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1. Abstract 

Cancer is one of the leading causes of morbidity worldwide. Colorectal (CRC) and 

pancreatic (PDAC) cancer will account for almost 20% of all expected cancer deaths in 

2023. While cancer research mainly focused on the malignant tumor cells for many years, 

the critical impact of the tumor microenvironment (TME) on tumor progression has recently 

come into focus. In particular, tumor-associated macrophages (TAMs) in the TME play a 

dual role in influencing clinical outcome of cancer patients, depending on their polarization 

towards tumor suppressive or supportive subtypes. The transcription factor ZEB1 conveys 

plasticity to numerous cell types, for example the epithelial-to-mesenchymal transition in 

tumor cells, which fosters malignant progression. Interestingly, ZEB1 is also present in 

stromal cells of TME. In this study, we therefore sought to investigate how plasticity factor 

ZEB1 can alter TAM polarization and functions and thereby affect gastrointestinal tumor 

development and metastatic colonization. 

Based on clinical data, we demonstrate the expression of ZEB1 in TAMs in primary tumors 

and metastases. Employment of a mouse model with conditional homozygous knockout of 

myeloid Zeb1 (ZEB1LysMDel) revealed no evident impact of myeloid ZEB1 on organ 

development, tissue and immune homeostasis in mice. In contrast, myeloid ZEB1 depletion 

resulted in increased tumor growth and tumorgenicity of subcutaneous syngeneic allografts 

of CRC cell line CMT-93. These results were partially reproduced in CRC cell line MC-38 

and PDAC cell line KPCz661. Moreover, metastatic lung colonization of KPCz661 was also 

considerably enhanced in ZEB1LysMDel compared to control mice. Surprisingly, in vitro 

characterization of macrophages derived from ZEB1LysMDel mice did not reveal ZEB1 as a 

master regulator of macrophage polarization transcription, but rather as fine-tuner of 

specific macrophage effectors. Remarkably, we provide evidence that the secretion of 

cytokines CCL2 and CCL22 by ZEB1 proficient macrophages may be responsible for 

macrophage-mediated chemotaxis of cytotoxic T cells into the TME. ZEB1 deficient 

macrophages were incapable of recruiting sufficient cytotoxic T cells into the TME, resulting 

in diminished tumor cell apoptosis and subsequently increased tumor or metastatic colony 

burden. 

Collectively, our data provide evidence for a novel and unanticipated tumor suppressive 

function of ZEB1 in TAMs by chemokine-mediated cytotoxic T cell recruitment. This study 

reinforces the importance of the complex interactions in the TME and their influence on 

cancer biology.  
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2. Zusammenfassung 

Krebs ist eine der häufigsten Ursachen für Morbidität weltweit. Darmkrebs (CRC) und 

Bauchspeicheldrüsenkrebs (PDAC) werden im Jahr 2023 für fast 20 % aller erwarteten 

Krebstodesfälle verantwortlich sein. Während sich die Krebsforschung viele Jahre lang 

hauptsächlich auf die bösartigen Tumorzellen konzentrierte, ist in jüngster Zeit der kritische 

Einfluss der Tumormikroumgebung (TME) auf die Tumorprogression in den Mittelpunkt 

gerückt. Insbesondere die Tumor-assoziierten Makrophagen (TAMs) im TME spielen eine 

duale Rolle bei der Beeinflussung der klinischen Ergebnisses von Krebspatienten, je nach 

ihrer Polarisierung in Richtung Tumor suppressiver oder fördernder Subtypen. Der 

Transkriptionsfaktor ZEB1 verleiht zahlreichen Zelltypen Plastizität, zum Beispiel die 

epithelial-mesenchymale Transition in Tumorzellen, die das Fortschreiten des Tumors 

fördert. Interessanterweise ist ZEB1 auch in Stromazellen des TME vorhanden. In dieser 

Studie strebten wir daher danach zu untersuchen, wie der Plastizitätsfaktor ZEB1 die 

Polarisierung und die Funktionen von TAMs verändern und dadurch die Entwicklung von 

gastrointestinalen Tumoren und die metastatische Kolonisierung beeinflussen kann. 

Anhand klinischer Daten konnten wir die Expression von ZEB1 in TAMs in Primärtumoren 

und Metastasen nachweisen. Die Verwendung eines Mausmodells mit konditionalem 

homozygotem Knockout des myeloischen Zeb1 (ZEB1LysMDel) zeigte keine offensichtlichen 

Auswirkungen des myeloischen ZEB1 auf die Organentwicklung, die Gewebe- und die 

Immun-homöostase in Mäusen. Im Gegensatz dazu führte die Deletion von myeloischem 

ZEB1 zu erhöhtem Tumorwachstum und erhöhter Tumorgenität bei subkutanen syngenen 

Allotransplantaten der CRC Zelllinie CMT-93. Diese Ergebnisse konnten teilweise in der 

CRC Zelllinie MC-38 und der PDAC Zelllinie KPCz661 reproduziert werden. Darüber hinaus 

war die metastatische Kolonisierung der Lunge durch KPCz661 in ZEB1LysMDel-Mäusen im 

Vergleich zu Kontrollmäusen ebenfalls deutlich erhöht. Überraschenderweise hat die in vitro 

Charakterisierung von Makrophagen, die aus ZEB1LysMDel-Mäusen stammen, nicht gezeigt, 

dass ZEB1 als ein Hauptregulator der Makrophagen-Polarisierungstranskription fungiert, 

sondern eher als ein Feinjustierer spezifischer Makrophagen-Effektoren. 

Bemerkenswerterweise konnten wir nachweisen, dass die Sekretion der Zytokine CCL2 

und CCL22 durch ZEB1-fähige Makrophagen für die Makrophagen-vermittelte Chemotaxis 

von zytotoxischen T-Zellen in das TME verantwortlich sein könnte. ZEB1-defiziente 

Makrophagen waren nicht in der Lage, ausreichend zytotoxische T-Zellen in das TME zu 

rekrutieren, was zu einer verminderten Apoptose von Tumorzellen und in der Folge zu einer 

erhöhten Tumor- oder Metastasenkoloniebelastung führt. 

Insgesamt liefern unsere Daten Beweise für eine neuartige und unerwartete Tumor 

suppressive Funktion von ZEB1 in TAMs durch Chemokin-vermittelte Rekrutierung 
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zytotoxischer T-Zellen. Diese Studie unterstreicht die Bedeutung der komplexen 

Interaktionen im TME und deren Einfluss auf die Krebsbiologie. 
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3. Introduction 

3.1 (Gastrointestinal) cancer 

3.1.1 Development, progression and therapy of cancer 

Cancer defines a heterogeneous group of diseases characterized by uncontrolled division 

and spread of abnormal cells through the body. With 19.3 million newly diagnosed patients 

and almost 10.0 million cancer related deaths worldwide in 2020, cancer is one of the 

leading causes of morbidity and comprises a major and devastating health problem 

worldwide (WHO 2020, Ferlay et al. 2021, Siegel et al. 2022). 

Cancer can originate from almost any cell of the body. However, about 80% of cancers 

develop from epithelial cells, which are then termed carcinomas (Weinberg 2014). Cancer 

development is a gradual and multistep process with accumulation of genetic, epigenetic 

and phenotypical alterations that lead from benign precursor lesions to malignant tumors 

that eventually leave the primary side and migrate throughout the body to seed distant 

metastases. Frequent genetic alterations give rise to  activation of oncogenes, such as Ras 

and Myc, and loss of function of tumor suppressors like Tp53 and Apc (Weinberg 2014). 

Genetic predisposition and further risk factors such as obesity, smoking and exposure to 

radiation can accelerate tumor progression (Weeden et al. 2023). During cancer 

development, cancer cells acquire specific hallmarks that are shared across tumor entities: 

among other properties, cancer cells sustain proliferative signals while evading growth 

suppressors, deregulate cell metabolism and resist cell death. Recently, the specific tumor 

microenvironment, e.g. angiogenesis and tumor-promoting inflammation, has gained 

increasing attention as a common trait of cancers (Hanahan and Weinberg 2011, Hanahan 

2022). 

Malignant transformation allows tumor cells to disseminate from the primary tumor and 

establish metastatic lesions in distant organs. The metastatic cascade comprises invasion 

of tumor cells in adjacent tissue, intravasation into the blood or lymph system to spread 

through the body, extravasation at distant sites and eventually formation of colonies in these 

secondary organs (Valastyan and Weinberg 2011, Brabletz et al. 2021). The process of 

metastasis is a major health issue as the majority of cancer related deaths is caused by 

metastasis (Dillekas et al. 2019). 

Anti-cancer therapy options are diverse and tumor type and patient dependent. Classical 

approaches comprise surgical resection, radiation and chemotherapy (nowadays refined 

with antibody-drug conjugates for targeted drug delivery). Novel therapy strategies, such as 

immune checkpoint and CAR-T cell therapy, aim to boost the host immune system in 

rejecting the tumor. However, despite recent advances, many tumors remain resistant to 
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cancer therapy or acquire resistance in the course of anti-cancer treatment (Holohan et al. 

2013, Wang et al. 2021a, Halbrook et al. 2023). Thus, there is an urgent need to improve 

treatment of patients with this devastating disease. 

 

3.1.2 Pancreatic ductal adenocarcinoma (PDAC) 

Pancreatic cancer is a tumor entity with a specifically high mortality rate, represented by a 

relative 5 year survival rate of only 10%. The cause for the high mortality lies in the late 

detection of pancreatic cancer at unresectable, metastatic stages (WHO 2020, Ferlay et al. 

2021, Hu et al. 2021, Siegel et al. 2022). Main sites of metastasis of pancreatic cancer 

include the peritoneum, lung and liver (Yachida and Iacobuzio-Donahue 2009, Peixoto et 

al. 2015). Pancreatic ductal adenocarcinoma (PDAC) originates from transformed 

pancreatic ductal epithelial cells and represents approximately 85% of cases (Luo 2021). 

The transforming epithelial cells undergo a series of intraepithelial neoplasia stages until 

they develop into full-blown carcinomas. A highly frequent early event is mutation of Kras 

(85% of cases), followed by Tp53 (60ï70%), Cdkn2a (>50%), and Smad4 (~50%) mutations 

during neoplastic progression (Ryan et al. 2014, Collisson et al. 2019). Dysregulated 

epigenetic and transcriptional networks additionally exacerbate an aggressive phenotype 

(van Roey et al. 2021). Transcriptional molecular PDAC subtypes include classical/ 

pancreatic progenitor and basal-like/ squamous/ quasi-mesenchymal subtypes (Collisson 

et al. 2011, Moffitt et al. 2015, Bailey et al. 2016, Puleo et al. 2018). The tumor cells are 

embedded in an extraordinary dense desmoplastic stroma that can comprise more than 

80% of the total tumor (Neesse et al. 2015, Masugi 2022). The tumor microenvironment of 

PDAC is marked by a hypovascular and immunosuppressive phenotype, often deprived of 

cytotoxic T cells (Neesse et al. 2015, Falcomata et al. 2023). These two aspects impede 

therapy of PDAC as drug delivery and efficiency of immune system boosting therapies are 

impaired: classical chemotherapy such as monotherapy with gemcitabine or combinational 

treatment with FOLFIRINOX (fluorouracil, irinotecan, leucovorin and oxaliplatin) often fail 

after a few months. Additionally, immune checkpoint therapy that aims to enhance 

anti-tumor immunity of the patient intrinsic immune system was only successful in a minor 

fraction of PDAC patients (Park et al. 2021, Hsu et al. 2022). Moreover, surgical resection 

of PDAC poses a challenge as patients often present at advanced stages with local invasion 

or metastasis (Park et al. 2021). Consequently, improving therapy options against this fatal 

disease is of high urgency for many patients suffering from this fatal disease. 
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3.1.3 Colorectal cancer (CRC) 

Colorectal cancer (CRC) describes neoplasias at the colorectal area of the large intestine. 

The molecular pathogenesis of normal colonic epithelial cells to CRC mainly follows the 

adenoma-to-carcinoma sequence, first described by Vogelstein and Fearon. The 

histological transformation evolves through aberrant crypts, polyps, adenomas and finally 

colorectal carcinoma (Fearon and Vogelstein 1990). Somatic Apc mutations are prevalent 

in more than 80% of sporadic colorectal tumors, followed by a progressive accumulation of 

mutations, e.g. in Kras, Smad4 and Tp53 (Fearnhead et al. 2001, Kuipers et al. 2015). Risk 

factors of CRC include genetic predisposition (e.g. familial adenomatous polyposis and 

hereditary nonpolyposis colorectal cancer syndrome), inflammatory bowel disease and 

environmental factors, such as dietary habits, smoking and obesity (Baidoun et al. 2021). 

The histopathological TNM classification mainly addresses localization of the tumor 

including local invasion depth, lymph node involvement and presence of distant metastasis 

(Brenner et al. 2014). As the importance of the tumor microenvironment in tumor 

progression becomes increasingly evident, a new classification was introduced recently: the 

consensus molecular subtypes (CMS) classification is a transcriptional categorization which 

reflects both the tumor and its associated microenvironment: CMS1 (immune), CMS2 

(canonical), CMS3 (metabolic) and CMS4 (mesenchymal subgroup) with CMS2 being the 

most frequent (Guinney et al. 2015, Ros et al. 2021). The relative 5 year survival rates for 

localized CRC is 91%, which dramatically declines to 73% and 16% for patients diagnosed 

with regional lymph node metastasis and distant metastasis, respectively (WHO 2020, 

National Cancer Institute 2023). About 20% of patients present with metastatic disease at 

the time of diagnosis with a strong prevalence to liver and lung metastasis (Vatandoust et 

al. 2015, Filip et al. 2020). Therefore, curing metastatic disease is crucial for decreasing 

mortality of CRC patients. Classical treatment approaches such as surgery for primary 

disease, chemotherapy and radiation are now reinforced by targeted therapy, which 

promises a more personalized approach, and immunotherapy (Dekker et al. 2019, Fan et 

al. 2021, Ruff et al. 2023). Furthermore, early detection by screening efforts and resection 

of precursor lesions can prevent CRC formation. However, despite promising therapy and 

prevention strategies, the incidence of CRC recently increased especially in young adults, 

emphasizing the need for further improvements (Kuipers et al. 2015, Kanth and Inadomi 

2021). 

 

3.2 Tumor microenvironment (TME) 

The tumor microenvironment (TME) greatly influences tumor progression. The TME is 

composed of the extracellular matrix (ECM) surrounding the tumor cells as well as 
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fibroblasts, endothelium and resident as well as infiltrating immune cells. In this dynamic 

and complex network, cell types are constantly interacting with each other and shape the 

milieu of the TME towards tumor-promotion or tumor-suppression (see Figure 1) (Chen et al. 

2015, Yokozaki et al. 2018, Wellenstein and de Visser 2018, Falcomata et al. 2023). 

 

 

Figure 1: The tumor microenvironment. 
Besides cancer cells, tumor comprise of extracellular matrix (ECM),  cancer-associated fibroblasts (CAF), blood 
vessels and multiple immune cells, including natural killer cells (NK cells), dendritic cells, tumor-associated 
neutrophils (TAN), tumor-associated macrophages (TAM) and T cells (modified from Murfin 2021). 

 

3.2.1 Extracellular matrix (ECM) and cancer-associated fibroblasts 

(CAFs) 

The acellular ECM consists of various macromolecules, such as collagens, fibronectins, 

laminins and others. The extent of ECM deposition in the TME of different tumor entities 

varies. For example, PDAC displays a remarkably pronounced desmoplastic reaction 

(Neesse et al. 2015). The ECM provides scaffolding for tumor cells and matrix stiffness 

influences tumor proliferation, invasion and immune evasion (Ishihara and Haga 2022, 

Jiang et al. 2022b). Tumor-associated macrophages (TAMs) and neutrophils (TANs) are 

important sources of ECM remodeling and degrading enzymes, which fosters tumor cell 

invasion and metastasis (Winkler et al. 2020). The ECM is further known as a reservoir for 

chemokines, growth factors, etc. The availability of those signaling factors determines 

malignant tumor progression by supporting proliferation, survival and epithelial-to-

mesenchymal transition in tumor cells (Nieto et al., 2016).  

The major source of tumor ECM components are cancer-associated fibroblasts (CAFs). 

More precisely, a specific subtype of fibroblasts, termed myofibroblastic (myCAF) or matrix 

CAF (mCAF), produces and deposits matrix proteins (Öhlund et al. 2017, Bartoschek et al. 

2018, Sebastian et al. 2020). Another functionally distinct subtype of fibroblasts, called 

inflammatory CAF (iCAF), secretes immunomodulating mediators (Öhlund et al. 2017, Biffi 
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et al. 2019) and antigen-presenting CAFs (apCAFs) modulate the tumor immune response 

by expression of histocompatibility complex class II (MHCII) (Elyada et al. 2019). These 

different subtypes seem to arise from different activation of resident mesenchymal cell 

populations and recruited bone marrowïderived mesenchymal stem cells and fibrocytes by 

specific extracellular cues (Koliaraki et al. 2017, Sahai et al. 2020). However, the origin of 

CAFs and CAF subtypes is complex and under current investigation. Specific marker 

patterns of CAFs, indicating different CAF subtypes, correlate with poor or well prognosis 

in CRC patients, emphasizing again how the interaction with other TME cell types and the 

subsequent impact on tumor progression depends on activation and plasticity of CAFs (Choi 

et al. 2013). 

 

3.2.2 Vasculature 

Tumor vascularization plays a fundamental role in supplying tumors with nutrients and 

oxygen and facilitates the dissemination of metastatic tumor cells. Due to its high 

importance in tumor progression, angiogenesis, the formation of new blood vessels, is 

recognized as one of the hallmarks of cancer (Hanahan and Weinberg 2011, Hanahan 

2022). In the rapidly growing tumor mass, hypoxia, mediated by hypoxia-inducible factors 

(HIF), is one of the major inducers of angiogenesis. In response to hypoxia, various cell 

types in the TME secrete angiogenesis promoting molecules, such as VEGF, several 

miRNAs and matrix metalloproteinases (MMPs), that drive a variety of angiogenic 

processes (Carmeliet 2003, Ronca et al. 2017, Biagioni et al. 2023). For example, CAF 

derived VEGF and FGF2 recruit endothelia progenitors to the tumor side and support the 

formation of endothelial tubes (Koliaraki et al. 2017). Moreover, TAMs secrete MMPs to 

remodel the ECM in preparation for angiogenesis and are a further source of VEGF. Vice 

versa, high vascularization and permeability of vessels allow immune cells, e.g. monocytes, 

to extravasate and infiltrate into the TME (Sica et al. 2008, Feng et al. 2018, Zhong et al. 

2018, Fu et al. 2020). The dependency on vascularization, however, varies between tumor 

types: While primary PDAC displays a hypovascular phenotype, primary as well as 

metastatic CRC patients highly benefit from anti-angiogenic therapies (Feig et al. 2012, 

Hansen et al. 2021). 

 

3.2.3 Immune cells 

Several immune cells of the myeloid and lymphoid lineage infiltrate into the tumor, shape 

the TME by engaging in intense cross-talk and thus influence tumor progression (Costa et 

al. 2021). Innate immunity comprises the first line of defense and ultimately initiates the 

adaptive immune response of antigen specific T cells. 
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Natural killer (NK) cells are cytotoxic innate lymphocytes which recognize stress-induced 

autologous proteins on cancer cells and produce inflammatory cytokines and chemokines 

(Wolf et al. 2023). The anti-tumor function of NK cells is conveyed by lysis of transformed 

cells by release of cytotoxic perforin and granzyme B or induction of tumor cell apoptosis 

via death receptors such as TRAIL and FASL (Myers and Miller 2021). 

CXCR2 ligands secreted by cancer and stromal cells recruit neutrophil granulocytes to the 

TME where their polarization to different subtypes markedly influences tumor progression 

(Jamieson et al. 2012, Katoh et al. 2013, Giese et al. 2019, Masucci et al. 2019, Hsu et al. 

2020). Tumor-associated neutrophils (TANs) can exert anti-tumorigenic functions by 

reactive oxygen species (ROS) production and secretion of e.g. H2O2, both of which are 

cytotoxic towards tumor cells (Gershkovitz et al. 2018). However, depending on their 

polarization, TANs can also promote tumor progression, e.g. by secretion of leukotrienes 

that support metastatic efficiency of tumor cells (Wculek and Malanchi 2015, Jablonska et 

al. 2017). Moreover, TAN interaction with T cells can lead to cytotoxic T cell suppression 

and tumor progression in several tumor entities, including CRC (Oberg et al. 2019, Singel 

et al. 2019, Germann et al. 2020). 

The impact of tumor-associated macrophages (TAMs) on the TME and tumor progression 

will be described in detail in 3.3. 

Dendritic cells (DCs) in the TME are a heterogenous group of innate antigen-presenting 

cells. DCs are sensing antigens from tumors and prime the local immunity by secretion of 

alarmins, which alert host immune cells. By presenting antigens to T cells in secondary 

lymph organs, DCs prime and activate T helper as well as cytotoxic effector T cell 

populations and thus promote anti-tumor adaptive immunity (Wylie et al. 2019, Marciscano 

and Anandasabapathy 2021, Del Prete et al. 2023). 

Two main routes of antigen specific cytotoxicity by activated cytotoxic T cells are known: 

Firstly, death ligands such as FASL and TRAIL induce apoptosis by binding to their 

respective receptors on the tumor cell membrane (Martinez-Lostao et al. 2015). Secondly, 

secreted granules containing granzymes, perforin, cathepsin C and granulysin induce tumor 

cell death by membrane pore formation, nuclear envelope rupture and DNA damage 

(Weigelin et al. 2021). The presence of specific cytokines during T helper cell activation 

defines the polarization of T helper cells with Th1, Th2, Th17 and Treg being the most 

prominent subtypes. Depending on this polarization, T helper cells either support and 

fine-tune the activation of cytotoxic T cells, or suppress cytotoxic T cell activity (Saravia et 

al. 2019). Due to their ability to eliminate cancer cells with high antigen mediated specificity, 

cytotoxic T cell infiltration and activity are elemental parts of tumor defense and rejection. 

As such, both infiltration and activity of cytotoxic T cells are prognostic markers for tumor 
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outcome and are exploited in anti-cancer therapies (Peranzoni et al. 2018, Ware et al. 2020, 

Raskov et al. 2021a). 

The second group of tumor-infiltrating lymphocytes (TILs) next to T cells are B cells and 

plasma cells, a heterogeneous population collectively referred to as TIL-Bs. Pro-tumorigenic 

functions of TIL-Bs include secretion of immune suppressive cytokines such as IL-10. In 

contrast, antigen presentation by B cells activates T cells and antibody production by B cells 

can support targeted anti-tumor responses of the innate and adaptive immune system 

(Downs-Canner et al. 2022, Laumont and Nelson 2023). However, the relevance of some 

TIL-B functions for tumor outcome are controversial depending on tumor entity and other 

factors and require further investigation (Tan et al. 2022).  

Collectively, the strong cooperation between immune cells of the TME aims for the control 

and ultimately rejection of tumors. The complex interplay relies on the proper polarization 

and interaction of participating cell types. A deregulation of this balance results in immune 

escape of the tumor or even tumor promotion. 

 

3.3 Macrophages 

Macrophages play a crucial role in the innate immune system. Depending on the challenge 

encountered in homeostasis and inflammation, macrophages polarize towards various 

subtypes to fulfill a plethora of specific functions. This polarization also influences the 

functions of macrophages in the TME. 

 

3.3.1 Macrophage plasticity in homeostasis, inflammation and wound 

healing 

Macrophages are tissue resident in various organs and can also be replenished by blood 

circulating monocytes. Although all united under the same term, macrophages from different 

tissues differ in specific features and also ontogeny. For example, microglia of the brain 

derive from the embryonic yolk sac and alveolar macrophages in the lung and Kupffer cells 

in the liver originate from fetal liver monocytes. Other macrophages have a mixed origin 

from both yolk sac macrophages and fetal liver monocytes as reported for Langerhans cells 

in the epidermis. These tissue resident macrophages self-renew in situ or are replaced by 

adult monocytes (Guilliams et al. 2013, Ginhoux et al. 2016, Mass et al. 2023). Circulating 

monocytes derive from the bone marrow and are part of the myeloid branch of 

hematopoiesis (Hettinger et al. 2013, Kawamura and Ohteki 2018). 

Macrophages fulfill diverse functions throughout the body: They engage in tissue 

homeostasis, wound healing and defense against pathogens, including bacteria, viruses 
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and helminths (Chen et al. 2022a, Park et al. 2022a). For this purpose, macrophages are 

equipped with several tools. To begin with, macrophages engulf and eliminate material 

larger than 0.5 µm from the extracellular matrix, termed phagocytosis (Uribe-Querol and 

Rosales 2020). Phagocytosis allows elimination of pathogens after infection, removal of 

particles, e.g. dust or excess surfactant from the lung, and clearance of apoptotic cells in 

homeostasis (Hirayama et al. 2017, Park et al. 2022a). Importantly, recognition and 

phagocytosis of pathogens is accompanied with inflammatory signals to stimulate innate 

and adaptive immune system, whereas clearing of apoptotic cells in homeostasis is 

immunologically silent (Roberts et al. 2017).  

The modulation of the immune response by macrophages largely occurs via cytokine 

secretion. TNF-Ŭ is pyrogenic, induces an inflammatory cytokine cascade and furthermore 

promotes loss of vascular permeability, which is propitious for lymphocyte, neutrophil, and 

monocyte infiltration (Arango Duque and Descoteaux 2014). Chemokines such as CCL2 

and CCL22 recruit further immune cells, e.g. monocytes and lymphocytes, to the site of 

action (Hao et al. 2020, Maeda et al. 2021). On the other hand, macrophage secreted IL-10 

exerts anti-inflammatory functions by dampening excessive Th1 and CD8+ T cell responses 

(Couper et al. 2008). 

Moreover, macrophages can present ingested antigens via the MHC-I and MHC-II 

complexes and thus activate the adaptive immune system (Martin-Orozco et al. 2001, 

Guerriero 2019). Interestingly, compared to DCs, macrophages only play a minor role in 

naïve CD8+ T cell activation in secondary lymphoid organs, and are more specialized on 

local tissue regulation of immunity (Muntjewerff et al. 2020). 

In addition, macrophages support wound healing by secretion of growth factors, cytokines 

and MMPs, which regulate epithelial proliferation, myofibroblast activation, angiogenesis 

and extracellular matrix remodeling, respectively (Vannella and Wynn 2017). 

These diverse tasks described above require context specific polarization of macrophages 

in response to specific external stimuli. For example, lipopolysaccharide (LPS) binding to 

Toll-like receptor 4 (TLR4) induces NF B signaling pathway and results in expression of 

inflammatory cytokines, such as IL-1ɓ, IL-6, and TNF-Ŭ. IL-4 activates JAK1/STAT3 or 

JAK2/STAT6 signaling and promotes expression of anti-inflammatory cytokines, such as 

TGF-ɓ and IL-10 (Yu et al. 2022, Ruytinx et al. 2018). Besides cytokine expression patterns, 

macrophages respond to polarizing stimuli with alteration of the whole cell metabolism to 

provide metabolites required for the context specific tasks (Viola et al. 2019). 

Historically, a dichotomous concept of macrophage activation in ñinflammatoryò (M1) and 

ñanti-inflammatoryò (M2) phenotypes was proposed, mimicked by the stimulation with LPS 

or IL-4, respectively (Mills et al. 2000). However, this model currently is known to be 

insufficient as LPS and IL-4 stimulated macrophages represent only two extreme poles of 
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a broad spectrum of macrophage activation states (Murray et al. 2014, Roszer 2015). 

Moreover, simultaneous presence of various stimuli in vivo provides a more complex setting 

than in vitro and results in heterogeneity of macrophage polarization states in tissues 

(Orecchioni et al. 2019, Munoz-Rojas et al. 2021). Concurrently, differentiated 

macrophages have to retain their plasticity in order to react to changes in the 

microenvironment and alter polarization states. For example, after infectious injury, 

sequential polarization of resting macrophages to first inflammatory and then alternative, 

wound healing activation is required (Bleriot et al. 2015, Vannella and Wynn 2017). 

Overall, macrophages are plastic immune cells with an exquisitely broad repertoire of 

functions that require delicate regulation. 

 

3.3.2 Plasticity in tumor-associated macrophages (TAMs) 

Macrophages in the TME are termed tumor-associated macrophages (TAMs) and represent 

one of the most abundant immune cells in carcinomas, including PDAC and CRC (Candido 

et al. 2018, Pinto et al. 2019). TAMs comprise a highly heterogeneous group of cells as they 

can originate from both tissue-resident and monocyte-derived macrophages and are 

additionally polarized into various subtypes by external stimuli (Laviron et al. 2022, Guo et 

al. 2022). The polarization results in distinct features that can be anti- or pro-tumorigenic 

(see Figure 2). 

 

 

Figure 2: Plastic spectrum of TAM polarization and functions. 
In the TME, TAMs exert multiple tumor-suppressing (yellow) as well as tumor-promoting (green) functions 
depending on their polarization.  
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Direct anti-tumor effects on tumor cells include antibody dependent cellular phagocytosis 

and induction of tumor cell apoptosis by release of nitric oxide (Chang et al. 2001, Cao et 

al. 2022). Moreover, TAMs can modulate the (immune) TME by supporting Th1 responses 

such as cytotoxic T cell proliferation by secretion of pro-inflammatory cytokines (Storz 

2023). However, during disease progression, these mechanisms can be counteracted by 

tumor cells to such an extent that macrophages fail in fulfilling their immune surveillance 

functions (Yang et al. 2020b). Additionally, the tumor milieu can exploit the plasticity of 

macrophages to induce an ñM2-likeò and pro-tumorigenic phenotype, e.g. by M-CSF 

secretion by CAFs and IL-4 secretion by tumor cells (Zaynagetdinov et al. 2011, Ruffell et 

al. 2012, Zhang et al. 2017, Zhu et al. 2022). As a result, TAMs in carcinomas are primarily 

pro-tumorigenic which is also reflected in investigations concerning TAMs as prognostic 

markers (Wang et al. 2021a). CD163, a marker for pro-tumorigenic TAMs, is a negative 

prognostic factor in CRC and PDAC and high TAM infiltration is generally associated with 

poor prognosis in several tumor entities (Xue et al. 2021, Hu et al. 2016, Raskov et al. 

2021b).  

The pro-tumorigenic features of TAMs include a plethora of mechanisms: TAMs can directly 

promote survival, proliferation, epithelial-to-mesenchymal transition and stemness of 

cancer cells by secretion of cytokines and growth factors (Liu et al. 2018, Li et al. 2019, 

Sarode et al. 2020). For example, EGF directly fosters tumor cell proliferation (Haque et al. 

2019). Furthermore, TAMs shape the ECM by MMP secretion to facilitate invasion and 

metastasis of tumor cells (Afik et al. 2016). Angiogenesis is crucial in tumor development to 

circumvent nutrition depletion and hypoxia (see 3.2.2). TAMs polarized to ñM2-likeò 

phenotypes support angiogenesis by HIF-1Ŭ, which regulates expression of pro-angiogenic 

factors such as VEGF, TNF-Ŭ, IL-1ɓ, IL-8 and PDGF (Lankadasari et al. 2019). TAMs can 

secrete VEGF themselves and additionally instruct PDAC cells to produce VEGF (Feng et 

al. 2018, Shen et al. 2013). The secreted MMPs further enable angiogenesis by ECM 

remodeling (Fu et al. 2020). 

One of the major roles of TAMs in the TME is the immune response modulation by 

recruitment of pro- or anti-inflammatory immune cells via released chemokines. CCL2 can 

recruit further monocytes, which can exert pro- as well as anti- tumorigenic functions 

(Gschwandtner et al. 2019, Hao et al. 2020). Suppression of T cell mediated anti-tumor 

immunity by TAMs is induced by nitric oxide, PGE2, TGF-ɓ, and IL-10 and upregulation of 

checkpoint inhibitors such as CTLA-4, PD-L1 and B7x (Li et al. 2018, Takeya and Komohara 

2016, Yang et al. 2020b). Furthermore, mRNAs in TAM secreted exosomes can enhance 

immune tolerance in the TME. This immune escape drives tumor progression and is a poor 

prognostic marker (Zhou et al. 2018). 
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To overcome this immune tolerance, novel therapies aim to exploit TAM plasticity and revert 

TAMs to a tumor-suppressive polarization (Yang et al. 2020b, Zhou et al. 2020, Wang et al. 

2021a). For example, TLR or CD40 agonists mimic ñM1-likeò activation, thus repolarize 

TAMs and reduce tumor load (Wanderley et al. 2018, Ma et al. 2019). 

Collectively, various functions of polarized TAMs are crucial for tumor progression and 

patient outcome. The plasticity of macrophages offers the opportunity to shift polarization 

towards an anti-immunogenic phenotype. 

 

3.4 Cell plasticity factor ZEB1 

3.4.1 Regulation and function of ZEB1 

Zinc-finger E-box binding homeobox 1 (ZEB1; alternative names: NIL-2A, TCF-8, ŭEF1) is 

a transcription factor that conveys cell plasticity. ZEB1 can directly bind at E-box sequences 

of the DNA via two separate zinc finger clusters, contains a POU-like homeobox domain 

and interacts with various co-binding factors and regulators via SMAD and CtBP interaction 

domains (Williams et al. 1991, Vandewalle et al. 2009, Stemmler et al. 2019). 

The expression and activity of ZEB1 is subject to several regulations: in addition to 

epigenetic regulation, transcription of ZEB1 is controlled by a pleiotropy of signaling 

pathways, including Smad, Notch, NFəB, MEK/ ERK and Wnt/ ɓ-catenin signaling (Migault 

et al. 2022, Perez-Oquendo and Gibbons 2022, Lu et al. 2022).  Additionally, ZEB1 is 

regulated by the ZEB1-miR-200 double negative feedback loop: Members of the miR-200 

and other microRNA families bind to the 3ô-UTR of Zeb1 mRNA and thus mark Zeb1 for 

degradation (Brabletz and Brabletz 2010, Ding et al. 2022). Post-transcriptional 

modifications also modulate ZEB1 activity and protein stability: for example, 

phosphorylation and acetylation alter ZEB1 protein stability while SUMOylation interferes 

with ZEB1 transcriptional activity (Gomarasca et al. 2022, Park et al. 2022b, Perez-

Oquendo and Gibbons 2022, Perez-Oquendo et al. 2023). This tight regulation of ZEB1 

levels is essential as both loss as well as overexpression of ZEB1 impair cell and tissue 

homeostasis (Lasierra Losada et al. 2021) (AG Brabletz, unpublished data). 

ZEB1 has been originally identified to act as a transcriptional repressor of target genes by 

direct binding to E-box sequences on the DNA or interaction with co-repressors CtBP, 

BRG1 and the CHD4/ NuRD complex (Shi et al. 2003, Sanchez-Tillo et al. 2010, Perez-

Oquendo and Gibbons 2022). However, ZEB1 can also act as a transcriptional activator. 

For example, the complex of ZEB1 and AP-1 factors JUN/FOSL1 and YAP can bind to 

putative enhancers and induces transcription of target genes (Postigo et al. 2003, Nishimura 

et al. 2006, Lehmann et al. 2016, Feldker et al. 2020, Perez-Oquendo and Gibbons 2022). 
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ZEB1 modulates the expression of a wide range of target genes in a tissue and context-

dependent manner (Stemmler et al. 2019). Among other embryogenic processes, ZEB1 is 

involved in neuron, bone and muscle differentiation (Vandewalle et al. 2009, Wang et al. 

2019, Ruh et al. 2021). On a cellular level, cell adhesion and cell-cell-contacts, secretion 

pathways, metabolism and differentiation are regulated by ZEB1 (Stemmler et al. 2019, 

Jiang et al. 2022a). Thus, ZEB1 plays a crucial role in cell type specific plasticity in 

development and homeostasis. 

 

3.4.2 EMT in epithelial cells as a well-studied example for cell plasticity 

One of the most studied functions of ZEB1 is the execution of epithelial-to-mesenchymal 

transition (EMT; see Figure 3) (Yang et al. 2020a). EMT describes the process in which 

epithelial cells loose cell-cell and cell-basement contacts, apical-basal polarity and 

polygonal, cobblestone morphology and gain a mesenchymal phenotype with spindle-

shaped morphology and increased migratory ability (Dongre and Weinberg 2019, Brabletz 

et al. 2021). ZEB1 and other core EMT transcription factors, such as ZEB2, SNAI1, SLUG 

and TWIST, are key inducers of EMT by regulating the expression of multiple genes, 

encoding for cell adhesion, cell polarity and metabolism proteins (Nieto et al. 2016, Krebs 

et al. 2017, Stemmler et al. 2019). These core plasticity factors partially share functions but 

also exert non-redundant ones (Stemmler et al. 2019). By repression of the epithelial and 

induction of a mesenchymal phenotype, ZEB1 as a master regulator confers a dramatic 

phenotypic shift. Importantly, EMT is a reversible and highly dynamic process, which allows 

quick adaptation to environmental requirements. 

 

 

 

Figure 3: Epithelial-to-mesenchymal transition (EMT). 
The transcription factor ZEB1 induces EMT, a dramatic phenotypic shift in epithelial cells that is reversible 
(MET; modified from (Dongre and Weinberg 2019).  
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EMT is a crucial process in embryogenesis: gastrulation and delamination of neural crest 

cells demands high plasticity and phenotypical alterations of cells (Acloque et al. 2009). 

Homozygous knockout of Zeb1 causes perinatal lethality in mice displaying severe skeletal 

defects, impaired neural tube closure and respiratory failure (Takagi et al. 1998, Brabletz et 

al. 2017). One of the mechanisms behind these defects is the negative regulation of indian 

hedgehog by ZEB1, which controls differentiation of chondrocytes (Bellon et al. 2009). 

Furthermore, tightly regulated expression of ZEB1 is required for proper pancreas cell 

differentiation, development and homeostasis (Lasierra Losada et al. 2021). 

During carcinogenesis, malignant epithelial cells can hijack the embryological process of 

EMT and utilize it to their advantage (Dongre and Weinberg 2019, Brabletz et al. 2021). In 

this context, EMT is a dynamic process and partial and hybrid states of EMT convey 

flexibility to tumor cells (Yang et al. 2020a). Switch of phenotype accompanied by a gain of 

motility is beneficial for tumor cell metastasis. Upholding cell plasticity allows the reversion 

back to an epithelial phenotype in distant organs and outgrowth of metastases. The deletion 

of Zeb1 diminishes the metastatic capacity of tumor cells, for example in pancreatic cancer 

(Krebs et al. 2017). EMT confers even more advantages to tumor cells: ZEB1 induced 

metabolic reprogramming allows tumor cell proliferation and therapy resistance (Jiang et al. 

2022a). The DNA damage response, a crucial process not only in cancer cells, is also 

regulated by ZEB1 and results in chemotherapy resistance (Drapela et al. 2020, Schuhwerk 

et al. 2022). Additionally, ZEB1 participates in the immune escape of cancer cells by a 

variety of mechanisms (Benboubker et al. 2022, Plaschka et al. 2022, Lu et al. 2022). 

Collectively, ZEB1 in epithelial cells is a versatile tool in development, homeostasis and 

pathology that equips epithelial cells with high plasticity and the capacity to adapt to hostile 

environments. 

 

3.4.3 ZEB1 in the TME 

ZEB1 is not exclusively expressed in tumor cells, but also in stromal cells of the TME 

(Spaderna et al. 2006, Sanchez-Tillo et al. 2011, Chaffer et al. 2013, Galvan et al. 2015, 

Schuhwerk et al. 2022). With increasing understanding of the importance of the plastic TME 

on tumor progression, deciphering the role of ZEB1 in the various cell types of the TME 

evolves as a highly relevant research field. In fibroblasts, and more specifically in CAFs, 

ZEB1 confers fibroblast plasticity and is crucial for myofibroblast polarization and anti-tumor 

immune infiltration resulting in malignant tumor progression (Sangrador et al. 2018, 

Schuhwerk et al. 2023). The role of ZEB1 in the myeloid compartment of the TME, however, 

is poorly studied and remains to be elucidated (Scott and Omilusik 2019). In other contexts 

than the TME, ZEB1 seems to be required for plasticity of macrophages in vitro or after 

virus infection (Cortes et al. 2017, Baasch et al. 2021). Furthermore, miR-200, a negative 
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regulator of ZEB1 (Brabletz and Brabletz 2010), attenuates macrophage migration and 

tumor spheroid infiltration in vitro, suggesting an impact of this regulatory network in 

macrophage function (Raue et al. 2022). 

Collectively, ZEB1 is a well established plasticity factor in epithelial cells, equipping cancer 

cells with numerous advantages, but the role of ZEB1 in myeloid cells in the TME remains 

elusive.  
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4. Objectives 

The role of the TME in tumor development and progression has raised increased attention 

throughout the last years. In particular, TAMs can play a dual role in supporting or 

repressing tumor progression, depending on differentiation and polarization to different 

activation states. The transcription factor ZEB1 is well known to induce differentiation of 

epithelial cells in embryogenesis, tissue homeostasis and cancer. Interestingly, abundant 

ZEB1 expression can be observed in stromal cells of the TME. It is intriguing to speculate 

that ZEB1 in TAMs might influence the functional cross-talk between myeloid and tumor 

cells. However, functions of ZEB1 in myeloid cells in the context of tumor growth still await 

experimental analysis. In this thesis, we will therefore investigate whether the cell plasticity 

factor ZEB1 influences macrophage and TAM polarization and thereby biology of 

gastrointestinal cancers. 

To this end, myeloid Zeb1 expression will be investigated in primary and metastatic tumor 

samples of patients and mice by analysis of single cell sequencing data and histological 

specimens. We will employ a mouse model with conditional knockout of myeloid Zeb1 

(ZEB1LysMDel) to analyze the impact of myeloid ZEB1 on mouse development as well as 

tissue (and immune) homeostasis. Subcutaneous as well as tail vein injection CRC and 

PDAC allografts in ZEB1LysMDel mice will serve as models for myeloid ZEB1 dependent 

tumor growth and metastatic colonization, respectively. In order to characterize the role of 

ZEB1 in macrophage polarization, we will establish a cell culture model for ZEB1-deleted 

primary bone marrow derived macrophages from ZEB1LysMDel mice versus their littermate 

Ctrl counterparts. Polarization capacity in response to established stimuli (LPS and IL-4) 

will be comprehensively characterized by transcriptome and secretome analyses. Direct 

functional effector roles of ZEB1 in macrophages will be investigated by in vitro culture 

assays. In particular, typical functions of differentiated macrophages and the interplay of 

macrophages with tumor and T cells will be in focus. Potential functional mechanisms will 

be validated in vivo in the ZEB1LysMDel mouse model by histological analysis. 

The results of this study will help to unravel the role of myeloid ZEB1 in homeostasis and in 

gastrointestinal cancer biology. The investigations will improve our understanding of the 

complex interactions in the TME and its influence on tumor growth.  
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5. Results 

5.1 TAMs in the TME express ZEB1 

Tumor-associated macrophages (TAMs) are highly abundant in the tumor 

microenvironment (TME). To explore the influence of cellular plasticity factor ZEB1 on TAM 

polarization and thus tumor outcome, we first sought to uncover the expression level of 

Zeb1 in TAMs. To this end, we explored single cell RNA sequencing databases of human 

pan tumor and murine pancreatic ductal adenocarcinoma (PDAC). In both datasets, 

myeloid, monocyte and macrophage clusters showed a moderate and heterogeneous 

expression of ZEB1 (Figure 4A+B). Additionally, we co-stained ZEB1 and the macrophage 

marker CD68 in primary tumor and metastatic lung tissue. In patient material of human 

colorectal cancer (CRC) primary tumors, ZEB1 was expressed not only in tumor cells, but 

also in subsets of fibroblast-like cells and in CD68 positive cells (Figure 4C). In an 

experimental murine metastatic lung colonization model with PDAC cell line KPCz661, 

CD68 and ZEB1 double positive cells were detected within the colonies and the TME (Figure 

4D). Consistent with single cell RNA sequencing data, histological analysis revealed 

moderate levels of ZEB1 in TAMs with a notable degree of intercellular heterogeneity. 

In contrast to the challenging TME, we also sought to analyze myeloid ZEB1 in healthy 

tissues by immunofluorescence. CD68 positive macrophages in healthy murine pancreas, 

colon and lung were lowly abundant. Interestingly, co-staining of CD68 macrophages with 

ZEB1 was barely detectable (Figure 4E).  Likewise, myeloid Zeb1 expression increased up 

to three fold upon LPS and TGF-  stimulation compared to untreated macrophages in vitro. 

In contrast, IL-4 stimulation did not alter Zeb1 expression in cultured macrophages (Figure 

4F). Overall, these data suggest a context dependent upregulation of Zeb1 in the 

challenging TME.  
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Figure 4: Expression of Zeb1 in macrophages and TAMs.  

A: Zeb1 expression in single cell RNA sequencing of myeloid cells derived from human pan tumors. B: Zeb1 

expression in single cell RNA sequencing of unsupervised clustered immune cells derived from mouse PDAC. 

C: Representative images of immunofluorescence staining for CD68 (purple) and ZEB1 (green) of human CRC 

(left panel). Insets show a higher magnification (middle panel). Arrows indicated CD68+ ZEB1+ cells and arrow 

heads CD68+ ZEB1- cells. DAPI was used as counterstain (right panel). D: Representative images of (immuno) 

fluorescence staining for CD68 (green) and ZEB1 (white) of murine metastatic lung colonies (red) (left panel). 

Insets show a higher magnification (middle panel). Arrows indicated CD68+ ZEB1+ cells and arrow heads 

CD68+ ZEB1- cells. DAPI was used as counterstain (right panel). E: Representative images of 

immunofluorescence staining for ZEB1 (purple) and CD68 (green) of murine pancreas, colon and lung. DAPI 

was used as counterstain. F: Relative mRNA expression levels of Zeb1 in BMDMs without or with LPS, TGF-  

or IL-4 stimulation, respectively (n= 3 or 4; results show mean +SD; unpaired Studentôs t-test (two-tailed)). All 

transcripts were normalized to Gapdh. 

 

5.2 The ZEB1LysM mouse model enables myeloid specific Zeb1 

depletion 

In order to investigate the role of ZEB1 in myeloid cells in homeostasis and the TME, we 

designed a myeloid specific Zeb1 conditional knockout mouse model. Zeb1flox/flox mice with 

loxP sites flanking exon 6 of Zeb1 were crossed with mice heterozygously expressing Cre 

recombinase in the LysM gene locus (ZEB1LysMDel). LysM-Cre is reported to be active in 

monocytes, mature macrophages, a subset of dendritic cells and neutrophil granulocytes 

(Clausen et al. 1999, Shi et al. 2018). The Cre-mediated excision of exon 6 leads to a 

truncated and unfunctional Zeb1 transcript specifically in the myeloid cell compartment. Cre 

recombinase negative littermates served as ZEB1 proficient controls (ZEB1LysMCtrl) (Figure 

5A). Correct genetic targeting was confirmed by genotyping PCR (Figure 5B). 

For visual confirmation of Cre-mediated recombination the mT/mG reporter allele was used 

(Muzumdar et al. 2007): ubiquitous expression of tdTomato switches to GFP expression 

after Cre-mediated recombination, hence marking Cre-targeted cells. In histological 

analysis of ZEB1LysMDel mice, CD68 positive macrophages were also GFP positive in 

pancreas, lung and liver, indicating macrophage specific Cre-mediated recombination 

(Figure 5C and Suppl. Figure 1).  
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Figure 5: Cell type specific, LysM-Cre driven genetic recombination in ZEB1LysMDel mice. 

A: Schematic representation of the alleles for Zeb1 depletion in LysM-positive cells (ZEB1LysMDel). Grey arrows 

mark primer annealing sites for genotyping in B. B: PCR genotyping of DNA isolated from ZEB1LysMCtrl (Ctrl) 

and ZEB1LysMDel (Del) mice. wt = wild type, del= deleted, pos = positive control, neg = negative Ctrl, bp = base 

pairs. C: Representative images of (immuno)fluorescence staining for CD68 (purple) and recombined cells 

(green) of murine pancreas and lung. DAPI was used as counterstain. Insets show a higher magnification. 

Arrows indicated CD68+ cells and arrow heads CD68+ recombined cells (white overlap). 

 

As LysM-Cre is reported to be active not only in macrophages but also additional myeloid 

cell types, we sought to further differentiate between the hematopoietic cell types in 

ZEB1LysMDel and ZEB1LysMCtrl mice with the mT/mG reporter by flow cytometry. Fluorescent 

marker panels for the myeloid and lymphoid lineage were designed and applied on single 

cells of pancreas, lung and liver of ZEB1LysMDel and ZEB1LysMCtrl mice (Suppl. Figure 2A-C). 

UMAP plots allowed the representation of tdTomato and GFP positive cells across all cell 

types that were clustered and annotated according to marker abundance. GFP positive cells 

were only detected in ZEB1LysMDel mice in MerTK+ macrophage, Ly-6c high or low 

monocyte and neutrophil granulocyte clusters in the myeloid panel (Figure 6A). In the 

lymphoid panel, GFP positive cells were exclusively observed in the unannotated cluster, 

representing non-lymphoid cells, indicating no Cre-mediated recombination in any 
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lymphocyte (Figure 6B). GFP positive cells were quantified within monocytes, 

macrophages, neutrophils or DCs, respectively. The percentage of GFP positive cells was 

45.9% in monocytes and 65.5% in macrophages of the lung. 73.9% of neutrophil 

granulocytes and only 31.0% of DCs of the lung were GFP positive. All cells of ZEB1LysMCtrl 

mice were GFP negative (Figure 6C and Suppl. Figure 2C). Together, these data 

demonstrate recombination activity of LysM-Cre in monocytes, macrophages, neutrophil 

granulocytes and a subset of DCs, but not in lymphoid cells. 
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Figure 6: LysM-Cre driven recombination of the mT/mG reporter in ZEB1LysMDel mice. 

A: Flow cytometry UMAP plots of cells isolated from pancreas, lung and liver of ZEB1LysMCtrl (Ctrl) and 

ZEB1LysMDel (Del) mice with mT/mG reporter. Myeloid cell types are colored according to marker expression 

(upper row) and tdTomato and GFP expression is depicted as color gradient (middle and lower row, respectively; 

n= 2). B: Flow cytometry UMAP plots of cells isolated from pancreas, lung and liver of ZEB1LysMCtrl (Ctrl) and 

ZEB1LysMDel (Del) mice with mT/mG reporter. Lymphoid cell types are colored according to marker expression 

(upper row) and tdTomato and GFP expression is depicted as color gradient (middle and lower row, respectively; 

n= 2). C: Percentage of tdTomato (red) or GFP (green) positive cells in immune cell subtypes of ZEB1LysMCtrl 

and ZEB1LysMDel mice with mT/mG reporter (n= 2, results show mean +SD). 

 

As described above (see 5.1), ZEB1 is barely expressed in CD68+ macrophages in healthy 

tissue. However, single ZEB1 and CD68 double positive cells were detected in ZEB1LysMCtrl 

mice by immunofluorescence of various organs. Importantly, ZEB1LysMDel tissues were 

devoid of ZEB1/CD68 double positive cells, confirming the cell type specific ZEB1 knockout 

(Figure 7D and Suppl. Figure 2D). 

 

Figure 7: Targeted knock out of Zeb1 in ZEB1LsyMDel mice. 

Representative images of immunofluorescence staining for CD68 (green) and ZEB1 (purple) of murine 

pancreas, colon and lung of ZEB1LysMCtrl and ZEB1LysMDel mice. DAPI was used as counterstain. Insets show 

a higher magnification.   
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5.3 ZEB1LysMDel mice show no phenotype in homeostasis  

The myeloid specific knockout of Zeb1, a known embryonic factor, might influence mouse 

development, especially hematopoiesis. To explore this possibility, we examined 

ZEB1LysMDel mice in homeostasis. 

Viable littermates of ZEB1LysMDel and ZEB1LysMCtrl mice were born in mendelian ratios, 

excluding a fatal developmental defect due to myeloid ZEB1 loss (Figure 8A). Moreover, 

total body and organ weights were comparable in ZEB1LysMDel and ZEB1LysMCtrl adult mice. 

Furthermore, histological analysis confirmed organ integrity in both genotypes (Figure 

8B+C). 

To explore a potential impact of myeloid ZEB1 loss on immune cells in homeostasis, we 

analyzed the distribution of major immune cell subsets between healthy ZEB1LysMDel and 

ZEB1LyMCtrl mice in colon, lung, spleen and blood by flow cytometry (Figure 8D+E, gating 

strategies in Suppl. Figure 3). As expected, the percentage of major immune subsets 

differed between organs (e.g. higher abundance of B cells in the spleen compared to the 

lung), but was comparable between genotypes. Further subdivision of T cells into cytotoxic 

T cells and T helper cells in flow cytometry analysis revealed similar percentages of each 

cell subtype in analyzed organs of healthy ZEB1LysMDel and ZEB1LysMCtrl mice (Figure 8F). 

The only exception was an increase in cytotoxic T cells in the pancreas of ZEB1LysMDel 

mice. 

Overall, the loss of ZEB1 in myeloid cells has no apparent impact on mouse immune 

hematopoiesis and adult homeostasis. 

 

 
Figure 8: Organ integrity and immune cell composition in ZEB1LysMDel mice in homeostasis. 

A: Distribution of ZEB1LysMCtrl and ZEB1LysMDel mice in born litters (n= 169). B: Weight of total body, pancreas, 

lung, liver and spleen of ZEB1LysMCtrl and ZEB1LysMDel mice (nÓ 10; results show mean +SD; unpaired Studentôs 

t-test (two-tailed)). C: Representative images of H&E stained pancreas, colon, lung, liver and spleen of 

ZEB1LysMCtrl and ZEB1LysMDel mice. D: Percentage of B cells, T cells, neutrophils, macrophages and NK cells 

of CD45+ cells in colon, lung, spleen and blood of ZEB1LysMCtrl (Ctrl) and ZEB1LysMDel (Del) mice as determined 

by flow cytometry (n= 3, 2-way ANOVA). E: Percentage of dendritic cells (DCs), macrophages and neutrophils 

of gating parents in colon, lung, spleen and blood of ZEB1LysMCtrl and ZEB1LysMDel mice as determined by flow 

cytometry (n= 1+2 for colon, n= 3 for lung, spleen and blood; results show mean +SD; unpaired Studentôs t-test 

(two-tailed)). F: Percentage of cytotoxic T and T helper cells of CD45+ cells in pancreas, lung, liver and blood 

of ZEB1LysMCtrl and ZEB1LysMDel mice as determined by flow cytometry (n= 2; results show mean +SD). 
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5.4 Depletion of myeloid ZEB1 enhances gastrointestinal tumor 

growth and lung colonization 

TAMs are the most abundant immune cell type in the TME. Their impact on tumor 

progression highly depends on macrophage polarization. To explore the function of 

plasticity factor ZEB1 in TAMs in the TME, we utilized different preclinical syngeneic tumor 

allograft models in ZEB1LysMDel and ZEB1LysMCtrl mice. 

 

5.4.1 S.c. tumors 

Subcutaneous (s.c.) injection of CRC cell line CMT-93 into ZEB1LysMDel mice resulted in an 

increased tumor load after 7 weeks compared to ZEB1LysMCtrl mice. This was evident in 

final tumor volume (Figure 9A). Approximately 40% of injected ZEB1LysMCtrl mice even 

rejected the tumor cells about 14 days post injection. Interestingly, none of the s.c. tumors 

were rejected in ZEB1LysMDel mice (Figure 9B). 

Consistently, s.c. tumors of a second CRC cell line, MC-38, had a tendency towards a 

higher final tumor volume in ZEB1LysMDel mice 7 weeks post injection (Figure 9C). In order 

to explore rejection rates in this aggressively growing tumor cell line, we performed a limiting 

dilution assay. After s.c. injection of different amounts of MC-38, we again observed a lower 

rejection rate and thus higher tumorigenicity of the tumor cells in ZEB1LysMDel compared to 

ZEB1LysMCtrl mice (Figure 9D).  

Similarly, s.c. tumor growth of PDAC cell line KPCz661 was increased in myeloid ZEB1 

deficient mice 4 weeks post injection compared to allografts in ZEB1LysMCtrl mice (Figure 

9E). This result, however, was not statistically significant, probably due to high variance. 

In summary, loss of ZEB1 in myeloid cells let to a fostered s.c. tumor outgrowth and 

impeded tumor rejection as observed in ZEB1LysMCtrl mice.  
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Figure 9: S.c. allografts of gastrointestinal tumors in ZEB1LysMCtrl and ZEB1LysMDel mice. 

A: Final tumor volume and representative macroscopic images of CMT-93 s.c. allografts in ZEB1LysMCtrl and 

ZEB1LysMDel mice after isolation (n> 11; results show mean +SD; unpaired Studentôs t-test (two-tailed)). B: 

Percentage of CMT-93 s.c. tumor bearing ZEB1LysMCtrl and ZEB1LysMDel mice at endpoint (n> 11; unpaired 

Studentôs t-test (two-tailed)). C: Final tumor volume and representative macroscopic images of MC-38 s.c. 

allografts in ZEB1LysMCtrl and ZEB1LysMDel mice after isolation (n> 3; results show mean +SD; unpaired 

Studentôs t-test (two-tailed)). D: Percentage of MC-38 s.c. tumor bearing ZEB1LysMCtrl and ZEB1LysMDel mice in 

a limiting dilution assay (n indicated in figure, Chi-Square test). E: Final tumor volume and representative 

macroscopic images of KPCz661 s.c. allografts in ZEB1LysMCtrl and ZEB1LysMDel mice after isolation (n> 9, 

results show mean +SD; unpaired Studentôs t-test (two-tailed)).  



Results 

36 

5.4.2 Metastatic lung colonization 

Based on the impeded rejection of s.c. tumors in ZEB1LysMDel mice, we reasoned that 

metastasis might also be affected by myeloid ZEB1. In particular, survival of single cells 

and early colonies at the distant organ dictates subsequent outgrowth and eventually 

metastatic burden. As CRC and PDAC commonly metastasize to the lung, we were 

interested in lung colonization (Vatandoust et al. 2015, Yachida and Iacobuzio-Donahue 

2009). To analyze the function of myeloid ZEB1 in the metastatic lung TME, we performed 

intravenous (i.v.) injections of CRC and PDAC cell lines into the tail vein of ZEB1LysMDel and 

ZEB1LysMCtrl mice. Injection of luciferase expressing MC-38 or KPCz661 allowed 

longitudinal monitoring of lung colony outgrowth and measurement of tumor load of the 

freshly isolated lungs at endpoints ex vivo by bioluminescence imaging (BLI). 

BLI signals of CRC cell line MC-38 in ZEB1LysMCtrl mice increased slightly until day 14 post 

i.v. injection. Interestingly, BLI signal stagnated further on, suggesting a control of colony 

outgrowth by ZEB1LysMCtrl mice. BLI signals of MC-38 were comparable in ZEB1LysMDel 

compared to ZEB1LysMCtrl mice until day 14 post i.v. injection, indicating similar outgrowth 

of colonies in the first two weeks. Remarkably, the control of colony outgrowth observed in 

ZEB1LysMCtrl mice was not recapitulated by the ZEB1LysMDel mice. On the contrary, a 

dramatic increase in BLI signal was measured in ZEB1LysMDel mice on day 21 post injection 

(Figure 10A). This was also reflected in higher BLI signal in ZEB1LysMDel lungs ex vivo and 

in the number of colonies counted in lungs in histological analysis, although not statistically 

significant (Figure 10B+C). 

Likewise, when injecting the PDAC cell line KPZz661 into ZEB1LysMDel and ZEB1LysMCtrl 

mice i.v., a similar BLI pattern was observed in all mice until day 14 post injection. After the 

second week, a sudden strong BLI signal increase was measured in ZEB1LysMDel mice 

while only a minor increase of BLI signal was observed in ZEB1LysMCtrl mice (Figure 10D). 

Both BLI signal ex vivo and counted colonies in histological samples of lungs were in line 

with the dramatically increased BLI signal in vivo in ZEB1LysMDel compared to ZEB1LysMCtrl 

mice 21 days post injection (Figure 10E+F). These data consistently highlight a strong effect 

of myeloid ZEB1 on tumor control in the metastatic lung. 

Of note, the heterozygous Cre knockin in the LysM locus is equivalent with a heterozygous 

LysM knockout and might influence tumor progression by altered LysM expression levels 

independent of ZEB1 (Clausen et al. 1999). To control any off target effect of this genetic 

modulation, we designed mice with a heterozygous Cre knockin in the LysM locus and wild-

type Zeb1 locus (ZEB1LysMCreCtrl). In a technical control lung colonization experiment, 

KPCz661 colonies in ZEB1LysMCreCtrl mice displayed a similar growth pattern as in 

ZEB1LysMCtrl mice. This experiment let us exclude any relevant off target effect of 

heterozygous Cre knock-in in the LysM locus on lung colonization (Suppl. Figure 4). 
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The LysM dependent Cre recombinase also targets neutrophil granulocytes (see 5.2). To 

differentiate between the impact of ZEB1 in neutrophil granulocytes and macrophages, we 

repeated the KPCz661 lung colonization experiment in mice expressing the Cre 

recombinase dependent on monocyte specific Cx3cr1 (ZEB1Cx3cr1) or neutrophil specific 

Ly-6g (ZEB1Ly-6g), respectively (Abram et al. 2014, Hasenberg et al. 2015).  

Lung colonies in ZEB1Cx3cr1Del mice exhibited the same growth pattern as in ZEB1LysMDel 

mice as indicated by BLI measurement. However, the difference to ZEB1Cx3cr1Ctrl at day 21 

was not as dramatic as in the ZEB1LysM model (Figure 10G+H). These results confirm the 

importance of ZEB1 in cells of the monocyte/ macrophage lineage for colony outgrowth in 

lungs. To a small extend, lung colonies also had a growth advantage in ZEB1Ly-6gDel 

compared to ZEB1Ly-6gCtrl mice (Figure 10I+J). Thus, we cannot fully rule out a minor 

contribution of ZEB1 in neutrophil granulocytes for experiments performed with the 

ZEB1LysM model. Based on these data, we proceeded with the ZEB1LysM mouse model for 

our subsequent experiments.  

In summary, we observed a tumor growth advantage in mice with ZEB1 deficient myeloid 

cells in lung colonization models, which indicates a tumor-suppressive effect of myeloid 

ZEB1. Intriguingly, the longitudinal measurements consistently showed a growth advantage 

starting from day 14 post injection on.  

 

 
Figure 10: Lung colonies of gastrointestinal tumors in ZEB1LysM, ZEB1Cx3cr1 and ZEB1Ly-6g mice.  

A: In vivo BLI signal of tail vein injected MC-38 tumor cells over time in ZEB1LysMCtrl (n= 6) and ZEB1LysMDel 

(n= 7) mice (results show mean ±SEM; 2-way ANOVA with multiple comparisons). B: Ex vivo BLI signal of tail 

vein injected MC-38 tumor cells over time in isolated lungs of ZEB1LysMCtrl (n= 6) and ZEB1LysMDel (n= 7) mice 

(results show mean +SD; unpaired Studentôs t-test (two-tailed)). Representative images of BLI for whole lungs 

ex vivo. Legend indicates bioluminescent signal in a logarithmic color gradient. C: Number of counted MC-38 

colonies in H&E staining of lungs of ZEB1LysMCtrl (n= 6) and ZEB1LysMDel (n= 7) mice (results show mean +SD; 

unpaired Studentôs t-test (two-tailed)). D: In vivo BLI signal of tail vein injected KPCz661 tumor cells over time 

in ZEB1LysMCtrl (n= 6) and ZEB1LysMDel (n= 7) mice (results show mean ±SEM; 2-way ANOVA with multiple 

comparisons). E: Ex vivo BLI signal of tail vein injected KPCz661 tumor cells in isolated lungs of ZEB1LysMCtrl 

(n= 10) and ZEB1LysMDel (n= 8) mice (results show mean +SD; unpaired Studentôs t-test (two-tailed)). 

Representative images of BLI for whole lungs ex vivo. Legend indicates bioluminescent signal in a logarithmic 

color gradient. F: Number of KPCz661 colonies counted in H&E staining of lungs of ZEB1LysMCtrl (n= 12) and 

ZEB1LysMDel (n= 7) mice (results show mean +SD; unpaired Studentôs t-test (two-tailed)). Representative 

images of H&E stained lungs of ZEB1LysMCtrl and ZEB1LysMDel mice with KPCz661 colonies. G: In vivo BLI 

signal of tail vein injected KPCz661 tumor cells over time in ZEB1Cx3cr1Ctrl (n= 6) and ZEB1Cx3cr1Del (n= 12) 

mice (results show mean ±SEM; 2-way ANOVA with multiple comparisons). H: Ex vivo BLI signal of tail vein 

injected KPCz661 tumor cells in isolated lungs of ZEB1Cx3cr1Ctrl (n= 6) and ZEB1Cx3cr1Del (n= 11) mice (results 

show mean +SD; unpaired Studentôs t-test (two-tailed)). Representative images of BLI for whole lungs ex vivo. 

Legend indicates bioluminescent signal in a logarithmic color gradient. I: In vivo BLI signal of tail vein injected 

KPCz661 tumor cells over time in ZEB1Ly-6gCtrl (n= 9) and ZEB1Ly-6gDel (n= 7) mice (results show mean ±SEM; 
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2-way ANOVA with multiple comparisons). J: Ex vivo BLI signal of tail vein injected KPCz661 tumor cells in 

isolated lungs of ZEB1Ly-6gCtrl (n= 9) and ZEB1Ly-6gDel (n= 7) mice (results show mean +SD; unpaired Studentôs 

t-test (two-tailed)). Representative images of BLI for whole lungs ex vivo. Legend indicates bioluminescent 

signal in a logarithmic color gradient. 
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5.5 ZEB1LysMDel BMDMs can be cultured and exhibit the 

expected ZEB1 knock out 

To explore the functions of ZEB1 directly in macrophages, we established bone marrow 

derived macrophage (BMDM) primary cell culture from ZEB1LysM mice. Cells flushed from 

the bone marrow of ZEB1LysM mice contain hematopoietic precursors, which mature to 

macrophages in vitro after stimulation with M-CSF (Mendoza et al. 2022). As LysM 

expression is reported to increase during progenitor-to-macrophage maturation, we 

expected an increase of Cre-mediated recombination and subsequent loss of ZEB1 over 

time (Ye et al. 2003). To monitor this in ZEB1LysMDel and ZEB1LysMCtrl BMDMs, we again 

utilized the mT/mG reporter system. Indeed, we observed GFP expression in approximately 

23.0% of ZEB1LysMDel BMDMs at day three, while this fraction doubled to 50.3% on day 

eight. GFP expression was not detected in ZEB1LysMCtrl BMDMs (Figure 11A+C). In order 

to enrich for ZEB1 knock-out BMDMs, we sorted ZEB1LysMDel BMDMs by FACS and used 

only GFP positive cells for further analysis (Figure 11B+C). The knockout of ZEB1 was 

validated on both RNA and protein level (Figure 11D+E). Notably, we did not detect 

compensatory upregulation of the other EMT transcription factors Zeb2, Snai1, Snai2 and 

Twist in ZEB1 deleted BMDMs by qPCR (Figure 11F). BMDM cell death was measured by 

uptake of cell death marker Sytox by dead or dying cells due to loss of cell membrane 

integrity and increase of confluence was used as a surrogated for BMDM expansion. Both 

cell death and confluence did not differ between ZEB1LysMDel and ZEB1LysMCtrl BMDMs 

over time (Figure 11G+H). Furthermore, BMDMs exhibited the typical thin, spindle-shaped 

morphology with few protrusions in both genotypes (Figure 11I). Taken together, the verified 

loss of ZEB1 in BMDMs from ZEB1LysMDel mice does not affect BMDM survival and 

morphology in standard, non-challenging culturing conditions. 

 

 

Figure 11: Characteristics of ZEB1LysMCtrl and ZEB1LysMDel BMDMs. 

A: Percentage of tdTomato (red) and GFP (green) positive ZEB1LysMCtrl and ZEB1LysMDel BMDMs with mT/mG 

reporter at days 3 and 8 in cell culture (n> 1.15*10^5 cells). B: Representative gating for sorting ZEB1LysMCtrl 

and ZEB1LysMDel BMDMs using the mT/mG reporter. C: Representative fluorescence images of ZEB1LysMCtrl 

and ZEB1LysMDel BMDMs with mT/mG reporter at day 8 without FACS or after FACS in cell culture. DAPI was 

used as counterstain. D: Zeb1 mRNA expression levels of sorted ZEB1LysMCtrl and ZEB1LysMDel BMDMs (n> 3; 

results show mean +SD; unpaired Studentôs t-test (two-tailed)). E: Representative Western Blot with ZEB1 

protein levels of unstimulated or LPS or IL-4 stimulated ZEB1LysMCtrl and ZEB1LysMDel BMDMs. Ŭ-Tubulin was 

used as loading control. F: Zeb2, Snai1, Snai2 and Twist mRNA expression levels of sorted ZEB1LysMCtrl and 

ZEB1LysMDel BMDMs (n> 2; results show mean +SD; unpaired Studentôs t-test (two-tailed)). G: Relative 

confluence of ZEB1LysMCtrl and ZEB1LysMDel BMDMs over time (n= 3; results show mean ±SD; 2-way ANOVA). 

H: Relative cell death of ZEB1LysMCtrl and ZEB1LysMDel BMDMs as determined by Sytox uptake (n= 3; results 
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show mean ± SD; 2-way ANOVA). I: Representative bright field images of ZEB1LysMCtrl and ZEB1LysMDel 

BMDMs in cell culture. 
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5.6 ZEB1 fine-tunes the activation of macrophages 

5.6.1 Global transcriptional profiling 

TAMs can execute versatile functions depending on their polarization state induced by 

external stimuli. For example, LPS induces an inflammatory and IL-4 a non-classical, 

alternative polarization in macrophages, respectively (Yu et al. 2022, Ruytinx et al. 2018). 

To investigate the reaction to polarization stimuli in plasticity factor ZEB1 deficient 

macrophages, ZEB1LysMDel and ZEB1LysMCtrl BMDMs were stimulated with LPS or IL-4, 

followed by bulk RNA sequencing. The relative polarization capacity was analyzed by 

comparing differentially expressed genes (DEGs) between stimulated and un-stimulated 

BMDMs within one genotype. Subsequently, DEGs from ZEB1LysMDel with ZEB1LysMCtrl 

BMDMs were compared. 

Upon stimulation with LPS, a total of 4778 genes were differentially expressed compared 

to unstimulated BMDMs in ZEB1LysMCtrl BMDMs. Surprisingly, the majority of DEGs were 

shared between ZEB1LysMDel and ZEB1LysMCtrl BMDMs. To unravel differences in 

polarization, we examined uniquely altered DEGs of ZEB1LysMCtrl and ZEB1LysMDel 

BMDMs. Interestingly, there was a four fold higher abundance of uniquely altered DEGs in 

ZEB1LysMDel than in ZEB1LysMCtrl BMDMs, indicating to a transcriptional deregulation. In 

both genotypes, a similar percentage of DEGs were up- or downregulated, respectively 

(Figure 12A). 

Next, we annotated DEGs to gene ontology (GO) terms for biological processes to analyze 

their involvement in processes regulating macrophage polarization (Figure 12B-D). 

GO terms of shared upregulated DEGs depicted processes of a typical reaction to LPS as 

an inflammatory stimulus, such as ñregulation of inflammatory responseò, and specifically 

ñcellular response to lipopolysaccharideò. Thus, the transcriptome of both ZEB1 proficient 

as well as ZEB1 deficient BMDMs depicted a LPS specific polarization. ZEB1LysMCtrl unique 

upregulated DEGs were related to metabolic processes and protein transport. ZEB1LysMDel 

unique upregulated DEGs were surprisingly high in number and related to protein 

modifications and transport. 

GO terms of shared downregulated DEGs compared to unstimulated BMDMs were related 

to cell cycle and DNA replication. This finding is in line with reports of LPS as a G1 phase 

arrest inducer (Vadiveloo 1999, Daniel et al. 2023). ZEB1LysMCtrl unique downregulated 

DEGs depicted the downregulation of non-LPS signaling pathways. GO terms of 

ZEB1LysMDel unique downregulated DEGs included translation terms and ñprotein 

stabilizationò. 
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Altogether, ZEB1LysMDel BMDMs reacted similar to LPS stimulation as ZEB1 proficient 

BMDMs on a global transcriptional level, with additional transcriptional regulation of genes 

related to translation and protein modification. 

 

 
Figure 12: Differential gene expression in ZEB1LysMCtrl and ZEB1LysMDel BMDMs after stimulation with 

LPS. 

A: Venn diagrams of differentially expressed genes (DEGs) of ZEB1LysMCtrl and ZEB1LysMDel BMDMs after 

stimulation with LPS compared to unstimulated in total (upper panel) and divided in up- and downregulated 

DEGs (lower panel). B-D: Representative GO terms defined for upregulated DEGs shared by or uniquely 

upregulated by ZEB1LysMCtrl and ZEB1LysMDel BMDMs, respectively. E-G: Representative GO terms defined for 

downregulated DEGs shared by or uniquely downregulated by ZEB1LysMCtrl and ZEB1LysMDel BMDMs, 

respectively. 
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Upon stimulation with IL-4, 1222 genes were differentially expressed in ZEB1LysMCtrl 

BMDMs in total. Consistent to the stimulation with LPS, the majority of DEGs were shared 

between ZEB1LysMDel and ZEB1LysMCtrl BMDMs and unique DEGs were three times more 

abundant in ZEB1LysMDel than in ZEB1LysMCtrl BMDMs. About 50% of DEGs were up- or 

downregulated in both genotypes, respectively (Fehler! Verweisquelle konnte nicht 

gefunden werden.A). These data demonstrate a general ability of ZEB1LysMDel BMDMs to 

polarize after IL-4 stimulation as observed in ZEB1LysMCtrl BMDMs, however with additional 

transcriptional regulation. 

Annotated GO terms for biological processes for shared upregulated DEGs were, among 

others, ñregulation of macrophage activationò and ñintracellular pH reductionòò, showing 

transcriptome alterations in reaction to IL-4 stimulation in both genotypes (Fehler! 

Verweisquelle konnte nicht gefunden werden.B). For both ZEB1LysMDel and 

ZEB1LysMCtrl BMDMs, unique upregulated DEGs could not be significantly annotated to 

GO terms due to low gene numbers per GO term, emphasizing the high transcriptional 

similarity between ZEB1LysMDel and ZEB1LysMCtrl BMDMs upon IL-4 stimulation. 

GO terms of shared downregulated DEGs compared to unstimulated BMDMs included 

several terms related to an inflammatory response. DEGs in these GO terms were ñM1-likeò 

genes such as Cd86, Tlr2, Tlr5, Tlr9, and also Cx3cr1, which are typical markers for 

classical activation, but not IL-4 induced macrophage polarization. Additionally, 

downregulated GO terms such as ñcellular response to lipopolysaccharideò reflected the 

Ăanti-inflammatoryñ, alternative activation of macrophages by IL-4 stimulation (Fehler! 

Verweisquelle konnte nicht gefunden werden.C). Unique downregulated GO terms of 

ZEB1LysMCtrl BMDMs were not significant. Unique downregulated DEGs in ZEB1LysMDel 

BMDMs upon IL-4 stimulation were related to cell cycle (Fehler! Verweisquelle konnte 

nicht gefunden werden.D).  

Overall, the general transcriptional response of ZEB1LysMDel BMDMs to IL-4 was 

comparable to the response of ZEB1LysMCtrl BMDMs. Interestingly, ZEB1 deficiency 

resulted in higher IL-4 dependent transcriptional activation and also repression than in ZEB1 

proficient BMDMs. 

In summary, the polarization towards both an inflammatory and an alternative phenotype 

was intact in ZEB1 deficient macrophages on the global transcriptional level. 
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Figure 13: Differential gene expression in ZEB1LysMCtrl and ZEB1LysMDel BMDMs after stimulation with 

IL-4. 

A: Venn diagrams of differentially expressed genes (DEGs) of ZEB1LysMCtrl and ZEB1LysMDel BMDMs after 

stimulation with IL-4 compared to unstimulated in total (upper panel) and divided in up- and downregulated 

DEGs (lower panel). B-C: Representative GO terms defined for upregulated DEGs shared by or uniquely 

upregulated by ZEB1LysMCtrl and ZEB1LysMDel BMDMs, respectively. D: Representative GO terms defined for 

downregulated DEGs shared by ZEB1LysMCtrl and ZEB1LysMDel BMDMs. 
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5.6.2 Specific polarization characterization 

The global transcriptome of ZEB1LysMDel and ZEB1LysMCtrl BMDMs upon LPS or IL-4 

stimulation was not changed. Yet, the uniquely expressed genes and individual gene 

expression levels might have a functional relevance in the TME. Thus, we had a closer look 

on specific macrophage polarization markers and effectors that are essential for 

macrophage function. To specifically analyze macrophage polarization markers and 

effectors, we performed a customized qPCR array with unstimulated, LPS or IL-4 treated 

BMDMs from ZEB1LysMDel or ZEB1LysMCtrl mice, respectively (Figure 14A). It has to be 

mentioned that the high variance between the biological replicates lead to non-significant 

statistics in the whole array. Some classical markers for LPS- and IL-4-induced macrophage 

polarization were unaltered between ZEB1LysMDel and ZEB1LysMCtrl BMDMs, such as Cd86 

and Cd80 (LPS stimulation) and Arg-1 and Il-10 (IL-4 stimulation). The analyzed signaling 

pathways involved in macrophage polarization (Akt1, 2 and Stat1, 3, 6) did not differ in 

mRNA expression. For a final interpretation regarding activity of these pathways, 

phosphorylation analysis would be required. The expression similarity of several transcripts 

between ZEB1LysMDel and ZEB1LysMCtrl BMDMs reflects the general similarity observed in 

bulk RNA sequencing. Other typical macrophage polarization markers, however, were 

downregulated in ZEB1LysMDel BMDMs in the respective stimulus condition, such as Nos2 

(LPS) and Retnla, Cd163 and Cd206 (IL-4). Notably, several cytokines were downregulated 

in ZEB1LysMDel BMDMs in single or all three treatment conditions. Among these were Ccl2, 

Ccl6, Ccl22, Cxcl16 and Il-6. These data demonstrate an impaired transcription of specific 

effectors in ZEB1 deficient macrophages. 

As cytokines are important cell-cell communication mediators and require secretion to fulfill 

this function, we were interested in the cytokine secretion levels of ZEB1LysMDel BMDMs. 

To this end, we performed a secretome array of LPS or IL-4 stimulated ZEB1LysMDel and 

ZEB1LysMCtrl BMDM supernatants (Figure 14B). In supernatants of unstimulated 

ZEB1LysMDel BMDMs, several cytokines were less secreted than in ZEB1LysMCtrl BMDM 

supernatants (e.g. CCL2, CCL6, CCL22, CXCL16), whereas others were found in similar 

levels (e.g. CCL5 and VEGF). LPS stimulation increased cytokine secretion in both 

genotypes. While several cytokines were detected in similar levels (e.g. IL-12 and VEGF), 

other cytokines were less abundant in the supernatant of ZEB1LysMDel compared to 

ZEB1LysMCtrl BMDMs (e.g. CCL2, CCL5, CCL22, CXCL10 and IL-1Ra). After IL-4 

stimulation, mainly CCL6 and CCL22 were decreased in ZEB1LysMDel supernatant, while 

other cytokines, such as VEGF, were similarly or slightly more secreted than in ZEB1LysMCtrl 

BMDMs. 

The secretion levels of exemplary cytokines were confirmed using a fluorescence-encoded 

beads based quantification method, which additionally quantified their concentration in 
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ZEB1LysMDel and ZEB1LysMCtrl BMDM supernatants (Figure 14C). Consistently, cytokines 

in ZEB1LysMCtrl BMDM supernatants were most abundant after LPS stimulation and 

ZEB1LysMDel BMDMs showed a secretion defect of CCL2, CCL22 and partially in CXCL10. 

VEGF secretion was once more independent of myeloid ZEB1. 

In conclusion, ZEB1 deficiency does not globally impair predefined polarization states in 

macrophages. ZEB1 rather fine-tunes the macrophage response to classical and alternative 

stimuli by inducing subtle changes on single effector genes and proteins.  

 

 
Figure 14: Targeted differential gene expression and secretome of ZEB1LysMCtrl and ZEB1LysMDel 

BMDMs. 

A: Differentially expressed genes in unstimulated or LPS or IL-4 stimulated ZEB1LysMDel compared to 

ZEB1LysMCtrl BMDMs. Log fold change of expression is depicted as color gradient. Crossed fields indicate non 

detectable mRNA levels. All transcripts were normalized to Gapdh. (n= 3; paired t tests (two-tailed). B: Relative 

differences in secreted soluble molecules in supernatants of ZEB1LysMDel compared to ZEB1LysMCtrl BMDMs 

after stimulation with LPS or IL-4 (n= 3; results were normalized to values of ZEB1LysMCtrl BMDMs). C: 

Quantification of selected soluble molecules using a bead-based immunoassay (LegendPlexTM) in ZEB1LysMCtrl 

and ZEB1LysMDel BMDM supernatants (n= 3; results show mean +SD; unpaired Studentôs t-test (two-tailed)). 
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5.7 Depletion of myeloid ZEB1 does not alter tumor cell 

proliferation, migration or phagocytosis, but impairs CD8+ 

T cell recruitment 

Most consistently downregulated in ZEB1LysMDel BMDMs throughout the performed 

experiments were CCL2 and CCL22. These cytokines are described modulators of the TME 

by influencing tumor cells as well as immune cells. We thus sought to elucidate how altered 

expression and/ or secretion of specific TAM polarization markers upon ZEB1 loss lead to 

enhanced tumor outgrowth observed in vivo in both s.c. tumors and lung colonization. First, 

macrophages might influence tumor cells directly by supporting proliferation and invasion 

or by phagocytosis. Furthermore, TAMs shape the TME, e.g. by influencing the adaptive 

immune system, namely T cells (see 3.3.2). 

To analyze the potential impact of ZEB1 in macrophages on tumor cells, we added 

conditioned medium (CM) of ZEB1LysMDel or ZEB1LysMCtrl BMDMs to PDAC cell line 

KPCz661 or directly co-cultured KPCz661 cells with BMDMs and measured the tumor cell 

confluence over time (Figure 15A+B). In both setups, KPCz661 growth did not dependent 

on myeloid ZEB1. However, presence of BMDMs in general fostered tumor cell growth, 

regardless of the ZEB1 genotype. Similarly, the addition of BMDMs strongly supported 

KPCz661 tumor cell invasion into matrigel in a scratch wound assay, however 

independently of ZEB1 in BMDMs (Figure 15C). Collectively, myeloid ZEB1 did not directly 

affect tumor cells in vitro. 

As another main function of macrophages in the TME is phagocytosis of tumor cells and 

debris, we investigated whether ZEB1 regulates phagocytosis of BMDMs. To this end, we 

added fluorescently labeled E.coli particles (phRodo) to unstimulated or LPS or IL-4 pre-

stimulated BMDMs. The phRodo E.coli particles turn GFP+ as soon as they are 

phagocytosed and processed in the lysosome of phagocytes. BMDMs of both genotypes 

turned GFP positive within minutes, indicating normal phagocytic activity of ZEB1 deficient 

macrophages (Figure 15D-F). To explore phagocytosis of the tumor cells used in our in vivo 

experiments, we created tumor cell debris out of fluorescently labeled (Claret) KPCz661 

tumor cells by boiling and fed the debris to ZEB1LysMDel or ZEB1LysMCtrl BMDMs for different 

durations before assessing the phagocytosed tumor cell debris by flow cytometry. In the 

course of 3h, almost all ZEB1LysMCtrl and ZEB1LysMDel BMDMs progressively turned Claret 

positive, indicating phagocytosis of Claret+ KPCz661 debris independent of ZEB1 (Figure 

15G). Pre-stimulation of BMDMs with LPS or IL-4 enhanced the uptake of Claret+ KPCz661 

debris as compared to unstimulated BMDMs after 20 minutes. However, phagocytosis was 

again not ZEB1 dependent (Figure 15H). 
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In summary, proliferation and invasion of tumor cells or phagocytosis, were not altered in 

co-cultures with ZEB1LysMDel or ZEB1LysMCtrl BMDMs. Thus, macrophages did not exhibit 

a direct ZEB1 dependent effect on the tumor cells. 
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Figure 15: Impact of ZEB1LysMCtrl and ZEB1LysMDel BMDMs on KPCz661 tumor cells in vitro. 

A: Confluence of KPCz661 cells treated with KPCz661, ZEB1LysMCtrl or ZEB1LysMDel BMDM conditioned 

medium (CM) (n= 3; results show mean ±SD; 2-way ANOVA). B: Confluence of KPCz661 cells only or 

co-cultured with ZEB1LysMCtrl or ZEB1LysMDel BMDMs (n= 3; results show mean ±SD; 2-way ANOVA). C: 

Representative images at t= 28h and quantification over time of KPCz661 cell invasion into a scratch wound 

without or with co-culture of ZEB1LysMCtrl or ZEB1LysMDel BMDMs. Yellow areas indicate the initial wound, pink 

areas indicate the wound at t= 28h (n= 3; results show mean ±SD; 2-way ANOVA). D-F: Phagocytosis of phRodo 

E.coli particles by ZEB1LysMCtrl and ZEB1LysMDel BMDMs as measured by number of GFP+ BMDMs. BMDMs 

were not stimulated (D) or pre-stimulated with LPS (E) or IL-4 (F). phRodo E.coli beads without BMDMs served 

as negative control (n= 3 for BMDM conditions, n= 1 for phRodo E.coli beads only; results show mean ±SD; 

2-way ANOVA). G: Phagocytosis of KPCz661 debris by ZEB1LysMCtrl and ZEB1LysMDel BMDMs as measured 

by number of Claret+ BMDMs at indicated time points (n= 3; results show mean +SD; unpaired Studentôs t-tests 

(two-tailed)). H: Phagocytosis of KPCz661 debris by ZEB1LysMCtrl and ZEB1LysMDel BMDMs as measured by 

number of Claret+ BMDMs at t= 20min. BMDMs were not stimulated or pre-stimulated with LPS or IL-4 (n= 3; 

results show mean +SD; unpaired Studentôs t-tests (two-tailed)). 

 

Among other functions, cytokines CCL2 and CCL22 are involved in CD8+ T cell recruitment 

(Zhang et al. 2006) (Kondo and Takiguchi 2009) (Berencsi et al. 2011) (Li et al. 2020). In 

order to determine if the ZEB1 dependent secretion defect of CCL2 and CCL22 by BMDMs 

influences CD8+ T cells recruitment, we performed a T cell attraction assay. CD8+ T cells 

seeded on the upper chamber of a transwell inset migrated towards ZEB1LysMCtrl or 

ZEB1LysMDel BMDMs in the lower chamber, which was manipulated by addition of 

recombinant cytokines or cytokine depleting antibodies. 

Excitingly, ZEB1 deficient BMDMs were less potent to recruit CD8+ T cells through the 

transwell than ZEB1 proficient BMDMs. The addition of either CCL2 or CCL22 alone or in 

combination to the BMDM medium restored the chemotaxis of CD8+ T cells by ZEB1LysMDel 

BMDMs (Figure 16A). Notably, the concentrations of the recombinant cytokines were very 

low, as they were specifically calculated to level out the physiological concentration 

differences in secretion levels between both BMDM genotypes, as measured in Figure 14C.  

Correspondingly, depletion of CCL2 or CCL22 by antibodies reduced CD8+ T cell 

recruitment by ZEB1LysMCtrl BMDMs to the level of ZEB1LysMDel BMDMs (Figure 16B). 

These data further strengthen the importance of myeloid ZEB1 dependent CCL2 and 

CCL22 in CD8+ T cell recruitment. Of note, activation of CD8+ or CD4+ T cells as measured 

by proliferation of T cells after co-culture with ZEB1LysMCtrl or ZEB1LysMDel BMDMs was not 

dependent on myeloid ZEB1 (Figure 16C+D). The only exception was a small decrease in 

CD8+ T cell activation after co-culture with unstimulated ZEB1LysMDel BMDMs compared to 

ZEB1LysMCtrl BMDMs. 

Collectively, loss of ZEB1 in macrophages led to a reduced secretion of cytokines CCL2 

and CCL22, which diminished chemotaxis of cytotoxic CD8+ T cells in vitro.  
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Figure 16: Direct effect of myeloid ZEB1 on T cell attraction and activation. 
A:  Transwell migration of CD8+ T cells alone or towards ZEB1LysMCtrl or ZEB1LysMDel BMDMs in absence or 
presence of recombinant CCL2 and CCL22 (n> 3; results show mean +SD; unpaired Studentôs t-test (two-
tailed)). B: Transwell migration of CD8+ T cells towards ZEB1LysMCtrl or ZEB1LysMDel BMDMs in absence or 
presence of anti-CCL2 and anti-CCL22 antibodies (n= 3; results show mean +SD; 2-way ANOVA multiple 
comparisons). C: Activated CD8+ T cells as percentage of total CD8+ T cells in absence (n= 1) or presence of 
M0, LPS or IL-4 pre-stimulated ZEB1LysMCtrl (n= 2) or ZEB1LysMDel (n= 3) BMDMs (results show mean +SD; 
unpaired Studentôs t-test (two-tailed)). D: Activated CD4+ T cells as percentage of total CD4+ T cells in absence 
(n= 1) or presence of M0, LPS or IL-4 pre-stimulated ZEB1LysMCtrl (n= 2) or ZEB1LysMDel (n= 3) BMDMs n= 
2+3+1; results show mean +SD; unpaired Studentôs t-test (two-tailed)). 

 

5.8 Myeloid ZEB1 dependent cytokines form a tumor 

suppressive microenvironment by recruiting cytotoxic 

T cells in s.c. tumors and lung colonies  

Next, we aimed to investigate if the lack of cytotoxic T cell recruitment by ZEB1 deficient 

BMDMs observed in vitro can also be detected in vivo. Additionally, we sought to analyze 

T cell induced cytotoxicity in tumor cells. We stained s.c. tumors and lung colonies (see 5.4) 

for cytotoxic T cell marker CD8 and apoptosis marker cleaved Caspase 3 to analyze T cell 

abundance and apoptosis induction in tumor cells. Furthermore, macrophage markers 

F4/80 or CD68 were used to determine macrophage abundance in the TME, which could 

influence total cytokine secretion levels.  
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5.8.1 S.c. tumors 

In s.c. CMT-93 tumors, the amount of macrophages was similar in tumors of ZEB1LysMDel 

and ZEB1LysMCtrl mice. Strikingly, we observed a strong reduction of CD8+ cytotoxic T cells 

in tumors of ZEB1LysMDel mice, confirming our in vitro data of reduced chemotaxis of CD8+ 

T cells by ZEB1LysMDel BMDMs. Additionally, less cleaved Caspase 3 positive tumor cells 

were present in ZEB1LysMDel tumors (Figure 17A+B). These results correspond well with 

increased tumor volume and tumorigenicity observed in ZEB1LysMDel mice and partial tumor 

rejection in ZEB1LysMCtrl mice.  

To further validate the role of cytotoxic T cells in tumor immunosurveillance and rejection, 

we s.c. injected CMT-93 cells into NSG mice that lack cytotoxic T cells. Tumor growth was 

observed in 100% of the NSG mice, supporting the crucial role of cytotoxic T cells in anti-

tumor defense (Figure 17C). Importantly, the low tumor rejection rate in Zeb1LysMDel mice 

mimicked the NSG results, while higher rejection was observed in ZEB1LysMCtrl mice. 

Similarly, in s.c. MC-38 tumors the number of CD8+ cytotoxic T cells and cleaved 

Caspase 3 positive tumor cells was reduced in ZEB1LysMDel mice, while F4/80 was equally 

abundant in tumors of both genotypes (Figure 17D+E). This lack of cytotoxic T cell 

recruitment and subsequent tumor cell apoptosis corresponds with a lower MC-38 rejection 

rate in limiting dilution assays in ZEB1LysMDel mice. 

 

 
Figure 17: Histological stainings of s.c. allografts in ZEB1LysMCtrl and ZEB1LysMDel mice. 

A: Representative images of histological stainings for F4/80 (left panel), CD8 (middle panel) and cleaved 

Caspase 3 (cl. Casp. 3; right panel) of s.c. CMT-93 tumors in ZEB1LysMCtrl and ZEB1LysMDel mice. Insets show 

higher magnification. B: Quantification of histological stainings for F4/80 (left panel), CD8 (middle panel) and 

cleaved Caspase 3 (cl. Casp. 3; right panel) of s.c. CMT-93 tumors in ZEB1LysMCtrl and ZEB1LysMDel mice 

(F4/80 and cl. Casp. 3: n> 7 mice; unpaired Welch´s t test; for CD8: n> 57 images; 2-way ANOVA). C: 

Percentage of s.c. CMT-93 tumor bearing ZEB1LysMCtrl, ZEB1LysMDel and NSG mice (n are indicated in the 

graph; unpaired Studentôs t-test (two-tailed)). D: Representative images of histological stainings for F4/80 (left 

panel), CD8 (middle panel) and cleaved Caspase 3 (cl. Casp. 3; right panel) of s.c. MC-38 tumors in 

ZEB1LysMCtrl and ZEB1LysMDel mice. Insets show higher magnification. E: Quantification of histological stainings 

for F4/80 (left panel), CD8 (middle panel) and cleaved Caspase 3 (cl. Casp. 3; right panel) of s.c. MC-38 tumors 

in ZEB1LysMCtrl and ZEB1LysMDel mice (F4/80 and cl. Casp. 3: n> 10 mice; unpaired Welch´s t test; for CD8: 

n> 86 images; 2-way ANOVA). 
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5.8.2 Metastatic lung colonization 

21 days post MC-38 i.v. injection, macrophage influx into the metastatic lungs was similar 

between ZEB1LysMDel and ZEB1LysMCtrl mice. As in the s.c. MC-38 tumors, in MC-38 lung 

colonies a reduced number of CD8+ T cells and consistently decreased number of apoptotic 

tumor cells were observed in ZEB1LysMDel mice (Figure 18A+B). The slight reduction of 

cytotoxic T cells and apoptotic tumor cells are in accordance with the observed slight 

increase in tumor colony number of MC-38 metastatic colonies in ZEB1LysMDel mice (Figure 

10A-C). 

In order to monitor immunosurveillance after injection of KPCz661 i.v. over time, we 

harvested lungs with developing colonies at indicated time points. The amount of CD68+ 

macrophages was equal in colonies and surrounding tissue of ZEB1LysMDel and 

ZEB1LysMCtrl mice at all time points (Figure 18C). The number of CD8+ T cells increased at 

day 10 post injection in colonies of ZEB1LysMCtrl mice, but not of ZEB1LysMDel mice. At days 

14 and 21 post injection, the number of CD8+ T cells finally increased in ZEB1LysMDel mice, 

but did not reach ZEB1LysMCtrl levels, confirming again the insufficient recruitment of 

cytotoxic T cells by ZEB1LysMDel macrophages (Figure 18E+F). Consequently, cleaved 

Caspase 3 positive tumor cells peaked at day 14 post injection, but to a much higher extent 

in ZEB1LysMCtrl than in ZEB1LysMDel mice, which remained until day 21 (Figure 18G+H). 

Consistently, on day 14 post injection, a decrease of tumor load was observed (Suppl. 

Figure 5A). As CCL2 and CCL22 are also reported chemoattractants for T helper and 

specifically regulatory T cells (Fei et al. 2021), we stained for CD4 and FoxP3 as respective 

markers in KPCz661 i.v. injected lungs. An expected increase of CD4 and FoxP3 positive 

cells was detected over time, but it was not dependent on myeloid ZEB1 expression (Suppl. 

Figure 5B-E). 

These data impressively confirm the in vitro findings of reduced T cell recruitment by 

ZEB1LysMDel macrophages in several models in vivo and additionally highlight the 

correlation of cytotoxic T cell influx into the TME and tumor cell apoptosis. 
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Figure 18: Histological stainings of lung colonies in ZEB1LysMCtrl and ZEB1LysMDel mice. 

A: Representative images of histological stainings for CD68 (left panel), CD8 (middle panel) and cleaved 

Caspase 3 (cl. Casp. 3; right panel) of MC-38 lung colonies in ZEB1LysMCtrl and ZEB1LysMDel mice. B: 

Quantification of histological stainings for CD68 (left panel), CD8 (middle panel) and cleaved Caspase 3 (cl. 

Casp. 3; right panel) of MC-38 lung colonies in ZEB1LysMCtrl and ZEB1LysMDel mice (n> 6; results show mean 

+SD; unpaired Welch´s t test). C: Representative images of (immuno)fluorescence of CD68 (green) of KPCz661 

lung colonies (red) in ZEB1LysMCtrl and ZEB1LysMDel mice 14 days post injection. DAPI was used as 

counterstain. D: Quantification of (immuno)fluorescence of CD68 of KPCz661 lung colonies in ZEB1LysMCtrl and 

ZEB1LysMDel mice over time (n> 6; results show mean +SD; unpaired Studentôs t-tests (two-tailed)). E: 

Representative images of histological stainings for CD8 of KPCz661 lung colonies in ZEB1LysMCtrl and 

ZEB1LysMDel mice 10 days post injection. F: Quantification of histological stainings for CD8 of KPCz661 lung 

colonies in ZEB1LysMCtrl and ZEB1LysMDel mice over time (n> 20 images; results show mean +SEM; unpaired 

Studentôs t-tests (two-tailed)). G: Representative images of histological stainings for cleaved Caspase 3 (cl. 

Casp. 3) of KPCz661 lung colonies in ZEB1LysMCtrl and ZEB1LysMDel mice 14 days post injection. H: 

Quantification of histological stainings for cleaved Caspase 3 (cl. Casp. 3) of KPCz661 lung colonies in 

ZEB1LysMCtrl and ZEB1LysMDel mice over time (n> 10; results show mean +SEM; unpaired Studentôs t-tests 

(two-tailed)). 
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6. Discussion 

In this thesis, we aimed to study the influence of cell plasticity factor ZEB1 on TAM 

polarization and thereby tumorigenesis. While myeloid ZEB1 seemed dispensable for organ 

development and immune hematopoiesis in homeostasis, we could provide evidence for its 

relevance in TAMs: Myeloid ZEB1 restricted s.c. tumor growth and metastatic lung 

colonization in two gastrointestinal tumor entities. Surprisingly, ZEB1 did not drive global 

polarization of TAMs, but rather fine-tuned specific effectors, e.g. secretion of 

chemoattractants CCL2 and CCL22. Notably, cytotoxic T cells were recruited by CCL2 and 

CCL22 and their abundance in tumors correlated with tumor cell apoptosis and tumor 

rejection. Collectively, we demonstrated that ZEB1 in TAMs favors tumor rejection by 

modulating the anti-tumor immune response. 

 

6.1 Validation mouse model 

In order to investigate myeloid specific ZEB1 in vivo, we utilized the ZEB1LysM mouse model. 

While this model targets ZEB1 in macrophages relative specifically, some potential pitfalls 

must be taken into account. 

Heterozygous introduction of the Cre recombinase into the LsyM gene locus results not only 

in myeloid specific expression of the Cre recombinase, but also in a heterozygous loss of 

function of LysM (Clausen et al. 1999). Indeed, we observed a 50% reduction of LysM 

expression in BMDMs (data not shown). The heterozygous loss of function of LysM could 

potentially directly influence our experiments independent of myeloid ZEB1. Lysozyme M 

mainly exerts anti-bacterial and anti-fungi functions, e.g. decreasing the susceptibility to 

respiratory tract infection by hydrolyzing peptidoglycans in the bacterial cell wall (Markart et 

al. 2004, Jiang et al. 2021). However, homozygous deletion of LysM did not affect LPS 

induced lung inflammation (Gong et al. 2019). Susceptibility to infectious diseases in 

ZEB1LysMDel mice was not specifically analyzed in this study. However, unchallenged 

ZEB1LysMDel mice in specific pathogen free animal housing conditions seem unaffected by 

the heterozygous loss of LysM. In context of tumor models, ZEB1LysMCreCtrl mice with the 

LysM cre/+ allele but unaltered Zeb1 locus showed the same lung colonization progression 

as ZEB1LysMCtrl mice (Suppl. Figure 4). In accordance, although extrinsic application of 

lysozymes from non-mammalian sources in non-physiological doses acted anti-

tumorigenic, a specific role of myeloid lysozyme M in cancer was not reported to our 

knowledge (Jiang et al. 2021). In summary, off-target effects of heterozygous LysM knock 

out in our tumor models are highly unlikely.  
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Clausen et al., generators of the LysM-Cre mouse, reported ectopic expression of Cre 

recombinase in DC subsets and neutrophil granulocytes, which was later confirmed by other 

researchers (Clausen et al. 1999, Faust et al. 2000, Abram et al. 2014). Validation 

experiments by flow cytometry and co-stainings in our ZEB1LysM mice reflected these 

findings. We verified the successful monocyte and macrophage targeting and detected 

additional targeting of neutrophil granulocytes and a minor fraction of DCs. To test if the 

observed tumor promotion in ZEB1LysMDel mice is partially derived from neutrophil specific 

ZEB1 loss, we validated our main in vivo effect of increased lung colonization in 

ZEB1LysMDel mice in a conditional knockout mouse line specifically targeting neutrophil 

granulocytes (ZEB1Ly-6g). ZEB1 deletion in neutrophil granulocytes had no significant tumor-

promoting effect, supporting the attribution of the observed tumor-promoting effects in 

ZEB1LysM mice to ZEB1 in macrophages. Even though not significant, a trend towards tumor 

promotion was observed in ZEB1Ly-6gDel mice. ZEB1 is expressed in neutrophil 

granulocytes and, similar to macrophages, neutrophil plasticity influences tumor 

progression, e.g. via T cell instruction (Scott and Omilusik 2019, Giese et al. 2019, Masucci 

et al. 2019, Hsu et al. 2020). Thus, ZEB1 in neutrophil granulocytes could have an additive 

effect to the major contribution of ZEB1 in macrophages to tumor promotion in the ZEB1LysM 

model, although to a small extend. 

Cre recombinase was also active in a fraction of DCs in the ZEB1LysM model. ZEB1 can be 

expressed in DCs, however its relevance in this cell type is poorly understood (Scott and 

Omilusik 2019). In one of the few published studies, knockdown of Zeb1 in cDC1 subtype-

like cell line MutuDC and primary bone marrow derived DCs reduced their activation and 

production of cytokines and skewed T helper cells towards a pro-tumorigenic Th2 

phenotype (Smita et al. 2018). These results would be in line with the increased lung 

colonization upon Zeb1 knock out in our ZEB1LysM mice. As a fraction of DCs were 

expressing the Cre recombinase in ZEB1LysMDel mice, we cannot exclude a minor 

contribution of DC specific ZEB1 in the ZEB1LysM model.  

Importantly, other immune cell types, especially cytotoxic T cells, did not show 

Cre-mediated recombination. Of note, absence of Cre recombinase expressing off target 

cells due to ZEB1 knockout mediated cell death is improbable as the total cell numbers 

were similar in ZEB1LysMCtrl and ZEB1LysMDel organs, even regarding subpopulations. 

Consistently, Clausen and colleagues specifically reported an absence of Cre expression 

in T cells (Clausen et al. 1999). Furthermore, knockout of Zeb1 in adult hematopoietic stem 

cells would lead to apoptosis-driven loss of thymocytes and T cells, which was not detected 

in ZEB1LysM mice (Almotiri et al. 2021). ZEB1 plays a regulatory role in T cell development 

(Williams et al. 1991, Brabletz et al. 1999, Guan et al. 2018, Scott and Omilusik 2019, Wang 

et al. 2021b). Thus, the lack of Cre recombinase activity in T cells excludes a direct effect 
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of ZEB1 in T cells in ZEB1LysM mice and strengthens the indirect regulation of T cell 

recruitment by myeloid ZEB1 associated secretion of cytokines. 

Other myeloid Cre mouse lines are available and used for various studies of the myeloid 

compartment. However, these Cre-lines are similarly unspecific for macrophages as the 

LysM-Cre line and display off-target expression of Cre recombinase (Abram et al. 2014, Shi 

et al. 2018). 

Of note, the highly important function of ZEB1 inducing EMT in tumor cells is completely 

independent of the ZEB1LysM mouse model, as the injected tumor cells are not genetically 

manipulated in the Zeb1 locus and thus ZEB1 competent. 

We utilize a conditional, homozygous knockout of Zeb1 and demonstrate a tumor 

suppressing function of myeloid ZEB1. Conditional, cell type specific deletion of a gene is 

often preferable to a full body knockout for precisely studying functions of that gene in a 

specific cell type. For example, in contrast to a cell type specific conditional Zeb1 knockout, 

a previously published study describes that a full body knockout of Zeb1 revealed a tumor 

promoting function of ZEB1 in an ovarian cancer injection model, which was attributed to 

macrophages (Cortes et al. 2017). However, the full body knockout approach should also 

delete Zeb1 in other cell types, e.g. cytotoxic T cells. As ZEB1 is crucial for T cell 

development (see above), the observed tumor promotion could be a direct effect of 

heterozygous lymphoid Zeb1 knockout. An examination of other immune cell types apart 

from macrophages was not reported by the authors but could shed light on the ZEB1 

dependent impact of these cell types on their tumor injection model. Importantly, analysis 

of isolated Zeb1 +/- BMDMs in this study can be compared with our in vivo results. Both 

studies consistently demonstrated partially impaired macrophage polarization marker 

expression upon loss of ZEB1. Thus, our study confirms the previously published 

importance of ZEB1 in macrophage polarization. The specificity of the ZEB1LysM model 

additionally allows certainty of the tumor suppressing function of myeloid ZEB1 in vivo 

without confounding effects of ZEB1 in other cell types. 

Overall, ZEB1LysM mice are a valid in vivo model to explore myeloid specific ZEB1 functions 

in tumorigenesis. Nonetheless, potential effects of ZEB1 in DCs and partially neutrophil 

granulocytes could contribute to the observed results to a small extend. 

 

6.2 Relevance and regulation of ZEB1 in development, homeostasis and 

the TME 

In our ZEB1LysM mouse model, ZEB1 seems to be dispensable for macrophage 

development and homeostasis. This was for example determined by comparable numbers 

of monocytes and macrophages in ZEB1LysMDel and ZEB1LysMCtrl mice and low expression 



Discussion 

61 

of Zeb1 in homeostatic macrophages. Our Zeb1 expression data confirm previously 

published reports of low expression of Zeb1 in macrophages (Scott and Omilusik 2019, 

Almotiri et al. 2021). In contrast, ZEB2 is required to maintain tissue identity of macrophages 

and ZEB2 deficient mice exhibited impaired differentiation in myeloid cells (Scott et al. 2018, 

Wu et al. 2016, Li et al. 2017). This emphasizes the non-redundant functions of the different 

EMT transcription factors, for example in development (Stemmler et al. 2019). ZEB1 

associated fine-tuning of activation seemed also not to be essential for specific macrophage 

functions: ZEB1 deficient macrophages were able to proliferate in culture, a prerequisite for 

macrophage expansion at e.g. inflammatory sites, and to clear bacteria and cell debris by 

phagocytosis. 

In this study, we visualize ZEB1 in TAMs in the TME of human primary CRC and mouse 

PDAC lung colonies. Expression of ZEB1 in stromal cells surrounding malignant tumor cells 

was previously observed in several tumor entities, but the specific cell type was not 

determines in those studies (Spaderna et al. 2008, Chaffer et al. 2013, Galvan et al. 2015). 

We now identified TAMs as one of the ZEB1 expressing stromal cell types. 

Compared to unstimulated macrophages, we observed Zeb1 upregulation by TGF-ɓ and 

LPS, two stimuli mimicking the TME milieu. Additionally, Cortés et al. demonstrated that 

myeloid ZEB1 is induced by tumor cells (Cortes et al. 2017). In cancer  cells, ZEB1 is 

induced by various stimuli, such as TGF-ɓ, EGF, VEGF and Wnt, which stimulate various 

signaling pathways including Smad, Notch, NFəB, MEK/ ERK and Wnt/ ɓ-catenin signaling 

(Migault et al. 2022, Perez-Oquendo and Gibbons 2022, Lu et al. 2022). These ligands 

could upregulate ZEB1 also in TAMs in the tumor milieu as they are prominent signal 

transducers in the TME (Bierie and Moses 2006, Reuter et al. 2007, Massague 2008, 

Fridlender et al. 2009, Oliveira-Cunha et al. 2011, Zhang et al. 2014, Zhan et al. 2017, Kim 

et al. 2021, Aguilera and Dawson 2021, Zhao et al. 2022). In conclusion, enrichment of 

ZEB1 expressing TAMs in the stimuli rich milieu of the TME is likely, but needs further 

validation. 

 

6.3 Potential regulation of  macrophage polarization and cytokine secretion 

by ZEB1 

ZEB1 only partially affected macrophage polarization. While global pathways of stimulation 

response were ZEB1 independent, single effectors, such as cytokines CCL2 and CCL22, 

were deregulated on RNA and secretome level. ZEB1 could be involved in different steps 

of polarization and, more specifically, of cytokine production and secretion. 
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6.3.1 Transcription 

The transcription factor ZEB1 regulates target genes by activation or repression of their 

expression depending on binding co-transcription factors. In this study, we analyzed the 

polarization of macrophages upon stimulation with LPS or IL-4 on transcriptional level. In 

bulk RNA sequencing, both ZEB1 deficient and proficient macrophages were capable to 

regulate LPS and IL-4 specific pathways following respective stimulation. In accordance, 

expression of several classical polarization markers and effectors was similarly regulated 

and specific macrophage functions were not impaired by the loss of ZEB1 in in vitro assays. 

Thus, macrophages can undergo general polarization upon stimulation even after Zeb1 

deletion. 

In line with our findings, only 412 genes were differentially expressed in unstimulated 

heterozygous Zeb1 knockout macrophages compared to wild-type macrophages in a 

previously published study. Among the downregulated genes were Cd163, Cd206 (Mrc1) 

and Retnla, which were also decreased in unstimulated macrophages in our approach. 

However, these single markers had no consequence in analyzed macrophage functions 

(Cortés et al. 2017, Cortés Hinojosa 2017). Here, we confirm the reported similarity between 

ZEB1 pro- and deficient unstimulated macrophages and add insights on ZEB1 dependent 

macrophage polarization after stimulation. 

In various cell types, transcriptional regulation of target genes by ZEB1 allows cell plasticity 

(see 3.4). For example, in epithelial PDAC cells, ZEB1 represses the transcription of 

epithelial genes such as Cdh1 and induces the expression of mesenchymal genes such as 

Vimentin, which results in EMT and thereby facilitates metastasis (Krebs et al. 2017). 

Knockout of Zeb1 impairs this phenotypic switch. Besides PDAC, ZEB1 induces 

transcriptional plasticity in multiple other cancer types (Benboubker et al. 2022, Stemmler 

et al. 2019). Furthermore, ZEB1 regulates the plasticity of various cells in development and 

differentiation (Vandewalle et al. 2009): ZEB1 induces expression of myofibroblast 

activation markers and is a transcriptional regulator of neurogenesis (Sangrador et al. 2018, 

Singh et al. 2023). On the other hand, ZEB1 can block osteoblast differentiation by 

transcriptional downregulation of Runx2 (Ruh et al. 2021). In these reported studies, ZEB1 

acts as master regulator, which confers plasticity and completely alters the phenotype of 

multiple cell types. Here, we uncover an unexpected ZEB1 independence of general 

macrophage polarization on transcriptional level and related functions in vitro. Yet, myeloid 

ZEB1 controls the transcriptional landscape of macrophages and has a dramatic impact on 

tumor progression in the TME probably attributed to very specific cytokine alterations and 

subsequent interplay with the adaptive immune system. Thus, we conclude that ZEB1 in 

macrophages is not a master regulator, but fine-tuner of macrophage polarization. 
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In this thesis, we defined CCL2 and CCL22 as specific ZEB1 dependent effectors of tumor 

immune surveillance. Direct transcriptional activation of CCL2 and CCL22 in macrophages 

by ZEB1 binding has not been reported yet. However, c-Jun binding to the CCL2 promoter 

drives active transcription of CCL2 in pulmonary fibrosis and in PDAC cells (Deng et al. 

2013, Tu et al. 2021). ZEB1 might directly regulate transcription of CCL2 by co-binding with 

c-Jun as this member of the AP-1 transcription factor family interacts with ZEB1 in 

transcriptional activation (Feldker et al. 2020). Furthermore, ZEB1 mildly induced 

transcription of CCL2 by promoter binding in fibroblasts in a luciferase reporter assay (AG 

Brabletz, unpublished data). The ENCODE Transcription Factor Targets dataset defined 

CCL22 as ZEB1 target (Rouillard et al. 2016) and ZEB1 bound to the transcriptional start 

site of CCL22 in a lymphoblastoid cell line (https://www.encodeproject.org, identifier 

ENCSR000BND). These indications of ZEB1 binding and activation of CCL2 and CCL22 

have to be validated in macrophages, for example by ChIP and luciferase reporter assays. 

 

6.3.2 Translation 

Interestingly, we observed a ZEB1 dependent transcriptional deregulation especially of 

translation related genes upon LPS stimulation. This could reflect a general translation 

defect in ZEB1 deficient macrophages, which could result in decreased translation of 

mRNAs and thus abundance of the respective proteins. However, we found some 

translation related genes up- and some downregulated. Furthermore, an accumulation of 

untranslated mRNA would hint towards a deficient translation, but total mRNA counts were 

not altered between ZEB1 pro- and deficient macrophages (data not shown). These data 

could imply an adaptation of translation rather than a defect and requires validation by 

analysis of mRNA and protein turnover. 

 

6.3.3 Secretion 

In the present study, we uncovered that the secretion of CCL2, CCL22 and other cytokines 

was impaired in ZEB1 deficient macrophages, especially after stimulation. Cytokines act as 

paracrine intercellular mediators (Arango Duque and Descoteaux 2014). To fulfill their 

function, cytokines have to be released from the cell of origin into the extracellular space 

and bind to specific receptors on the receiving cell (Zhang et al. 2020). In macrophages, 

cytokines have to be freshly synthesized after cell stimulation. They are then transported 

through the endoplasmatic reticulum and the trans-Golgi-network and traffic in recycling 

endosomes or directly to the plasma membrane, where vesicles fuse and release cytokines 

into the extracellular space (Murray and Stow 2014, Hughes and Nibbs 2018). Accordingly, 
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defects in this trafficking in macrophages were reported to cause diminished abundance of 

extracellular cytokines (Murray and Stow 2014). In this regard, different Rab and Arf family 

members, which are involved in various  membrane fusion processes required for protein 

transport and secretion, were deregulated in ZEB1 deficient and proficient macrophages 

upon LPS stimulation. Consequently, the biological process ñProtein transportò was 

differentially regulated in ZEB1 proficient and deficient macrophages upon LPS stimulation, 

indicating that ZEB1 is involved in regulating trafficking of cytokines in macrophages. This 

is consistent with studies in cancer cells, in which ZEB1 was reported to accelerate 

endosomal and exocytotic trafficking by regulation of Kif13a and Ap1s2 or Rab6A, Rab8A 

and guanine nucleotide exchange factors, respectively (Banerjee et al. 2021, Xiao et al. 

2023). The mechanism of ZEB1 influencing secretion processes in macrophages however 

remains to be elucidated. 

Different cellular processes relying on vesicle trafficking and membrane fusions are 

regulated by different factors. For example, Clathrin is required for vesicle formation, but 

not for phagocytosis (Braun et al. 2007). Studying the influence of ZEB1 on these 

mechanisms in macrophages might shed light on why secretion was altered in ZEB1 

deficient macrophages while phagocytosis remained functional. Moreover, different 

cytokines depend on different secretion pathways, which once more leaves room for the 

fine-tuning role of ZEB1 in macrophage polarization and function (Murray and Stow 2014, 

Hughes and Nibbs 2018). Conclusively, ZEB1 dependent regulation of CCL2 and CCL22 

secretion processes in macrophage is likely and studying of the detailed mechanisms is of 

high interest. 

In summary, we provide evidence that ZEB1 is not a master regulator, but fine-tuner of 

macrophage polarization. Regulation of both production and trafficking of effector molecules 

such as CCL2 and CCL22 by ZEB1 are potential underlying mechanisms. 

 

6.4 Effects of cytokines CCL2 and CCL22 in the TME 

In the present study, we demonstrated that myeloid ZEB1 dependent CCL2 and CCL22 

recruited cytotoxic T cells in vitro. Moreover, CD8+ T cells were less abundant in s.c. tumors 

and lungs during metastatic lung colonization of ZEB1LysMDel mice. Here, I discuss the 

potential impact of CCL2 and CCL22 on cytotoxic T cells and other cell types in the complex 

in vivo setting. 
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6.4.1 Effects on cytotoxic T cells 

The cytokines CCL2 and CCL22, also known as monocyte chemoattractant protein (MCP)-

1 and macrophage-derived chemokine (MDC), respectively, execute various functions by 

binding to their respective surface receptors on target cells. The main receptors of CCL2 

are CCR2 and CCR4 whereas CCL22 is a ligand specifically of receptor CCR4 (Korbecki 

et al. 2020). In mice and humans, Ccr2 is homogeneously expressed on monocytes and on 

9% of CD8+ T cells. This expression pattern was enriched to 30% CCR2 positive CD8+ 

T cells in an inflammatory kidney model (Mack et al. 2001). In TCGA data sets of Head and 

Neck Cancer, CCR4 positively correlated with cytotoxic T lymphocyte signatures and single 

cell RNA sequencing demonstrated that CCR4 was expressed in multiple subtypes of 

T cells, including effector CD8+ T cells (Li et al. 2020). With the surface expression of CCR2 

and more prominently CCR4, T cells fulfill an important requirement for chemoattraction by 

CCL2 and CCL22. If this expression is CD8+ T cell subtype specific, remains to be 

uncovered. 

We demonstrated reduced CD8+ T cell migration towards ZEB1 deficient macrophages in 

vitro, which was rescued by addition of physiological amounts of CCL2 and CCL22. 

Complementarily, blocking of CCL2 and CCL22 by addition of depleting antibodies reduced 

CD8+ T cell recruitment by ZEB1LysMCtrl macrophages to ZEB1LysMDel BMDM levels. We 

thus conclude that the enhanced recruitment of cytotoxic T cells by ZEB1 proficient 

macrophages is conducted by CCL2 and CCL22. In line, several studies have shown the 

chemotactic effect of CCL2 and CCL22 on cytotoxic T cells in controlled in vitro settings. 

For example, T cell migration towards tumor cells and T cell mediated cytotoxicity depended 

on the CCL2-CCR2 axis in colorectal cancer (Berencsi et al. 2011). In this study, CCL2 was 

chemotactic to patient-derived anti-CRC specific cytotoxic T lymphocytes in a transwell 

assay. Moreover, in co-cultures with organotypic CRC reconstructs, cytotoxic 

T lymphocytes migrated through a fibroblast separation layer towards the CCL2 expressing 

CRC cells and induced tumor cell apoptosis. Addition of anti-CCL2 or anti-CCR2 antibodies 

in the separating layer inhibited migration of cytotoxic T cells towards tumor cells and 

subsequently reduced tumor cell apoptosis (Berencsi et al. 2011). In other studies, 

recombinant CCL2 recruited purified T lymphocytes in a dose-depended and chemotactic 

manner and T lymphocytes underwent dose-dependent transendothelial chemotaxis 

towards CCL2 (Carr et al. 1994, Roth et al. 1998). Furthermore, the interplay of CCL2 and 

CCR4 was crucial for migration of cytotoxic T lymphocytes towards melanoma cells in three-

dimensional organotypic culture (Zhang et al. 2006). Analogous to CCL2, CCL22 was also 

able to recruit primary CD8+ T cells derived from peripheral blood in chemotaxis assays in 

two individual studies (Li et al. 2020, Kondo and Takiguchi 2009). Here, we corroborate the 

chemotaxis of CD8+ T cells by CCL2 and CCL22, confirm macrophages a source for CCL2 
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and CCL22 and additionally demonstrate that physiologically low concentration differences 

as observed in ZEB1LysMDel vs. ZEB1LysMCtrl BMDM supernatants suffice to modulate T cell 

recruitment. 

The abundance of CD8+ T cells was decreased in s.c. tumors and lung colonies in our 

ZEB1LysMDel mice. As ZEB1LysMDel BMDMs secreted reduced amounts of CCL2 and CCL22 

and we showed CCL2 and CCL22 mediated T cell recruitment in vitro, it is intriguing to 

speculate that CD8+ T cell chemotaxis is mediated by CCL2 and CCL22. In published data, 

CCL2 promoted the recruitment of activated T cells to experimental melanoma colonies in 

the lung (Martin-Orozco et al. 2009) and CCL2 and CCR2 were required for s.c. tumor 

infiltration of ɔŭ T cells (Lanca et al. 2013). In a competitive in vivo migration assay, CCR2 

deficient CD8+ T cells displayed an intrinsic migratory defect to gut and liver (Terwey et al. 

2005). Complementary, CCR2 positive CD8+ T cells migrated to sites of viral infection 

(Nansen et al. 2000). CCR4, the chemokine receptor binding both CCL2 and CCL22, was 

also associated with T cell recruitment in vivo. The abundance of central memory CD8+ 

T cells in peripheral blood reduced after anti-CCR4 monoclonal antibody therapy in patients 

with various advanced or recurrent cancer types (Maeda et al. 2021). Correspondingly, 

CCR4 conveyed skin homing of central memory CD8+ T cells by enhancing migration from 

the blood to the dermis (Casciano et al. 2020). Additionally, CCR4 in activated CD8+ T cells 

contributed to lung homing in patients with severe acute SARS-CoV-2 infection (Spoerl et 

al. 2021). In line, CCR4 mediated lung homing of CD8+ T cells was reported in response to 

inhaled antigen as CCR4-deficient T cells failed to migrate into the lung. In parallel, CCL22 

was increased after inhaled antigen infection (Mikhak et al. 2013). In a s.c. melanoma 

model, CCL22 recruited tumor specific activated T cells and suppressed tumor growth 

(Okada et al. 2006). In summary, chemotaxis of CD8+ T cells by CCL2 and CCL22 by CCR2 

and CCR4 was reported in several settings in vivo, e.g. in inflammation and multiple tumor 

entities. Notably, in some studies only a subset of T cells was recruited by CCL2 or CCL22. 

Thus, subtype analysis of ZEB1LysMDel tumor infiltrating T cells is of high interest. With the 

present study, we corroborate the importance of CCL2 and CCL22 in CD8+ T cell 

recruitment and homing and refine the knowledge by identifying macrophages as an 

important source of CCL2 and CCL22. Strikingly, we and others concordantly describe 

homing of CCR4 positive T cells to skin or lung, providing interesting prospects for cancer 

control by organ specific T cell recruitment. 

 

6.4.2 Effects on other immune and tumor cells 

CCL2 can exert functions not only on CD8+ T cells, but also on other cells of the TME. The 

most established role of CCL2 is attraction of monocytes to sites of inflammation, wound 
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healing and cancer (Gschwandtner et al. 2019, Hao et al. 2020). Interestingly, the amount 

of F4/80 or CD68 positive macrophages observed in our models was consistent between 

ZEB1LysMCtrl and ZEB1LysMDel s.c. tumors and lung colonies. One reason might be that 

CCR4 was not expressed in bulk RNA sequencing from BMDM cultures (data not shown). 

Of note, CCR2 was expressed robustly and equally in ZEB1 pro- and deficient BMDMs 

(data not shown). If the CCR4 expression is also reduced in monocytes and macrophages 

at the tumor site, remains to be elucidated. 

In addition to monocyte recruitment, CCL2 influenced Treg trafficking to tumor sites and 

regulated Th2 and Treg polarization in vitro and in vivo (Lim et al. 2016, Fei et al. 2021). 

This recruitment might be CCR4 dependent, as Treg trafficking towards non-small cell lung 

cancer and Th2 recruitment into airways of asthmatic patients was reported in CCR4+ T cell 

subsets (Liu et al. 2017, Vijayanand et al. 2010). Furthermore, anti-CCR4 therapy in 

patients with solid tumors reduced the number of Tregs as well as cytotoxic T cells (Maeda 

et al. 2021). Similarly, CCL22 deficiency resulted in decreased Treg migration and 

enhanced T cell anti-tumor immunity against s.c. tumors (Rapp et al. 2019). In order to 

exclude the chemotactic effect of CCL2 and CCL22 on T helper cells and specifically Tregs 

in our tumor models, we performed stainings for CD4 and FoxP3, respectively, in lung 

colonies of ZEB1LysMCtrl and ZEB1LysMDel mice. Total T helper cell and Treg number 

increased over time, but was independent of ZEB1 expression in myeloid cells. However, 

T helper cell subtypes apart from Tregs, such as Th1, Th2 and Th17, have not been 

investigated yet. Hence, the analysis of tumor infiltrating T cell subtypes and activation state 

are highly relevant pending experiments. 

Reported pro-tumorigenic effects of CCL2 and CCL22 directly targeting tumor cells included 

stemness promotion and stimulation of tumor cell proliferation and migration (Lim et al. 

2016, Korbecki et al. 2020). For example, CCL22 induced EMT in esophageal squamous 

cell carcinoma cells and correlated with poor prognosis (Chen et al. 2022b). However, we 

did not observe direct effects of myeloid ZEB1 and subsequent CCL2 and CCL22 secretion 

on KPCz661 proliferation and invasion in vitro. CCL2 and CCL22 signal transmission relies 

on expression of CCR2 and CCR4 on the tumor cells, which is absent in several tumor cells 

and tumor cell lines of different entities, including PDAC and CRC (Li et al. 2020, Fei et al. 

2021). Thus, receptor expression specifically on the surface of KPCz661 has to be explored 

in the future. 

Overall, pro-tumorigenic effects of CCL2 and CCL22 on other cells of the TME appear 

unlikely in our models. Furthermore, therapeutic targeting of the CCL2 and CCL22 axes 

were often unfavorable for patients in reported trials, indicating an overall anti-tumorigenic 

effect of CCL2 and CCL22. For example, several CCL2-CCR2 axis targeting Phase II 

clinical studies failed to improve the outcome for patients with various tumor entities, 
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including PDAC and CRC (Lim et al. 2016, Fei et al. 2021). Furthermore, anti-tumor 

response to anti-CCR4 therapy was minimal in solid cancers unless CD8+ T cells were 

depleted (Maeda et al. 2021). Additionally, expression of CCL22 and CCR4 was favorable 

in nasopharyngeal carcinoma and CCL22 contributed to good prognosis in lung, colon and 

pancreatic cancer (Li et al. 2020, Korbecki et al. 2020). On that account, the CD8+ T cell 

specific anti-tumorigenic effects of CCL2 and CCL22 likely outweigh reported pro-

tumorigenic and immune suppressive effects on other cell types in our models. 

 

6.5 Myeloid ZEB1 dependent functions of cytotoxic T cells in the TME 

Next to T cell recruitment, ZEB1 in macrophages could play a role in T cell activation. 

However, even though the co-stimulatory molecules Cd80 and Cd86 were slightly 

downregulated in ZEB1 deficient macrophages, both CD4+ and CD8+ T cell activation of 

proliferation in vitro was not dependent on myeloid ZEB1. This might be due to the fact that 

cytotoxic T cells are not solely reliant on the CD28-CD80/ CD86 axis for activation but 

additionally recognize signals from other co-stimulatory molecules such as 4-1BB-L and 

OX40-L, which were not altered in ZEB1LysMDel BMDMs (Watts 2005). Furthermore, even 

though macrophages are antigen presenting cells (APCs) and can activate T cells, it is 

mainly DCs that are described to migrate to secondary lymphoid organs and induce 

expansion of naïve T cells (Garris and Luke 2020, Hargadon 2020, Muntjewerff et al. 2020). 

Overall, the impact of ZEB1 in macrophages in direct T cell activation seems negligible.  

We consistently observed a reduction of tumor load in ZEB1LysMCtrl mice 14 days post 

injection. After antigen detection, APCs have to process and present antigens, migrate to 

secondary lymphoid organs and induce T cell activation. After clonal expansion, T cells 

have to migrate to the tumor following chemotactic stimuli and execute tumor cell killing to 

a detectable extend (Dayer 2003, Harty and Badovinac 2008, Smith-Garvin et al. 2009, Tai 

et al. 2018, Hwang et al. 2020, Sim and Sun 2022). Thus, the timing of tumor cell rejection 

two weeks post injection is coherent considering published T cell biology. 

Once arrived in the TME, cytotoxic T cells can detect tumor cells via MHC-I loaded with the 

specific antigen. Two main routes of cytotoxicity are known: Firstly, death ligands such as 

FAS-L and TRAIL induce apoptosis by binding to their respective receptors on the tumor 

cell membrane (Martinez-Lostao et al. 2015). Secondly, secreted granules containing 

granzymes, perforin, cathepsin C and granulysin induce tumor cell death by membrane pore 

formation, nuclear envelope rupture and DNA damage (Weigelin et al. 2021). In this 

process, one cytotoxic T cell can kill multiple target cells simultaneously (Wiedemann et al. 

2006). Tumor cell apoptosis leads to stagnation or even decline of tumor load, which is 

termed rejection. In our models, we showed that CD8+ T cell abundance correlated with 
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tumor cell apoptosis and reduction of tumor load, suggesting tumor rejection by cytotoxic 

T cell mediated tumor cell apoptosis in ZEB1LyMCtrl mice. Additionally, tumors were not 

rejected in NSG mice, which lack, among others, cytotoxic T cells. Failure of the rejection 

and decreased CD8+ T cell numbers was observed in ZEB1LysMDel mice, which let us 

conclude that myeloid ZEB1 is required for T cell mediated tumor rejection by means of 

cytotoxic T cell recruitment. 

 

6.6 Synopsis and future perspectives 

In this study, we demonstrate that myeloid ZEB1 suppresses gastrointestinal tumor growth 

and metastatic colonization. ZEB1 is upregulated in macrophages in the TME and supports 

tumor control and even rejection. While general macrophage polarization does not depend 

on ZEB1, specific functions such as secretion of cytokines CCL2 and CCL22 does. Our 

results suggest that myeloid ZEB1 dependent tumor regression is not caused by direct 

effects on tumor cells, but is indirectly mediated by cytotoxic T cells that are recruited to the 

tumor by myeloid ZEB1 dependent chemoattractants CCL2 and CCL22 (Figure 19). This 

novel tumor suppressing role of ZEB1 in TAMs stands in contrast to the well reported 

function as tumor promoter in cancer cells and strengthens the cell type specific, non-

redundant functions of EMT transcription factors (Stemmler et al. 2019). Furthermore, it 

emphasizes once more the importance of the TME on tumor progression and its implication 

for cancer therapy: While direct targeting of ZEB1 in tumor cells suggests beneficial 

outcomes for patients (Waryah et al. 2023, Krebs et al. 2017), full-body administration of a 

ZEB1 specific drug might concomitantly also target myeloid ZEB1 and potentially interfere 

with its tumor suppressive effect. 

Here, we describe that myeloid ZEB1 dependent CCL2 and CCL22 recruit cytotoxic T cells 

to s.c. PDAC and CRC tumor models and metastatic lung colonies, which ultimately leads 

to tumor rejection. Tolerance against T cell cytotoxicity can originate from CD8+ T cell 

exclusion from the tumor or T cell dysfunction. For example, PDAC is considered as an 

ñimmune-coldò tumor with an immune-suppressive TME and minimal T cell infiltration. This 

T cell exclusion results in reduced tumor rejection compared to ñhotò tumors with 

immunological anti-tumor response (Ware et al. 2020, Goulart et al. 2021, Wang et al. 

2023). With regard to our findings, this strong immune-suppressive TME might outweigh 

myeloid ZEB1 T cell chemotactic functions in orthotopic PDAC. To strengthen the tumor-

suppressive effects of myeloid ZEB1, PDAC patients might benefit from additional CCL2 or 

CCL22 administration and subsequent T cell recruitment.  

Dysfunctional T cells, often correlated with a T cell exhaustion phenotype, are T cells with 

reduced effector functions, which reduces anti-tumor immunity and fosters tumor 



Discussion 

70 

progression (Wherry and Kurachi 2015, Blank et al. 2019, Ding et al. 2023). In the present 

study, myeloid ZEB1 did not affect T cell activation. However, next to TAMs, exhaustion of 

T cells can also be induced by cancers cells as well as other TME cell types (Ding et al. 

2023). Thus, in addition to analysis of T cell numbers, deeper exploration of T cell activation 

or exhaustion state and effector molecules in in vivo our models will reveal possible 

implications of myeloid ZEB1 on T cell activity.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Today, T cells are employed for modern cancer therapy approaches: Chimeric Antigen 

Receptor T cell (CAR-T cell) therapy engineers patient derived T cells to express a tumor 

antigen specific receptor (Raskov et al. 2021a). Immune checkpoint therapy (ICPT) blocks 

co-inhibitory signals on the T cell surface to suppress the natural negative feedback loop 

and prolong T cell response (Yang et al. 2023). However, therapies ameliorating T cell 

activity often fail due to low T cell infiltration into the tumor, especially in ñimmune-coldò 

tumors such as PDAC (Peranzoni et al. 2018, Ware et al. 2020, Raskov et al. 2021a). T cell 

attractant chemokines CCL2 and CCL22 could support T cell infiltration and thus enhance 

the success rate of ICPT or CAR-T cell therapy for hitherto non-responding patients. 

 

 

Figure 19: Graphical summary. 

ZEB1 proficient macrophage secreted CCL2 and CCL2 recruit CD8+ T cells into the TME, which results in 

tumor rejection. ZEB1 deficient macrophages lack CCL2 and CCL22 secretion, which reduces CD8+ T cell 

recruitment and tumor rejection. 
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7. Materials 

7.1 Cell lines 

Cell line Description Source 

CMT-93 

 

murine colorectal cancer 

 

Harald Schuhwerk, AG 

Brabletz 

KPC661 murine pancreatic ductal adenocarcinoma Established by Angela 

Krebs, AG Brabletz 

KPC661-Luc KPC661 expressing Luciferase Established by Isabell 

Armstark, AG Brabletz 

KPC661-nTom KPC661 expressing nuclear Tomato Established by Marc 

Stemmler, AG Brabletz 

MC-38 murine colon adenocarcinoma Harald Schuhwerk, AG 

Brabletz 

 

7.2 Mouse strains 

Strain (Background) Transgene/ Allele Source/ Reference 

NSG 

 

NOD.Cg-PrkdcSCID 

Il2rgtm1Wjl/SzJ 

Charles River 

 

OT-I (C57Bl/6) Tg(TcraTcrb)1100Mjb/Crl Charles River 

ZEB1Cx3cr1 (C57Bl/6) Cx3cr1-Cre (Tg(Cx3cr1-cre)MW126Gsat) 

 

Zeb1flox/flox (Zeb1(tm1.1Mpst)) 

R26-mTmG (Gt(ROSA)26Sor(tm4(ACTB-

tdTomato,-EGFP)Luo)) 

Gerhard Krönke, UK 

Erlangen 

Brabletz et al. 2017 

Muzumdar et al. 2007 

ZEB1Ly-6g (C57/BL/6) Ly-6g-Cre-Tom (Ly6g(tm2621(Cre-

tdTomato)Arte)) 

Zeb1flox/flox (Zeb1(tm1.1Mpst)) 

Hasenberg et al., 2015 

 

Brabletz et al. 2017 

ZEB1LysM (C57BL/6N) LysM-Cre 

 

Zeb1flox/flox (Zeb1(tm1.1Mpst)) 

R26-mTmG (Gt(ROSA)26Sor)tm4(ACTB-

tdTomato,-EGFP)Luo)) 

Roland Lang, UK 

Erlangen 

Brabletz et al. 2017 

Muzumdar et al. 2007 
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7.3 Analgetics and anesthetics 

Product Concentration Source 

Buprenorphine 3 µg/30 g body weight in PBS PETZ Erlangen 

Butorphanol 5 mg/kg body weight in PBS PETZ Erlangen 

Carprofen 5 mg/kg body weight in PBS PETZ Erlangen 

Isofluoran CP - CP-Pharma 

Ketamin 120 mg/kg body weight in PBS PETZ Erlangen 

Rompun 8 mg/kg body weight in PBS PETZ Erlangen 

 

7.4 Cell culture media and reagents 

Product Catalog no. Manufacturer 

Anti-CD3 16-0032-82 Thermo Fisher Scientific 

Anti-CD28 16-0281-82 Thermo Fisher Scientific 

CellStripper 25-056-CI Corning 

CellVue® Claret Far Red Fluorescent Cell 

Linker Mini Kit for General Membrane Labeling 

MIDICLARET Sigma-Aldrich 

Collagenase D 11088858001 Sigma-Aldrich 

CCL2 479-JE-050 R&D Systems 

CCL5 478-MR-025 R&D Systems 

CCL22 439-MD-025 R&D Systems 

CXCL10 466-CR-050 R&D Systems 

DMEM, high glucose, GlutaMAX 31966-021 Thermo Fisher Scientific 

DMEM/ F-12 31331028 Thermo Fisher Scientific 

DMSO (Dimethyl sulfoxide) 102952 Merck Millipore 

Dispase II D4693 Sigma-Aldrich 

DNAse I 10104159001 Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA) A2937 AppliChem 

Fetal bovine serum (FBS) 10500064 Thermo Fisher Scientific 

Glucose 104074 Merck 

Hank´s balanced salt solution (HBSS) 14175095 Thermo Fisher Scientific 

IL-4 574304 BioLegend 

IL-6 575704 BioLegend 

LPS L2630-100mg Sigma-Aldrich 

Matrigel® Basement Membran Matrix BD356234 BD Bioscience 

Penicillin-Streptomycin (10.000 U/ ml) 15140122 Thermo Fisher Scientific 
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pHrodo Green E. coli BioParticlesÊ  P35366 Thermo Fisher Scientific 

RPMI-1640 Medium 21870076 Thermo Fisher Scientific 

SYTOXÊ Green Ready FlowÊ Reagent R37168 Invitrogen 

TGF-  100-21  Peprotech 

Trypan blue solution T8154 Sigma-Aldrich 

Trypsin (1:250) 27250018 Thermo Fisher Scientific 

CellStripper Dissoziationsreagenz 15313661 Corning 

 

7.5 Chemicals and other reagents 

Product Catalog no. Manufacturer 

Acetic acid 96% (HoAc) UN2789 VWR 

Agarose BS20.46.500 BIO&SELL 

ɗ-mercaptoethanol 4227.3 Carl Roth 

Bepanthen 81552983 Bayer Vital GmbH 

Bovine serum albumin standard 23209 Thermo Fisher Scientific 

CitifluorTM AF1 solution E17970-100 Science Services 

Citric acid C7129 Sigma-Aldrich 

CompleteTM Protease Inhibitor (25x) 4693132001 Roche 

D-Luciferin Sodium Salt 102133 PJK 

Dako antibody diluent S3022 Dako 

DAPI D9542 Sigma-Aldrich 

Disodium hydrogen phosphate (Na2HPO4) T877 Carl Roth 

dNTP mix (10 mM) K1622 Thermo Fisher Scientific 

Eosin G 7089 Carl Roth 

Ethanol 32205 Sigma-Aldrich 

Ethidium bromide solution HP47 Carl Roth 

GeneRuler 1 kbp Plus DNA Ladder SM0321 Thermo Fisher Scientific 

Glycine 3908 Carl Roth 

Hydrochloric acid (HCl) 6331.2 Carl Roth 

Isopropanol (2-Propanol) 6752 Carl Roth 

Mayer´s Hematoxylin 865.2 Carl Roth 

Milk powder T145.3 Carl Roth 

NP-40 (10%) ab142227 Abcam 

PageRuler Plus Protein ladder 26619 Thermo Fisher Scientific 

Paraffin 17932a Engelbrecht 

Paraformaldehyde (PFA) 104005 Merck 
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PhosSTOPTM (10x) 4906837001 Roche 

Phenylmethylsulfonylfluoride (PMSF) 93482 Sigma-Aldrich 

Potassium chloride (KCl) 104936 Merck Millipore 

Potassium dihydrogen phosphate (KH2PO4) 3904 Carl Roth 

Potassium hydroxide (KOH) 105033 Merck Millipore 

Proteinase K 03115852001 Roche 

REALTM Peroxidase-Blocking solution S2023 Dako 

REDTaq® ReadyMix M3029 Genaxxon 

RedTaq Readymix (2x) R2523 Sigma 

Roti®-Histokitt 6638 Carl Roth 

Roti®-Histol 6640 Carl Roth 

Rotiphorese Gel 30 30% 3029.1 Carl Roth 

SignalStain® DAB substrate Kit 8059 Cell Signaling 

Sodium dodecyl sulfate (SDS) 20% 1057.1 Carl Roth 

Sodium chloride (NaCl) S7653 Sigma-Aldrich 

Sodium deoxycholate D6750-10G Sigma-Aldrich 

Tetramethylethylenediamine (TEMED) 2367.1 Carl Roth 

Tissue-Tek® OCTTM 4583 Sakura Finetek 

TRIS 4855.2 Carl Roth 

TritonTM X-100 T9284 Sigma-Aldrich 

Tween-20 SZBF2300V Sigma-Aldrich 

Universal ProbeLibrary Set, Human 04683633001 Roche 

Universal ProbeLibrary Extension Set 04869877001 Roche 

Weigertôs Hematoxylin A, B 2E-052, 2E-032 Chroma-Gesellschaft 

Schmid GmbH & Co 

Western Lightning Plus-ECL NEL103001EA Perkin Elmer 

 

7.6 Buffers and solutions 

Cell culture 

1x Phosphate Buffered Saline (PBS): 40 g NaCl 

1 g KCl 

1 g KH2PO4 

7.2 g Na2HPO4 x 2 H2O 

ad 5 l H2O 
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Cryomedium: 60 ml RPMI-1640 Medium 

12 g glucose 

40 ml DMSO 

 

Digestion mix: DMEM/ F-12 

0.05% (w/v) Collagenase D 

0.3% (w/v) Dispase II 

0.05% (w/v) DNase I 

 

FACS buffer PBS 

2% FBS (v/v) 

2 mM EDTA 

  

MojoSort buffer PBS, pH 7.2 

2mM EDTA 

0.5% (w/v) BSA 

  

0.001% (w/v) Trypsin/ 0.025% (v/v) 

EDTA: 

1 g Trypsin 

12.5 ml 2% (w/v) EDTA (H2O) 

fill up to 1 l with PBS 

  

Triple lysis buffer (TLB) +++: 50 mM TRIS/HCl pH 8 

150 mM NaCl 

0.5% (w/v) Sodium Deoxycholate 

0.1% SDS 

1% (v/v) NP40 

1x complete protease inhibitor 

1 mM PMSF 

1x PhosSTOP 

Western blot 

6x Laemmli buffer: 375 mM TRIS/HCl pH 6.8 

6% SDS (w/v) 

0.06% bromophenol blue (w/v) 

60% glycerol (v/v) 

10% ɓ-Mercaptoethanol (v/v) 
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Running buffer: 25 mM TRIS/HCl 

192 mM glycine 

0.1% SDS (w/v) 

  

Transfer buffer: 10% 250 mM TRIS and 1.92 M glycine 

10% EtOH 

 

Genomic DNA isolation 

Tail Lysis buffer: 100 mM TRIS/HCl pH 8.0 

50 mM EDTA pH 8.0 

0.2% (w/v) SDS 

200 mM NaCl 

 

TE buffer: 10 mM TRIS/HCl pH 8.0 

1 mM EDTA 

 

Tissue fixation, permeabilization and quenching 

4% PFA: 40 g paraformaldehyde 

ad 1 l PBS 

 

Permeabilization and quenching: 1x PBS 

0.4% (v/v) Triton X-100 

100 mM glycine 

Histology 

Citrate buffer: 10 mM citric acid monohydrate 

0.05% Tween-20 

pH6.0 adjusted 

 

1x TBS: 50 mM TRIS base 

150 mM NaCl 

pH7.5 adjusted 

 

1x TBS-T: 1x TBS, 0.05% Tween-20 

 

0.2% Eosin solution: 0,2% Eosin in 100% EtOH 
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Weigertôs iron hematoxylin working 

solution: 

1:1 solution of Hematoxylin A and Hematoxylin B 

 

7.7 Oligoucleotides 

Primers for polymerase chain reaction (PCR) 

 Forward primer Reverse primer 

Cre tccccgcagaacctgaagatgttcg gccagattacgtatatcctggcagc 

Cx3cr1-cre cccagcattcaggagacaga 

aacacacactggaggactggctagg 

cttgcgaacctcatcactcg 

caatggtaggctcactctgggagatgata 

LysM-Cre cttgggctgccagaatttctc agcgattagctggagccatcaag 

cccagaaatgccagattacg 

Ly-6g-cre acgtccagacacagcatagg gaggtccaagagactttctgg 

R26-mT/mG gtacttggcatatgatacacttgatgtac aaagtcgctctgagttgttat 

ggagcgggagaaatggatatg 

Zeb1 del cgtgatggagccagaatctgacccc gccatctcaccagcccttactgtgc 

Zeb1 flox cgtgatggagccagaatctgacccc gccctgtctttctcagcagtgtgg 

gccatctcaccagcccttactgtgc 

 

Primers and UPL numbers for Quantitative reverse transcriptase PCR (qRT-PCR) 

 Forward primer Reverse primer UPL # 

Gapdh agcttgtcatcaacgggaag tttgatgttagtggggtctcg 9 

Lyz2 gaatggaatggctggctact cgtgctgagctaaacacacc 64 

Snai1 cttgtgtctgcacgacctgt caggagaatggcttctcacc 71 

Snai2 cattgccttgtgtctgcaag agaaaggcttttccccagtg 71 

Twist agctacgccttctccgtct tccttctctggaaacaatgaca 58 

Zeb1 aggtgatccagccaaacg ggtggcgtggagtcagag 93 

Zeb2 ccagaggaaacaaggatttcag aggcctgacatgtagtcttgtg 42 
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7.8 Antibodies 

Primary antibodies 

Specificity Host Catalog no. Manufacturer Dilution 

-Tubulin mouse T6199 Sigma-Aldrich 1:5000 

CD8 rabbit 50389-T26 Sino Biologicals 1:500 

CD45 rat 14-0451 ebioscience 1:200 

CD68 (human) mouse ab201973 Abcam 1:100 

CD68 rabbit PA5-78996 Invitrogen 1:600 

Cleaved caspase-3 rabbit 9664S Cell Signaling 1:200 

FoxP3 rat 14-5773-82 ebioscience 1:200 

F4/80 rat MCA4976 Bio-Rad 1:200 

ZEB1 rabbit HPA027524 Sigma-Aldrich 1:1000 (IHC) 

1:2000 (WB) 

ZEB1 rabbit NBP1-05987 Novus Biologicals 1:250 

ZEB1 mouse AMAb90510 Sigma-Aldrich 1:300 

 

Secondary antibodies 

Specificity Host Catalog no. Manufacturer Dilution 

anti-rabbit-HRP polymer goat K4003 DAKO 1:1 

anti-rat-HRP rabbit P0450 DAKO 1:50 

anti-rat-HRP rabbit A18915 life technologies 1:500 

CF640R anti-rabbit IgG (H+L) goat SAB4600164 Sigma-Aldrich 1:200 

anti Rabbit-HRP (WB) goat 111-035-144 Dianova 1:10000 

anti Mouse-HRP (WB) goat 115-035-146 Dianova 1:10000 

 

FACS antibodies 

Specificity Catalog no. Manufacturer Dilution 

TruStain FcXÊ PLUS (anti-mouse CD16/32) 

antibody 

156603 BioLegend 1:200 

B220-APC 103211 BioLegend 1:200 

CCR3-APC 144511 BioLegend 1:200 

CD3e-Biotin 100304 BioLegend 1:200 

CD3e-Al647 100322 BioLegend 1:200 
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CD4-Al488 100532 BioLegend 1:50 

CD4-APC-Fire750 100568 BioLegend 1:400 

CD4-BV605 100547 BioLegend 1:200 

CD8a-Al647 100727 BioLegend 1:200 

CD8a-BV570 100740 BioLegend 1:400 

CD11b-Al700 101222 BioLegend 1:400 

CD11b-BV421 101235 BioLegend 1:150 

CD11c-BV510 117337 BioLegend 1:100 

CD11c-PE 117307 BioLegend 1:100 

CD11c-PE-CF594 562454 BD Biosciences 1:400 

CD19-Biotin 115504 BioLegend 1:400 

CD19-BUV737 612781 BD Biosciences 1:400 

CD25-PE 102007 BioLegend 1:200 

CD45-APC 103111 BioLegend 1:200 

CD45-BV605 563053 BD Biosciences 1:400 

CD45-FITC 103107 BioLegend 1:200 

CD45R (B220)-PE-Cy5 103210 BioLegend 1:800 

CD49b (DX5)-PE-Cy5 15-5971-82 eBioscience 1:200 

CD49R (B220)-PE-CF594 562290 BD Biosciences 1:800 

CD88-PerCP-Cy5.5 135813 BioLegend 1:200 

CD90.2-Biotin 105304 BioLegend 1:400 

CD103-BV711 121435 BioLegend 1:400 

CD115-PE 135505 BioLegend 1:100 

CD161b/ c-BUV395 564144 BD Biosciences 1:400 

CD326-BUV737 741818 BD Biosciences 1:400 

CX3CR1-BV711 149031 BioLegend 1:400 

EPCAM-BV510 118231 BioLegend 1:200 

F4/80-Al647 123122 BioLegend 1:400 

F4/80-PERCP-Cy5.5 123127 BioLegend 1:100 

LY-6C-APC 128015 BioLegend 1:200 

LY-6C-APC-e780 47-5932-82 eBioscience 1:200 

LY-6G-BV510 127633 BioLegend 1:100 

LY-6G-V450 562366 BD Biosciences 1:200 

MerTK-PE-Cy7 25-5751-82 eBioscience 1:100 

MHC II-PE-Cy7 107629 BioLegend 1:200 

MHC II-V500 562366 BD Biosciences 1:200 

NK1.1-PE-Cy7 108713 BioLegend 1:200 
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Streptavidin-BUV496 612961 BD Biosciences 1:50 

Siglec F-FITC 155503 BioLegend 1:100 

TCR -PE 109207 BioLegend 1:100 

Ter119-Biotin 116204 BioLegend 1:800 

XCR1-BV650 148220 BioLegend 1:400 

Zombie-NIRTM Dye 77184 BioLegend 1:750 

 

7.9 Consumables 

Product Catalog no. Manufacturer 

10 cm cell culture dish 93100 TPP 

10 cm petri dish 351029 Falcon 

25 cm2
 cell culture flask (T25) 690175 Greiner Bio One 

75 cm2
 cell culture flask (T75) 658175 Greiner Bio One 

6 well cell culture plate 92406 TPP 

24 well cell culture plate 92024 TPP 

96 well cell culture plate 92096 TPP 

15 ml polypropylene tube 188261 Greiner Bio One 

50 ml polypropylene tube 227261 Greiner Bio One 

Cell strainer 70 µm 352350 Falcon 

Embedding cassettes K113.1/ K115.1/ K117.1 Carl Roth 

FACS micronic tubes 55.1579 Sarstedt 

Glass coverslips 0657 Carl Roth 

Microcentrifuge tubes 1.5 ml 0030120086 Eppendorf 

Microcentrifuge tubes 2 ml 0030120094 Eppendorf 

Microsope slides superfrost plus H867.1 Roth 

Multipipette Combitips 0030089xxx Eppendorf 

Nitrocellulose membrane 0.2 µm 4685 Carl Roth 

Light Cycler® 480 Multiwell plate 384 04729749001 Roche 

Microlance 20G x 1 İôô 301300 BD Biosciences 

Microlance 26G x 1ôô 4657683 Braun 

Nunc® Cryo Tubes® V7634 Sigma-Aldrich 

Omnican F syringe 1 ml 9161502S Braun 

PCR Soft-Strips 710980 Biozym 

Pipette tips 10/ 20 µl S1110-3000 Starlab 

Pipette tips 200 µl 70.3030.020 Sarstedt 

Pipette tips 1000 µl 70.3050.020 Sarstedt 



Materials 

81 

Pipette tips (filter) 7700xx Biozym 

Pipette tips (Multichannel pipette) 94410100 Thermo Fisher Scientific 

Scalpel 0200130010 Feather 

Suture 8101519VB smi 

Syringe 1 ml 9161406V Braun 

Syringe 10 ml 309110 BD Biosciences 

Syringe filter 0.22 ɛm 99722 TPP 

Tissue-Tek® Cryomold® Biopsy 4565 Sakura 

Tissue-Tek® Cryomold® Intermediate 4566 Sakura 

Transwells 3 µm pore size 662630 Greiner 

Transwells 8 µm pore size 3422 Corning 

 

7.10 Kits 

Product Catalog no. Manufacturer 

   

LEGENDplexTM Custom Mouse 14-plex Panel Custom BioLegend 

MojoSortÊ Mouse CD4 Naµve T Cell Isolation 

Kit 480040 BioLegend 

MojoSortÊ Mouse CD8 T Cell Isolation Kit 480035 BioLegend 

PierceÊ BCA Protein Assay Kit 23225 Thermo Fisher Scientific 

Power SYBRÊ Green PCR Master Mix 4367659 QIAGEN 

Proteome Profiler Mouse XL Cytokine Array  ARY028 R&D systems 

RevertAid First Strand cDNA synthesis Kit  K1622 Thermo Fisher Scientific 

RNeasy Plus Mini Kit (250) 74136 QIAGEN 

RT2 Profiler PCR Array 3445261 QIAGEN 

 

7.11 Equipment 

Product Manufacturer 

Autoclave - Varioklav HP Medizintechnik 

Biosafety Cabinets - Flowguard Class II NuAire 

Biosafety Cabinets - Laminar Flow Hood NU-201-430E NuAire 

Centrifuge - 5427R Eppendorf 

Centrifuge - 5810R Eppendorf 

Centrifuge - Biofuge pico Heraeas 
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ChemiDoc MP Imaging System Bio-Rad 

Cryostat ï CM3050S Leica 

Electrophoresis chamber Bio-Rad 

EOS 600D camera Canon 

FLUOstar Omega BMG Labtech 

Forceps Aesculap 

Freezer (-20 °C) ï Liebherr comfort Liebherr 

Freezer (-80 °C) ï Dometic UF755G Marshall Scientific 

Fridge (4 °C) Liebherr 

Glass pipettes Haeberle 

Hot plate magnetic stirrer ï IKAMAG RET IKA 

Incubator - Galaxy 170S New Brundswick 

IncuCyte® Essen Bioscience 

Incucyte® 96-Well Woundmaker Essen Bioscience 

Infrared lamp Beurer therapy 

Isoflurane system Groppler Medizintechnik 

IVIS Spectrum In Vivo Imaging System Perkin Elmer 

LightCycler® 480 II Roche 

LVis plate BMG Labtech 

Microscope - Axiophot Carl Zeiss 

Microscope - Axiovert 25 Carl Zeiss 

Microscope - DM5500 B Leica 

Microscope - DM IL LED/ CoolLED pE-300-W Leica 

Microscope - M165 FC Leica 

MoFlo XDP Beckman Coulter 

Mr. FrostyTM freezing container (Nalgene®) Thermo Fisher Scientific 

Multichannel pipette E1-ClipTipTM Thermo Fisher Scientific 

Multipipette Eppendorf 

pH meter ï pHenomenal® VWR 

Pipetboy acu 2 Integra 

Pipette ï Research Plus Eppendorf 

Power supplier BioRad 

Pressure cooker - Retriever 2100 Aptum 

Restrainer (mouse) GP Kunststofftechnik 

RM2255 microtome Leica 

Shandon Citadel 2000 Thermo Scientific 

ShandonÊ SequenzaÊ CoverplateÊ system Thermo Scientific 
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T20TM automated cell counter Bio-Rad 

Trimmer Aesculap 

Thermal Cycler T100TM Bio-Rad 

Thermo mixer Eppendorf 

Water bath - EcoTemp TW20 Julabo 

Wet Blotting chamber BioRad 

 

7.12 Software 

Software Manufacturer 

BioRender 2023 Science Suite. Inc. 

CorelDRAW 2022 Graphic Corel Corporation 

CytExpert 2.4 Beckman Coulter 

Endnote 20 Clarivate 

GraphPad Prism 9 GrapdhPad Software 

ImageJ 1.53a National Institutes of Health 

ImageLab 6.0 Bio-Rad 

IncuCyte ZOOM 2018A and 2022A Essen BioScience 

Kaluza V2.1.2 Beckman Coulter 

Leica Application Suite 4.6.0 Leica Microsystems 

Leica Application Suite X 3.4.2.18368 Leica Microsystems 

LightCycler 480 Software SW 1.5.1 Roche 

Living Image (4.7.3) Perkin Elmer 

MARS 3.02 R2 BMG Labtech 

Microsoft Office 2016 Microsoft 

Servier Medical Art 3.0 Servier 

  



Methods 

84 

8. Methods 

8.1 In vitro cell culture techniques 

8.1.1 Tumor cell line culture 

Colorectal cancer cell lines MC-38 and CMT-93 and pancreatic ductal adenocarcinoma cell 

lines KPC661, KPC661-Luc and KPC661-nTom were cultured in DMEM containing 10% 

FBS and 1% P/S in an humidified incubator (5% CO2) at 37 °C. For passaging, cells were 

washed with PBS, detached with T/E and resuspended in culture medium. Following 

centrifugation for 5 min at 1200 rpm, the cell pellet was resuspended in culture medium and 

a fraction seeded on cell culture plates. When required, cells were counted using the 

TC20TM automated cell counter. 

 

8.1.2 Bone marrow-derived macrophage (BMDM) isolation and culture 

On day 0, mice were sacrificed by cervical dislocation. Bone marrow of mouse femur and 

tibia bones was flushed with 10 ml PBS using a 26G cannula. Following centrifugation for 

5 min at 1200 rpm, the cell pellet was resuspended in 3 ml ACK Lysis buffer. After 3 min, 

erythrocyte lysis was stopped with 27 ml PBS and cell suspension was filtered using a 70 

µm cell strainer. Following centrifugation for 5 min at 1200 rpm, the cell pellet was 

resuspended in 10 ml BMDM medium (DMEM containing 10% FBS, 10% L-929 supernatant 

and 1% P/S), plated in a 10 cm petri dish and cultured in a humidified incubator (5% CO2) 

at 37 °C. On day 1, the supernatant was collected and centrifuged for 5 min at 1200 rpm. 

The cell pellet was resuspended in 5 ml BMDM medium and counted using the TC20TM 

automated cell counter. BMDMs were seeded in BMDM medium in following amounts 

depending on the experimental setup: 5-6x106 cells in 10ml per 10cm cell culture plate, 

0.3x106 cells/ well in 2 ml in a 6-well plate, 0.1x106 cells/ well in 1ml in a 24-well plate and 

0.015x106 cells/ well in 100µl in a 96-well plate. On day 3, following amounts of BMDM 

medium were added per well: 5 ml (10cm cell culture plate), 1 ml (6-well plate), 500 µl (24-

well plate) or 50 µl (96-well plate). When required, cells were sorted according to their 

reporter fluorophores on day 4. To this end, BMDMs were detached by incubation with 

CellStripper for 15 min at 37 °C, followed by 5 min at 4 °C. After sorting, cells were plated 

as described above. When required, BMDMs were stimulated with 10 ng/ml LPS, 20 ng/ ml 

IL-4, 50 ng/ml Il-6, 5 ng/ml TFG-  or 1:1 KPC661 conditioned medium for 24 h. 
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8.1.3 T cell isolation from mouse spleens and enrichment of T cell 

subsets 

Mice were sacrificed by cervical dislocation and spleens collected in ice cold PBS. Spleens 

were smashed through a 70 µm cell strainer and rinsed with ice cold PBS into a 50 ml 

collection tube. Following centrifugation at 1200 rpm for 5 min at 4 °C, the spleenocyte pellet 

was resuspended in 3 ml ACK lysis buffer for 3 min. To stop erythrocyte lysis, 27 ml ice cold 

PBS was added and the samples centrifuged at 1200 rpm for 5 min at 4 °C. Spleenocytes 

were resuspended in 3 ml MojoSort buffer and enriched for naïve CD4+ or CD8+ T cells 

using the MojoSortÊ Mouse CD4 Naµve T Cell Isolation Kit (BioLegend) or the MojoSortÊ 

Mouse CD8 T Cell Isolation Kit (BioLegend), respectively, following manufacturer´s 

instructions. 

 

8.1.4 Cryopreservation of cell lines 

1x106 cells were centrifuged for 5 min at 1200 rpm and resuspended in 750 µl ice cold FBS. 

Following 10 min incubation on ice, 250 µl cryomedium was added. The cells were frozen 

in Nunc® Cryo Tubes® 1 °C/ min to -80 °C in a Mr. FrostyTM freezing Container and then 

stored at -196 °C in liquid nitrogen. For thawing, frozen cells were warmed in a water bath 

(37 °C) and added to 10 ml pre-warmed culture medium. After centrifugation for 5 min at 

1200 rpm, the cell pellet was resuspended in fresh culture medium and seeded according 

to cell number. 

 

8.1.5 BMDM confluence assay 

BMDMs were isolated as described in 8.1.2. For monitoring confluence over time, cells were 

cultured in the IncuCyte ZOOM® incubator in a 24 well plate from day 1 on. Images of each 

well were acquired automatically every 4 hours by the IncuCyte ZOOM® on-board camera 

and then analyzed using the IncuCyte ZOOM® 2018A software. 

 

8.1.6 BMDM cell death assay 

BMDMs were isolated as described in 8.1.2. For monitoring cell death over time, cells were 

cultured with 1:1000 SYTOXÊ Green Ready FlowÊ Reagent in the IncuCyte ZOOM® 

incubator in a 96 well plate from day 6 on. Images of each well were acquired automatically 

every 4 hours by the IncuCyte ZOOM® on-board camera and then analyzed using the 

IncuCyte ZOOM® 2018A software. 
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8.1.7 BMDM migration assay 

BMDMs were isolated as described in 8.1.2. On day 4, 1x105 cells were seeded in BMDM 

medium with 0.1% FBS on transwells with 8 µm pore size. When indicated, 10 ng/ml LPS 

or 20 ng/ml IL-4 were added to the upper chamber. 500 µl BMDM medium with 10% FBS 

was added to the lower chamber. After 24 h, transwells were washed 3x in PBS and cells 

fixed with 4% PFA for 10 min. After washing 3x in PBS, cells sticking to the upper side of 

the transwell membrane were removed with a cotton stick. Membranes were stained with 

DAPI for 10 min and washed 3x in PBS. The membranes were removed from the transwells 

using a scalpel and mounted between slides and cover plates with CitiFluor. Samples were 

imaged under the DM5500 B microscope using the LAS X software (both Leica). 

 

8.1.8 Conditioned medium transfer 

200 KPC661-Luc cells in 200 µl/ well were plated in a 96 well plate. Conditioned medium 

from BMDMs or KPC661-Luc cells was added every other day by removal of 100 µl medium 

and addition of 100 µl conditioned medium. Cells were cultured in the IncuCyte ZOOM® 

incubator. Images of each well were acquired automatically every 4 hours by the IncuCyte 

ZOOM® on-board camera and then analyzed using the IncuCyte ZOOM® 2018A software. 

 

8.1.9 Direct co-culture assays 

BMDMs were isolated as described in 8.1.2 and used at day 7. 

For the co-culture proliferation assay, BMDMs and KPC661-Luc cells were seeded in a 1:3 

ratio to a total number of 8x104 cells/ well into a 24 well plate.  

For the co-culture invasion assay, BMDMs and KPC661-Luc cells were seeded in a 1:3 

ratio to a total number of 1.6x104 cells/ well into a 96 well plate. After 4 h, the cell monolayer 

was scratched once with the IncuCyte 96-Well Scratch Woundmaker. Cells were washed 

twice with pre-warmed culture medium and 50 µl 8 mg/ ml matrigel was added to each well. 

Following incubation in a humidified incubator (5% CO2) at 37 °C for 30 min, 100 µl BMDM 

medium was added. 

Cells were cultured in the IncuCyte ZOOM® incubator. Images of each well were acquired 

automatically every 4 hours by the IncuCyte ZOOM® on-board camera and then analyzed 

using the IncuCyte ZOOM® 2018A software. 

 



Methods 

87 

8.1.10 Bacterial phagocytosis assay 

BMDMs were isolated as described in 8.1.2 and cultured in a 96 well plate. On day 6, 

BMDMs were stimulated with 10 ng/ml LPS or 20 ng/ml IL-4. On day 7, 100 ng/ml pHrodo 

Green E. coli BioParticlesÊ were added to each well. Cells were cultured in the IncuCyte 

ZOOM® incubator. Images of each well were acquired automatically every 20 min by the 

IncuCyte ZOOM® on-board camera and then analyzed using the IncuCyte ZOOM® 2018A 

software. 

 

8.1.11 Necrotic KPC661-Luc phagocytosis assay 

KPC661-Luc cells were labeled with CellVue® Claret following manufacturer´s instructions. 

4x106 cells/ ml were incubated in a water bath at 60 °C for 30 min to create necrotic bait 

cells. BMDMs were isolated as described in 8.1.2 and cultured in a 24 well plate. On day 5, 

BMDMs were stimulated with 10 ng/ml LPS or 20 ng/ ml IL-4. On day 6, stimuli were 

removed and 100 µl of necrotic cells were added to each well for indicated time points. 

Unlabeled necrotic KPC661-Luc cells were used as controls. BMDMs were washed 4x with 

ice-cold PBS and incubated 15 min at 37 °C with CellStripper. Detached cells were collected 

in FACS tubes, centrifuged at 1200 rpm for 5 min and resuspended in 500 µl FACS buffer. 

Data was acquired in the CytoFlex analyzer (Beckman Coulter) and analyzed using the 

CytExpert or Kaluza (both Beckman Coulter) software. 

 

8.1.12 T cell attraction assay 

BMDMs were isolated as described in 8.1.2 and cultured in a 24 well plate in 500 µl. On 

day 5, 500 µl of double concentrated cytokines or antibodies in BMDM medium were added. 

Final concentrations of cytokines were 1.93 ng/ ml CCL2 and 0.18 ng/ ml CCL22 and of 

antibodies 5 µg/ml IgG, anti-CCL2 or anti-CCL22, respectively. 5x105 isolated T cells in 

BMDM medium with 0.1% FBS were seeded in the upper chamber of transwells with 3 µm 

pore size (Greiner) placed in each well and incubated for 24 h at 37 °C in a humidified 

incubator (5% CO2). The semi-adherent T cells were harvested by harsh pipetting and 

centrifuged at 1200 rpm for 10 min. T cells were resuspended in 50 µl ice-cold PBS and 

counted. 
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8.1.13 T cell activation assay 

BMDMs were isolated as described in 8.1.2 and cultured in a 96 well plate. On day 4, 

BMDMs were stimulated with 10 ng/ml LPS or 20 ng/ ml IL-4 for 24h.  

On day 6, isolated T cells were labeled with CellVue® Claret Labeling following 

manufacturer´s instructions. 3 µg/ml anti-CD3, 5 µg/ ml anti-CD28 or a combination of both 

antibodies were added to 2x106 T cells/ ml in RPMI medium. 2x105 T cells were added to 

the respective well of the BMDM plate and incubated for 3 days at 37 °C in a humidified 

incubator (5% CO2). After centrifugation at 1500 rpm at 4 °C for 10 min, T cells were 

resuspended in 200 µl ice-cold FACS buffer and transferred to a fresh 96 well plate. T cells 

were washed with ice-cold FACS buffer once, resuspended in 100 µl ice-cold FACS buffer 

and transferred to micronic tubes with 400µl FACS buffer. Fluorescence data was acquired 

in the CytoFlex analyzer (Beckman Coulter) and analyzed using the CytExpert or Kaluza 

(both Beckman Coulter) software. 

 

 

8.2 Molecular cell biology techniques 

8.2.1 RNA isolation 

For RNA isolation, cells were washed with PBS and lysed with 350 µl RLT Plus from the 

RNeasy Plus Mini Kit (QIAGEN). Further instructions of the manufacturer were followed. 

After isolation, RNA concentration and purity were measured using the LVis plate at the 

FLUOstar Omega Reader. RNA was stored at -80 °C. 

 

8.2.2 cDNA synthesis and quantitative reverse transcriptase PCR 

cDNA was synthesized using the RevertAid First Strand cDNA synthesis Kit (Thermo Fisher 

Scientific) according to manufacturer´s instructions. cDNA was diluted to 3 ng/µl with H2O 

and stored at -20 °C. 

To determine relative expression of mRNA, the Roche universal probe library (UPL) system 

was used. Accordingly, 7.5 ng/ µl cDNA was used in a 12.5 µl reaction mix in triplicates 

using the Roche LightCycler® 480 II. The standard curve included dilutions in H2O (1:5, 

1:25, 1:125) of one cDNA sample and the corresponding untranscribed RNA samples of 

each cDNA served as controls of genomic DNA contamination. The Pfaffl method was then 

used for normalization (Pfaffl 2001). The expression levels were normalized to Gapdh. 
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Reaction mix for qRT-PCR Volume/ well in µl 

2x TaqMan Universal Master Mix II 6.25 

7.5 µM forward primer 0.5 

7.5 µM reverse primer 0.5 

Gene specific UPL probe 0.125 

3 ng/ µl cDNA 2.5 

Nuclease free H2O 2.625 

Total 12.5 

 

LightCycler 480 program Temperature  Duration  Cycles 

95 °C   10 min  1 

    95 °C   15 sec  50 

    60 °C   1 min 

    40 °C   10 sec  1 

 

8.2.3 Quantitative reverse transcriptase PCR array 

Expression levels of BMDM mRNAs in 5.6.2 were measured with the RT2 Profiler PCR Array 

with a custom designed panel using the Power SYBRÊ Green PCR Master Mix according 

to manufacturer´s instructions. 

 

8.2.4 Bulk RNA sequencing 

Bulk RNA sequencing of BMDM RNA was performed by Novogene. Bioinformatic analysis 

was performed by Renato Liguori and Fulvia Ferrazzi, Bioinformatics and Computational 

Pathology, University Hospital Erlangen. GO term analysis was performed using Enrichr 

(Chen et al. 2013, Kuleshov et al. 2016, Xie et al. 2021). 

 

8.2.5 Protein isolation 

Cells were washed twice with PBS. TLB +++ was added, cells scraped off and transferred 

to a 1.5 ml tube. After incubation for 15 min on ice, lysed cells were centrifuged for 10 min 

at 13000 rpm at 4 °C. The supernatant was transferred to a fresh 1.5 ml tube and protein 

concentration was measured using the PierceÊ BCA Protein Assay Kit (Thermo Fisher 

Scientific) following manufacturer´s instructions and the FLUOstar Omega reader. Samples 

were stored at -80 °C. 
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8.2.6 Western blot 

10% SDS gels were used for gel electrophoresis: 

Running gel   Stacking gel  

1 M Tris pH 8.8 6 ml  1 M Tris pH 6.8 938 µl 

H2O 7.1 ml  H2O 6.75 ml 

10% SDS 200 µl  10% SDS 94 µl 

30% acrylamide 6.7 ml  30% acrylamide 1.5 ml 

10% APS 240 µl  10% APS 94 µl 

TEMED 47 µl  TEMED 18 µl 

 

6x Laemmli buffer was added to 10 µg protein lysate in TLB +++ followed by denaturation 

at 95 °C for 5 min. Proteins of samples and the molecular weight standard were stacked 

and then separated by gel electrophoresis in running buffer with 70 V for 15 min and 140 V 

for 45 min, respectively. Proteins were blotted onto a nitrocellulose membrane for 2 h with 

300 mA at 4 °C in 1 x transfer buffer, followed by 1 h of blocking with blocking solution (5% 

milk powder/ TBS-T) at room temperature. The membrane was incubated with primary 

antibodies, diluted in blocking solution, over night at 4 °C. The next day, the membrane was 

washed 3x in TBS-T and incubated with the corresponding HRP-coupled secondary 

antibodies for 1 h. After washing 3x in TBS-T, proteins were visualized using Western 

Lightning Plus-ECL for 1 min and the ChemiDocTM Imaging System. 

 

8.2.7 Secretome arrays 

500 µl of supernatant were thawed or directly taken from cell culture. The Proteome Profiler 

Mouse XL Cytokine Array (R&D systems) was used according to manufacturer´s 

instructions in order to detect secreted proteins. 

Quantitative analysis of secreted proteins was performed using the LEGENDplexTM Custom 

Mouse 14-plex Panel (BioLegend) in cooperation with Prof. Falk Nimmerjahn, Chair of 

Genetics, FAU Erlangen. 

Glucose and lactate quantification was performed in cooperation with Martin Böttcher, Clinic 

for Hematology and Oncology, University Hospital Magdeburg. 
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8.3 Animal experiments 

8.3.1 Mouse husbandry 

Mice were housed in the animal facility of the Franz-Penzoldt-Center in Erlangen and 

provided with food and water ad libitum. The experiments were approved by the committee 

of ethics of animal experiments of the state of Bavaria (Regierung Unterfranken, Würzburg) 

and performed according to the European Animal Welfare laws and guidelines. 

 

8.3.2 Genotyping 

For DNA extraction, mouse tail or ear punch biopsies were lysed in 500 µl lysis buffer and 

10 µl proteinase K over night at 55 °C, shaking vigorously. Tubes were centrifuged for 

15 min at 12000 rpm and the supernatant transferred into a fresh tube. After addition of 

500 µl isopropanol, the tubes were inverted several times before centrifugation for 15 min 

at 10000 rpm. The pellet was washed with 500 µl 70% ethanol. After centrifugation for 

15 min at 10000 rpm, the DNA pellet was air dried several minutes, resuspended in 200 µl 

TE and dissolved 1 h at 55 °C. 

For genotyping PCR, 1 µl DNA was added to 11.5 µl PCR master mix. 

Master mix for PCR Volume/ reaction in µl 

2x REDTaq® ReadyMix 6.25 

7.5 µM forward primer 1 

7.5 µM reverse primer 1 

Nuclease free H2O 3.25 

Total 11.5 

 

The PCR reaction was performed using the T100TM Thermal Cycler. 

Thermal Cycler program Temperature  Duration  Cycles 

94 °C   3 min  1 

    94 °C   0:30 min 

    60 °C   0:30 min 35 

    72 °C   1:30 min 

    8 °C   Ð  1 

For gel electrophoresis, 2% agarose in 1x E buffer with 1% ethidium bromide was used. 

Samples were electrophoresed at 100 V for 40 min. Imaging was performed using 

ChemiDoc MP Imaging System and ImageLab 5.2 software. 
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8.3.3 Subcutaneous tumor allografts 

If not indicated otherwise, 1x105 KPC661, 1x105 MC-38 or 1x106 CMT-93 cells in 100 µl 

PBS were subcutaneously injected into the right flanks of NSG and ZEB1LysM mice. Mouse 

weight and tumor size were measured at least twice per week. Mice were sacrificed when 

their or their littermates´ tumor reached a critical size or ulcerated or after a maximum of 49 

days. Mice were given Carprofen s.c., anesthetized with Ketamin/ Rompun i.p. and perfused 

with 0.9% NaCl after opening abdomen and thorax. 

 

8.3.4 Lung colonization and bioluminescence imaging 

Vessel dilatation was induced by warming the mice under a red light lamp. Mice were fixed 

in a restrainer and 100 µl PBS containing 2x105 MC-38, 2x105 KPC661-Luc or 2x105 

KPC661-nTom was injected into the tail vein with an Omnican F syringe. Mice were 

monitored at least twice per week and sacrificed by cervical dislocation at indicated time 

points. Growth of tumors with Luciferase reporter was monitored after injection and at least 

once per week by bioluminescence imaging. Therefore, mice were anesthetized with 

isoflurane, their eyes covered with Bepanthen and their thorax shaved. 10 min after injection 

of 100 µl D-Luciferin-Na-salt (25 mg/ml) in PBS s.c., bioluminescence signal was measured 

in the IVIS system. At sacrifice day, mice were sacrificed directly after the BLI measurement 

by cervical dislocation. The lungs were collected and ex vivo bioluminescence measured in 

the IVIS system. BLI images were analyzed using the Living Image Software. 

 

8.3.5 Tissue processing and sectioning for histology 

Organs or tumors were collected, fixed in 4% paraformaldehyde, and embedded in paraffin 

using the Citadelle and HistoStarTM Embedding Station. Therefore, tissue was dehydrated 

by incubation in 30% ethanol in PBS at 4 °C over night and ascending concentrations of 

alcohol (50%, 70%, 80%, 90% ethanol, 2x 100% isopropanol and 1:2 isopropanol in Roti®-

Histol) for 1 h per step. Afterwards, tissue was incubated 2x 2 h in Roti®-Histol and 2x 2 h 

in paraffin at 56-58 °C. Tissue was embedded in fresh paraffin in the Embedding Station. 

The formalin-fixed, paraffin-embedded (FFPE) tissue was cut into slices of 4 ɛm thickness 

with a Leica microtome and placed on glass slides. 

For cryopreservation, fresh tissue was frozen in Tissue-TekÈ O.C.T.Ê Compound and 

stored at -80°C. Lungs were inflated via the trachea with 60% Tissue-TekÈ O.C.T.Ê 

Compound in PBS prior to collection. When preservation of a fluorescent reporter was 

required, organs were fixed for 2 h in 4% PFA and incubated in 15% sucrose in PBS for 4 
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h and 30% sucrose in PBS over night before embedding in Tissue-TekÈ O.C.T.Ê 

Compound. Cryopreserved tissue was cut into slices of 8 µm thickness with the Leica 

cryotome. 

 

8.3.6 Tissue processing and staining for flow cytometry 

Mice were given Carprofen s.c. and anesthetized with Ketamin and Rompun. After opening 

the abdomen and thorax, about 300 µl blood was slowly extracted from the right ventricle 

of the heart with an EDTA flushed syringe. The blood was added drop by drop to 14 ml 

Hanks solution. Samples were centrifuged for 10 min at 1400 rpm and all but 3 ml 

supernatant were removed. After blood harvesting, mice were perfused with 0.9% NaCl and 

spleen, lung, liver and colon collected in ice-cold PBS. In the laminar flow hood, tissue was 

cut into pieces with scissors and incubated in 10 ml digestion mix for 25 mins at 37 °C, 

gently shaking. Digestion was stopped by adding 30 ml ice-cold PBS, the samples filtered 

through a 70 µm cell strainer and centrifuged at 1200 rpm at 4 °C for 5 min. Supernatant 

was discarded and the cell pellet resuspended in 3 ml ACK Lysis buffer. After 3 min, 

erythrocyte lysis was stopped with 27 ml PBS and the samples centrifuged for 5 min at 1200 

rpm at 4 °C. All samples, including the blood cells, were counted and 1x106 cells were 

blocked in 50µl TruStain FcXÊ PLUS in PBS for 15 min a RT. 50 µl of 2x FACS antibody 

mix was added and incubated for 20 min at 4 °C in the dark. Following centrifugation for 5 

min at 1200 rpm at 4 °C, cell pellets were resuspended in 500 µl FACS buffer. Samples 

were analyzed in the CytoFlex analyzer (Beckman Coulter) or in collaboration with Lukas 

Amon (AG Dudziak). Data was analyzed using the CytExpert or Kaluza (both Beckman 

Coulter) software. 

 

8.4 Histology 

8.4.1 Hematoxylin and Eosin (HE) staining 

FFPE slides were deparaffinized and rehydrated in Roti®-histol (4x 15 min), isopropanol (2x 

5 min) and ethanol (2x 5 min 96% ethanol, 5 min 80% ethanol, 5 min 70% ethanol) and 

washed 5 min in deionized H2O. Slides were stained in 1:10 Hematoxylin solution in Milipore 

H2O for 10 min and washed with tap water for 15 min. For counterstaining with 0.2% Eosin 

in 100% ethanol, slides were incubated 10 min and shortly washed with tap water 

afterwards. Slides were dehydrated in an ethanol row (80% ethanol, 2x 100% ethanol), 

followed by 2x isopropanol and xylol. For mounting, Roti®-Histokitt was used. 
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8.4.2 Immunohistochemistry (IHC) 

FFPE slides were deparaffinized and rehydrated as described in 8.4.1. For antigen retrieval, 

slides were boiled in citrate buffer for 22 min at 121 °C in a pressure cooker. Slides were 

transferred to the Thermo ScientificÊ ShandonÊ SequenzaÊ Immunostaining center and 

CoverplateÊ system. 120 µl REAL peroxidase-blocking solution was added to the slides 

for 30 min. After washing with 2 ml TBS-T, slides were incubated with 120 µl 1% BSA in 

PBS solution for 1 h and washed with 2 ml TBS-T. 120 µl primary antibody, diluted in DAKO 

antibody diluent, was added and incubated over night at 4 °C. The next day, slides were 

washed with 2 ml TBS-T and incubated with 120 µl 1:1 DAKO HRP labelled Polymer Anti-

Rabbit in TBS for 1 h. If necessary, HRP conjugated Rabbit Anti-Rat IgG Antibody (1:500 

in 1x TBS) was used as an adapter with an incubation time of 1.5 h. DAB was prepared 

according to manufacturerôs instruction and incubated on each slide until robust specific 

staining was seen. The DAB oxidation reaction was stopped in deionized H2O. 

Counterstaining with hematoxylin was performed in 1:10 Hematoxylin solution in Milipore 

H2O for 3 min and slides were washed in tap H2O for 15 min. Dehydration and mounting 

was performed as described in 8.4.1. 

 

8.4.3 Immunofluorescence staining 

Cryopreserved tissue or fixed cells were permeabilized and quenched in 0.1M glycine in 

0.1% TritonTM X-100 in PBS for 10 min. Following 3x washing in PBS, tissues or cells were 

blocked in blocking buffer (3% BSA in PBS) for 30 min. Slides were incubated with primary 

antibody, diluted in blocking buffer, over night at 4 °C. The following day, slides were 

washed 3x in PBS and incubated with fluorophore-coupled secondary antibody for 1 h. 

Following washing 3x in PBS, slides were incubated 15 min in 1µg/ml DAPI working 

solution. Slides were washed in 3x PBS and mounted with CitiFluorTM.  

 

8.4.4 Image analysis 

Quantification of histological stainings was performed with ImageJ. Images were formatted 

to RGB, deconvoluted for RGB and color 3 was selected. Background was subtracted and 

ñOtsu darkò used for thresholding. The number of selected areas per image was recorded. 

Thresholds were determined in test images for each individual staining set. Ruthger van 

Roey scripted macros for automated analysis. 
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8.5 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (version 9.3.1). Data is 

depicted as mean ± standard error of the mean (SEM) or + standard deviation (SD). The n 

number represents the number of mice or number of biological replicates in each group. 

The statistical significance in the variance of two groups was assessed by either a two-

tailed paired or unpaired Studentôs t-test (parametric; with Welchôs correction where 

appropriate) or a two-tailed Mann-Whitney test (nonparametric). 2-way ANOVA (with 

multiple comparison were appropriate) was used for comparing two groups with 

independent variables or several groups. Analysis of the limiting dilution assay was 

performed using a two-tailed chi-square test. P-values are shown as: ns= not significant; *= 

p< 0.05; **= p< 0.01; ***= p< 0.001; ****= p< 0.0001 

 

8.6 Graphical summary illustration 

Illustrations were partly generated using Servier Medical Art (provided by Servier, licensed 

under a Creative Commons Attribution 3.0 unported license), BioRender and Microsoft 

PowerPoint. 
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10. Appendix 

10.1 Supplementary figures 

 

Suppl. Figure 1: Cell-type specific,, LysM-Cre driven recombination in livers of ZEB1LysMDel mice. 

A: Representative images of (immuno)fluorescence stainings for CD68 (purple) and recombined cells (green) 

of murine liver. DAPI was used as counterstain. Insets show a higher magnification. Arrows indicated CD68+ 

cells and arrow heads CD68+ recombined cells (white overlap). 

 

 

 
Suppl. Figure 2: Gating strategy for flow cytometry and CD68/ZEB1 co-staining in ZEB1LysMCtrl and 

ZEB1LysMDel organs. 

A: Gating strategy for flow cytometry of myeloid cells isolated from ZEB1LysMCtrl and ZEB1LysMDel mice. B: 

Gating strategy for flow cytometry of lymphoid cells isolated from ZEB1LysMCtrl and ZEB1LysMDel mice. C: 

Representative histogram of GFP (Reporter) detection in flow cytometry of cells isolated from ZEB1LysMCtrl and 

ZEB1LysMDel mice used for GFP gating in Figure 6C. D: Representative images of immunofluorescence staining 

for CD68 (green) and ZEB1 (purple) of murine liver and spleen of ZEB1LysMCtrl and ZEB1LysMDel mice. DAPI 

was used as counterstain. Insets show a higher magnification. 
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