both the combination 

treatment and the individual drug administrations led to significantly decreased liver weight and 

a lower liver to body weight ratio which reflect tumor burden. Mice treated with the combination 

therapy showed approx. a 50% reduction compared to the untreated group, nearly aligning 

with the liver weights (1.5- 2 g) and the liver to body weight ratio of wild type mice.  

Fig. 25C shows representative images of the livers from each group, highlighting the efficacy 

of the therapies, with frontal (left) and dorsal (right) perspectives, providing a comprehensive 

visualization. While livers of untreated control animals appear heavily burdened, livers of 

treated mice show minimal to no tumor nodules. 

All applied treatments against HCC showed comparable and highly efficacious therapeutic 

outcomes with the combination of rapamycin and Fra-2 ASO not yielding a better result. 

However, this lack of synergistic effect may be challenging to detect in this experimental 

setting, as monotherapies already reduced tumor burden to levels approximating nil tumor 

burden in healthy hepatic tissue. 
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Figure 25: Therapeutic intervention of orthotopic murine HCC A. Experimental design showing 

intrasplenic injection of 1x105 Dt81Hepa1-6/βgeo cells in C57BL/6 mice, followed by daily rapamycin 

injections, Fra-2 ASO treatments twice a week, their combination, or no treatment from day 18-35 days 

(created with BioRender.com). B. Quantification of liver weight (left) and liver to body weight ratio (right) 

of all cohorts compared to tumor-free wild type mice. Data are presented as means ± SD. **** indicates 

p < 0.0001. n = 5-8/group. C. Representative images of livers of each treated group and Ctrl showing 

ventral (left) and dorsal (right) surfaces. 

 

To confirm the previous results with a more sensitive method, the MU-Gal (4-

Methylumbelliferyl-β-D-galactopyranoside) assay was employed as an alternative method to 

determine tumor burden in this study. This technique utilizes the specific characteristics of the 

Dt81Hepa1-6/βgeo HCC cell line (generated by Dominik Siegl, TIM) that expresses β-

galactosidase. The activity of this enzyme directly correlates with cancer cell numbers and 
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therefore, with the tumor burden in liver tissue samples. This approach provided a precise and 

objective measurement of cancer progression in the experimental model, offering insights into 

HCC development and treatment efficacy. 

 

Figure 26: Evaluation of tumor burden via MU-Gal assay. β-galactosidase activity was assessed as 

an indicator of tumor load in liver tissue samples from HCC-bearing mice treated with Rapa,  

Fra-2 ASO or combination therapy compared to the untreated Ctrl group. Results are expressed as 

mean ± SD (**p < 0.01, ***p < 0.001, n = 4/group).  

As shown in Fig. 26, the MU-Gal assay revealed comparable results to the previous 

assessment of the tumor burden with highly significant differences in β-galactosidase activity 

of treated mice compared to the untreated group. The untreated control group showed 

dramatically elevated levels, with activity exceeding 1000 4-MU/100µg protein, suggesting vast 

tumor progression. In contrast, all treatment modalities – Rapa, Fra-2 ASO and their 

combination – demonstrated a highly significantly reduced β-galactosidase activity. The Fra-2 

ASO group showed the lowest levels, closely followed by rapamycin, both hovering around 

100 4-MU/100µg protein. The combination therapy, while still highly effective, displays a 

slightly higher activity than the monotherapies and a higher deviation. The marked variability 

in the untreated group, indicated by the large error bars, highlights the diverse and 

heterogeneous nature of untreated HCC, and perhaps some antagonistic effect among the two 

therapies. While all treatments appear promising, their comparable efficacy across different 

groups invites intriguing questions about their mechanisms of action and potential clinical 

applications. These questions will be explored in forthcoming analysis. 
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Figure 27: Serum toxicity marker analysis to evaluate drug safety in HCC-bearing mice under 

treatment. Levels of (A.) creatinine, (B.) total bilirubin, (C.) ALAT and (D.) ASAT were measured in 

serum samples from mice treated with Rapa, Fra-2, combination therapy, or untreated (Ctrl). Data are 

presented as mean ± SD (n = 4-6/group). 

First, the safety profile of the experimental treatments for HCC was assessed through the 

analysis of key serum toxicity markers in the mice at sacrifice. Figure 27 presents the 

quantification of four critical serological indicators: creatinine, total bilirubin, alanine 

aminotransferase (ALAT) and aspartate aminotransferase (ASAT) analyzed by the central 

laboratory of the University Medical Center Mainz. These markers provide insights into 

potential hepato- and nephrotoxicity and overall physiological stress induced by the 

treatments. 

Creatinine, an indicator of renal function, showed minimal variation across all treatment groups 

(Fig. 27A), with levels slightly below the standard reference range of 0.1–0.36 mg/dl for mice. 

The mean creatinine levels were consistent around 0.10 mg/dl, with the untreated Ctrl group 

exhibiting a mean of approximately 0.11 mg/dl. The narrow range of creatinine values suggests 

that none of the treatments induced significant kidney damage. 
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Total bilirubin, a marker of liver function and potential hepatocellular damage, displayed also 

levels slightly below the standard mice reference range (0.2–1.2 mg/dl). The untreated Ctrl 

group showed a slightly higher mean value of around 0.15 mg/dl, but with a significantly larger 

standard deviation (Fig. 27B). Normal bilirubin levels in the bloodstream are a key indicator of 

liver health and proper red blood cell metabolism. This balance reflects a harmonious interplay 

between the body's own production of bilirubin from the breakdown of ageing red blood cells 

and the liver's ability to remove it from the system. 

Next, ALAT, an enzyme specific to liver cells, which serves as a sensitive indicator of 

hepatocellular damage was analyzed (Fig. 27C). The combination therapy cohort stands out 

with the highest mean ALAT level of approximately 80 U/l, which is accompanied by a 

substantial standard deviation that underscores some variability within this group. The 

remaining experimental groups exhibit ALAT levels clustering around or below 50 U/l, a range 

that largely aligns with the reference threshold of <35 U/l. ASAT, another enzyme indicative of 

liver health but also found in other tissues, showed uniform levels across all groups (Fig. 27D). 

Mean ASAT values cluster around 180-200 U/l for all treatments and the untreated Ctrl group, 

still within the reference range of 50-200 U/l, suggesting no significant treatment-specific effect. 

In conclusion, the serum toxicity marker analysis indicates that the experimental treatments 

demonstrate a favorable safety profile in HCC-bearing mice. The treatments do not appear to 

induce significant hepatotoxicity or renal stress. However, the variability observed, particularly 

in ALAT and ASAT levels, underscores the importance of continued monitoring and further 

studies to fully elucidate the long-term safety and specific mechanisms of these treatments. 

 

In the following sections, various analyses, including quantitative Sirius Red staining and IHC 

and multiple qPCRs were performed to further explore the TME of HCC diseased liver tissues. 

 

To visualize the effects of different HCC-treatments on collagen deposition, Sirius Red staining 

was utilized (Fig. 28A/B). The untreated control group exhibited the highest level of collagen 

deposition, with a Sirius Red-positive area of approx. 5%. In contrast, all treatment groups 

showed markedly reduced collagen deposition. Notably, the combination treatment of Rapa 

and Fra-2 ASO resulted in the lowest collagen deposition within the livers. Statistical analysis 

revealed significant differences between the untreated control group and both the Rapa 

monotherapy group and the combination group, offering the most pronounced anti-fibrotic 

effect.  

 



Results 

68 

 

 

Figure 28: Histological analysis of Sirius Red stained liver sections of HCC-bearing mice.  

A. Representative images of Sirius Red staining in liver sections from mice treated with Rapa, Fra-2 

ASO, combination therapy and untreated (Ctrl). B. Quantification of collagen deposition by 

determination of Sirius Red positive area. Values are presented as mean ± SD. (*p < 0.05, n = 4/group). 

Scale bar = 100 μm. 

Next, hematoxylin and eosin (H&E) staining was performed to provide detailed visualization of 

the morphological features of this HCC in mouse livers. In Fig. 29 the liver of an untreated 

HCC-bearing mouse is shown with both cancerous and normal tissue. Panel A shows a 5x 

merged view of the liver, clearly delineating the tumor mass (outlined by a dashed line) within 

the surrounding normal hepatic parenchyma. The tumor appears as a distinct, more densely 

stained region. Panel B provides a 20x magnification of one tumor area, allowing for a closer 

examination of the tumor-normal tissue interface and the altered cellular architecture within the 

neoplastic region. Panel C further zooms in to a 40x magnification of an intratumoral section, 

revealing the cellular details of HCC. 
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Figure 29: Histopathology of HCC in untreated mouse liver. Representative H&E-stained sections 

demonstrate HCC pathology. A. 5x merged view: Tumor mass (dashed outline) amid normal liver tissue. 

B. 20x magnification of tumor region. C. 40x intratumoral view showing characteristic HCC features. 

Scale bars: 1 mm (A), 200 μm (B), 100 μm (C). 

 

A closer examination of the zoomed-in image reveals the typical features of HCC. The normal 

liver architecture is disrupted and replaced by a disorganized growth pattern, manifested in 

irregular trabecular or sheet-like arrangements of tumor cells. The nuclei show marked cellular 

atypia, evident in an increased nucleus to cytoplasm ratio, increased staining 

(hyperchromasia), and variability in shape (pleomorphism). The increased cellular density 

compared to normal liver tissue indicates the enhanced proliferation rate which is typical for 

cancerous tissue. The cytoplasm of the tumor cells appears eosinophilic (pink), which is 

characteristic of hepatocytes but often more pronounced in HCC. Notably, bright pink areas in 

the center of the image likely represent inflammatory cell infiltrates or possibly necrotic areas 

with red blood cell extravasation. The absence of normal portal tracts and the heterogeneity in 

staining intensity and cellular morphology across the field further underscore the cancerous 

nature of the tissue. 
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Immunohistochemical analysis of macrophage markers in liver tissues from HCC-bearing mice 

revealed different effects of the treatments on CD68+ and YM1+ cell populations (Fig. 30A/B). 

 

 

Figure 30: Quantitative analysis of macrophage marker CD68 and M2 polarization marker YM1. 

Expression of CD68+(A.) and YM1+ area (B.) per field in liver tissues of HCC-bearing mice treated with 

Rapa, Fra-2 ASO, combination therapy and untreated (Ctrl). Data are presented as mean ± SD 

(*p < 0.05, **p < 0.01, n = 4/group). 

CD68+ cell quantification showed a significant reduction in the positive area in all treatment 

groups compared to the untreated control. The combination therapy demonstrated the 

strongest impact, followed by Fra-2 ASO and rapamycin monotherapies, all significantly lower 

than the untreated control (approx. 3.5%). There were no statistically significant differences 

among the treatment groups (below 1.5%). Interestingly, the rapamycin-treated group showed 

an unexpected increase in YM1 levels (considered a marker M2-type macrophages) relative 

to the untreated control, contrary to the initial hypothesis. Conversely, both the Fra-2 ASO 

monotherapy and the combination treatment resulted in a reduction of YM1 expression, 

although these decreases did not reach statistical significance. These results suggest that 

while the treatments, particularly the combination therapy, effectively reduced the presence of 

CD68+ macrophages in the TME, they did not significantly alter the population of YM1+ cells, 

which are typically associated with an M2-like phenotype. 

 

Having examined the effects of treatments on macrophage populations, the impact on adaptive 

immune responses was subsequently investigated by analyzing various T cell subsets and 

cytotoxic activity markers. Specifically, CD4+ helper T cells, FoxP3+ regulatory cells, CD8+ 

cytotoxic T cells, and Granzyme B-expressing (mainly CD8+) cells were assessed, with the 
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latter serving as a key indicator of cytolytic potential in both innate and adaptive immune cells 

(Fig. 31). 

First, CD4+ T cell infiltration showed a trend toward reduction across all treatment groups 

relative to the untreated controls. Notably, the rapamycin and Fra-2 ASO groups exhibited the 

lowest CD4+ T cell counts, while the combination therapy group demonstrated an intermediate 

effect. However, it is important to note that these differences were not statistically significant. 

Next, FoxP3+ regulatory cells (mainly Tregs, but likely also suppressive DCs) were markedly 

reduced in all treatment groups compared to the untreated controls. Interestingly, FoxP3+ cells 

were almost absent in the rapamycin, Fra-2 ASO, and combination therapy groups. 

Nevertheless, the lack of statistical significance was attributed to high variability in the control 

group. Furthermore, the histological analysis of CD8+ cells (cytotoxic T lymphocytes) showed 

significant differences across treatments. The Ctrl group had the highest percentage of CD8 

positive cells, significantly exceeding both Rapa and combination treatments. Additionally, 

Fra- 2 ASO treatment showed intermediate levels, higher than Rapa and the combination, but 

lower numbers than the untreated control, without reaching statistical significance. Lastly, 

Granzyme B+ cell counts, which indicate cytotoxic activity, tended to decrease in the 

combination therapy group compared to the untreated controls. Moreover, the rapamycin and 

Fra-2 ASO groups displayed levels similar to those of the control group, without reaching 

statistical significance. Taken together, these findings suggest a complex immunomodulatory 

effect of the treatments on various T cell populations. The observed trends in CD4+ T cells, 

Tregs, CD8+ T cells, and Granzyme B+ cells indicate potential shifts in the immune 

environment, with each treatment showing distinct patterns of influence. 

 

 

 



Results 

72 

 

 

Figure 31: Quantitative analysis of T cell subsets and cytotoxic markers. Expression of CD4+(A.), 

FoxP3+ (B.), CD8+ (C.) and Granzyme B+ cells (D.) per field in liver tissues of HCC-bearing mice treated 

with Rapa, Fra-2 ASO, combination therapy and untreated (Ctrl). Data are presented as mean ± SD  

(*p < 0.05, n = 4/group). 

The qPCR analysis revealed a complex modulation of macrophage phenotypes in the TME of 

HCC-bearing mice treated with rapamycin, Fra-2 ASO and their combination (Fig. 32). 

Contrary to expectations of a shift towards an anti-tumoral M1-like phenotype, a mixed 

response across various macrophage markers was observed, suggesting a more multifaceted 

impact of these treatments on the immune landscape within the tumor. 

Analysis of iNOS expression, typically associated with classically activated (M1) macrophages 

and pro-inflammatory responses, revealed an unexpected pattern. The untreated control group 

exhibited the highest iNOS mRNA levels, while the combination therapy group displayed a 

significant reduction compared to the Ctrl. The Rapa and combination treatment groups 

showed intermediate levels of iNOS expression, not significantly different compared to 
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untreated group. CD38 is a prominent marker of plasma cells, but also a marker for classically 

activated M1 macrophages. Its expression followed a different pattern than previously 

observed for iNOS. While a shift towards the M1 phenotype was evident in the treated 

groups—reaching statistical significance in the rapamycin-treated group compared to the 

untreated animals—no synergistic effect was observed in the combination therapy (Fig. 32A). 

Analysis of Fra-2 expression revealed an unexpected outcome across treatment groups 

(Fig. 32B). Rapamycin monotherapy led to a significant increase in Fra-2 levels compared to 

the untreated control. Surprisingly, the Fra-2 ASO treatment did not yield the anticipated 

downregulation, showing Fra-2 expression levels between those of the rapamycin and the 

control group. The combination therapy resulted in Fra-2 levels lower than with the Fra-2 ASO 

alone, but still higher than the untreated control. These results suggest a complex regulation 

of Fra- 2 expression, possibly different in the cancer cells from the cells of the TMA (which are 

prominently addressed by the ASO), in response to these treatments, with rapamycin 

unexpectedly upregulating Fra-2, while the targeted Fra-2 ASO did not lead to the most 

substantial reduction in Fra-2 levels as initially hypothesized. 

As previously observed in the IHC staining, YM1 showed a similar pattern at the mRNA level. 

In Fig. 32C elevated YM1 expression in the Rapa group compared to the untreated control is 

shown, while the Fra-2 ASO and the combination group show lower expression levels, 

although these differences did not reach statistical significance. Besides, CD206, which is also 

an M2 macrophage marker, showed varying expression levels across treatments. While the 

treated groups showed expression patterns similar to YM1, an unexpected statistically 

significant downregulation was observed in the untreated Ctrl compared to the rapamycin-

treated mice. Lastly, IL-10, an anti-inflammatory cytokine that primarily polarizes macrophages 

towards an M2 phenotype was analyzed via qPCR (Fig. 32C). The results were consistent with 

those of CD206, with significantly higher expression of IL-10 in the Rapa group, as well as in 

the Fra-2 ASO group. These findings reinforce the importance of considering multiple markers 

when assessing macrophage polarization in vivo, as the treatments appear to induce a mixed 

phenotype rather than a clear shift towards either M1 or M2 states. This mixed responses in 

view of high anti-tumor efficacy have implications for the overall anti-tumor efficacy of these 

and other tumor as well as TME-targeted treatments. 
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Figure 32: Relative mRNA expression in liver tissues of HCC-bearing mice.  Quantitative analysis 

of M1-associated macrophage markers iNOS and CD38(A.), transcription factor Fra-2 (B.) and M2-

associated macrophage markers YM1, CD206, and IL-10 (C.) of mice treated with Rapa, Fra-2, 

combination therapy and untreated (Ctrl). Data are presented as mean ± SD (*p < 0.05, **p < 0.01,  

***p < 0.001, n = 4/group) 

After Sirius Red staining had already shown a significant anti-fibrotic effect of the therapies, 

mRNA expression levels of the major interstitial col1a1 and col3a1 were additionally 

determined by qPCR (Fig. 33A/B). For col1a1, a significant difference was observed between 

the untreated control group vs the treated groups. The untreated control exhibited highly 

significantly higher transcript levels, approximately nine-fold greater than the other groups. 

Regarding col3a1, a comparable pattern emerged, though less pronounced. The untreated 

control group again displayed the highest expression, although not yet statistically significant. 

The treatment groups all showed reduced expression compared to the controls, with Fra-2 

ASO and the combination treatment resulting in particularly low levels, providing further 

support for the anti-fibrotic effects. 
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Figure 33: Relative mRNA expression of Col1a1 and Col3a1. Quantitative analysis of Col1a1 (A.) 

and Col3a1 (B.) mRNA levels of livers from HCC-bearing mice treated with Rapa, Fra-2 ASO, 

combination therapy and untreated (Ctrl). Results are expressed as mean values ± SD. (***p < 0.001, 

n = 4/group)  

 

3.2.2 Establishing an additional subcutaneous and orthotopic HCC model 

Establishing reliable cancer models is crucial for preclinical research focused on evaluating 

potential therapeutic interventions. In addition to the orthotopic HCC model described before, 

the RIL-175 cell line was used to establish both s.c. and orthotopic model, highlighting the 

significance of testing therapies across diverse model systems. 

Due to the inability of Dt81Hepa1-6/βgeo cells to grow subcutaneously (data not shown), an 

alternative model for rapid therapy screening was required. Experiments with the RIL-175 cell 

line were carried out at four different concentrations: 0.25x106, 0.5x106, 0.75x106 and 1x106 

cells, with 5 mice per group (Fig. 34A). Tumor progression was assessed following s.c. 

injection of these cells into the right flank of female C57BL/6 mice, revealing concentration-

dependent growth characteristics.  

To investigate tumorigenesis in an orthotopic model, 0.5x106 RIL-175 cells were injected 

intrasplenically injected into male C57BL/6 mice (Fig. 34B). According to the original 

experimental design, sequential euthanasia of cohorts (n = 5 per timepoint) was planned at 2-

, 3-, and 4-weeks post-injection to evaluate tumor progression over time. However, as a result 

of the rapid tumor growth and the consequential adverse health effects observed in the mice 

within two weeks post-injection, all animals had to be euthanized.  
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Liver weight and liver to body weight ratio were significantly higher in HCC-bearing mice 

compared to wild type mice, demonstrating the suitability of the RIL-175 cell line as an 

orthotopic HCC model. However, to optimize experimental conditions, a lower cell count should 

be considered. 

 

Figure 34: Tumor progression dynamics of the RIL-175 cell line. A. Tumor growth kinetics following 

implantation of varying cell numbers of RIL-175 cell line. Growth curves show mean tumor volume ± 

SEM for 0.25×10⁶ (black), 0.5×10⁶ (yellow), 0.75×10⁶ (green) and 1×10⁶ (blue) cells over 15 days post-

implantation. B. Liver weights and liver to body weight ratios of RIL-175 group compared to wild type 

livers at two weeks post-injection. Individual data points shown with mean ± SD. (*p < 0.05, n = 5-11) 

 

3.3 Pancreatic cancer  

3.3.1 Establishing subcutaneous PDAC injection models 

In the introductory section of this thesis the challenges posed by PDAC and the need for a 

comprehensive investigation of its complex biological processes to develop more effective 

therapies were highlighted. The desmoplastic stromal reaction presents a significant hurdle for 

treatment as it facilitates tumor progression, invasion and also metastasis. The development 
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of subcutaneous injection models offers a valuable opportunity to investigate the desmoplastic 

stromal response in PDAC. Therefore, four different cell lines (FC1242, FC1245, FC1199, and 

Hy15549) were introduced into the right flank of female C57BL/6 mice at two different 

concentrations, either 1x105 or 1x106 cells. Tumor progression was analyzed throughout the 

experiment and is shown in Fig. 35A&B.  

In addition to the growth of the tumors, the external examination of the tumors revealed cases 

of ulceration with visible ulcers or crater-like depressions on the surface of the tumor mass in 

approx. 60% of mice in the FC1245 and FC1199 groups, with no apparent dose-dependency 

between the 1x105 and 1x106 cell concentrations. Considering the desired experiment duration 

of approx. 3-4 weeks, the FC1245 cell line was considered unsuitable for further investigation. 

Even with the lower cell concentration of 1x105, mice injected with this cell line were sacrificed 

by day 18 due to ulceration. Similarly, the FC1199 cell line was excluded from subsequent 

experiments due to a significant number of ulcerated tumors. In contrast, the two candidate 

cell lines, Hy15549 and FC1242, showed homogeneous growth, although experiments with 

Hy15549 at the higher 1x106 concentration had to be terminated at day 23 when tumors 

reached the ethical endpoint size of 1.5 cm in diameter. Based on these observations, FC1242 

at both concentrations and Hy15549 emerged as viable models for extended PDAC studies, 

with Hy15549 demonstrating optimal growth kinetics and experimental utility when implanted 

at the lower concentration of 1x105 cells, allowing for the full duration of the intended 

experimental timeline. 
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Figure 35: Tumor growth kinetics of different PDAC cell lines. A. Growth curves of s.c. tumors 

derived from FC1242, FC1245, FC1199 and Hy15549 cell lines implanted at 1x105 cells. Tumor volume 

was measured up to 42 days post-implantation. B. Growth curves of tumors derived from the same cell 

lines implanted at 1x106 cells. Tumor volume was measured over 27 days post-implantation. Data points 

represent mean tumor volume ± SD with n = 5/group.  

 

3.4 Establishment of the Col3a1-CreERT2/iDTR mouse strain 

A profound understanding of the interactions between CAFs within the TME is crucial to fully 

comprehend the immunosuppressive mechanisms induced by CAFs. The establishment of a 

novel mouse model is anticipated to provide deeper insights into these interactions and to 

unveil novel molecular targets for therapies targeting cancer-associated fibroblasts (CAFs). To 

establish a novel mouse strain, the Col3a1-CreERT2 strain was crossbred with the iDTR 

(inducible diphtheria toxin) mouse strain. The breeding strategy is demonstrated in Fig. 36A. 

Crossing of the iDTR strain to the Col3a1Cre strain renders CAFs sensitive to DT. The loxP-

flanked STOP cassette, which inhibits DTR expression, is removed upon crossing with the 

tissue-specific Cre-expressing mouse strain, in this particular case, the Col3a1-CreERT2 mice. 

This process facilitates the expression of DTR in the targeted cell types, rendering them 

vulnerable to cell death upon diphtheria toxin (DT) injection. Before administering DT, 

activation of Cre recombinase should occur through Tam injections.  
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Following the breeding strategy, breeding pairs were arranged and the offspring analyzed 

using PCR to validate the genotype. In Fig. 36B, a representative agarose gel of the offspring 

mice is presented, featuring the marker, a positive control, and H2O as a negative control 

(without DNA), along with three distinct offspring DNA samples: U846, U847 and U848. The 

H2O Ctrl displayed a complete absence of bands. The results obtained reveal that all mice 

harbor the Cre gene (430 bp), while only mouse U847 a homozygous mutant iDTR allele 

indicated by a band approx. 300 bp in size. Mice U846 and U848 display heterozygosity for 

iDTR mutation, as evidenced by distinct bands at approx. 300 bp and 603 bp. Both 

homozygous and heterozygous mice are suitable candidates for further breeding to expand 

the cohorts, enabling future experiments. 
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Figure 36: Generation and validation of a novel mouse model for targeted CAF depletion.  

A. Breeding strategy to create CAF-specific, diphtheria toxin (DT)-sensitive mice. Col3a1-CreERT2 

mice, expressing tamoxifen-inducible Cre recombinase in CAFs, were crossed with iDTR mice carrying 

a loxP-flanked STOP cassette upstream of the diphtheria toxin receptor (DTR) gene. In offspring 

carrying both constructs, tamoxifen administration activates Cre, excising the STOP cassette and 

enabling DTR expression specifically in CAFs. Subsequent DT injection selectively depletes DTR-

expressing CAFs. B. PCR genotyping results of offspring from the Col3a1-CreERT2 x iDTR cross. The 

gel shows DNA ladders (M), positive and negative (H2O) controls, and three offspring samples (U846, 

U847, U848). All mice carry the Cre gene (430 bp band). U846 and U848 are heterozygous for the iDTR 

allele (bands at ~300 bp and 603 bp), while U847 shows homozygosity.   
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4 Discussion 

In the ongoing battle against human disease, cancer is one of our most formidable adversaries. 

According to the WHO's 2022 data, a sobering picture emerges: cancer resulted in the 

premature loss of about 10 million lives globally, affirming its place as the second leading cause 

of death. This mortality burden is surpassed only by cardiovascular diseases, while infectious 

diseases remain a significant global health challenge as well. Beyond the devastating impact 

on human lives, cancer also imposes a tremendous economic burden on healthcare systems 

worldwide, as treatment costs continue to rise dramatically with the emergence of new 

therapies, placing significant financial strain on patients, families, and healthcare infrastructure. 

At the heart of cancer's complexity is the TME, a dynamic cellular system that plays a critical 

role in cancer development, progression, and resistance to treatment. The present study 

centers on exploring the complex dynamics of the TME in desmoplastic cancers, with a specific 

focus on lung cancer, HCC and PDAC. These aggressive cancer types are known for their 

dense stromal reaction, which creates significant barriers to both scientific understanding and 

effective treatment. My study aimed to further uncover especially the roles of CAFs and TAMs 

and defined novel pharmacological/immunological interventions in cancer progression. 

Therefore, various injection models to investigate tumor-stroma dynamics in vivo were 

established and used. A key aspect of this thesis involved our unique bi-transgenic mouse 

model for selective inactivation of TGF-β signaling in CAFs. 

Other strategies encompassed the use of a Fra-2 ASO, which affects multiple processes, 

namely proliferation, ECM deposition and inflammation. Additionally, rapamycin, an mTOR 

inhibitor that interacts with several cellular pathways, was applied to treat HCC in an orthotopic 

mouse model. Both therapies were investigated for their potential to induce a phenotypic 

switch of TAMs towards the M1 phenotype. Moreover, the goal was to establish a novel 

Col3a1-CreERT2/iDTR mouse model for complete CAF depletion and laying the groundwork 

for future research in this field. In the following sections, the results of this thesis and the 

potential consequences for therapeutic concepts will be discussed. 

 

4.1 Temporal dynamics of TGFβRII K.O. in CAFs: Impact on tumor 

growth and environment in a murine subcutaneous lung cancer 

model 

In the initial in vivo experiment, the effect of TGFβRII K.O. uniquely in CAFs on tumor growth 

and ECM composition was investigated using our Col3a1-CreERT2/TGFβRII fl/fl mouse model 
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in the context of s.c. lung cancer. To elucidate temporal dynamics of TGF-β signaling disruption 

in CAFs, early and late tamoxifen administrations were performed. 

One of the most striking findings was the differential impact of early vs late TGFβRII K.O. on 

tumor growth (Fig. 14). In the early tamoxifen group, we observed a significant reduction in 

tumor volume in the floxed mice compared to the control group. This effect was particularly 

strong in tumors derived from higher cell numbers (7x105 cells). This observation suggests that 

early disruption of TGF-β signaling in CAFs may interfere with critical processes in the initial 

stages of tumor establishment and growth. 

Interestingly, the late tamoxifen group was less affected of TGFβRII K.O., where differences 

in tumor volumes between floxed and control mice were not statistically significant. It is 

possible that the early stages of tumor development are more dependent on TGF-β-mediated 

interactions between CAFs and tumor cells, while later stages may involve alternative signaling 

pathways or compensatory mechanisms that can partially overcome the loss of TGF-β 

signaling in CAFs.  

 

The observed reduction in tumor growth following early TGFβRII knockout aligns with certain 

studies. For instance, the findings from Buenrostro et al. (2018) provide supporting evidence 

for the theory that TGF-β signaling may be more critical in the early stages of tumor 

development than later stages [161]. In their study examining TGF-β inhibition in breast cancer 

bone metastasis models, they observed that early TGF-β inhibition had more pronounced 

effects on myeloid cell populations and tumor burden compared to inhibition at later disease 

stages. 

Specifically, the authors found that systemic TGF-β inhibition altered the expansion of 

immature and mature myeloid cell populations primarily in the early and middle stages of 

tumor-induced bone disease. However, these effects were not as evident in the late disease 

stage when extensive bone loss and tumor burden were already present. Furthermore, the 

study demonstrated that genetic deletion of TGF-β receptor II in myeloid cells (TGFβRIIMyeKO) 

resulted in significant reductions in tumor burden (and osteolytic lesions as well) compared to 

wild type controls. Importantly, these differences were prominent in earlier disease stages, 

while the effects became less significant as the disease progressed to later stages. These 

observations align with the hypothesis that early stages of tumor development may be more 

dependent on TGF-β-mediated interactions between stromal cells (in this case, myeloid cells) 

and tumor cells. As tumors progress to more advanced stages, they may develop alternative 

signaling pathways or compensatory mechanisms that can partially overcome the loss of  
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TGF-β signaling, explaining the diminished effects of TGF-β inhibition in later disease stages 

[161]. 

The temporal aspect of our findings adds an important layer of complexity to our understanding 

of TGF-β's role in the TME and suggests that the timing of therapeutic interventions targeting 

this pathway may be critical for achieving optimal anti-tumor effects. 

 

The analysis of collagen deposition using Sirius Red staining revealed intriguing patterns 

(Fig. 15 and Fig.16). In both early and late tamoxifen groups, a higher collagen deposition was 

observed in tumor margins compared to tumor cores, regardless of TGFβRII status.  

The impact of TGFβRII knockout on collagen deposition differed between the early and late 

tamoxifen groups. In the early TGFβRII deletion group, collagen levels were comparable 

between knockout and control tumors, with the knockout group showing slightly higher (though 

not statistically significant) collagen deposition in the tumor margin. Conversely, in the late 

tamoxifen group, a trend towards lower collagen deposition was found in the knockout tumors, 

particularly in the tumor core. These findings suggest that the relationship between TGF-β 

signaling in CAFs and collagen production is not straightforward and may be influenced by the 

stage of tumor progression.  

TGF-β plays a multifaceted role in CAFs, simultaneously guiding collagen production and 

modulating fibroblast behavior. The observed differences between early and late intervention 

groups could be explained by a temporal shift in the predominant TGF-β responses: early 

deletion may primarily affect CAF activation and proliferation dynamics, while in later stages, 

its impact on matrix production and collagen deposition may become more prominent. This 

stage-dependent duality could contribute to the apparently contradictory effects observed in 

our model. 

The maintenance or even slight increase in collagen levels in the early knockout group, despite 

reduced tumor growth, indicates that collagen production can be decoupled from tumor 

progression under certain conditions. This observation challenges the simplistic view of 

collagen/excess EMC as a universally pro-tumorigenic factor. 

The trend towards reduced collagen deposition in the late tamoxifen group aligns more closely 

with the traditional view of TGF-β as a promoter of fibrosis and ECM production, usually in 

non-dividing (myo-)fibroblasts. However, the lack of statistical significance in this difference 

suggests the involvement of compensatory mechanisms or alternative pathways that can 

partially maintain collagen production in the absence of TGF-β signaling via TGFβRII in CAFs.  

Evidence from multiple sources implies that TGFβRI and non-canonical pathways can 

compensate for the loss of TGFβRII in our model, allowing partial TGF-β signaling to persist 
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despite the deletion of receptor II. This hypothesis is further supported by findings from Khalil 

and colleagues who demonstrated that the combined deletion of Tgfbr1/2 and Smad3 was 

necessary to significantly reduce cardiac fibrosis, whereas Smad2 deletion alone had minimal 

impact. Their study highlighted the dominance of Smad3 in mediating fibrotic responses and 

provided evidence that non-canonical pathways, such as MAPK signaling, contribute to TGF-

β-driven fibroblast activity. Notably, transcriptomic analyses revealed that Tgfbr1/2 deletion 

altered gene expression profiles distinct from those affected by Smad2/3 deletion, indicating 

broader regulatory functions [162]. 

Mu et al. (2016) further support the concept of compensatory signaling in their analysis of 

epithelial TGF-β signaling in liver fibrosis. The study showed that the deletion of TGFβRII in 

liver epithelial cells surprisingly had no effect on the development of liver fibrosis across various 

mouse models. These findings suggest that alternative signaling pathways can be activated to 

maintain TGF-β-mediated fibrogenesis even when a central receptor of the canonical pathway 

is absent [163].  

The Wnt/β-catenin signaling pathway emerges as a relevant mechanism that may contribute 

to collagen production in our TGFβRII knockout model. As reviewed by Somanader et al. 

(2024), TGF-β1 can influence the Wnt/β-catenin cascade through its non-canonical p38 MAPK 

pathway by antagonizing DKK-1 (a Wnt inhibitor) and inactivating GSK-3β. Conversely, the 

Wnt/β-catenin pathway can enhance TGF-β signaling, creating a positive feedback loop. This 

cross-talk between pathways could maintain pro-fibrotic signaling even when canonical TGF- β 

signaling is impaired due to TGFβRII deletion, potentially explaining our observations of 

continued collagen deposition [164]. 

Furthermore, the persistence of collagen type I expression despite TGFβRII knockout in CAFs 

might be partially explained by the contribution of cancer cell-derived collagen, as may occur 

in epithelial-mesenchymal transition (EMT), as also shown for HCC by our group [165]. 

Similarly, Chen et al. (2022) have shown that pancreatic cancer cells can produce collagen, 

even though with a distinct composition compared to fibroblast-derived collagen. As 

highlighted in this study, pancreatic cancer cells predominantly express the collagen α1(I) 

chain, forming homotrimeric collagen structures (α1(I)3)), in contrast to the heterotrimeric 

collagen (α1(I)2α2(I)) produced by normal fibroblasts. This cancer cell-derived α1(I) trimer 

collagen may play a role in this mechanism, though it is likely to have only a moderate impact 

[166]. While our study primarily focuses on CAF-mediated effects, we acknowledge that our 

experimental design cannot completely rule out collagen contributions from other cell types.  

Nevertheless, our approach employs a highly specific Cre mouse model targeting active 

myofibroblasts, which is based on the biological principle that in soft tissue, procollagen I 
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expression is consistently accompanied by procollagen III expression. Osteoclasts represent 

the only exception to this principle, which is why they were intentionally excluded from our 

targeting approach. 

 

To further validate our hypotheses regarding the temporal effects of TGF-β on CAF behavior, 

subsequent studies could employ double labeling of vimentin-positive fibroblasts with Ki67 to 

assess proliferation rates across different experimental conditions and timepoints, potentially 

revealing how TGF-β's effects on CAF proliferation vary throughout tumor progression. 

Future studies investigating the expression of other growth factors and cytokines that drive 

proliferation—particularly PDGF-B, which has a stronger effect than PDGF-A—as well as 

CTGF, could offer valuable insights into potential compensatory mechanisms. 

 

The expression of α-SMA, which indicates activated myofibroblasts, yielded also unexpected 

results (Fig. 17 and Fig. 18). In the early tamoxifen group, TGFβRII knockout mice 

demonstrated increased α-SMA expression both at the tumor margin and within the tumor 

core, challenging the traditional view of TGF-β as the primary driver of myofibroblast activation. 

Several hypotheses could explain this paradoxical increase in α-SMA expression.  

As mentioned earlier regarding collagen production, TGF-β exhibits dichotomous effects on 

CAFs. This paradoxical increase in α-SMA expression can be explained by the opposing 

regulation of proliferation vs matrix synthesis by TGF-β in fibroblasts. TGF-β typically inhibits 

proliferation while promoting matrix synthesis in fibroblasts. When TGF-β signaling is disrupted 

through TGFβRII K.O., this balance may shift, potentially favoring proliferation of specific 

fibroblast subpopulations. Notably, α-SMA is a marker of a subpopulation of proliferating 

myofibroblasts, while vimentin-positive cells (excluding endothelial cells) represent the total 

fibroblast population. This suggests that TGFβRII K.O. may increase the proportion of 

proliferating myofibroblasts within the total fibroblast population. 

 

Similar to observations regarding collagen deposition, the absence of classical TGF-β 

signaling could also lead to alternative fibrogenic signaling pathways. The Wnt pathway 

appears highly relevant, aligning with earlier discussions on its potential role in compensating 

for impaired TGF-β signaling. Future studies could test this hypothesis through PCR analysis 

examining the expression of LGR5/6 and Wnt1/Wnt3 as the primary mediators in this 

compensatory mechanism. 
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The absence of classical TGF-β signaling and the possible alternative fibrogenic signaling, 

e.g., via the Wnt pathway, in CAFs could also alter the overall composition of the stromal cell 

population, potentially favoring the expansion of a subset of fibroblasts that express high levels 

of α-SMA independently of TGF-β.  

In contrast, the late tamoxifen group showed an opposite trend, with higher α-SMA expression 

in the control group compared to the knockout tumors, suggesting that the role of TGF-β 

signaling in maintaining the activated state of CAFs may become more prominent in later 

stages of tumor development. 

While α-SMA expression is commonly used as a marker of CAF activation, it may not fully 

capture the diversity of these cells. Future research should incorporate additional markers such 

as FAP or PDGFR to gain a deeper understanding of how TGFβRII knockout impacts CAFs. 

Co-staining techniques could provide more detailed insights into the different CAF subtypes 

and their specific activities. 

These first findings highlight the need for careful consideration of the timing of interventions, 

targeting the TGF-β pathway, leading us to the next experiment, using a consistent cell count 

and delayed administration of tamoxifen.  

 

4.2 Effects of TGFβRII K.O in CAFs on tumor growth and immune 

infiltration in a murine subcutaneous lung cancer model 

In the previous analysis of the TME in s.c. LuCa6 tumors, initial findings highlighted key 

aspects such as collagen distribution and α-SMA expression, important indicators of tumor-

stroma interactions. Building on these results, the experiment was repeated with a more 

consistent design, using a uniform number of LuCa6 cells injected bilaterally into Col3a1-

CreERT2/TGFβRII fl/fl mice, with an adjusted treatment protocol. Col3a1-CreERT2 mice with 

intact TGFβRII served as Ctrl. 

Although minimal differences in tumor progression were noted initially (based on caliper 

measurements during the experiment), more distinct differences in tumor growth emerged by 

the end of the experiment. Interestingly, regardless of identical inoculation conditions, the 

tumors on each flank of individual mice displayed disparate growth patterns, resulting in 

asymmetrical sizes (Fig. 19). As a result, tumors were categorized as the lead tumor and its 

smaller contralateral tumor for further analysis, rather than distinguishing by the injection site. 

Multiple hypotheses will be proposed to explain the mechanisms behind the differing tumor 

growth patterns within a single host organism.  
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The difference in growth between lead and contralateral tumors may be attributed to local 

variations in the TME. Factors such as blood vessel density, ECM composition and stromal 

cell populations can vary even within the same animal, thus, influencing tumor growth [167]. 

Slight variations in the initial injection process, such as minor differences in the exact location 

or depth of injection, could impact the establishment of the tumor. Regions with better 

vascularization might support more rapid tumor growth, leading to the development of a lead 

tumor. 

Another important aspect is the clonal evolution: even when injecting the same cell line, genetic 

or epigenetic changes can occur. Shifts in the surrounding milieu can significantly alter how 

these genetic changes affect the overall fitness of cancer cells, resulting in the development 

of more aggressive clones in one tumor compared to another [168].  

Furthermore, the immune response to the tumors may differ. The lead tumor might have 

developed mechanisms to evade immune surveillance more effectively. Conversely, the 

immune response to the lead tumor might suppress the growth of the contralateral tumor 

through so-called concomitant immunity [169]. 

An additional concept, similar to Stephen Paget's "soil and seed" hypothesis in metastasis 

research, may also be relevant. The lead tumor may be more efficient at competing for 

nutrients and growth factors, potentially inhibiting the growth of the tumor on the opposite side 

[170]. "Seed" refers to the cancer cells themselves, which have varying metastatic potential. 

"Soil" represents the microenvironment of different organs or tissues, where not every tissue 

provides favorable conditions for metastasis growth. Although the hypothesis was originally 

developed for metastases, it can also be applied to the behavior of competing tumors in the 

same mouse. 

Another significant mechanism, initially discovered through Judah Folkman’s groundbreaking 

research on tumor angiogenesis, involves the systemic production of anti-angiogenic factors 

by the lead tumor. This concept suggests that the lead tumor secretes basement membrane 

collagen-derived anti-angiogenic peptides, such as endostatin and tumstatin (derived from 

collagen IV, XVIII, and XV, respectively). These peptides enter the circulation and specifically 

inhibit angiogenesis in the contralateral tumor, effectively restricting its growth [171]. This 

systemic inhibition of angiogenesis represents a plausible explanation for the observed 

asymmetry in bilateral tumor models. 

 

Lastly, mechanical stress also requires mention, as differences in local mechanical stresses 

between the two injection sites could also influence tumor growth [172]. 
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Since bilateral injections were also performed in the previous experiment, the findings must be 

viewed with caution. 

Nevertheless, taken all together, the inactivation of TGFβRII in CAFs resulted in a marked 

decrease (up to 50%) in tumor burden, with both volume and mass (Fig. 19C). 

 

Similar to the previous experiment, there was no significant difference between the two cohorts 

in terms of collagen distribution (Fig. 20). As the potential reasons have already been 

mentioned in the previous chapter, they will not be discussed again. Regarding IHC, α-SMA 

levels remained also consistent across all experimental groups, showing no discernible 

variations (Fig. 21). However, the qPCR analysis revealed a significant upregulation of α-SMA 

transcripts in the floxed mice (Fig. 23A). This discrepancy between protein and mRNA levels 

reveals again the dichotomous nature of TGF-β signaling, highlighting its contrasting effects 

on proliferation (α-SMA expression) and matrix synthesis, as observed in the variable collagen 

deposition patterns across different tumor stages. 

By using flow cytometry, immune cell infiltration and TME composition were further analyzed 

(Fig. 24). The analysis of immune cell populations within the tumors revealed a significant 

reduction in CD8+ T cells in the TGFβRII knockout group.  

While blocking TGF-β signaling can enhance anti-tumor immunity, often leading to increased 

T cell infiltration and activation, one has to keep in mind that the K.O. of TGFβRII occurred 

only in CAFs, and not in the entire mouse. This change might have caused unexpected shifts 

in the secretion profile of CAFs and their interactions with other cells. 

The study by Feig et al. on PDAC provides a compelling example of an alternative pathway. 

Their work demonstrated that CXCL12, produced by FAP+ CAFs, prevents T cell infiltration 

into tumor-affected areas. By inhibiting the CXCL12 receptor, they successfully redirected  

T cells towards cancer cells, enhancing the effectiveness of immunotherapies. 

Therefore, we can hypothesize that the K.O. in our model may have altered other signaling 

pathways within CAFs. This could have led to changes in the production of various factors, 

including chemokines like CXCL12, CTGF, WNT proteins or others, ultimately resulting in the 

observed reduction of CD8+ T cells [173]. 

As mentioned above, smaller tumors likely have different vascularization patterns or metabolic 

profiles that could influence T cell recruitment and survival. Additionally, the change in CAF 

phenotype could affect their antigen-presenting capabilities or their ability to provide co-

stimulatory signals to T cells [68]. 

The increased infiltration of CD4+ T cells in the TGFβRII knockout group further complicates 

the immune response in this mouse model. Similar findings were reported in other studies. 
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Özdemir et al. revealed that depleting CAFs in pancreatic cancer unexpectedly increased 

immunosuppression, evidenced by higher levels of immunosuppressive CD4+ FoxP3+ Tregs 

in mouse tumors [68]. Despite the significant differences observed in CD8+ and CD4+ T cell 

populations in the flow cytometric analysis between the groups, it's noteworthy that no 

significant difference was found in CD25 expression. This is particularly interesting given that 

CD25, the alpha chain of the IL-2 receptor, is often associated with T cell activation and is a 

characteristic marker of Tregs only when expressed at very high levels, while moderate CD25 

expression is found on various activated T cells. The lack of difference in CD25 levels suggests 

that while the overall T cell populations were affected, the activation state might have remained 

constant across the groups [174]. Additionally, FoxP3, although typically associated with 

Tregs, also marks suppressive myeloid cells, which may influence the immune landscape. 

The IHC results for CD4+ and FoxP3+ cells in both tumor margin and core regions showed 

only minimal differences between floxed and Ctrl group (Fig. 22B). Interestingly, the CD8+ IHC 

data partially aligns with the flow cytometry results, showing a trend towards increased CD8+ 

T cell infiltration in the floxed group, particularly in the tumor core where the difference was 

statistically significant (Fig. 22B and Fig. 24B). These differences highlight the importance of 

considering both overall immune cell numbers and their localization within the tumor. The 

enhanced CD8+ T cell presence in the tumor core of floxed mice, as revealed by IHC, suggests 

that while overall CD8+ numbers may be reduced (as per flow cytometry), their distribution 

within the tumor may be altered, potentially affecting their anti-tumor efficacy. 

 

The analysis of macrophage populations did not reveal significant differences between the 

TGFβRII K.O. and control groups (Fig. 22A and 24B). The lack of observable changes in 

macrophage numbers suggests that TGF-β signaling in CAFs may not be a critical determinant 

of macrophage recruitment or polarization in this model. However, it is important to note that 

macrophage function can be altered without changes in overall numbers or surface marker 

expression. Besides, the number of dendritic cells and neutrophil granulocytes remained 

unchanged in both experiment groups, with no significant differences observed. 

Although not significant, a slight shift towards a conventional M2-type macrophage 

polarization, particularly at the tumor margin, was observed in IHC analysis. As stated before, 

altered CAF signaling due to the TGFβRII K.O. could lead to changes in cytokine production, 

compensatory immunosuppressive mechanisms or shifts in the overall TME. But further 

investigations would be necessary. 

The significant increase in vimentin expression (IHC) observed in the tumor core of floxed mice 

was an unexpected finding, as vimentin upregulation is typically associated with increased 
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invasiveness and metastatic potential [175] (Fig. 22C). Possible explanations despite TGF-β 

loss in CAFs include other mesenchymal-promoting pathways, such as Wnt, Hedgehog, or 

Notch signaling. Additionally, changes in tumor cellular composition or a stress response 

resulting from hypoxia or nutrient deprivation due to reduced tumor growth could also 

contribute to this observation. 

 

The qPCR analysis revealed some notable findings. Increased transcripts of α-SMA and 

TGFβRII were observed in the knockout mice (Fig. 23A). Additionally, the maintenance or even 

increase in collagen transcript levels (col1a1 and col3a1) in these mice supports the idea of 

compensatory mechanisms once again (Fig. 23B). 

In conclusion, the present study demonstrates that the K.O. of TGFβRII in CAFs led to 

significant reduction in tumor growth in a s.c. murine lung carcinoma model. However, the 

underlying mechanisms appear to be more complicated, including unexpected changes in the 

composition of the ECM, activation of myofibroblasts and immune cell infiltration. While the 

results demonstrate the potential of such approaches to reduce tumor growth, they also 

highlight the need to carefully consider the far-reaching effects on the TME. The timing of 

TGF- β pathway disruption may be crucial for therapeutic outcomes, affecting clinical trial 

design and treatment protocols targeting this pathway. Moreover, advanced techniques like 

single-cell RNA sequencing, spatial transcriptomics, and multiplexed imaging could offer a 

more detailed view of the cellular and molecular changes resulting from TGFβRII K.O. in CAFs. 

Future studies could also focus on combination therapies, targeting both TGF-β signaling and 

other elements of the TME. For example, combining TGFβRII K.O. in CAFs with immune 

checkpoint inhibitors or therapies targeting other stromal components could potentially 

enhance anti-tumor effects via synergistic interactions. Additionally, therapies targeting other 

CAF-related signaling pathways, such as Wnt/β-catenin, Hedgehog, CTGF, and others, should 

be considered for their potential synergistic effects in modulating the TME and enhancing anti-

tumor responses. 

 

4.3 Synergistic effects of rapamycin and Fra-2 ASO combination 

therapy in orthotopic murine HCC 

The following chapter addresses the efficacy of rapamycin, an mTOR inhibitor, and Fra-2 ASO 

in treating HCC using an orthotopic mouse model. The combination of these agents represents 

a multifaceted approach to HCC treatment, targeting not only cancer cell proliferation but also 

the TME to achieve a synergistic anti-tumor effect. Rapamycin was anticipated to suppress 

cell proliferation and tumor growth by inhibiting mTORC1, a key cellular pathway often 
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dysregulated in HCC. This pathway stimulates cell proliferation primarily by sensing protein 

and amino acid availability, making mTORC1 a central target in fasting-mimicking dietary 

approaches to cancer treatment. This inhibition was expected to impact various downstream 

processes involved in cell growth, metabolism, and survival. Additionally, in previous studies 

rapamycin has also shown potential in reprogramming TAMs from a tumor-promoting M2 

phenotype to an anti-tumoral M1 phenotype, potentially enhancing its anti-cancer effects. 

Fra- 2 ASO, targeting a key member of the AP-1 transcription factor family, was hypothesized 

to modulate the TME by affecting both CAFs and TAMs. Fra-2 overexpression drives skin and 

lung fibrosis [176], [127]. Its inhibition was expected to have an anti-fibrotic effect, potentially 

reducing the desmoplastic reaction in HCC and improving drug delivery and efficacy and 

potentially also affect the TME in a beneficial way [177]. Thus, combination therapy was 

believed to offer a dual approach by directly inhibiting tumor cell proliferation while also 

modifying the TME, aiming to enhance overall therapeutic outcomes. 

 

All treatment approaches demonstrated remarkable efficacy in reducing tumor burden, as 

evidenced by decreased liver weights and liver to body weight ratios. The roughly 50% 

reduction in these parameters compared to the untreated group is outstanding, bringing the 

treated mice close to the levels observed in wild type mice (Fig. 25B). The findings of the MU-

Gal assay provided a further objective measurement of tumor burden, providing even more 

accurate intrahepatic insights and confirming previous findings (Fig. 26). A strong reduction in 

β-galactosidase activity in all treatment group was observed. The combination therapy might 

have changed the dynamics of the tumor response. Initially, the combined treatment may have 

a stronger anti-tumor effect, but an adaptation phase could follow, as suggested by the slight 

increase in β-galactosidase activity at measurement. Sharma et al. discovered a subpopulation 

of 'drug-tolerant' cancer cells with reduced drug sensitivity. This state is dynamically regulated 

within the cell population, representing a temporary survival strategy. These findings may 

explain the findings in the combination therapy group. The presence of such transiently drug-

tolerant cells could account for the slightly higher β-galactosidase activity which were shown, 

reflecting the tumor's adaptive response to treatment [178]. Additionally, counteracting effects 

may arise in the combination therapy due to the distinct cellular targets: Fra-2 inhibition 

primarily affects macrophages and fibroblasts, while rapamycin acts on both cancer cells and 

immune cells in the TME, potentially creating complex interactions that partially offset their 

individual benefits. 

The observed heterogeneity of HCC in the untreated Ctrl group, which is known from the 

literature, is also striking [179]. This heterogeneity highlights the importance of developing 
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targeted therapies that can address the diverse molecular landscapes of HCC tumors. 

However, the present model stands out with good homogeneity in comparison to other 

syngeneic and orthotopic HCC models, with the additional advantage of rapid development. 

 

The analysis of serum toxicity markers (creatinine, total bilirubin, ALAT, and ASAT) suggested 

a favorable safety profile for all treatment regimens (Fig. 27). The absence of significant 

elevations in these markers, particularly for renal and hepatic function indicators, is 

encouraging for the potential clinical translation of these therapies. 

However, the slightly elevated ALAT levels in the combination therapy group, while still within 

an acceptable range, warrant careful consideration. This elevation could indicate a mild 

hepatocellular stress response to the combined treatment. Previous studies, as a meta-

analysis of everolimus, have reported similar findings of mTOR inhibitors, suggesting a need 

for careful monitoring of liver function during treatment [180]. 

 

Sirius Red staining, a well-established method for visualizing and quantifying collagen 

deposition in tissue sections, revealed a statistically significant decrease in fibrotic areas in all 

treatment groups compared to the untreated control (Fig. 28). This observation suggests that 

Rapa, Fra-2 ASO, and their combination therapy effectively mitigate the excessive ECM 

accumulation characteristic of liver fibrosis as a major predisposition of HCC.  

 

To further elucidate the molecular mechanisms underlying these anti-fibrotic effects, the mRNA 

expression levels of two key collagens, col1a1 and col3a1, which are primary components of 

the fibrotic ECM were examined. The qPCR analysis of Col1a1 revealed a striking nine-fold 

reduction in expression across all treatment groups compared to the untreated control 

(Fig. 33A). This substantial decrease in col1a1 mRNA levels aligns with the histological 

findings and underscores the potent anti-fibrotic action of the investigated therapies at the 

transcriptional level. Similarly, the expression pattern of col3a1 mirrored that of col1a1, albeit 

with less pronounced differences (Fig. 33B). While the reduction in col3a1 mRNA levels did 

not reach statistical significance, the consistent trend of lower expression in all treatment 

groups, further supporting the anti-fibrotic effect of these treatments. 

The observed effects on collagen expression are particularly noteworthy given the central role 

these proteins play in the progression of liver fibrosis. Col1a1 and col3a1 are primarily if not 

exclusively produced by activated hepatic stellate cells and myofibroblasts in response to 

chronic liver injury, such as that seen in HCC. The significant downregulation of these 
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collagens following treatment clearly demonstrates the modulation of the activation or function 

of these fibrogenic cell populations. 

 

The immunological composition of the TME presents a more complex profile, particularly in 

relation to macrophage polarization and T cell populations. Contrary to the initial hypothesis of 

a shift towards an anti-tumoral M1 macrophage phenotype, both IHC and mRNA analyses 

demonstrated a heterogeneous expression pattern across various macrophage markers. 

The IHC analysis showed a significant reduction in CD68+ macrophages across all treatment 

groups (Fig.30A). CD68 is widely recognized as a pan-macrophage marker, and its decreased 

expression indicates a general loss of macrophages in the TME following treatment. The 

combination therapy demonstrated the most pronounced effect, followed closely by Fra-2 ASO 

and rapamycin monotherapies. Interestingly, the analysis of YM1 expression, as mentioned 

before, typically associated with M2-like macrophages, revealed unexpected results (Fig. 30B). 

Contrary to the initial hypothesis, rapamycin treatment led to an increase in YM1 levels 

compared to the untreated control. In contrast, both Fra-2 ASO monotherapy and the 

combination treatment resulted in slight, non-significant decreases. 

The qPCR analysis further complicated the picture of macrophage phenotypes in the TME. 

Rapamycin treatment led to elevated expression of M2-associated markers YM1, CD206 and 

IL-10 (Fig. 32C). It's influence on macrophage polarization seams more complex, potentially 

leading to mixed M1/M2 phenotypes rather than a clear shift. Worth noting, previous work from 

our group (Pickert G et al., manuscript submitted) has demonstrated that M2-type markers can 

be upregulated in early time inflammatory monocytes-macrophages.  

 

The mTOR pathway, comprising two distinct complexes (mTORC1 and mTORC2), plays a 

crucial role in macrophage polarization. While rapamycin primarily inhibits mTORC1, its impact 

on mTORC2 can vary depending on temporal and contextual factors. This differential effect on 

the two complexes may contribute to the observed heterogeneity in macrophage phenotypes. 

Macrophage populations are heterogeneous by nature, and their subsets have different 

sensitivities to rapamycin. This diversity might lead to different responses within the same 

tissue. In addition, rapamycin may affect pathways beyond mTOR signaling, thereby 

contributing to the process of polarization. 

The significantly enhanced expression of IL-10 in the treatment groups, particularly in the 

rapamycin therapy, suggests a potential immunomodulatory effect. However, it is essential to 

consider that other liver cell types may also secrete IL-10, making it difficult to definitively 

conclude that the elevated IL-10 levels are solely attributed to M2 macrophage polarization. 
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While IL-10 is often regarded as a marker for M2 polarization, particularly in cell culture 

systems, the in vivo situation in mice is considerably more complex. The liver is composed of 

a diverse array of cell types, including hepatocytes, regulatory T cells, dendritic cells, and B 

cells, all of which can contribute to the local cytokine milieu [181]. Thus, the observed increase 

in IL-10 in the treated group may reflect contributions from these various cellular sources rather 

than being exclusively indicative of M2 macrophage activity. Consequently, although qPCR 

offers valuable information regarding cytokine expression levels, it does not clearly specify the 

cellular sources of IL-10 within the liver microenvironment. 

 

Moreover, the mRNA analysis revealed an unexpected outcome regarding Fra-2 expression 

(Fig. 32B). Surprisingly, Fra-2 ASO treatment did not lead to a significant downregulation of 

Fra-2 mRNA levels as initially hypothesized. This result could be attributed to several factors. 

One possibility is the activation of compensatory mechanisms that maintain Fra-2 levels in 

response to the ASO treatment, a phenomenon observed in other gene knockdown studies 

[182]. Additionally, the timepoint of analysis might not have captured the full dynamics of Fra- 2 

modulation. The observation that rapamycin monotherapy led to increased Fra-2 levels while 

Fra-2 ASO did not achieve the anticipated downregulation may be explained by differential 

targeting of these treatments. Future investigations could explore the hypothesis that 

rapamycin predominantly affects cancer cells, while ASOs may be preferentially taken up by 

cells within the tumor microenvironment rather than by HCC cells themselves. This differential 

uptake pattern has been observed with other ASO therapeutics, where studies revealed 

preferential ASO accumulation in stromal and immune cells with limited uptake into tumor cells 

[183]. Testing this hypothesis would require studies using cell-specific markers and extended 

time-course analyses.  

 
 

The iNOS expression pattern, with higher levels in the untreated control group compared to 

treatment groups is intriguing (Fig. 32A). While iNOS is typically associated with M1 

macrophages and pro-inflammatory responses, its role in tumor biology is complex. Lechner 

et al. (2005) highlight that iNOS expression is observed in various human malignancies, often 

at higher levels compared to adjacent normal tissue. The effects of iNOS-derived NO on tumor 

development are multifaceted, capable of both promoting and inhibiting tumor growth 

depending on its concentration in the TME [184] . Regarding CD38 expression, a significant 

decrease in the untreated (Ctrl) group compared to the other groups was shown (Fig. 32A). 

However, CD38 also can be expressed on various immune cells, and its role in tumor immunity 

is multifaceted. The higher CD38 expression in the treatment groups, especially Rapa, 



Discussion 

95 

 

suggests these treatments may be modulating the immune cell composition or activation state 

in the TME, potentially towards a more anti-tumor phenotype. 

 

Furthermore, IHC analysis of CD4+ T cells, FoxP3+ regulatory T cells, and Granzyme B+ cells 

did not reveal any statistically significant differences across the treatment groups, contrary to 

expectations for effective anti-tumor therapy (Fig. 31). This suggests that these aspects of the 

adaptive immune response were not significantly altered by our treatments. 

The most notable finding was the significant difference in CD8+ cytotoxic T lymphocyte (CTL) 

populations (Fig. 31C). Surprisingly, the control group exhibited the highest percentage of 

CD8+ cells, significantly exceeding both the rapamycin and combination treatment groups. 

This counterintuitive result raises questions about the nature of the immune response in this 

HCC model. This unexpected pattern of CD8+ T cell infiltration could indicate that the 

treatments, especially rapamycin and the combination therapy, are altering the TME in ways 

that affect T cell recruitment or maintenance. Alternatively, these treatments might be inducing 

a more focused CTL response, with fewer but potentially more tumor-specific T cells present. 

It's important to note that the mere presence of CD8+ T cells does not necessarily indicate 

their functional state or tumor-specificity. The higher number of CD8+ cells in the control group 

might represent an ineffective accumulation of T cells, while lower numbers in treatment 

groups could potentially represent a more effective, targeted population of tumor-reactive 

CTLs. Further functional studies are needed to fully interpret these IHC findings and their 

implications for anti-tumor immunity in this HCC model. 

 

Despite the fact that the results are promising, several limitations should be acknowledged. 

The use of a single HCC cell line (Dt81Hepa1-6/βgeo) in the orthotopic model may not fully 

capture the heterogeneity of human HCC. Future studies should consider the use of different 

cell lines or even patient-derived xenografts to better represent the diversity of HCC. 

 

In conclusion, this experiment demonstrates the potential of combining rapamycin and Fra-2 

ASO as a novel therapeutic approach for HCC, especially in HCC of longer duration and with 

a more pronounced immune suppression by the TME. This is the rule for human HCC, where 

TAMs are major cell types infiltrating most TMEs, accounting for 20-40% of immune cells [185]. 

 

Still, the significant reduction in tumor burden, coupled with anti-fibrotic effects, provides strong 

evidence for further investigation. Overall, the model is suitable for a fast investigation of 

therapies that may gain interest in the future. 
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4.4 Establishing novel murine models for HCC and PDAC research 

As illustrated in the previous chapters, the development of effective therapies for HCC and 

PDAC remains an enormous challenge. To overcome this issue, researchers are working on 

preclinical models to mirror the diverse aspects of these tumor entities. This chapter details 

the efforts to establish novel mouse models, encompassing s.c. and orthotopic injection 

models, as well as a genetically engineered mouse model (GEMM) to study CAFs. 

Although the cell lines used in this thesis had been previously characterized in the literature, it 

remains essential to conduct preliminary studies to determine the ideal seeding density and 

growth conditions under the unique parameters of one's own research environment. This 

approach ensures the reproducibility of results and allows for the optimization of experimental 

protocols, as the cell numbers and growth kinetics reported in published studies may not 

always be transferable due to variations in factors, namely culture conditions, mouse strains 

and other microenvironmental influences. 

 

To develop further HCC models, the RIL-175 cell line was used. This approach became 

necessary due to the failure of Dt81Hepa1-6/βgeo cells to grow subcutaneously. 

For the s.c. model, several concentrations (0.25 – 1x106) of RIL-175 cells into the right flank of 

C57BL/6 mice were injected and tumor growth monitored over 15 days. The results showed a 

clear concentration-dependent growth pattern, with higher cell numbers leading to more rapid 

tumor development (Fig. 34A). This model provides a valuable tool for rapid therapy screening, 

offering a straightforward method for measuring tumor volume.  

 

To broaden the s.c. model, an orthotopic RIL-175 model was tested by injecting 0.5x106 cells 

intrasplenically into male C57BL/6 mice (Fig. 34B). However, this approach led to rapid tumor 

growth, requiring the euthanasia of all animals two weeks post-injection due to acute health 

complications. Despite this aggressive tumor growth, the model revealed significantly elevated 

liver weight and liver to body weight ratios in HCC-bearing mice compared to wild type controls. 

These findings confirm the suitability of the RIL-175 cell line for orthotopic HCC modeling. 

Nevertheless, further refinement with lower cell counts is needed to extend the experimental 

timeframe. 

Establishing both s.c. and orthotopic RIL-175 models provides supplementary approaches for 

HCC research. The s.c. model offers ease of measurement and rapid screening capabilities, 

while the orthotopic model more closely mimics the liver microenvironment, thus, enhancing 

translational relevance. This dual strategy allows to benefit from each model. 
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Focusing on PDAC revealed the urgent need to explore the desmoplastic stromal response 

characteristic of this aggressive cancer type. In pursuit of this goal, subcutaneous injection 

models were established using four different cell lines: FC1242, FC1245, FC1199, and 

Hy15549 (Fig. 35). 

 

The usage of cell lines derived from different GEMMs offers valuable insights into PDAC 

heterogeneity. The Hy15549 cell line, derived from Ptf1-Cre; LSL-KRAS-G12D; p53 Lox/+ 

mice, and the FC1242, FC1245, and FC1199 cell lines, isolated from K-rasLSL.G12D/+; 

Trp53R172H/+; Pdx-1-Cre mice, represent different genetic backgrounds. Notably, Ptf1-Cre 

predominantly targets exocrine and ductal cells, while Pdx1-Cre affects a broader pancreatic 

cell population, particularly endocrine cells including insulin-producing beta cells. This 

distinction allows for modeling PDAC arising from different cellular origins. Each cell line was 

injected into the right flank of C57BL/6 mice at concentrations of 1×105 and 1×106 cells. Tumor 

progression was assessed over time, revealing variations in growth patterns among the cell 

lines.  

The FC1245 cell line demonstrated rapid growth and developed tumor ulceration by day 18, 

even at the lower cell concentration. Under these conditions, it was deemed unsuitable for 

further investigation due to the short experimental window and the presence of ulceration. 

Similarly, the FC1199 cell line, while showing promising growth characteristics, was excluded 

from subsequent experiments due to a high incidence of tumor ulceration. In contrast, both the 

Hy15549 and FC1242 cell lines demonstrated homogeneous growth patterns without 

significant ulceration, making them excellent candidates for future experiments. With an 

optimal experimental duration of 3-4 weeks, these lines enable a comprehensive assessment 

of therapeutic interventions and stromal interactions. 

 

Finally, to further advance our understanding of the TME, particularly the role of CAFs, a novel 

mouse model was established (Fig. 36). This model allows the selective CAF depletion, 

enabling to study their functions and potential as therapeutic targets. This novel mouse strain 

was created by crossing the Col3a1-CreERT2 strain with the iDTR mouse strain. The resulting 

offspring carry a loxP-flanked STOP cassette upstream of the DTR gene. They also express a 

tamoxifen-inducible Cre recombinase specifically in CAFs. Upon Tam administration, the Cre 

recombinase is activated, excising the STOP cassette and enabling DTR expression in CAFs. 

Subsequent injection of DT selectively depletes these DTR-expressing CAFs. To confirm the 

successful establishment of the Col3a1-CreERT2/iDTR mouse strain, PCR genotyping was 

performed on the offspring. The analysis revealed that all mice carried the Cre gene. Both 
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homozygous and heterozygous mice for the iDTR mutation were identified and are suitable for 

further breeding to expand the cohorts. By enabling selective CAF depletion, this model allows 

precise investigation of their role in tumor progression, therapy resistance, and potential as 

targets for anti-tumor therapies. 

 

In conclusion, the establishment of these diverse murine models for HCC and PDAC research 

marks a significant advancement in the ability to study these challenging malignancies. The 

subcutaneous and orthotopic RIL-175 models for HCC provide complementary systems for 

investigating tumor growth and therapeutic responses. The PDAC models, particularly those 

utilizing the Hy15549 and FC1242 cell lines, offer valuable tools for studying the desmoplastic 

stromal response characteristic of pancreatic cancer. Additionally, the development of the 

Col3a1-CreERT2/iDTR mouse strain enhances the capacity to conduct detailed studies on the 

role of CAFs in the TME. 

 

Based on my work in this thesis, these models collectively strengthen our ability to conduct 

preclinical research on HCC and PDAC, potentially accelerating the development of more 

effective therapeutic strategies for these deadly cancers. By providing diverse platforms for 

studying tumor biology, drug efficacy, and stromal interactions, these models pave the way for 

more translational research and the identification of novel therapeutic targets. As we continue 

to refine and expand upon these models, we anticipate that they will play a crucial role in 

bridging the gap between basic cancer biology and clinical applications, ultimately leading to 

improved outcomes for patients suffering from HCC and PDAC. 
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4.5 Outlook  

Building on the insights gained from this thesis, future research in the field of desmoplastic 

cancers holds promising avenues for exploration. The complex interplay between cancer cells, 

CAFs, and TAMs revealed in our studies opens up new possibilities for targeted therapies.  

Future research should focus on: 

 

I. Further investigation into the temporal dynamics of TGF-β signaling and other in part 

compensatory signaling pathways in CAFs for more precise interventions. 

II. Optimization of the rapamycin and Fra-2 ASO combination therapy and exploration of 

its potential in other cancer types. 

III. Utilization of the novel murine models, especially the Col3a1-CreERT2/iDTR strain, for 

deeper studies of the TME. 

IV. Application of advanced techniques like single-cell RNA sequencing for detailed 

characterization of stromal populations. 

V. Development of innovative combination therapies targeting multiple components of the 

TME 

VI. Long-term studies to understand the evolution of the TME over time and in response 

to therapies. 

 

By continuing to uncover the complexities of desmoplastic cancers, we can move closer to 

developing personalized treatment approaches in order to improve outcomes for patients with 

these challenging malignancies. 
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