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ABSTRACT 

Macrophages polarization from an inflammatory to a tolerogenic state occurs in both 

physiological and pathological, and this reprogramming is key in the development of several 

diseases as different as atherosclerosis or cancer. The results presented in this dissertation 

indicate that a) ZEB1 expression in macrophages inhibits atherosclerotic plaque formation 

and b) ZEB1 expression in macrophages promotes ovarian cancer tumor progression while 

ZEB2 expression inhibits it.  

ZEB1 inhibits lipid accumulation in macrophages through increased cholesterol efflux thus 

protecting mice from atherogenesis. Accordingly, Zeb1∆Mac mice fed with pro-atherogenic diet 

have a higher plaque size and higher lipid content compared to Zeb1WT counterparts. 

Mechanistically, ZEB1 is required for the activation of the AMPK-LXRα-ABCA1/G1 pathway, 

which is critical for cholesterol efflux and anti-inflammatory switch in macrophages. Besides, 

ZEB1 is a mediator of macrophage activation by ox-LDL through p65. 

In regard to ovarian cancer, we show that ZEB1 and ZEB2 in TAMs have an opposite role in 

ovarian cancer initiation and progression. Expression of ZEB1 in TAMs promotes 

tumorigenesis and ZEB2 inhibits it. Zeb1∆Mac TAMs exhibited lower adhesion with tumor cells 

and increased phagocytosis while Zeb2∆Mac TAMs have increased PD-1 and promote PD-L1 

overexpression in ID8 cells. Moreover, ZEB1 expression in TAMs stimulates stem-like 

characteristics in ID8 cancer cells while ZEB2 inhibits this phenotype thus promoting 

enhanced survival in tumor-bearing Zeb1∆Mac mice and decreased survival in Zeb2∆Mac 

counterparts.  

These results established ZEB1 as a protector of the cardiovascular system from 

atherosclerosis development. On the other hand, ZEB1 and ZEB2 are tumor-promoting and 

tumor-repressor factors in ovarian cancer, respectively, through their regulating of the 

functions of the TAMs. Altogether, the present dissertation sets ZEB1 and ZEB2 in 

macrophages as a potential therapeutic target in both pathologies. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

7 

RESUMEN 

 
La polarización de los macrófagos de un estado a inflamatorio a uno tolerogénico ocurre tanto 

en condiciones fisiológicas como patológicas, y esta reprogramación es clave para el 

desarrollo de múltiples enfermedades tales como la arteriosclerosis o el cáncer. Los 

resultados presentados en esta tesis indican que a) la expresión de ZEB1 en macrófagos inhibe 

la formación de la placa arteriosclerótica y b) la expresión de ZEB1 en macrófagos promueve 

la progresión del cáncer de ovario mientras que la expresión de ZEB2 la inhibe. 

 

ZEB1 inhibe la acumulación de lípidos en macrófagos a través de una mayor salida de 

colesterol, lo cual, esta protegiendo de la formación de aterosclerosis en ratones. Así, los 

ratones Zeb1∆Mac tienen mayor tamaño de la placa y un contenido más alto de lípidos que los 

Zeb1WT. ZEB1 es requerido para la activación de la vía AMPK-LXRα-ABCA1/G1, la cual es crítica 

para el eflujo de colesterol y la transición de los macrófagos a un fenotipo antinflamatorio. 

Además, ZEB1 es un mediador de la activación de macrófagos a través de p65. 

 

En cancer de ovario, nosotros mostramos que ZEB1 y ZEB2 en TAMs tienen un papel opuesto 

en iniciación y progresión del cáncer de ovario. La expresión de ZEB1 en TAMs promueve el 

desarrollo tumoral y ZEB2 la inhibe. Los TAMs Zeb1∆Mac muestran un aumento de la capacidad 

fagocítica y menor adhesión con las células tumorales mientras que los TAMs Zeb2∆Mac 

muestran un incremento de PD-1 y promueven la sobreexpresión de PD-L1 en células ID8. 

Adicionalmente, la expresión de ZEB1 en TAMs estimula la adquisición de características de 

célula madre en células ID8 y la expresión de ZEB2 la inhibe lo cual podría estar promoviendo 

un incremento en la supervivencia de los ratones Zeb1∆Mac y disminuyéndola en los Zeb2∆Mac.  

 

Estos resultados establecen a ZEB1 como un protector del sistema cardiovascular del 

desarrollo de la arteriosclerosis. Por otro lado, ZEB1 y ZEB2 son, respectivamente, un 

promotor y un represor de la progresión tumoral en cáncer de ovario a través de la regulación 

de la función de los TAMs. Los datos presentados en esta Tesis proponen a ZEB1 y ZEB2 en 

macrófagos como potenciales dianas terapéuticas en ambas patologías. 
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ABBREVIATIONS  
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CSC Cancer stem cell 

CtBP C-terminal binding protein 

DMEM Dulbecco’s Modified Eagle’s Medium 

EMT Epithelial mesenchymal transition 

FACS Fluorescent activated cell sorter 

FBS Fetal bovine serum 

GNS Graphene nanostars 

HDAC Histone deacetylase 
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INTRODUCTION 

1. Monocytes and macrophage differentiation  

 

Macrophages are key effectors of innate and adaptive immunity recruiting other immune cells 

and constitute the first line for host defense being also implicated in organogenesis, 

homeostasis and growth and tissue repair (Gordon and Martinez, 2010; Murray et al, 2011). 

Besides these physiological functions, macrophages also participate in different pathological 

and physiopathological conditions as well as in multiple diseases and pathological syndromes 

like fibrosis, obesity, autoimmune diseases, atherosclerosis and cancer (Wynn et al, 2013). 

 

Macrophages can be differentiated from peripheral blood monocytes, which, in turn, 

originate from myeloid precursors at the bone marrow (Van Furth et al., 1972). Myeloid 

precursors give rise to common myeloid progenitors, macrophages and dendritic cells 

progenitors and granulocyte-macrophage precursors. Myeloid precursors differentiate into 

monocytes, macrophages and dendritic cell precursors (Ginhoux and Guilliams, 2016). 

Peripheral blood monocytes migrate to tissues where they differentiate into macrophages. A 

second group of macrophages is referred to as “resident macrophages” that are found in the 

stroma of virtually all tissues and originate from embryonic precursors (yolk-sac or early 

erythro-myeloid progenitors) and whose population is self-maintained by local proliferation 

rather than new recruitment (Williams et al, 2018).  
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Figure 1. Macrophage developmental origin. (A, B, C) Origins of macrophages. (I, II, III, IV) Types of macrophage 
populations. Adapted with permission from Williams et al., 2018. 

 

Macrophages play an important role in the inflammatory response. The inflammatory 

response consists of different stages, being initiated by different stimuli and developing an 

inflammatory response, followed by resolution and repair of affected tissues. Macrophages 

can participate in all stages of the inflammatory process due to their high plasticity (Chen et 

al, 2018; Shapouri-Moghaddam et al, 2018; Locati et al., 2020). Macrophages display a wide 

spectrum of phenotypes depending on the environment or origin.  

 

Depending on their activation status, macrophages can be classified as classically 

activated/M1 or alternatively activated/M2. However, M1 and M2 are the extremes of these 

phenotypes only found in vitro polarization while the intermediate phenotypes are the most 

commonly found in vivo (Sica and Mantovani, 2012; Murray and Wynn, 2014). In vitro, pro-

inflammatory/M1 occurs in response to LPS and IFNγ or CSF2 and anti-inflammatory/M2 

activation occurs in response to IL4 and IL13 or CSF1 (Varga et al, 2016; Shapouri-Moghaddam 

et al, 2018). Macrophage activation results in their production and release of different 
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cytokines. M1 macrophages secrete pro-inflammatory cytokines like IL1β, IL6, IL12 or TNF, as 

well as reactive oxygen (ROS) and nitrogen species (RNS) and nitric oxide (Arango Duque and 

Descoteaux, 2014). Consequently, M1 macrophages are mediating the environment for 

destroying pathogens and cancer cells. These cytokines promote Th1 lymphocytes’ response. 

On the other hand, M2 macrophages secrete anti-inflammatory cytokines like IL10 and TGFβ 

that promote Th2 lymphocytes response. In contrast to M1 counterparts, M2 macrophages 

are implicated in resolving inflammation and tissue repair (Van den Bossche et al, 2017). 

 

In mice, the F4/80 antigen (encoded by the Adgre1 gene) defines different macrophage 

subsets with resident macrophages expressing high levels of F4/80 while macrophages 

differentiated from peripheral blood monocytes display low levels of F4/80 (Ghosn et al, 

2010; Cassado Ados et al, 2015).  

 

Peripheral blood monocytes can also be distinguished in various functional subsets depending 

on their cell surface expression markers. Thus, Ly-6C marker allows the separation of 

monocytes into 2 subsets characterized by different migratory and inflammatory features 

(Ginhoux and Jung, 2014). Ly-6Chigh monocytes migrate to inflammatory sites and 

differentiate mainly to M1 phenotype, thus being referred to as inflammatory monocytes. On 

the other hand, Ly-6Clow monocytes present an M2 phenotype and are denominated non-

classical monocytes. 

 

 

2. The ZEB family of transcription factors 

The mammalian ZEB family of transcription factors is constituted by ZEB1 and ZEB2, which 

regulate developmental and differentiation programs in multiple tissues (Gheldof et al., 

2012). In epithelial tumor cells, ZEB1 and ZEB2 drive the so-called epithelial-to-mesenchymal 

transition (EMT), a cell dedifferentiation reprogramming that is involved in embryogenesis, 

tissue regeneration, tumor initiation and progression, and radiotherapy and chemotherapy 

resistance. ZEB1 and ZEB2 present a similar structure that shares 44% of similitude (Postigo 

and Dean, 2000; Stemmler et al., 2019). Both factors contain two zinc-finger domains, one 

located at N-terminal and other at C-terminal end, that bind to the regulatory regions of 
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target genes. ZEB factors can act as transcriptional repressors or activators depending on their 

binding to other transcription factors and cofactors (Sánchez-Tillo et al., 2011). 

 

 
Figure 2. ZEB factors structure and function in EMT. a. ZEB transcription factors are implicated in EMT in cancer 
cells. b. Schematic representation of the protein structures of ZEB factors. Adapted with permission from 
Stemmler et al., 2019. 

 

Besides, ZEB1 and ZEB2 have a role in the development and differentiation of different cell 

types, including in the hematopoietic compartment (Goossens et al., 2011; Scott et al., 2019). 

Both transcription factors are implicated in T cell development in mice (Guan et al., 2018). In 

the myeloid lineage, ZEB2 regulates dendritic cell development and is implicated in 

maintaining tissue resident-macrophage identity (Scott et al., 2016; Wu et al., 2016; Scott et 

al., 2018) and ZEB1 is implicated in peritoneal macrophage maturation and dendritic cell 

activation in murine models (Cortes et al., 2017; Smita et al., 2018). 

ZEB1 plays a role in adipogenesis and is implicated in lipid metabolism. ZEB2 is implicated in 

Kupffer cell differentiation by regulating NR1H3 (Leussink et al., 2020). ZEB1 regulates 

adipogenesis by forming a complex with PPAR𝛾 and C/EBPß (Gubelmann et al., 2014). ZEB1 
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linked EMT and lipid metabolism through the regulation of accumulation, mobilization and 

uptake of lipid that affects adhesion by remodeling the plasma membrane (Mathow et al., 

2015; Viswanathan et al., 2017). Also, Zeb1 deficiency in mice impaired glucose uptake in mice 

fed with high-fat diet (Saykally et al., 2009). Earlier studies showed that ZEB1 is 

downregulated in atheromatous plaque lesion compared with plaque-free intima by its 

hypermethylation (Yamada et al. 2014). However, the role of ZEB1 and ZEB2 in macrophages 

lipid metabolism and atherosclerosis remains understood. 

Accumulating evidence indicates a role for ZEB factors in tumor stroma cells. EMT promotes 

macrophage infiltration and activates macrophages to Tumor-Associated Macrophages 

(TAM)-like phenotype (Su et al., 2014). ZEB1 and ZEB2 are not only expressed in tumor cells 

but are also expressed in stromal cells (Nagaishi et al., 2017). In ovarian cancer, ZEB1 is 

expressed in TAMs promoting the activation toward pro-tumoral macrophages and tumor 

progression (Cortes et al., 2017). ZEB1 expression in stromal fibroblasts promotes mammary 

tumor initiation, progression and metastasis. This is associated, in part, with the inactivation 

of ZEB1 in stromal fibroblasts decreased macrophage infiltration (Fu et al., 2019). Altogether, 

these data showed ZEB factors as an important factor that modulate the phenotype of tumor 

cells through the tumor stroma. 

 

3. Cardiovascular disease  

3.1. Metabolic disease and atherosclerosis 

 

Cardiovascular disease is the most prevalent cause of mortality in diabetic patients (Einarson 

et al, 2018). Insulin resistance is an early symptom of this disease. In metabolic syndrome, 

hepatic insulin resistance results in continuous glucose production while elevated levels of 

nutrients induce pancreas beta-cell dysfunction and endoplasmic reticulum stress resulting in 

β-cell damage and death. This process leads to hyperglycemia and it has been proposed to be 

influenced by several mechanisms, including inflammatory cytokines, adipokines, non-

esterified fatty acid, glucotoxicity, lipotoxicity and others (Muoio and Newgard, 2008). An 

increase of insulin sensitivity and improved glucose tolerance as a result of exercise, weight 

loss and drugs reduce cardiovascular risk. 
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Atherosclerosis is a chronic artery disease that is the major cause of vascular disease 

worldwide (Herrington et al, 2016). Fatty streak is gradually accumulated in the artery wall 

and activated endothelial cells to recruit immune cells and develop atheroma plaques. 

Ruptured plaques cause thrombosis and partial or total occlusion of the vessel. 

Atherosclerosis can be asymptomatic for many years before being manifested clinically in the 

form of ischemic stroke, ischemic heart disease and/or peripheral arterial disease. The main 

underlying risk factors of atherosclerosis include smoking, hypercholesterolemia, 

hypertension, diabetes mellitus, adiposity and age (Lonardo et al, 2018). Some parameters 

used for diagnostics of subclinical atherosclerosis are arterial stiffness, carotid artery intima-

media thickness, coronary artery calcification, and brachial arterial flow-mediated dilation 

(Jover et al., 2018; Schmidt et al, 2019).  

 

 
Figure 3. NAFLD contributes to systemic insulin resistance and type II diabetes by increasing glucose production 
in the liver and producing a systemic release of pro-inflammatory factors. In addition, NAFLD increased 
cardiovascular risk via atherogenic dyslipidemia, with low levels of HDL cholesterol and increased levels of LDL. 
Used with permission from Anstee et al., 2013. 
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Blood cholesterol levels originate mainly from the intake of saturated fat, polyunsaturated fat 

and cholesterol (Schwingshackl and Hoffmann, 2013). However, higher cholesterol levels in 

blood are produced by reduced energy consumption, genetic or other factors. High LDL serum 

levels are a risk factor for cardiovascular disease while HDL has an inverse relation (Rader and 

Hovingh, 2014; Duran et al., 2020; Prats-Uribe et al., 2020). Lowering circulating blood lipids 

by the use of statins is a current treatment of atherosclerosis. The reduction of LDL cholesterol 

through the use of these drugs reduces cardiovascular disease. Likewise, a reduction of 

hypertension using β-blockers and angiotensin-converting enzyme inhibitors are treatment 

strategies (Rossello et al., 2015).  

 

 

3.2. Non-alcoholic fatty liver disease  

 

Non-alcoholic fatty liver disease (NAFLD) is an independent risk factor of cardiovascular 

disease (Bhatia et al., 2012). Early diagnosis of cardiovascular disease in the risk population is 

necessary to reduce mortality. NAFLD is the most common chronic liver disease affecting 

around 25% of the total population and is associated with other metabolic diseases like 

obesity, diabetes mellitus type II, cholesterolemia and hypertension (Fazel et al., 2016). 

NAFLD is a progressive disease that can produce a wide spectrum of clinical manifestations 

from steatosis to complications like hepatocytes ballooning and necrosis, fibrosis, cirrhosis 

and a higher probability of hepatocellular carcinoma. NAFLD can progress toward NASH 

(nonalcoholic steatohepatitis) where steatosis is accompanied by inflammation and cell 

damage (Stefan et al., 2019). 

 

Although NASH progression can evolve toward fibrosis, cirrhosis and eventually to 

hepatocellular carcinoma, the most important cause of mortality by NAFLD is caused by 

cardiac events (approximately 25%), cirrhosis, hepatocellular carcinoma, kidney disease or 

extra-hepatic cancer (Mantovani et al., 2020). While, originally, NAFLD was defined as a 

consequence of the metabolic syndrome, more recently it has been reported that the relation 

is more complex and experimental evidence demonstrates that there is a bidirectional link 

and NAFLD may precede and/or promote metabolic syndrome, including hypertension, 

diabetes type II and cardiovascular disease (Zhou et al, 2018).  
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Macrophages are implicated in liver disease initiation and progression. Macrophages in liver 

comprise embryonically-derived Kupffer cells and circulating monocyte-derived 

macrophages. Liver injury produces, in NAFLD or other liver diseases, KCs depletion or 

damage. NAFLD triggers the recruitment of monocytes that replenish the pool of hepatic 

macrophages (Bansal et al., 2020). Under liver injury, KCs and monocyte-derived 

macrophages secrete inflammatory cytokines and chemokines, including CCL2, IL-1β and TNF-

α, that maintain liver inflammation and are implicated in progression to steatosis (van der 

Heide et al., 2019).  

 

 

3.3. AMPK signaling in metabolism and inflammation  

 

Atherosclerosis and other metabolic diseases including obesity, diabetes type II, insulin 

resistance and NAFLD are characterized by chronic low-grade inflammation. Low-grade 

inflammation reduces AMPK expression in macrophages and other tissues and reduced levels 

of AMPK are implicated in metabolic diseases (Day et al, 2017). AMPK has functions in 

multiple physiological and pathological conditions including anti-inflammatory response, lipid 

metabolism and redox regulation (Jeon, 2016). Inflammation and metabolism are intimately 

connected in macrophages. Thus, macrophage polarization toward a pro-inflammatory 

phenotype is supported by glycolysis, while activation toward an anti-inflammatory state is 

dependent on oxidative metabolism. AMPK is implicated in the switch from pro-inflammatory 

to anti-inflammatory macrophages (Sag et al, 2008). Accordingly, activators of AMPK (e.g., A-

769662, AICAR or GSK621) promote an anti-inflammatory phenotype in macrophages. 

 

In lipid metabolism, AMPK activates fatty acid uptake and beta-oxidation and inhibits de novo 

synthesis of fatty acid triglycerides and cholesterol. To reduced fatty acid synthesis, AMPK 

inhibits acetyl-coA carboxylase 1 that catalyzes acetyl-coA to malonyl-coA, a step of fatty acid 

synthesis, and sterol regulatory element-binding transcription factor 1, that induced lipogenic 

enzymes expression (Jeon, 2016; Ma et al, 2017). In addition to inhibiting cholesterol 

synthesis, AMPK activates cholesterol efflux by inducing LXRα, ABCA1 and ABCG1 (Amézaga 

et al., 2013; Kemmerer et al., 2016; Ma et al., 2017). Also, LXRα activation in macrophages is 



 
 

23 

implicated in pro- to anti-inflammatory phenotypic switch (Spann et al., 2012; Ito et al., 2015). 

On the other hand, AMPK activated CPT1α and induces β-oxidation in the mitochondrion 

(Kemmerer et al., 2015). 

 

 

3.4. Macrophages in atherosclerosis 

 

Atherosclerosis is an inflammatory and metabolic disease. The inflammatory response is 

initiated by the accumulation of cholesterol-enriched, apolipoprotein B-containing 

lipoproteins in the arterial vasculature (Moore et al., 2011). These lipoproteins are susceptible 

to modifications such as oxidation, acetylation or aggregation and induce the activation of the 

endothelium. Endothelial activation is driven leukocyte trafficking to the artery wall and the 

main leukocyte type recruited is monocytes (Tabas and Bornfeldt, 2016; González-Ramos et 

al., 2019). Peripheral blood monocytes migrate to the artery wall where they are 

differentiated into macrophages. Macrophages uptake lipoproteins and become lipid-filled 

known as “foam cells” (Randolph, 2014; Martínez-González and García de Frutos, 2020). 

Hypercholesterolemia and other cardiovascular risk factors induce the production of 

monocytes leading to an increased number of circulating monocytes. An impaired resolution 

of inflammation contributes to atherosclerosis development (Gistera and Hansson, 2017; 

Arango Duque and Descoteaux, 2019). 

 

In areas of curvature or branching of the artery, endothelial activation is continuous, but the 

levels of activation are maintained to not lead to an expansion of inflammation (Paulson et 

al, 2010). Thus, the mononuclear phagocyte cells found in these areas are in a single layer and 

are responsible for eliminating antigens or pathogens that may be accumulated due to 

hemodynamic stress. Since these cells are found in areas predisposed to atherosclerosis, it 

has been hypothesized that they could play a role in the onset of the disease. 

 

Macrophage infiltration and activation in the artery wall produce an inflammatory response 

leading to secretion of chemoattractant molecules such as the chemokines CCL2 and CCL5 

that recruit immune cells generating an unresolved inflammatory process (Moore et al, 2013). 

Ly-6Chigh monocytes migrate efficiently to inflammatory sites including atherosclerotic plaque 
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through chemokine receptors CCR2 and CX3CR1. On the other hand, Ly-6Clow monocytes do 

not express CCR2 but express high levels of CX3CR1. The expression of CCR2, CCR5 y CX3CR1 

expression on monocytes is required for plaque progression (Rahman et al, 2017).  

 

Lipoprotein uptake of modified LDL is taken up by several scavenger receptors, including 

scavenger receptor class A, CD36, SR-BI and LOX1 but lipoprotein uptake can also occur 

through macropinocytosis and phagocytosis (Tabas and Bornfeldt, 2016). When macrophages 

take up more cholesterol than they can excrete, the cholesterol is esterified by acyl-coenzyme 

A:cholesterol acyltransferase (ACAT1) and stored in lipid droplets which results in the foam 

cell morphology. Cholesterol ester could be hydrolyzed from lipid droplets to generate free 

fatty acid and cholesterol by neutral cholesteryl ester hydrolase 1 (NCEH1) and lysosomal acid 

lipase (LAL) (Chistiakov et al, 2017). Macrophages can efflux cholesterol through the ABCA1 

and ABCG1 (Moore et al, 2013). 

 

 

3.5. Use of nanoparticles to modify gene expression in macrophages 

 

The application of nanoparticles to the diagnosis and therapy of diseases has improved many 

illnesses, including cardiovascular disorders, cancer, neurological disorders or diabetes. 

Nanoparticles are combined with different compounds with therapeutic effects, such as 

peptides, proteins and nucleic acids and small-molecule drugs (Davis et al., 2008). Traditional 

administration of therapeutic compounds has some disadvantages like non-selective targets, 

poor distribution or undesirable side effects. Nanoparticles have been successfully used in the 

selective delivery of a wide range of molecules into different types of cells. This approach 

enhances the concentration of the therapeutic molecules to the diseased site with lower 

doses and lower side effects (Zhang et al., 2019; Yetisgin et al., 2020). Nanoparticles can be 

synthesized from various materials like lipids, metals, proteins and synthetic/natural 

polymers and can be classified into several groups based on the components used for the 

synthesis (Chenthamara et al., 2019; Sylvestre et al., 2020).  

 

Nanoparticles have been used to deliver safer and more effective chemotherapeutics in 

cancer, they have been translated into applications for cardiovascular diseases (Flores et al., 
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2019). Targeting chronic inflammation, lipid-lowering therapies or resolving defective 

efferocytosis are some of the efforts to develop novel and more effective treatments for 

vascular disease.   

 

A type of nanoparticles is graphene nanostars (GNS) consisting of clusters of conical rolls of 

graphene sheets with cone-shaped tips called nanohorns. These nanohors are linked to form 

spherical aggregates called nanostars. Like most nanoparticles, GNS are mainly phagocytosed 

by macrophages. These nanoparticles present high biocompatibility, not inducing pro-

inflammatory cytokines and are degraded in a few days (Melgar-Lesmes et al., 2018). 

Combining GNS with PAMAM-G5 dendrimer allows selective targeting of macrophages and 

delivery of nucleic acid and has been successfully used in preclinical experiments to treat liver 

fibrosis.  

 

 

4.  Ovarian cancer 

 

Ovarian carcinomas are classified into different histological subtypes that include serous, 

endometrioid, clear cell and mucinous carcinomas. The histological subtypes are different 

epidemiologically, in mutational characteristics, sites of origin and chemotherapy response.  

Serous types are divided into low-grade serous carcinoma and high-grade serous ovarian 

carcinoma (HGSC) (Matulonis et al., 2016). HGSC is not only the most common type of ovarian 

cancer accounting for 80% of all cases, but it is also the most aggressive (Kim et al., 2018). 

Since ovarian cancer is asymptomatic at early stages, it is often diagnosed when it is already 

in advanced stages (III-IV) when the 5-year survival rate is approximately only 30% (Cho and 

Shih, 2009). Patients are commonly treated with platinum-based therapies but resistance to 

chemotherapy and recurrence of peritoneal metastasis, which is often associated with 

persistence of cancer stem cells (CSC), can occur after treatment (Zong and Nephew, 2019; 

Terraneo et al., 2020). In ovarian cancer, especially in serous ovarian cancer, ovarian clear cell 

carcinomas and malignant ascites, is shown higher PD-L1 levels are associated with poorer 

prognosis in patients with advanced stages (III-IV) and higher platinum-resistant compare to 

low PD-L1 expression (Zhu et al., 2017). 
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Ovarian cancer is characterized by its rapid intraperitoneal spread with the development of 

ascites (Penet et al., 2018). TAMs are present not only in the primary tumor but also in the 

ascitic fluid and are associated with enhanced tumor dissemination in the peritoneum and 

poorer prognosis. Ascites contain spheroids formed by cancer stem cells and macrophages as 

well as other innate and adaptive immune cells (Nowak and Klink., 2020).  

 

Spheroids are considered metastatic units that can promote dissemination (Al Habyan et al., 

2018). Ovarian tumor spheroids are enriched in cells with stem cell-like characteristics 

harboring high expression of stemness markers like CD44, CD54, CD55 and CD117 (Etzerodt 

et al., 2020). During metastasis of epithelial ovarian cancer, TAMs promote spheroid 

formation and constitute a central component of them (Yin et al., 2016). Depletion of TAM by 

clodronate in mice reduces the size and number of spheroids, also peritoneal implantation 

was reduced which contributes to prolonging survival time (Yin et al., 2016; Song et al., 2020).  

 

 
Figure 4. TAMs are implicated in spheroid formation and their role in peritoneal dissemination. Cancer cells 
and TAMs interact and generate spheroids that have a pivotal role in peritoneal adhesion and invasion. Adapted 
with permission from Gao et al., 2019. 

Tumor-associated macrophages
Cancer cells
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Cell-cell adhesion between cancer cells and immune cells through adhesion molecules of the 

integrin receptors and ligands of the immunoglobulin superfamily are crucial to induce 

immunosuppression. Expression of integrins on tumor cells has been associated with tumor 

progression and metastasis. Mechanisms of adhesion of cancer cells and TAMs in spheroid 

formation are not much known. Ovarian cancer cells in spheroids express CD54, a ligand of 

CD11a/CD18, CD11b/CD18 and CD11c/CD18 integrin receptors on macrophages. 

Neutralization of CD54 with antibodies reduces spheroid formation in vitro and in vivo mouse 

models (Yin et al., 2016).  

 

During tumor progression, cancer cells acquire multiple capabilities that include sustaining 

proliferative signaling, resisting cell death, or avoiding immune destruction. In addition to 

cancer cells, tumors consist of immune infiltrating cells that form the tumor 

microenvironment (TME) and this tumor stroma contributes to the acquisition of malignant 

characteristics (Hanahan and Weinberg, 2011).  

 

Normal tissues control production of growth-promoting signals that are implicated in 

different steps of the cell cycle and maintain homeostasis of cellular number. However, cancer 

cells have dysregulated these signals and enable signals that regulate the progression of cell 

cycle and are implicated in cell survival and energy metabolism. Proliferation also can be 

maintained by downregulation of pathways that attenuate proliferative signaling (Amit et al., 

2007). Cells have a different innate tumor-suppressive mechanism in the programs of 

proliferation that trigger apoptosis under cell uncontrolled proliferation. However, oncogenic 

mutations that drive proliferation can uncouple these processes during transformation and 

tumorigenesis (Lowe et al., 2004).  

 

Senescence constitutes an important tumor suppressor mechanism. Senescent cells exhibit 

cell-cycle arrest in response to stress, however, they can remain viable for a long period 

(Collado and Serrano, 2010). Senescent cells have higher activation of senescence-associated 

(SA)-β-galactosidase, a lysosomal enzyme whose activity is used to assess senescent cells 

(Wang et al., 2020). Re-education of TAMs to a pro-inflammatory phenotype can induce DNA 

damage in cancer cells and senescence-associated to tumor inhibition (Di Mitri et al., 2019).  
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4.1. The tumor microenvironment 

 

Tumor cells escape an anti-tumor response by the immune system through various 

mechanisms including, tumor-induced immunosuppression, low immunogenicity of tumor 

cells, tumor surface antigen modulation and recognition of tumor-specific antibodies as 

autoantigens. This process is important to tumor survival and development. Immune cells in 

the TME, such as TAMs, myeloid-derived suppressor cells, B cells and regulatory T cells, may 

contribute to create the immuno-suppressive or tolerogenic environment that protects 

cancer cells from destruction (Rodríguez-Ubreva et al., 2017; Sarvaria et al., 2017; Fleming et 

al., 2018; Togashi et al., 2019; Rodriguez-Garcia et al., 2021). Induction of the expression of 

immunosuppressive molecules or their receptors is implicated in immunosuppression. Some 

of these molecules included programmed death-ligand 1/programmed death-1 receptor (PD-

L1/PD-1), galectin-9/TIM-3, IDO1, LAG-3, and CTLA4 (Chen et al, 2014; Jiang et al, 2019; 

Labani-Motlagh et al., 2020; Togashi et al., 2019). 

 

PD-L1 and PD-L2 are cell surface molecules expressed on tumor cells that bind to the PD-1 

receptor on immune cells (e.g., TILs, TAMs) to inhibit their tumor-suppressor response. Both 

PD-L1 and PD-L2, inhibit immune responses and do not have any different role. PD-L1 is 

constitutively expressed in immune cells, such as macrophages, B cells and dendritic cells and 

its expression is induced in non-hematopoietic cells, like vascular endothelial cells, pancreas 

and islets cells (Qin et al., 2019). In peripheral tissues, the role of PD-L1 expression is to 

prevent autoimmune damage (Keir et al., 2006). Also, PD-1 and PD-L1 are expressed in several 

types of tumor cells and the TME. In TME, PD-1 axis activation in T Lymphocytes results in 

anti-tumor immunity impairment and immune escape by tumor cells (Jiang et al., 2019).  

 

PD-1 and its ligands are crucial roles in one pathway responsible for the inhibition of T-cell 

activation (Qin et al., 2019). When T-cells are constantly exposed to an antigen they 

overexpress PD-1, which is a marker of exhausted T-cells. Also, PD-1 is expressed by a wide 

variety of immune cells and non-immune cells including B cell, natural killer, T cell, activated 

monocytes, macrophages, dendritic cells and immature Langerhans cells with a role in the 

induction of peripheral tolerance and maintenance of the stability and integrity of T-cells 

(Okazaki and Honjo, 2006). 
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PD-1 is also expressed in high levels in TAMs and its expression correlates with a decrease in 

phagocytic capacity. PD-1 inhibition increases partially phagocytosis of tumor cells by TAMs. 

Analysis of TAMs showed that TAMs expressing PD-1 have an M2-like profile, however, PD-

1neg TAMs showed an M1-like profile (Gordon et al, 2017). TAMs can interact with T-cells 

through PD-1/PD-L1 pathways to inhibit T-cell response against tumor cells.  

 

Macrophages are the major component of the immune cell infiltrate in the TME. Recruitment 

of myeloid cell into the tumor is developed by chemoattractants, including chemokines and 

cytokines, particularly CCL2, CCL3, CCL4 and CXCL12 chemokines and CSF1 and VEGFA 

cytokines (Pathria et al., 2019). TAMs contribute to tumor progression in different ways: 

purpose nutrients to cancer cells, promoting genetic instability, supporting metastasis and 

drive adaptative immunity to a protumoral phenotype (Noy and Pollard, 2014; Mantovani et 

al., 2017). Initially, the characterization of TAM demonstrates that they are close to M2-

polarized macrophages by express M2 markers such as CD163, CD206 or IL10. However, 

transcriptome analysis of TAMs in ovarian and other tumor types indicates that TAMs display 

a combination of both anti-inflammatory and pro-inflammatory gene signatures (Colvin, 

2014, Izar et al., 2020). In human ovarian cancer, a high pro-/anti-inflammatory ratio 

intratumor is associated with improved survival (Zhang et al., 2014). Approaches to re-

educated pro-tumoral TAMs to anti-tumoral TAMs have been shown to reduce tumor 

progression and improve survival in glioma preclinical models (Pyonteck et al., 2013). 

 

 

4.2. Metabolism in cancer and stromal cells 

 

Metabolic reprogramming in tumors has been recognized as a hallmark of cancer (Hanahan 

and Weinberg, 2011). Tumor cells need high amounts of biosynthetic precursors to maintain 

proliferative rate requirements. Metabolic interaction between tumor cells and TAMs is 

bidirectional. Cancer cells secrete cytokines that recruit monocyte-derived macrophages to 

the tumor and favor the polarization toward pro-tumorigenic and immunosuppressive 

macrophages. Besides, hypoxia and lactate stimulate TAMs to secrete multiple cytokines with 

metabolic functions on cancer cells (Garcia-Jimenez et al., 2019). 
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Figure 5. Metabolic heterogeneity in tumor. Variables as heterogeneous cellular populations, nutrient 
availability, waste and oxygen and pH gradients influence the metabolic properties of tumors. Used with 
permission from Lyssiotis and Kimmelman, 2017. 
 

Two tumor subgroups exist depending on the preference for aerobic glycolysis or oxidative 

phosphorylation (Gentric et al., 2019; Lahiguera et al., 2020). Tumor cells that have a high 

glycolytic flux linked to poor vascular supply results in glucose deficiency in the 

microenvironment. Deficiency of glucose has a high impact on both tumor cells and immune 

cells of the microenvironment. In macrophages, glucose metabolism is critical to their pro- 

and anti-inflammatory polarization (Freemerman et al., 2014; Tan et al., 2015; Huang et al., 

2016). Tumor cells uptake high amounts of glucose, which is then converted to lactate even 

in presence of oxygen, producing the acidification of the TME. High levels of lactate levels 

increase the risk of metastasis, tumor recurrence and death and promote an 

immunosuppressive phenotype in macrophages, inhibit the secretion of pro-inflammatory 

cytokines and the migration of monocytes and alter antigen presentation (de la Cruz-Lopez et 

al., 2019).  

 



 
 

31 

Altered lipid metabolism is also exhibited in cancer cells. Uptake or increased synthesis of 

lipids supports tumor formation and growth (Snaebjornsson et al., 2020). In ovarian cancer, 

cancer cells use adipocyte-derived lipids for tumor growth and promote metastasis to the 

omentum (Nieman et al., 2011). Ovarian CSCs have also increased levels of unsaturated lipids 

by high expression lipid desaturases (Li et al., 2017). In TME, M2-like TAMs reprogram their 

metabolism toward fatty acid oxidation and increased mitochondrial biogenesis, in line with 

a lower glycolytic profile.  

 

Amino acids are also an important source of energy supporting cancer and TME cell 

immunosuppression (Bader et al., 2020). Amino acids are implicated in various metabolic 

activities like energetic regulation, biosynthetic support, redox balance and epigenetic 

regulators. Glutamine is widely used to support the Krebs cycle in cancer cells through its 

conversion to intermediaries of this cycle. Numerous types of cancers are dependent on 

exogenous non-essential amino acids that can be explained by a loss of expression of an 

enzyme involved in the synthesis. For instance, in multiple myeloma, ovarian cancer and 

oligodendroglioma, tumor cells are dependent on glutamine by a loss or downregulation of 

glutamine synthetase. Also, pro-tumorigenic TAMs are increased uptake of some amino acids 

like glutamine and arginine (Lyssiotis and Kimmelman, 2017). Glutamine in TAMs is essential 

in cytokine production, antigen presentation and phagocytosis in murine macrophages in 

vitro (Biswas, 2015). High consumption of amino acids by tumor cells and TAMs generated a 

deficiency of these nutrients in the TME that impair T cell activation through an anti-tumoral 

phenotype. 

 
 
 

4.3. Ovarian cancer mouse model  

 

In xenograft cancer models, cells are injected into immunocompromised mice. The use of 

immunodeficient mice prevent the study of the role of the immune system and the tumor-

stroma crosstalk. This disadvantage can be overcome in syngeneic models, which use 

immunocompetent mice. ID8 model of ovarian cancer is a well-established syngeneic mouse 

model to study the interaction of tumor and stromal cells in immunocompetent mice (Roby 

et al., 2000; Hagemann et al., 2006; Etzerodt et al, 2020; Song et al, 2020). ID8 cells are ovarian 
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cancer surface epithelial cells from C57BL/6 mice. This model reproduces extensive tumors 

on the peritoneal cavity, ascites development and spheres formation such as it is observed in 

stage III and IV of human ovarian cancer (Roby et al., 2000). Intraperitoneal injection of ID8 

ovarian carcinoma cells into female recipient mice results in their rapid growth and the 

development of hemorrhagic ascites that contains not only tumor cells but also immune cells 

particularly TAMs (Hagemann et al, 2006; Yin et al, 2016; Cortes et al, 2017; Goossens et al, 

2019). When ID8 cells are isolated from the ascites of mice and are reinoculated into new 

mice they acquire a higher tumorigenic capacity (Cai et al., 2015; Cortes et al, 2016). Besides, 

tumor growth in the ID8 model is dependent on the accumulation of TAMs (Hagemann et al, 

2008; Rei et al, 2014; Yin et al, 2016). 
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GENERAL AND SPECIFIC OBJECTIVES 

 

The overarching aim of this dissertation is to characterize new potential mechanisms that 

regulate macrophages function in atherosclerosis and ovarian cancer. 

 

The specific objectives are: 

1. To identify new roles and mechanisms of action of ZEB1 as a mediator of lipid 

metabolism in macrophages during atherosclerosis development. 

2. To identify new roles and mechanisms of action of ZEB1 and ZEB2 in TAMs in the 

initiation and progression of ovarian cancer.  

 

To address these goals, the project made use of a wide range of materials and techniques 

including human samples, mouse primary cells, conditional knockout mouse models of Zeb1 

and Zeb2 in macrophages (Zeb1∆Mac; Zeb2∆Mac), the ApoE model of atherosclerosis and the ID8 

syngeneic model of ovarian cancer and nanoparticles for in vivo gene delivery in these mouse 

models. 
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METHODOLOGY 

Human samples  

 

Human samples of atheroma plaques were obtained from patients submitted to programmed 

endarterectomy. Samples were processed for mRNA extraction. Samples were classified as 

patients who had suffered a cerebrovascular accident before endarterectomy and patients 

who had not. Nine carotid arteries from donors of vascular transplants or post-mortem 

autopsies were used as control samples. The use of human samples was approved by the local 

Ethics Committee at Hospital Clinic of Barcelona. 

 

Experimental animals and generation of Zeb1∆Mac and Zeb1∆Mac mice 

 

Zeb1(+/-) mice were obtained from Dr. Douglas S. Darling (University of Louisville, KY, USA) 

and Dr. Y. Higashi (Institute for Development Research, Kasugai-shi, Aichi, Japan) (Takagi et 

al, 1998) and were crossed with ApoE(-/-) mice referred as ApoE-KO (The Jackson Laboratory; 

B6.129P2-Apoetm1Unc/J). The conditional Zeb1 flox allele mouse (Zeb1fl/fl, herein referred as 

Zeb1WT) was generated in the joint National Biotechnology Center (CSIC-CNB)/Severo Ochoa’s 

Molecular Biology Center (CSIC-CBMSO) Transgenesis Unit at the Spanish National Research 

Council (CSIC) and Autonomous University of Madrid (Madrid, Spain). The conditional Zeb2 

flox allele mouse (Zeb2fl/fl, herein referred as Zeb2WT) was generated in the Transgenesis Unit 

at the Institute of Biomedical Research of Barcelona (IRB) (Barcelona, Spain). Two gRNAs were 

designed to elicit double-strand breaks (DSBs) flanking exon 6 in the Zeb1 gene or flanking 

exon 5-6 in the Zeb2 gene. Additionally, two ssDNA oligos that contain the LoxP site and a 

restriction enzyme flanked by two homology arms, which correspond to the sequence 

surrounding each Cas9 cut site, were designed and purchased from Sigma-Aldrich (Merck 

KGaA, Darmstadt, Germany). A mixture of transcribe RNA Cas9, two sgRNAs and two ssDNAs 

was injected into the cytoplasm of B6CBAF2 zygotes, using standard protocols (Behringer et 

al., 2014). Zygotes that survived were transferred into the oviduct of pseudopregnant foster 

mothers for development to term. The presence of LoxP sequences was assessed by DNA 

sequencing. To generate macrophage-specific Zeb1 and Zeb2 knockout mice, Zeb1flx/flx or 
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Zeb2flx/flx were crossed with mice carrying the Cre recombinase selectively in myeloid cells 

under the control of the endogenous lysozyme 2 (Lyz2, also referred as LysM) promoter. 

LysMCre (Clausen et al., 1999) (official name: B6.129P2-Lyz2tm1(cre)Ifo/J) mice were obtained 

from Jackson Laboratories (Bar Harbor, ME, USA). Macrophage-specific Zeb1 knockout mice 

(Zeb1floxed/floxed LysMCre/+) were referred as Zeb1∆Mac and macrophage-specific Zeb2 

Knockout mice (Zeb2floxed/floxed LysMCre/+) as Zeb2∆Mac. Zeb1floxed/floxed LysMCre+/+ (Zeb1WT) 

and Zeb2floxed/floxed LysMCre+/+ (Zeb2WT) mice were used as controls. Zeb1∆Mac and Zeb2∆Mac 

mice were also crossed with ApoE(-/-). All animal procedures were approved by Animal 

Experimentation Ethics Research Committee at the University of Barcelona School of 

Medicine. 

 

sgRNA 
oligonucleotides 

Sequence 

sgRNA 5’ 5’-TTACAGACACCTCTAACACAAGG-3’ 
sgRNA 3’ 3’-AGTACCAGCAAACCCTTTCTTGG-5’ 

ssDNA 
oligonucleotides 

Sequence 

ssDNA #1 5’-
agctaagtcccttcaagtgcctggtcactgaggaaagctggggTTACAGACACCTCTA
ACGCTAGCataacttcgtatagcatacattatacgaagttatACAAGGcttcctcccca
aaagggagccgtacagacatgaaaatatttatcaatcaaaggc - 3’ 

ssDNA #2 3’- 
aaccaaaggttaacctaactcctaacaaaggagttggcacacgaAGTACCAGCAAAC
CCTGAATTCataacttcgtataatgtatgctatacgaagttatTTCTTGGctttatggtg
aatgggaacatggttgtttaatagtgatcataagcaaagaaga - 5’ 

Table 1. sgRNA and ssDNA oligonucleotides used in the generation of the Zeb1fl/fl mouse.  
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Figure 6. Scheme of transgenic generation of the Zeb1∆Mac mouse model. 

 

sgRNA 
oligonucleotides 

Sequence 

sgRNA 5’ 5’- AGCAGATGCATCGGTAGAGAGGG -3’ 
sgRNA 3’  5’ – GCACAGTCAATTCTCCCAGGAGG - 3’ 

ssDNA 
oligonucleotides 

Sequence 

ssDNA #1 5’ – 
TGAAACACACAAAAAAAGGAAATTTAATTTTCTTGAGAAGCCAGACTA
AACTTCACCTCCCTCTCTACCGATGgcctgggctagcggatccataacttcgtata
atgtatgctatacgaagttatCATCTGCTGCTAAATAAAAGCTTTTGCTATGTT
TTT 
 – 3’   

ssDNA #2 5’-
TTGAAATGACTGAGTAGGGCTAATTCACAGCATCTCTTAAATGTTTCA
GCAAAACTGCTCTTTCTATCCTCCTccaggctctagagagctcataacttcgtata
gcatacattatacgaagttatGGGAGAATTGACTGTGCAAATTGATATTATGA
TGTG 
 – 3’ 

Table 2. sgRNA and ssDNA oligonucleotides used in the generation of the Zeb2fl/fl mouse. 

 

 

65 7
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Cas9gRNA gRNA

LoxP



 42 

  
Figure 7. Scheme of transgenic generation of the Zeb2∆Mac mouse model. 

 

PCR oligonucleotides for genotyping 

Mouse Forward 5’ – 3’ Reverse 5’ – 3’ 

LysM-CRE ACGAGTGATGAGGTTCGCAAG CCCACCGTCAGTACGTGAGAT 

Zeb1(+/-) CCAGGAGCCCCAGCACTATTCTCC TCAGACGGCAAACGACTGTCCTG 

Zeb1 flox GGTCGACAGTCAGTAGCGTT GCAGAGTTCTACCCAGAACCA 

Zeb2 flox TTCTCTCATTTGTCACGAAACAC CATTCATAATGCGCCAACAC 

ApoE(-/-) GCCTAGCCGAGGGAGAGCCG GCCGCCCCGACTGCATCT 

Table 3. Primers used in PCR amplification of DNA from mice for genotyping. 

 

Antibodies 

 

Primary antibodies Source Clone (Catalog Number) 

Fluorescence Associated Cell Sorting (FACS) 

F4/80 APC BioLegend BM8 (123116) 

F4/80 Alexa Fluor 488 Biolegend BM8 (123120) 

CD11b PE ImmunoTools M1/70.15 (22159114) 

CD45 PerCP/Cy5.5 BioLegend 30-F11 (103132) 

64 7

64 7
LoxP LoxP

4 7

CRISPR/HDR mediated knock in 

ssDNA with LoxP sequence

X LysM-Cre
Mouse

Zeb2flx/flx

(Zeb2WT)
Mouse

Wild-type
Mouse

Zeb2 ΔMac
Mouse

Cas9gRNA gRNA

5

5

LoxP
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CD206 Alexa Fluor 488 AbD Serotec MR5D3 (MCA2235A488T) 

PD-1 PE BioLegend 29F.1A12 (135205) 

PD-L1 Brilliant Violet 421 BioLegend 10F.9G2 (124315) 

CD117 APC BD Pharmingen 2B8 (553356) 

CD55 PE ImmunoTools RIKO-3 (22150554) 

CD11a PE ImmunoTools M17/4 (22850114) 

CD54 PE ImmunoTools YNI.7.4 (22270544) 

Western Blot 

p65 Cell signaling D14E12 (8242) 

p-p65 Santa Cruz Biotechnology 27.Ser 536 (sc-136548) 

p-JNK Santa Cruz Biotechnology 14.Thr183/Tyr185 (sc-
293136) 

p-p38 Cell signaling Thr180/Tyr182 (9211) 

p38 Sigma-Aldrich M0800 

GAPDH Cell signaling 14C10 (2118) 

Secondary antibodies Source Catalog Number 

HRP Goat anti-Rabbit Jackson Immunoresearch 111-035-144 

HRP Donkey anti-Mouse Jackson Immunoresearch 715-545-150 

Table 4. Primary and secondary antibodies used.  

Cell lines culture 

The mouse ovarian cancer cell line ID8 carrying a luciferase reporter was obtained from T. 

Lawrence (CIML, Marseille, France) (Roby et al., 2000) and cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) (Lonza, Basel, Switzerland), supplemented with 10% FBS (Gibco, Life 

Technologies), 100 U/mL penicillin and 100 µg/mL streptomycin (Lonza).  

 

Isolation and culture of mouse peritoneal macrophages  

Peritoneal macrophages were isolated from 6-8-week-old mice as described (Zhang et al., 

2008). Briefly, mice were euthanized and the peritoneal cavity was washed twice with 6 mL 

of PBS with 3% FBS. Cells from the lavage were centrifuged to 400 x g for 10 min at 4ºC. Then, 

erythrocytes were osmotically lysed by incubation with Red Blood Cell Lysis Buffer (Sigma-
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Aldrich) and the reaction was stopped by adding phosphate-buffered saline (PBS). Peritoneal 

cells were sorted by detection of CD45, F4/80 and CD11b cell surface expression or plated in 

RPMI1640 10% FBS and 1% penicillin-streptomycin (Pen/Strep) (Lonza, Basel, Switerland) for 

1 h to allow macrophage adherence. Macrophages isolated were then assessed for mRNA 

expression or used for functional assays. 

 

Cell surface protein expression analysis and cell sorting by flow cytometry (FACS) 

 
Cells were blocked for Fc receptors with mouse gamma globulin for 30 min at 4ºC (Jackson 

ImmunoResearch Europe). Then, cells were incubated with fluorochrome-labeled antibodies 

in PBS with 3% FBS at 4ºC for 45 min. Analysis of protein surface expression was assessed in 

a BD FACSCantoTM III analyzer (BD Biosciences, San Jose, CA, USA) or cells were sorted for 

specific subpopulations in FACS AriaTM II cell sorter (BD Biosciences) for use in indicates 

experiments. 

 
Atherosclerosis mouse model  
 
The model of atherosclerosis induction was as described elsewhere (Zhang et al., 1994). 

Briefly, 8-week mice were fed for 10 weeks in a western diet (21% (wt/wt) fat; 0.21% 

cholesterol (wt/wt); no sodium cholate, (Ssniff Spezialdiäten GmbH, Soest, Germany). Then, 

animals were sacrificed and perfused with PBS and hearts and aortic arteries were collected. 

Aortas were fixed in 4% PFA at 4ºC and hearts were embedded in Tissue-Tek® OCTTM 

compound (Sakura Finetek, The Netherlands) and stored at 80ºC. For en face analysis, aorta 

was stained with 0.5% Oil Red O solution in methanol (C26H24N4O, ORO; Sigma-Aldrich), a fat-

soluble diazol dye that stains neutral lipids in cells, during 1h and lesion area was quantified 

as previously described (Andrés-Manzano et al., 2015). For crossectional analysis of the lesion 

area, hearts were cut through the aortic sinus in 7 µm sections, three sections of each mouse 

were stained with H&E and quantified with Image J software (NIH, Bethesda, MD, USA). 

 

Biochemical analysis of serum 

 

After 10 weeks fed on Western diet, mice fasted overnight and blood was collected at sacrifice 

and incubated at RT until that is coagulated. Serum was separated by centrifugation at 1500 
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x g for 10 min in a refrigerated centrifuge. Serum concentration of HDL, LDL, total cholesterol, 

triglycerides and glucose were measured by enzyme-linked immunosorbent assay (ELISA) 

using commercial kits. 

 

Determination of blood cell populations 

 

Blood from mice fed on Western diet for 10 weeks was collected in EDTA tubes and 

immediately measured on a BC-2800Vet automated hematology analyzer (Mindray Bio-

Medical Electronics, Shenzhen, P. R. China) for cell blood count. 

 

Aortic root stainings 

 

Hematoxylin and eosin (H&E) staining by equilibrating tissues for 5 min at RT, then, tissues 

were incubated in hematoxylin for 3 min and followed by washing one in EtOH/LiCl and four 

in absolute ethanol. 

 

Masson’s trichrome staining was performed in the tissue bank of IDIBAPS according to 

standard protocols. Briefly, 5 µM thickness sections were stained with Hansen’s iron 

hematoxylin for 5 min and washed under running tap water for 5 min. Then, sections were 

stained with Biebrich scarlet-acid fuchsin for 10 min. After, they were rinsed in water and 

treated with phosphomolybdic acid for 10 min and transfer sections directly to aniline blue 

solution for 10 min. Collagen fibers were stained blue.  

 

Lipid content in aorta and liver tissues was assessed by Oil Red O as previously described 

(Mehlem et al., 2013). Hearts containing aortic root and livers were embedded in Tissue-Tek® 

OCTTM compound and stored at -80 ºC. Both tissues were cut in sections of 12 µm thickness 

in a Leica Cryostat (CM 1950) (Leica Biosystems, Heidelberger, Germany). Before staining 

tissue sections that have been stored at -80 ºC allowed to equilibrate for 5 min at RT. The 

ORO working solution was prepared from a 0.5 % stock solution (Sigma-Aldrich, St. Louis, MO, 

USA) in isopropanol and consist of a mixture of 1.5 parts of ORO stock solution to one part of 

distilled water that was let to stand for 10 min at RT and then filtered to remove precipitates. 



 46 

Then, sections were incubated for 15 min at RT with ORO working solution. Sections were 

washed under running tap water. 

 

Images were captured on a bright-field Olympus BX41TF microscope and Cell Sens software 

(Olympus America Inc., Melville, NY, USA) and quantified with ImageJ software.  

 

LDL isolation and oxidation 

 

Whole human blood from healthy donors in EDTA-coated tubes was obtained from the 

Catalan Blood and Tissue Bank. Human plasma was separated from blood by centrifugation 

at 2000 x g for 10 minutes and mixed with KBr to a density of 1.21 g/l. LDL was isolated by 

ultracentrifugation in a KBr density gradient, as described before (Hamczyk et al., 2018). LDL 

was dialyzed 48 h in a high retention dialysis tubing (Sigma-Aldrich, St. Louis, MO, USA) against 

PBS and concentrated with poly-ethylene glycol 20,000 MW (Thermo Fisher Scientific, 

Waltham, MA, USA). LDL oxidation was carried out by incubation with 5 mmol/L of CuSO4 and 

incubated for 16 h at 37ºC to fully oxidize LDL in an oxygenated atmosphere. Adding EDTA to 

a final concentration of 0.24 mM stopped the reaction. Then, LDL solution was dialyzed 

against 48 h at 4ºC to discard copper excess. 

 

Lipid loading in macrophages 

 

NF-κB inhibitor TPCA-1 was purchased from Sigma-Aldrich (USA) and AMPK activator A-

769662 from MedChemExpress (USA). Macrophages were cultured in RPMI 1640 medium 

containing 10 % FBS. Then, 50ug/mL ox-LDL or/and 1 µM TPCA-1 or 100 µM A-769662 was 

added and incubated 24 h. Cells were fixed using 4% PFA at RT for 1 hour and neutral lipids 

were stained with 1 µg/mL Bodipy® 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-

3a,4a-Diaza-s-Indacene) or free cholesterol was stained with 0.05 mg/ml of filipin (Sigma 

Aldrich) and fluorescence was evaluated in a Leica AF6000 (Leica biosystems, Heidelberger, 

Germany). Also, cells were processed for RNA or protein extraction.  
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Synthesis of graphene-dendrimer nanostars 

 

GDNS were generated by Dr. Pedro Melgar (Melgar-Lesmes et al., 2018). Briefly, carbon 

graphene oxide nanohorns were supplied by Sigma-Aldrich (St. Louis, MO, USA). Stuffer and 

ZEB1 expression plasmids under LyMCre promoter were obtained from VectorBuilder 

(Chicago, USA). GNS oxidized were dispersed in DMSO and carbon nanohorns were separated 

by incubating the dispersion in an ultrasound bath. Then, 100 µL of carbon nanohorns were 

incubated with 900 µL of 1 mg/mL EDC/NHS containing 30 µL of PAMAM dendrimer 25% v/v 

for 2 h in the ultrasound bath. After, dispersions were centrifuged at 21000 x g for 10 min, 

washed three times with DMSO and three times with PBS. Plasmids were incubated with GNS 

in a 1:10 ratio for 2 h, centrifuged and washed with PBS.  

 

Assay of nanoparticles in vitro and in vivo 

 

Peritoneal macrophages were isolated and incubated with Stuffer or ZEB1 NPs for three days 

and untreated or treated with oxLDL on day two for 24 h. Then, cells were fixed and stained 

with 1ug/mL Bodipy® 493/503 and fluorescence was evaluated in a Zeiss Axiovert 200 

inverted microscope (Zeiss, Berkochen, Germany). Mice fed in Western diet were injected 

with 50 µg/Kg (in a ratio plasmid/DGNS 1:10) of Stuffer or ZEB1 NPs every 4 days for 10 weeks. 

After the treatment, mice were sacrificed and aorta and peritoneal macrophages were 

isolated. Aorta was stained with 0.5% Oil Red O solution to plaque area quantification. 

Peritoneal macrophages were stained with 1 µg/mL Bodipy® 493/503 and fluorescence was 

assessed by FACS.  

 

Efflux of cholesterol 

 

Peritoneal macrophages were plated on 96-well plates in RPMI 1640 medium and incubated 

for at least 4h for adherence to the plate and washed twice with PBS. Then, cells were 

stimulated with 50 µg/mL of oxLDL and labeled with 1 µCi/mL [3H]cholesterol for 24h followed 

by equilibration in serum-free RPMI 1640 medium containing 1mg/mL of bovine serum 

albumin (BSA) for 16 h. Cells were washed twice in PBS and incubated with ApoA1 or HDL for 

4h. Medium was collected and centrifuged to remove any detached cells and counted for 
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radioactivity. Cells were washed in PBS and lysed in 0.2M NaOH for 24h and radioactivity was 

measured in lysates. Cholesterol efflux is expressed as 3H-cholesterol in medium/(3H-

cholesterol in medium+3H-cholesterol in cells)x100 and subtracting effluxes of the well 

without acceptors from those containing the acceptors. All conditions were measured by 

three technical replicates. 

 

Atto-655-oxLDL uptake assay 

 

Atto-655-oxLDL was used to trace the oxLDL uptake. Peritoneal macrophages were incubated 

with 50 µg/mL of Atto-655-oxLDL for 2h in low attachment plates with RPMI 1640 and then 

washed twice with PBS. The mean fluorescence intensity was measured in a BD FACSCantoTM 

II analyzer after stained with an Alexa Fluor®488-F4/80 antibody to gate macrophages (Table 

4).  

 

Determination of ROS production by macrophages 

 

We used 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate, (H2-DCFDA) (C400, Thermo 

Fisher Scientific), a non-fluorescence molecule that is converted to a green-fluorescent under 

intracellular oxidation by ROS. Peritoneal macrophages were incubated with 50 µg/mL of 

oxLDL for 24h in ultra-low attachment plates (Costar®, Corning, New York, NY, USA) in RPMI 

1640. Cells were incubated with 5mM CH2-DFCDA for 30min at 37ºC and then stained with 

Alexa Fluor®488-F4/80 antibody. The mean fluorescent intensity was assessed in a BD 

FACSCantoTM II analyzer. 

 

ID8 ovarian cancer model and bioluminescence imaging 

 

5 x 106 ID8-luc cells were resuspended in 500 µL of PBS and injected i.p. into 8-week- old 

Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac female mice and tumor progression was followed by 

bioluminescent imaging (Evans et al., 2014). At indicated times, mice were injected i.p. with 

1.5 mM of CycLuc1 substrate (Calbiochem®, EMD Millipore, Billerica, MA, USA) in 100 µL of 

PBS and after 10 min mice were anesthetized with 2.5 % of isoflurane. Photon flux signal was 

measured in a charge-coupled ORCA-2BT imaging system (Hamamatsu Photonics, 
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Hamamatsu City, Japan). Bioluminescence data were analyzed with Wasabi! Imaging 

Software (Hamamatsu Photonics). Data were represented as photon flux/sec/cm2 signal 

emitted from the abdominal cavity. At 5, 9, or 14 weeks, mice were euthanized and cells of 

the peritoneal cavity were isolated. ID8 tumor cells (CD45-) and tumor associated-

macrophages (CD45+CD11b+F4/80+) were separated by sorting. ID8 isolated from Zeb1WT, 

Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice were referred as ID8-ASCZeb1WT, ID8-ASCZeb1∆Mac, ID8-

ASCZeb2WT and ID8-ASCZeb2∆Mac, respectively.  Cells were analyzed to RNA and ascites to 

metabolites measure in the Biomedical Diagnostic Center of Hopital Clinic. Also, cells from 

ascites were analyzed for surface markers by FACS in a BD FACSCantoTM III (Becton Dickinson 

Biosciences, San Jose, CA, USA). Experiment to evaluate mice survival was performed by 

injecting ID8-ASCZeb1WT, ID8-ASCZeb1∆Mac, ID8-ASCZeb2WT and ID8-ASCZeb2∆Mac into new wild-type 

mice. As ID8 from ascites of mice accelerate tumor progression (Cai et al., 2015), mice survival 

was assessed for 30 days.  

 

Spheroid formation assay  

Ascites from 9 weeks mice were collected and washed with cold PBS. Peritoneal ascites cells 

were cultured in 6-well ultra-low attachment plates (Corning Life Sciences) in DMEM with 10 

% FBS. After 24 h, images of spheroids were captured on an Olympus IX5I (Olympus America 

Inc., Melville, NY, USA). Also, cells from spheroid were analyzed for surface markers by FACS 

in a BD FACSCantoTM III (Becton Dickinson Biosciences, San Jose, CA, USA). 

 

In vitro phagocytosis assay 

To assessed in vitro phagocytosis of ID8-ASC tumor cells by macrophages, ID8-ASCZeb1/2WT 

were stained with 1,25 µg/mL Dil (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

perchlorate) and peritoneal macrophages from Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice 

were stained with 5 µM CSFE. Tumor cells and peritoneal cells were co-culture in low 

attachment plaques (Costar®, Corning, New York, NY, USA) o/n at 37ºC in a 5% CO2 

atmosphere. Then, cells were plated for 30 minutes to isolate macrophage by differential 

attachment. Double positive cells were counted in a Zeiss Axiovert 200 (Zeiss, Berkochen, 

Germany) inverted microscope to the quantification of the phagocytic index. 
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Assessment of cell senescence 

 

ID8-ASCZeb1/2WT, ID8-ASCZeb1∆Mac and ID8-ASCZeb2∆Mac spheroid cells were disaggregated and 

allowed to attach in a 12-well plate. Cells were fixed before being processed for senescence-

associated β-galactosidase (SA β-gal) staining using a commercial kit (Cell Signaling 

Technology, MA, USA). Briefly, cells were fixed in formaldehyde 3% at RT, washed and 

incubated overnight at 37ºC with fresh SA β-gal stain solution in CO2-free conditions. 5 fields 

per well were captured with an Olympus IX5I (Olympus America Inc., Melville, NY, USA). 

 

Assessment of cell proliferation  

 

To assess proliferation in ID8-ASCZeb1/2WT, ID8-ASCZeb1∆Mac and ID8-ASCZeb2∆Mac cells, Click-iT 

EdU kit, an EdU uptake assay, (Thermo Fisher) was used. Cells were incubated with 10 µm of 

EdU for 1 h, washed and fixed with 3,7% formaldehyde for 15 min at 4ºC. Then, cells were 

permeabilized with 0,5 % Triton X-100 in PBS at RT for 20min. EdU detection was assessed by 

incubation with Click-iT reaction cocktail at RT for 30 min protected from light. Cells were 

analyzed in a BD FACSCantoTM II (Becton Dickinson Biosciences, San Jose, CA, USA). 

 

Assessment of cell apoptosis  

 

Apoptosis was assessed by annexin V (ImmunoTools GmbH, Friesoythe, Germany), a Ca2+-

dependent phospholipid-binding protein that is bind to anionic phospholipid 

phosphatidylserine that is exposed in the part of the extracellular membrane during 

apoptosis. Co-staining with propidium iodide (Thermofisher), a live cell-impermeant stain, 

was used to exclude dead cells from the analysis.  Cells were resuspended in annexin-binding 

buffer. Then, 5 µL annexin V and 5 µL of PI were added into 100 µL of cell suspension and 

incubated for 15 min at RT in dark. After incubation, 400 µL of annexin-binding buffer were 

added and cells were analyzed by flow cytometry. 
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RNA isolation and quantitative real-time PCR 

 

Total RNA was isolated with Trizol reagent (Life Technologies, Thermo Fisher Scientific, 

Carlsbad, CA, USA), RNA was resuspended and quantified using NanoDropTM (Thermo Fisher 

Scientific), and reverse-transcribed using High-Capacity cDNA Reverse Transcription Kit (Life 

Technologies). mRNA levels were determined by qRT-PCR Chromo4 (Bio-Rad) or LightCycler 

96 (Roche, Basel, Switzerland) using Sybr Green (GoTaq; Promega). Relative gene expression 

was calculated using the ΔΔCT method and mRNA level was normalized with glyceraldehyde-

3-phosphate dehydrogenase (Gapdh), Ribosomal Protein S18 (Rps18) and Ribosomal Protein 

L19 (Rpl19) as reference genes. DNA primers used in qRT-PCR were purchased from Sigma-

Aldrich, and their sequences are listed in Table 5. 

 

qRT-PCR oligonucleotides 

Targeted 

gene 
Forward 5’ – 3’ Reverse 5’ – 3’ 

Human genes 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

ZEB1  AGCAGTGAAAGAGAAGGGAATGC GGTCCTCTTCAGGTGCCTCAG 

ZEB2 GAAAAGCAGTTCCCTTCTGC GCCTTGAGTGCTCGATAAGG 

Mouse genes 

Abca1 CAGGGTGGCTCTTCTCATCAAT GCCGTCTTTCCAGGACAGTATG 

Abcg1 TCCGGATTCTTTGTCAGCTT CAGGACGATGAAATCCAGGT 

Cd36 TTTCCTCTGACATTTGCAGGTCTA AAAGGCATTGGCTGGAAGAA 

Cpt1a CCAGGCTACAGTGGGACATT GAACTTGCCCATGTCCTTGT 

Fabp4 GATGAAATCACCGCAGACG GCCCTTTCATAAACTCTTGTGG 

Fabp5 AGTCTTAAGGATCTCGAAGGGAA CTCATAGACCCGAGTGCAGGTGG 

Gapdh CGACTTCAACAGCAACTCCCACTCTTCC TGGGTGGTCCAGGGTTTCTTACTCCTT 

Il6 TGGTACTCCAGAAGACCAGAGG AACGATGATGCACTTGCAGA 

Il10 TGTCAAATTCATTCATGGCCT ATCGATTTCTCCCCTGTGAA 

Mrc1 CCATTTATCATTCCCTCAGCAAGC AAATGTCACTGGGGTTCCATCACT 

Nr1h2 GCAGGACCAGCTCCAAGTAG GGCTCACCAGCTTCATTAGC 
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Ppargc1a TTGCTAGCGGTTCTCACAGA TAAGACCGCTGCATTCATTG 

Prkaa1 CTTGACGTGGTGGGAAAAAT ATAATCAAATAGCTCTCCTCCAGA 

Rpl19 GCATCCTCATGGAGCACAT GCATCCTCATGGAGCACAT 

Rps18 GGATGTGAAGGATGGGAAGT CCCTCTATGGGCTCGAATTT 

Scd1 TGGGAAAGTGAGGCGAGCAACTG AGGGAGGTGCAGTGATGGTGGTG 

ScarbI CTCCCAGACATGCTTCCCATA CAGATGGATCCTGCTGAAATTCT 

Srebf1 GGCCGAGATGTGCGAACT TTGTTGATGAGCTGGAGCATGT 

Tnf TTTCGATTCCGCTATGTGTG CCACCACGCTCTTCTGTCTAC 

Zeb1 ATTCCCCAAGTGGCATATACA GAGCTAGTGTCTTGTCTTTCATCC 

Zeb2 CGACACGGCCATTATTTACC TTCTTCTCGTGGCGGTACTT 

Table 5. Primers used in qRT-PCR amplification of coding mRNAs. 

 

Assessment of protein expression by Western blot 

 

Peritoneal macrophages were plated, washed with ice-cold PBS, and lysed with radio 

immunoprecipitation assay (RIPA) buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2mM EDTA, 1% 

NP-40, 0.5% deoxycholic sodium acid, 0.5% SDS) containing protease inhibitors (1 mg/ml 

leupeptin, 1 mg/ml pepstatin, 1 mg/ml apoptin, 100 mM PSMF). Protein levels were 

quantified by using the DCTM Protein Assay kit (Bio-Rad, CA, USA), samples were boiled at 95ºC 

for 5 min after the addition of WB loading Buffer (0.25 M Tris pH 6.8, 1.2% SDS, 0.06% 

bromophenol blue, 45% glycerol plus 1% DTT added fresh), and loaded onto 10% 

polyacrylamide gels. Gels were then transferred onto polyvinylidene difluoride (PVDF) 

membranes (Immobilon-P; Merck Millipore, USA) which had been previously activated with 

methanol. Membranes were then blocked for non-specific binding with non-fat diet milk 5% 

(PanReac-AppliChem, Barcelona, Spain) and immunoblotted overnight at 4ºC with the 

corresponding primary antibodies (Table 4). The chemiluminescent reaction was detected 

with Clarity ECL Western Blotting Substrate (Bio-Rad). Quantification of expression with 

respect to GAPDH in Western blots was assessed with ImageJ software.  
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Statistical analysis 

Statistical analysis of all the data in this dissertation was performed using GraphPad PrismÒ 

software for Mac version 8 (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance 

was assessed with a non-parametric Mann-Whitney U test. Error bars in all figures represent 

standard errors of means. Statistical significant was set at a p<0.05 (*), p<0.01 (**) and 

p<0.001 (***). 
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RESULTS 

Chapter I: ZEB factors in atherosclerosis  

 

ZEB1 expression in human atherosclerotic plaque 

 

To investigate whether ZEB1 in macrophages is involved in the development of 

atherosclerosis, we first analyzed ZEB1 expression in human aorta macrophages of patients 

with either stable or ruptured plaque. Our analysis of a published gene expression array 

(GSE41571) showed that ZEB1 has a lower expression in patients with ruptured plaque (Figure 

8). 

 

 
Figure 8. ZEB1 expression in macrophages of the atherosclerotic plaque of patients with stable or ruptured 
plaque. ZEB1 mRNA levels in macrophages from 5 patients with stable plaques and 5 patients with ruptured 
plaques from the gene expression array GSE41571.  
 

To validate these data, we obtained samples from endarterectomies of carotid arteries with 

atherosclerosis of patients without symptomatology and patients that have suffered a 

cerebrovascular accident before collecting sample. These samples were compared with 

control samples with initial o no atherosclerosis. ZEB1 expression was lower in asymptomatic 

compared to control samples and it was even lower in patients that have suffered a 

cerebrovascular accident compared with asymptomatic (Figure 9).  
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Figure 9. ZEB1 decreased in patients with atherosclerotic plaque. ZEB1 mRNA levels in atherosclerotic samples 
from control individuals or asymptomatic and symptomatic patients were assessed by qRT-PCR with respect to 
GAPDH (n=6-10). 

 

 

Effect of oxLDL on the expression of ZEB factors in mouse macrophages  

 

Lipoproteins and modified lipoproteins are implicated in the formation of foam cells. To 

investigate whether ZEB expression in macrophages is modulated by oxidized LDL we 

compared wild-type macrophages in basal conditions and after incubation with ox-LDL. 

Stimulation of wild-type peritoneal macrophages with ox-LDL resulted in a decrease of Zeb1 

expression (Figure 10).  
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Figure 10. Zeb1 expression in response to ox-LDL stimulus in peritoneal macrophages in vitro. Wild-type 
peritoneal macrophages were treated with ox-LDL for 24 hours and examined for Zeb1 mRNA expression by qRT-
PCR (n=4).   

 

 

Zeb1 deficiency promotes atherosclerosis plaque formation in the ApoE-KO mouse model 

 

To examine the impact of Zeb1-deficiency in atherosclerosis development, we first used Zeb1 

haploinsufficient mice, Zeb1(+/-), which express around half of basal ZEB1 protein and mRNA 

levels in all cell types (Takagi et al., 1998). We crossed Zeb1(+/-)—mice-null Zeb1(-/-) are 

embryonic lethal (Takagi et al., 1998)—with ApoE-KO, an established model to study 

atherosclerosis (von Scheidt et al., 2017). Zeb1(+/-)/ApoE-KO and Zeb1(+/+)/ApoE-KO mice 

were fed a western diet for 12 weeks. Zeb1(+/-)/ApoE-KO mice showed increased body weight 

as compared with Zeb1(+/+)/ApoE-KO (Figure 11A). Analysis of the aortic sinus lesion area 

and quantification of the plaque area relative to aorta area revealed that Zeb1(+/-)/ApoE-KO 

mice had a higher plaque size than in Zeb1(+/+)/ApoE-KO mice (Figure 11B and C).  
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Figure 11.  Zeb1 deficiency promotes atherosclerosis plaque development in ApoE-KO mice. (A) Weight of 
Zeb1(+/+)/ApoE-KO and Zeb1(+/-)/ApoE-KO mice subjected to Western diet 12 weeks (n=4-5). (B) Representative 
images of OCT aortic root sections and quantification of lesion area from Zeb1(+/+)/ApoE-KO and Zeb1(+/-) 
/ApoE-KO mice 12 weeks fed in western diet (n=4-5).  
 

 

ZEB1 in macrophages is protecting atherosclerosis plaque development in the ApoE-KO 

mouse 

 

To investigate whether ZEB1 expression in macrophages plays a pathogenic role in the 

formation of atherosclerosis plaque ApoE-KO mice were crossed with mice where the 

expression of Zeb1 has been specifically deleted in macrophages (Zeb1fl/+ LysMCretg/+) to 

generate the experimental models to be used in the study, namely, Zeb1WT/ApoE-KO and 

Zeb1∆Mac/ApoE-KO. Then, these two models were subjected to Western diet for 10 weeks. 

Compared to Zeb1WT/ApoE-KO, Zeb1∆Mac/ApoE-KO mice have higher body weight (Figure 

12A). Staining with ORO and quantification of plaque area out in the entire aorta showed an 

increase in Zeb1∆Mac/ApoE-KO compared to Zeb1WT/ApoE-KO mice (Figure 12B). Also, an 

analysis of atherosclerosis lesion by H&E staining showed an increase of plaque lesion in the 

aortic root of Zeb1∆Mac/ApoE-KO mice (Figure 15). 
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Figure 12.  ZEB1 in macrophages is protected against atherosclerosis plaque development in ApoE-KO mice. 
(A) Body weight was obtained at sacrifice of Zeb1WT/ApoE-KO and Zeb1∆Mac/ApoE-KO mice subjected to western 
diet 10 weeks (n=8-10). (B) Representative images of en face ORO staining of entire aorta and quantification of 
lesion area of Zeb1WT/ApoE-KO and Zeb1∆Mac/ApoE-KO mice 10 weeks fed in western diet (n=8-10). 

 

Ten weeks into the Western diet feeding protocol, peripheral blood samples were extracted 

from mice of the two genotypes and the total white blood cell count as well the number of 

monocytes were quantified but no differences were observed (Figure 13). Also, serum was 

separated for biochemical parameters analysis.  
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Figure 13. Zeb1∆Mac/ApoE-KO mice do not show changes in the number of blood populations compared with 
Zeb1WT/ApoE-KO mice. Number of white blood cells (Left) and percentage of monocyte (Right) in blood of mice 
fed on Western diet 10 weeks (n=4). 

  

The analysis of serum in Figure 14 shows lower levels of HDL and higher levels of LDL in 

Zeb1∆Mac/ApoE-KO compare to Zeb1WT/ApoE-KO mice, but no differences between both 

groups were found for cholesterol, triglycerides or glucose levels.  

 
Figure 14. Serum parameters in Zeb1∆Mac/ApoE-KO and Zeb1WT/ApoE-KO mice. HDL cholesterol, VLDL/LDL 
cholesterol, total cholesterol, triglycerides and glucose were analyzed from serum obtained at sacrifice (n=7-8).  
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Zeb1∆Mac macrophages promote unstable plaque in the ApoE-KO mouse 

 

Lipid accumulation preserves vascular inflammation in atherosclerosis (Bäck et al., 2019). Our 

results in peritoneal macrophages indicated an increase of lipid content in Zeb1∆Mac 

macrophages compared to control macrophages. To study whether also there are differences 

in lipid content in the macrophages of the atherosclerotic plaque of Zeb1∆Mac/ApoE-KO mice 

we stain with ORO. We found an increase in lipid content of Zeb1∆Mac/ApoE-KO compared to 

Zeb1WT/ApoE-KO mice (Figure 15, Center images). 

 

 
Figure 15. Zeb1∆Mac/ApoE-KO mice showed increased pro-atherogenic markers in atherosclerotic plaque 
compared to Zeb1WT/ApoE-KO mice. Representative images of aortic root sections stained with H&E (Top 
images), ORO (Center images) or Masson’s Trichrome (Bottom images) of Zeb1WT/ApoE-KO, Zeb1∆Mac/ApoE-KO 
mice subjected to western diet 10 weeks (n=5-6). Scale bar represents 200 µm (top and center images) or 50 
µm (bottom images). 
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The presence and size of necrosis or fibrosis in the atherosclerotic plaque are markers of risk 

of plaque rupture (Bentzon et al., 2014). We analyzed the necrotic core by quantifying the 

area not stained by H&E in stained lesions of the aortic root (Figure 15, Top images). Also, we 

stained collagen fibers with Masson’s Trichrome to analyzed fibrosis and Zeb1∆Mac/ApoE-KO 

mice showed a reduction in collagen stain in plaque lesion (Figure 15, lower images).   

 

 

ZEB1 expression in macrophages protects the liver from lipid accumulation  

 

A correlation between cardiovascular disease and NAFLD has been established (Anstee et al., 

2013). The prevalence of NAFLD increases the risk of cardiovascular events (Targher et al., 

2016). Atherosclerosis in ApoE-KO mice fed with Westerm diet is accompanied by liver 

steatosis. Therefore, we also examined liver tissue in mice fed in Western diet for 10 weeks. 

Compared to Zeb1WT/ApoE-KO mice, Zeb1∆Mac/ApoE-KO mice exhibited enhanced hepatic 

steatosis, as evidenced by H&E and ORO staining (Figure 16). 

 

 
Figure 16. Zeb1 knockout promotes fatty acid liver disease in ApoE-KO mice. Representative images of liver 
sections stained with ORO or H&E of control and Zeb1∆Mac/ApoE-KO (n=3). Scale bar represents 20 µm. 
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ZEB1 regulates lipid-related genes in peritoneal macrophages 

 

Macrophages are implicated in all stages of atherosclerosis development (Moore et al., 2013). 

Our group has previously conducted an RNAseq analysis from Zeb1(+/+) and Zeb1(+/-) 

peritoneal macrophages (Cortes et al., 2017) from which we have validated several lipid 

metabolism-related genes and found that several differentially expressed genes between 

both genotypes (Figure 17).  

 

 
Figure 17. ZEB1 regulates lipid metabolism genes in peritoneal macrophages. mRNA level of Fabp4, Fabp5, 
Scd1 and ScarbI were determined by qRT-PCR in peritoneal macrophages from Zeb1(+/+) and Zeb1(+/-) mice 
(n=9). 
 

Next, we isolated Zeb1(+/-)/ApoE-KO and Zeb1(+/+)/ApoE-KO peritoneal macrophages from 

mice fed with Western diet for 12 weeks and analyzed gene expression by quantitative 

analysis of mRNA expression. We investigated whether ZEB1 modulates several archetypal 

genes involucrated in atherosclerosis. Thus, we analyzed ABCA1, a transporter involved in the 

efflux of cholesterol and phospholipid, and CD36, a cell receptor involved in the scavenging 

of ox-LDL. Compared to Zeb1(+/+)/ApoE-KO macrophages, Zeb1(+/-)/ApoE-KO macrophages 

expressed lower levels of Abca1, however, no differences were observed in CD36 expression 
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(Figure 18). Zeb1(+/-) macrophages also expressed lower expression than wild-type 

counterparts of CD206, an M2-like macrophage marker (Figure 18). 

 

 
 
Figure 18. ZEB1 activates Abca1 and Mrc1 genes in peritoneal macrophages from ApoE-KO mice fed with 
Western diet. mRNA levels of Abca1, Cd36 and Mrc1 were determined by qRT-PCR in peritoneal macrophages 
from Zeb1(+/+)/ApoE-KO and Zeb1(+/-)/ApoE-KO mice fed in western diet 12 weeks (n=4). 
 
 
ZEB1 impairs foam cell formation in ox-LDL response 

 

Then, we investigated whether ZEB1 modulates ABCA1 and ABCG1 (two transporters involved 

in the efflux of cholesterol and phospholipids) and CD36/SCARB3 and SCARB1 (two scavenger 

receptors) by the used of Zeb1∆Mac macrophages. Compared to control counterparts, Abca1 

and Abcg1 expression were downregulated in Zeb1∆Mac ox-LDL-macrophages but no 

differences were observed in Cd36 or Scarb1 expression (Figure 19).  
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Figure 19. Zeb1∆Mac macrophages present lower cholesterol efflux-related genes under ox-LDL stimulation 
compared with Zeb1WT macrophages. mRNA level of Zeb1, Abca1, Abcg1, ScarbI and Cd36 were determined by 
qRT-PCR in peritoneal macrophages untreated or treated with 50 µg/mL of oxLDL 24h from Zeb1WT and Zeb1∆Mac 
mice (n=4-6). 
 

The deletion or knockdown of Abca1 and Abcg1 increased lipid content in macrophages (Out 

et al., 2008). Thus, we investigated whether ZEB1 affected ox-LDL-induced macrophage lipid 

content and foam cell formation by staining for Bodipy 493/503. Although there was no 

difference in Bodipy 493/503 staining under basal conditions, interestingly, we observed 

higher accumulation of lipids in ox-LDL treated Zeb1∆Mac macrophages than in Zeb1WT 

macrophages (Figure 20A). Furthermore, ox-LDL treatment increased cellular cholesterol 

content observed by filipin staining in Zeb1∆Mac macrophages compared to Zeb1WT 

counterparts (Figure 20B). 
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Figure 20. ZEB1 reduced ox-LDL-induced lipid accumulation in macrophages. Representative images and 
quantification of Bodipy 403/503 (n=6) and filipin (n=3) stained of Zeb1WT and Zeb1∆Mac peritoneal macrophages 
either untreated or treated with 50µg/mL of ox-LDL for 24h. Scale bar represents 20 µm. 

 

We then analyzed the lipid content in peritoneal macrophages from Zeb1WT/ApoE-KO and 

Zeb1∆Mac/ApoE-KO mice fed with Western diet for 10 weeks. We found similar results than in 

oxLDL stimulated macrophages, Zeb1∆Mac/ApoE-KO macrophages showed a higher lipid 

content – as assessed by Bodipy 493/503 staining — than Zeb1WT/ApoE-KO macrophages 

(Figure 21). 
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Figure 21. ZEB1 reduced Western diet-induced lipid accumulation in macrophages. Mean fluorescence 
intensity of Bodipy 493/503 acquired by flow cytometer of Zeb1WT and Zeb1∆Mac peritoneal macrophages of mice 
fed in Western diet for 10 weeks (n=8).  

 

To exogenously restore ZEB1 expression in macrophages, we generated nanoparticles (NPs) 

(graphene nanostars) (Melgar et al., 2018) and bound them to an expression vector carrying 

the Zeb1 cDNA gene under Lyz2 promoter and fused to mCherry. Peritoneal macrophages in 

vitro were treated with NPs with the vector expressing Zeb1 or a scrambled non-coding 

sequence referred hereafter to as “stuffer”. Zeb1 expression in Zeb1∆Mac macrophages 

decreases lipid content compared with treated with stuffer vector (Figure 22A). 

Zeb1∆Mac/ApoE-KO and Zeb1WT/ApoE-KO mice on Western diet were treated with both NPs 

expressing Zeb1 or stuffer sequence and the same results were found in peritoneal 

macrophages from these mice (Figure 22B). However, no changes in lipid content were found 

in Zeb1WT macrophages treated with Zeb1 or stuffer vectors in vitro or in vivo (Figure 22A and 

B) 

 

To test whether ZEB1-NPs reduce plaque development, Zeb1∆Mac/ApoE-KO and Zeb1WT/ApoE-

KO mice fed on Western diet were injected twice a week with Stuffer-NPs or ZEB1-NPs for 10 

weeks. ZEB1-NPs injected mice showed reduced plaque area assessed by “en face” ORO 

staining of aorta compared to Stuffer-NPs treated mice (Figure 22C). 
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Figure 22. Restore of ZEB1 in Zeb1∆Mac macrophages decreases lipid accumulation under ox-LDL stimulation 
and plaque development compared with Zeb1∆Mac mice treated with stuffer vector. (A) Quantification of lipid 
content stained with Bodipy 493/503 in Zeb1WT and Zeb1∆Mac peritoneal macrophages treated with 100 ng/mL 
of stuffer or ZEB1 NPs and untreated or treated for 24h with 50 µg/mL of ox-LDL (n=4). (B) Quantification of 
mean fluorescent intensity of Bodipy 493/503 in Zeb1WT/ApoE-KO and Zeb1∆Mac/ApoE-KO peritoneal 
macrophages from mice fed on Western diet for 10 weeks and treated with of stuffer-NPs or ZEB1-NPs twice a 
week (n=4). (C) Representative images of “en face” ORO staining of aorta and quantification of lesion area of 
Zeb1WT/ApoE-KO and Zeb1∆Mac/ApoE-KO mice 10 weeks fed in Western diet and treated with 50 µg/kg of stuffer-
NPs or ZEB1-NPs twice a week (n=3-4).  
 

 

Regulation of the influx/efflux of lipids by ZEB1 

 

To assess the molecular mechanisms implicated in the higher lipid accumulation and foam 

cell formation in Zeb1∆Mac macrophages, we analyzed whether ZEB1 regulates the uptake of 

ox-LDL or the efflux of cholesterol.  
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ox-LDL promotes the transformation of macrophages to foam cells. ox-LDL uptake is taken up 

by several scavenger receptors and through micropinocytosis and phagocytosis (Tabas and 

Bornfeldt, 2016). ox-LDL was bound to Atto-655 to trace ox-LDL uptake. FACS analysis showed 

no significant differences in the uptake of Atto655-oxLDL by Zeb1∆Mac compared to Zeb1WT 

macrophages (Figure 23). 

 
Figure 23. ZEB1 not is implicated in ox-LDL uptake in in vitro peritoneal macrophages. Zeb1WT and Zeb1∆Mac 
peritoneal macrophages were stimulated with 50µg/mL of ox-LDL bound to Atto-655 for 2h and analyzed by 
flow cytometry (n=6).  

 

Deficient cholesterol efflux by macrophages promotes foam cell formation and 

atherosclerosis development (Poznyak et al., 2020). ABCA1 and ABCG1 are the most relevant 

transporters implicated in cholesterol efflux. We hypothesize that lower levels of Abca1 and 

Abcg1 in Zeb1∆Mac macrophages produce a decrease in efflux associated with the increase in 

lipid content that we observed. We used 3H-labeled cholesterol and examined its efflux in 

Zeb1WT and Zeb1∆Mac macrophages. Consistent with changes in mRNA levels, Zeb1∆Mac 

macrophages displayed decreased cholesterol efflux to ApoA1 or HDL compared to control 

macrophages (Figure 24). Altogether, these results suggest that increased foam cell and 

atherosclerotic plaque formation involves increased lipid accumulation through, at least in 

part, reduced efflux of cholesterol.  
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Figure 24. Deletion of ZEB1 promotes foam cell formation by impairing cholesterol efflux. Cholesterol efflux to 
(A) ApoA1 and (B) HDL in Zeb1WT and Zeb1∆Mac peritoneal macrophages preloaded with 3H-cholesterol and 
50µg/mL of ox-LDL (n=6). 
 

 

ZEB1 reduces foam cell formation through activation of the AMPK-LXRα-ABCA1/G1 axis 

 

To investigate the mechanism by which ZEB1 regulates cholesterol traffic, we examined 

several genes upstream of ABCA1 and ABCG1. We found that Prkaa1, Nr1h2, Srebf1 and 

Ppargc1a expression was lower in oxLDL-stimulated macrophages from Zeb1∆Mac mice than in 

Zeb1WT counterparts (Figure 25A).  

 

The activation of AMPK in murine BMDM increases cholesterol efflux by inducing LXRα, 

ABCG1 and ABCA1 expression (Fullerton et al., 2015). We used A-769662, an AMPK activator, 

to investigate whether the increased cell foam formation in Zeb1∆Mac macrophages was due 

to a deficient activation of the AMPK-LXRα-ABCA1/G1 pathway. Indeed, we found that 

treatment of Zeb1∆Mac macrophages with A-769662 restored lipid cell content to control levels 

(Figure 25B).  
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Figure 25. Zeb1∆Mac macrophages present higher foam cell formation by impairing Ampk activation. (A) mRNA 
levels of Prkaa1, Lxr, Srebf1 and Ppargc1a in Zeb1WT and Zeb1∆Mac peritoneal macrophages (n=4). (B) 
Representative images and quantification of Zeb1WT and Zeb1∆Mac peritoneal macrophages treated with 100µM 
A-769662 and/or 50µg/mL of ox-LDL stained with Bodipy 493/503 (n=4).  
 
 

ZEB1 in macrophages protects from apoptosis and production of reactive oxygen species 

 

Oxidized lipids trigger the production of ROS by macrophages contributing to apoptosis and 

subsequent plaque development (Madamanchi et al., 2005). Apoptosis and ROS production 

in ox-LDL activated peritoneal macrophages were analyzed by staining with annexin V and 

DFHCE, respectively. Zeb1∆Mac macrophages displayed an increased number of apoptotic cells 

(Figure 25A) and ROS production (Figure 25B) compared to Zeb1WT peritoneal counterparts. 
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Figure 26. ZEB1 protects from apoptosis and ROS overproduction. Zeb1WT and Zeb1∆Mac peritoneal macrophages 
were untreated or treated with 50µg/mL of ox-LDL for 24h and (A) apoptosis was assessed by annexin V staining 
or (B) ROS were quantified by staining with H2-DCFDA. Mean fluorescence intensity was evaluated by FACS 
(n=4). 

 

 

ZEB1 is required for oxLDL-induced activation of macrophages 

 

Modified lipoproteins activate endothelial and immune cells in the aorta and promote the 

secretion of chemokines and cytokines. These secreted factors trigger the recruitment of 

monocytes and their activation toward macrophages involving the activation of several 

signaling pathways, including p38-MAPK, JNK, and NFkB cascades (Poznyak et al., 2020). We 

tested whether ZEB1 was implicated in macrophage activation in response to ox-LDL and 

evaluated different signaling pathways involved. ox-LDL induces p38-MAPK, JNK, and P65 

signaling pathways in peritoneal macrophages from Zeb1WT, but the activation by ox-LDL of 

all these pathways is impaired in Zeb1∆Mac macrophage (Figure 27A), indicating that ZEB1 is 

required to ox-LDL activation macrophage.  

 

Next, we evaluated the expression of selected inflammatory factors (e.g., Tnf, Il6) that are 

downstream of oxLDL macrophage activation (Luo et al., 2017) by real-time PCR. Tnf and Il6, 

were failed to upregulate in Zeb1∆Mac macrophages in response to ox-LDL (Figure 27B). 
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Figure 27. ZEB1 is required for the pro-inflammatory activation of macrophages by oxLDL. (A) Lysates from 
Zeb1WT and Zeb1∆Mac peritoneal macrophages either untreated or treated for 24h with 50µg/mL of oxLDL were 
immunoblotted for antibodies against p65, P-p65, P-p38, p-JNK and GAPDH (n=2). (B) mRNA levels of Tnf, Il6, 
Il10 and Mrc1 were determined by qRT-PCR in control and Zeb1∆Mac peritoneal macrophages untreated or 
treated at 24h with 50µg/mL of ox-LDL (n=3). 

  

NF-kB signaling is involved in the activation of macrophages (Liu et al., 2017). To gain further 

insight into the mechanism responsible for ZEB1 on lipid content in macrophages, we 

examined whether p65 activation by phosphorylation (P-p65) is involved. To that effect, we 

used TPCA-1 (2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide), an 

IKK inhibitor blocking p65 phosphorylation (Coish et al., 2006), Zeb1WT and Zeb1∆Mac 

macrophages were treated with TPCA-1 either alone or in combination with ox-LDL. The 

effectiveness of TPCA-1 was assessed as the downregulation of Tnf—itself a target of p65—

by real-time PCR. We found that inhibition of P-p65 downregulated Abca1 and Abcg1 

expression in wild-type macrophages treated with ox-LDL, although levels in Zeb1∆Mac 

macrophages did not change (Figure 28). 
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Figure 28. p65 is required for cholesterol transporter overexpression in macrophages ox-LDL response. mRNA 
levels of Tnf, Abca1 and Abcg1 were determined by qRT-PCR in Zeb1WT and Zeb1∆Mac peritoneal macrophages 
either untreated or pre-treated 30 min with TPCA-1 and/or treated 24h with 50µg/mL ox-LDL (n=3). 
 

To investigate whether the downregulation of transporters with TPCA-1 treatment is 

implicated in lipid content we stained macrophages for Bodipy 493/503. The results showed 

that TPCA-1 treatment in combination with ox-LDL increased lipid accumulation in Zeb1WT 

macrophages, but no changes were observed in Zeb1∆Mac macrophages (Figure 29). These 

results indicate that Zeb1∆Mac macrophages have higher lipid content, at least in part, by a 

deficient activation of the p65 pathway.  
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Figure 29. Impair activation of p65 promotes foam cell formation. Representative images (Left) and mean 
fluorescence intensity quantification (Right) of Zeb1WT and Zeb1∆Mac peritoneal macrophages were untreated, 
pre-treated 30 min with 1µM TPCA-1 and/or treated at 24h with 50µg/mL of ox-LDL and stained with Bodipy 
493/503. Scale bar represents 20 µm. 
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Chapter II: ZEB factors in tumor-associated macrophages during 

tumor progression 

 

ZEB factors expression in tumor-associated macrophages and tumor cells 

 

To investigate the role of ZEB factors in the immune response against tumor cells we used the 

ID8 model of ovarian cancer (Lawrence et al, 2020; Song et al, 2020). TAMs isolated from wild-

type mice in which the ID8 cells had been implanted in the peritoneum for 8-14 weeks were 

compared to peritoneal macrophages isolated from wild-type mice that were not subjected 

to the protocol. Results showed that Zeb1 mRNA expression is a significant decrease in TAMs 

of mice injected 8 weeks or 14 weeks compared to peritoneal macrophages isolated from 

untreated mice, but Zeb2 mRNA expression did not show changes in tumor-bearing mice for 

8-14 weeks compared to untreated mice not harboring tumor cells (Figure 30A). On the other 

hand, ID8 cells isolated from wild-type mice showed higher expression of both Zeb1 and Zeb2 

(Figure 30B).  
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Figure 30.  Characterization of Zeb1 and Zeb2 expression in TAMs and ID8 cells. (A) ID8 cells or PBS were 
injected in wild-type mice for 8 or 14 weeks and mRNA levels for Zeb1 and Zeb2 were determined by qRT-PCR 
in (A) TAMs and (B) ID8 cells, using as housekeeping gene Gapdh (n=6). 

 

 

Zeb1 expression in macrophages promotes tumor growth while Zeb2 inhibits it 

 

Tumor growth was followed by bioluminescence imaging in mice injected with ID8-Luc cells 

for 6 weeks. Results showed lower tumor deposits in Zeb1∆Mac than in Zeb1WT, while Zeb2∆Mac 

mice showed higher deposits than Zeb2WT mice (Figure 31).  
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Figure 31. ZEB1 in TAMs promotes ovarian tumor progression and ZEB2 inhibits it.  Zeb1WT, Zeb1∆Mac, Zeb2WT 
and Zeb2∆Mac mice were injected with ID8 cells and tumor progression was follow by bioluminescence for 6 
weeks (n=4).  
 

ID8 cells were injected during 9 weeks in Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice, then 

we isolated, sorted and ID8-ASC from the different genotypes were reinoculated in wild-type 

mice and mice survival was monitored over time. Compared to the evolution of mice injected 

with parental ID8 cells, whose survival usually stands around 12-14 weeks, the survival was 

reduced to only 3-6 weeks when mice with ID8-ASC. Notably, the survival rate significantly 

increased in mice injected with ID8RI-ASCZeb1∆Mac compared to control counterparts, however, 

mice injected with ID8RI-ASCZeb2∆Mac exhibited lower survival than mice injected with ID8RI-

ASCZeb2WT (Figure 32).  
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Figure 32. ID8 cells acquire higher tumorigenic potential when they are in contact with Zeb2∆Mac TAMs but 
lower when with Zeb1∆Mac TAMs.  Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice were injected with ID8 cells and, 
after 9 weeks ID8 cells were isolated from the different genotypes and inject into new wild-type recipients and 
their survival was monitored. Kaplan-Meyer plot shows the overall survival of wild-type mice injected with ID8-
ASCZeb2WT, ID8-ASCZeb1∆Mac ID8-ASCZeb2WT, or ID8-ASCZeb2∆Mac (n=8). 

 

 

ZEB1 promotes TAM infiltration and ID8 tumor progression, while ZEB2 inhibit them 

 

Abundant evidence generally links immune cell infiltration in tumor stroma with tumor 

progression, metastasis and treatment resistance (DeNardo et al., 2019). TAMs are implicated 

in tumor immune evasion directly and indirectly. To analyze whether Zeb1 and Zeb2 ablation 
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in macrophages can be implicated in the infiltration of immune cells in the peritoneum we 

injected ID8 cells in mice.  After 5 weeks, we examined the number of peritoneal TAMs and 

ID8 cells. We observed that TAMs infiltration and tumor load were lower in Zeb1∆Mac, while 

Zeb2∆Mac showed higher content in both cell types compared to control mice (Figure 33A and 

B). Percentage of cells from Zeb1WT, Zeb1∆Mac, Zeb1WT and Zeb2∆Mac tumor-bearing mice were 

analyzed by flow cytometry. CD206+ TAMs, a marker of a pro-tumoral macrophage 

phenotype, were lower in Zeb1∆Mac, but no differences were observed in Zeb2∆Mac, than 

control mice (Figure 33C). A pro-tumoral TAMs phenotype in macrophages is associated with 

immunosuppression of tumor-infiltrating lymphocytes (TILs) responses and cancer cells have 

developed mechanisms to reduce TILs infiltration. A higher number of TILs were found in 

Zeb1∆Mac and lower in Zeb2∆Mac mice compared to control mice (Figure 33D).   
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Figure 33. ZEB1 promotes TAM infiltration and ID8 tumor progression, while ZEB2 inhibits it.  Zeb1WT, Zeb1∆Mac, 
Zeb2WT and Zeb2∆Mac mice were injected with ID8 cells for 5 weeks, then, peritoneal cells were isolated and (A) 
ID8 (n=3-4) and (B) TAMs (n=6) cell number were analyzed. Peritoneal exudates were also analyzed by flow 
cytometry to (C) CD206 positive TAMs and (D) proportion of TILs (n=3). 

 

 

ZEB1 decreases macrophage phagocytosis of cancer cells 

 

Macrophages are specialized cells that phagocyte foreign agents, apoptotic cells, debris and 

tumor cells (Gordon et al., 2017; Murray and Wynn, 2011). However, cancer cells develop 

mechanisms to evade clearance by macrophages. We studied whether tumor progression 

differences observed in Zeb1∆Mac and Zeb2∆Mac mice were mediated in part by changes in the 

phagocytic capacity. ID8 stained with Dil dye (1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindocarbocyanine Perchlorate (‘DiI’; DiIC18(3))) cells were cocultured with the 

dye 5(6)-carboxyfluorescein N-hydroxysuccinimidyl ester (CFSE)-stained macrophages from 

Zeb1WT, Zeb1∆Mac, Zeb2WT or Zeb2∆Mac mice. After 12 hours, macrophages were plated and the 

Dil-fluorescence was quantified in CSFE-positive cells. Results showed that macrophages from 

Zeb1∆Mac mice have higher phagocytic capacity than Zeb1WT and Zeb2∆Mac macrophages 

(Figure 34).  

 

 
Figure 34. ZEB1 in TAMs inhibits ID8 cell phagocytosis and ZEB2 promotes it. Macrophages from Zeb1WT, 
Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice were isolated stained with CSFE and cocultured with ID8 cells stained with 
Dil dye. Phagocytosis of ID8 cells was quantified as CSFE-positive macrophages that were also Dil-positive (n=4). 
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The expression of PD-1 on TAMs impairs phagocytosis and anti-tumor response (Gordon et 

al., 2017). Cells from ID8-inoculated Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice were 

isolated from peritoneum at 9 weeks and stained with F4/80, CD45, PD-1 and PD-L1 

antibodies to FACS analysis. Analysis of PD-1 expression showed a lower number of positive 

TAMs in peritoneal cells from Zeb1∆Mac and higher positive TAMs in Zeb2∆Mac than in wild-type 

counterparts (Figure 35A). Likewise, PD-L1 expression in cancer stem cells supports immune 

evasion (Chen et al., 2014). PD-L1 quantification in CD45neg cells showed a higher number of 

positive ID8 tumor cells in Zeb2∆Mac compared to Zeb2WT and Zeb1∆Mac mice (Figure 35B). 

 
Figure 35. PD-1 is upregulated in Zeb2∆Mac TAMs that induce PD-L1 in ID8 cells but downregulated in Zeb1∆Mac 
TAMs. Peritoneal cells were isolated from tumor-bearing Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice and 
stained with F4/80, CD45, PD-1 and PD-L1 and positive cells were assessed by FACS (n=4).  
 

 

ZEB factors are regulated tumor spheroid formation 

 

Spheroids in ascites of ovarian cancer patients are key in the dissemination of tumor cells (Al 

Habyan et al., 2018). We isolated peritoneal cells from Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac 

mice that were injected for 9 weeks. Cells were plated onto low-attachment dishes and the 

formation and size of spheroids were analyzed after 24 h. We found a reduced number of 

spheroids in the ascites of tumor-bearing Zeb1∆Mac compared to that in tumor-bearing control 

mice, while the size of spheroids from Zeb2∆Mac displayed minor differences in their size vis-

à-vis control mice however not significative at 9 weeks, but we can not rule out better 

differences in shorter or longer times of tumor development. 
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Figure 36. ZEB1 in TAMs promotes spheroid formation. Representative images of heterotypic spheroid 
formation from ascites cells of Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice (n=4). 

 

 

ZEB1 expression in TAMs drives a CSC signature in ovarian cancer cells and ZEB2 inhibits it 

 

The presence of TAMs in spheroids promotes the formation and acquisition of CSC 

characteristics by ID8 cells. We measured cell-surface CSC markers by flow cytometry 

including CD54, CD55 and CD117. ID8ASCZeb1∆Mac showed decreased expression of CD117 and 

CD55 compared to ID8ASWT. However, the expression of CD117 and CD55 was increased in 

ID8ASCZeb2∆Mac compared to ID8ASCZeb2WT (Figure 37A and B). Spheroid formation is promoted 

by interactions between TAMs and ID8 cells. EGF secretion by TAMs induces expression of 

CD11b on TAMs and CD54 on tumor cells (Yin et al, 2016). We studied expression of CD54 in 

ID8 cancer cells and CD11a in TAMs, an integrin that interacts with CD54. Results did not 

reveal any difference in CD11a expression in Zeb1∆Mac TAMs with respect to TAMs in Zeb1WT 

mice, but expression was higher in Zeb2∆Mac TAMs compared to Zeb2WT TAMs analyzed by 

FACS (Figure 37C). On the other hand, CD54 expression in ID8 cells was lower in Zeb1∆Mac and 

in Zeb2∆Mac compared to ID8 from Zeb1WT or Zeb2WT mice (Figure 37D). 

Zeb1/2WT + ID8 Zeb2∆Mac + ID8Zeb1∆Mac + ID8
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Figure 37.  ZEB1 in TAMs increases stemness in ID8 cells and ZEB2 decreases it. ID8 cells were injected in Zeb1WT, 
Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice, then peritoneal cells were isolated and assessed for (A) CD117, (B) CD55 or 
(C) CD54 in ID8 cells and for (C) CD11a in TAMs (n=3-4). 
 

 

ZEB1 in TAMs inhibits ID8 cancer cells senescence 

 

Tumor cells acquire a number of tumor-promoting capabilities during the neoplastic 

transformation. These include cell death resistance, growth suppressors evading or enabling 

replicative immortality. Thus, we studied whether ZEB1 or ZEB2 expression in TAMs 

modulates the cell viability of tumor cells. First, we wonder whether ID8-ASC cells from 

Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice mice proliferated at different rates. The 

proliferation rate was evaluated by Click-iT Plus EdU stain and FACS analysis. Nevertheless, 
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we observed no differences in proliferation between ID8RI-ASCZeb1WT or ID8-ASCZeb2WT 

compared with ID8RI-ASCZeb1∆Mac and ID8RI-ASCZeb2∆Mac (Figure 38).  

 
Figure 38. Proliferation rate of ID8 cells is not altered by Zeb1∆Mac or Zeb2∆Mac TAMs. ID8-ASCZeb1WT, ID8-
ASCZeb2WT, ID8-ASCZeb1∆Mac and ID8-ASCZeb2∆Mac were cultured for EdU incorporation and, then, EdU was evaluated 
by FACS (n=3). 

 

Next, senescence was evaluated by senescence-associated β-galactosidase staining. We 

observed that ID8 cells from Zeb1∆Mac presented a higher proportion of senescent cells than 

ID8 cells from Zeb1WT, Zeb2WT and Zeb2∆Mac mice, but no significant differences were observed 

between these groups (Figure 39). 

 

 
Figure 39. Expression of Zeb1 in TAMs protects ID8 cells from senescence. ID8-ASCZeb1WT, ID8-ASCZeb2WT, ID8-
ASCZeb1∆Mac and ID8-ASCZeb2∆Mac from spheroids (n=3) were plated and stained for SA with β-gal. 

 

Lastly, the levels of apoptosis were determined by Annexin V staining. Late-stage apoptotic 

cells and necrotic cells were excluded by staining with propidium iodide. ID8 cells from the 
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different genotypes were cultured to sphere formation and later disaggregated and stained 

to FACS analysis. Quantification of Annexin V-positive cells showed no significant differences 

between ID8-ASCZeb1WT, ID8-ASCZeb2WT, ID8-ASCZeb1∆Mac and ID8-ASCZeb2∆Mac (Figure 40). 

 

 
Figure 40. Apoptosis of ID8 cells is not altered by Zeb1 or Zeb2 expression in TAMs. ID8-ASCZeb1WT, ID8-
ASCZeb2WT, ID8-ASCZeb1∆Mac and ID8-ASCZeb2∆Mac cells were stained with annexin V and propidium iodide and 
apoptosis were assessed by FACS (n=4).  

 

 

ZEB factors in TAMs regulate the metabolic activity of ID8 tumor cells 

 

Metabolic reprogramming in tumors promoted cancer progression. Lipid uptake and 

synthesis enhanced tumor formation and growth (Snaebjornsson et al., 2020). ID8 cells 

isolated from Zeb1∆Mac, Zeb2∆Mac and control mice were stained with Bodipy 493/503 to stain 

for neutral lipids and then analyzed by FACS. Results showed a higher lipid stain in ID8-

ASCZeb2∆Mac than in ID8-ASCZEB1/2WT and ID8-ASCZeb1∆Mac (Figure 41A). Also, cholesterol 

concentration in ascites was measured. Results showed a higher cholesterol content in ascites 

from Zeb1∆Mac than in Zeb2∆Mac and control mice (Figure 41B). 
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Figure 41. ID8-ASCZeb2∆Mac has higher lipid uptake and ID8-ASCZeb1∆Mac lower than ID8-ASCWT counterparts. (A) 
ID8-ASCZeb1WT, ID8-ASCZeb2WT, ID8-ASCZeb1∆Mac and ID8-ASCZeb2∆Mac cells were stained with Bodipy 493/503 and 
mean fluorescence intensity was measure by FACS. (B) Ascites from 14 weeks Zeb1/2WT, Zeb1∆Mac, and Zeb2∆Mac 
tumor-bearing mice were isolated and analyzed for cholesterol quantification. 

 

ID8 cells were injected in Zeb1WT, Zeb1∆Mac, Zeb2WT and Zeb2∆Mac mice for 14 weeks to allow 

the full development of ascites. Ascites were collected and analyzed for different metabolic 

parameters. The ascites from Zeb2∆Mac–tumor-bearing mice had lower levels of various amino 

acids, including glutamine that is used to fuel anabolic metabolism by tumor cells and, in 

consequence, can be depleted (Figure 42A and B).  
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Figure 42. Zeb2∆Mac mice have a decreased metabolite content in ascites. Ascites from 14 weeks Zeb1WT, 
Zeb1∆Mac, Zeb2WT and Zeb2∆Mac tumor-bearing mice were isolated and analyzed for metabolite quantification. (A) 
Heat map representation of amino acid quantification and (B) representation of glutamine, glucose and lactate 
dehydrogenase parameters analyzed in ascites (n=3).  
 

Also, high levels of glycolysis in tumor can trigger glucose limitation. Glucose concentration in 

ascites of Zeb1∆Mac was higher than in Zeb1WT mice, but no differences were observed in 

Zeb2∆Mac compared with control counterparts (Figure 42C). In cancer cells, a high rate of 
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glucose used in glycolysis is converted to lactate which is excreted. Lactate contributes to 

extracellular acidification increasing tumor aggressiveness (de la Cruz-Lopez et al., 2019). 

However, we observed no differences between the ascites from Zeb1∆Mac neither Zeb2∆Mac 

tumor bearing mice in their lactate dehydrogenase concentration compared to control 

counterparts (Figure 42D). These results suggest that, compared to Zeb1WT or Zeb2WT mice, 

tumor cells from the Zeb2∆Mac mice consume more nutrients, while cancer cells in Zeb1∆Mac 

consume less which can be linked to lower and higher tumorigenic capacity of ID8-ASCZeb1∆Mac 

or ID8-ASCZeb2∆Mac, respectively. 

 

In sum, ZEB1 in TAMs in the ID8 mouse model promotes tumor progression by inducing 

tumorigenic potential of tumor cells, while ZEB2 inhibits it.  
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DISCUSSION 

 
Besides the well-established roles of ZEB factors in cancer cells, mounting evidence indicates 

that ZEB1 and ZEB2 play multiple roles in immune cells of both myeloid and lymphoid 

lineages. The results presented in this dissertation indicate that ZEB1 expression in 

macrophages has an anti-atherogenic role, and set ZEB1 in macrophages as a driver of a pro-

tumoral phenotype of TAMs promoting ovarian cancer progression in mice, while ZEB2 have 

an opposite role and promotes an anti-tumoral phenotype of TAMs.  

 

ZEB1 has an anti-atherogenic role  

 

The first chapter shows that ZEB1 expression in macrophages protects from atherosclerosis 

development in the ApoE-KO mouse model, by inhibiting the formation of foam cells. Also, 

we characterized ZEB1 as a promoter of cholesterol efflux in macrophages through activation 

of AMPK-LXRα-ABCA1/G1 axis. 
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Figure 43. A decrease of ZEB1 expression in macrophages impairs the AMPK-LXRα-ABCA1/G1 axis reducing 
cholesterol efflux and promoting atherosclerosis development. Created with BioRender.com and Servier 
medical Art.  

 

ZEB1 plays an important role in lipid metabolism by regulating transcriptionally PPARγ, a 

regulator of lipid metabolism (Gubelmann et al., 2014). Growing evidence described that ZEB1 

regulates accumulation and mobilization of glycosphingolipids to induce an EMT (Mathow et 

al., 2015). ABCA1 and ABCG1 are the main cholesterol transporters to mediate cholesterol 

efflux. The deficiency of ABCA1 and ABCG1 promotes foam cell formation and accelerates 

atherosclerosis by impairing sterol efflux (Yvan-Charvet et al., 2007). ABCA1 and ABCG1 

expression increased in macrophages upon treatment with oxLDL, however, Zeb1∆Mac 

macrophages have lower levels of both transporters. Overexpression of ZEB1 reduces, while 

its downregulation increases, cholesterol content in breast cancer cells through recruitment 

of to CtBP onto the SREBF2 promoter (Zhao et al., 2019). These results are consistent with our 

findings that macrophages from Zeb1∆Mac treated with oxLDL have higher lipid content 

compared to Zeb1WT, both treated with oxLDL in vitro or fed on Western diet in vivo. Uptake 

of cholesterol by macrophages contributes to lipid accumulation and, on the other hand, 

cholesterol efflux plays the opposite role (Moore et al., 2013). ABCA1 promotes cholesterol 

efflux to lipid-poor APOA1 and ABCG1 promotes cholesterol efflux to mature HDL particles 

(Moore et al., 2013). We found that Zeb1∆Mac macrophages have deficient cholesterol efflux 

via both transporters. These results indicate that ZEB1’s role in preventing foam cell formation 

is mediated, at least in part, by promoting macrophage cholesterol efflux through ABCA1 and 

ABCG1. 

 

Retention of lipids by macrophages in the atherosclerotic plaque exacerbates the disease and 

makes plaque prone to rupture (Wang et al., 2019). ZEB1 inhibits adipose tissue accumulation 

and obesity development, an important risk factor for atherosclerosis (Saykally et al., 2009; 

Kurima et al., 2011), however, the role of ZEB1 in atherosclerosis had not been studied. We 

found that Zeb1 haploinsufficiency in all cells in the Zeb1 (+/-) mice as well as the specific 

deletion of Zeb1 macrophages increases atherosclerosis plaque in ApoE-KO mice under 

Western diet. Accordingly, overexpression of ZEB1 leads to increased GUCY1A3 promoter 

activity which encodes the α1 subunit of the soluble guanylate cyclase and is associated with 

a protective role in atherosclerotic cardiovascular disease (Kessler et al., 2017). ZEB1 
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downregulation has been related to elevated levels of miR-33a/b and miR-200 in patients 

with hypercholesterolemia (D’Agostino et al., 2017; Magenta et al., 2018). LDL modification 

supports foam cell formation, while HDL promotes cholesterol reverse transport which can 

contribute to higher lipid accumulation in plaque, being a high LDL/HDL ratio is associated 

with a higher probability of plaque development (Assmann and GottoJr, 2004; Hao et al., 

2014). Analysis of parameters in serum showed that Zeb1∆Mac/ApoE-KO mice have lower levels 

of HDL and higher levels of LDL. This data suggests that HDL and LDL levels in Zeb1∆Mac/ApoE-

KO mice can impair cholesterol efflux and promote foam cell formation respectively, which 

can result in increased lesion area and lipid content in the atherosclerotic plaque.  

 

Macrophages loaded with cholesterol are pro-inflammatory while cholesterol efflux 

decreases the expression of inflammatory factors (Sun et al., 2009; Feig et al., 2011). We 

found that Zeb1∆Mac macrophages in addition to increased lipid also have an altered 

inflammatory state and impaired signaling through pathways downstream oxLDL activation, 

including p38, JNK, and Nf-kB. Therefore, ZEB1 acts as an upstream regulator to trigger 

macrophage activation by oxLDL. Although a decrease in cytokines expression and a 

downregulation of signaling in these pathways are consistent with previous studies from our 

group in other models that found a defect in the switch from pro- to an anti-inflammatory 

phenotype in Zeb1(+/-) macrophages that is related to an impaired p38 activation (Cortes et 

al., 2017; Siles et al., 2019). Also, ZEB1 and NF-kB are regulated reciprocally (Chua et al., 2007; 

Xu et al., 2017). Moreover, NF-kB activation in macrophages has a protective role in 

atherosclerosis and reduced foam cell formation (Kanters et al., 2003; Ye et al., 2013; Babaev 

et al., 2016). Accordingly, we observed that inhibition of p65 pathway in Zeb1WT macrophages 

reproduces the phenotype found in Zeb1∆Mac macrophages with an increase of lipid content 

and lower expression of ABCA1 and ABCG1. Thus, ZEB1 could be a pivotal regulator of 

metabolic and inflammatory processes in macrophages. Further, the switch to anti-

inflammatory phenotype in macrophages contributes to plaque stabilization by increasing 

collagen content. ZEB1 regulates collagen deposition in the extracellular matrix by lung cancer 

cells and vascular smooth muscle cells (Ponticos et al., 2004; Peng et al., 2017). Accordingly, 

Zeb1∆Mac mice have higher indicators of unstable plaque, with lower collagen content in 

atherosclerotic plaque and increased ROS production and apoptosis of macrophages exposed 

to oxLDL in vitro. Consistently, inhibition of ZEB1 induces cell apoptosis by down-regulating 
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NF-kB in osteosarcoma cells (Xu et al., 2017). Moreover, inhibition of NF-kB or ABCA1 results 

in an increase of ROS production and apoptosis in macrophages (Yvan-Charvet et al., 2010; 

Xu et al., 2017; Lingappan, 2018).  

 

Strategies aimed at reducing the accumulation of lipids in macrophages to induce their anti-

inflammatory switch can deaccelerate lesion progression and may be a complementary 

treatment for standard lipid-lowering therapies. In macrophages, AMPK promotes an anti-

inflammatory phenotype and reverse cholesterol transport (Day et al., 2017). Activation of 

AMPK protects against obesity-induced insulin resistance and atherosclerosis (Ma et al., 

2017). AMPK activates LXRα results in an increase of cholesterol efflux through activation of 

the ABCA1 and ABCG1 in macrophages (Rader, 2006; Kemmerer et al., 2016).  The activation 

of AMPK increases the expression of EMT transcription factors in breast cancer cell lines 

including ZEB1 (Saxena et al., 2018). Nevertheless, the potential regulation of AMPK by ZEB1 

had not been studied and we showed here that Zeb1∆Mac macrophages have reduced 

expression of the AMPK-LXRα-ABCA1/G1 axis. Pharmacological activation of AMPK in oxLDL 

treated Zeb1∆Mac macrophages restore lipid content to control levels. Therefore, we 

hypothesize that ZEB1 may promote cholesterol efflux and an anti-inflammatory phenotype 

through the regulation of AMPK-LXRα-ABCA1/G1 axis.  

 

Also, ZEB1 activation could exert a therapeutic effect in atherosclerosis. ZEB1 expression is 

decreased in macrophages from unstable compared to stable plaques. ZEB1 can be inhibited 

through the use of CtBP or HDAC inhibitors, specific MirRNA (Meidhof et al., 2015; de Barrios 

et al., 2017; Ninfali et al., 2018; Title et al., 2018) or activate through stimulation of upstream 

pathways (Zhang et al., 2019) but specific pharmacological activators or repressors of ZEB1 

have not been known currently. Because ZEB1 can be expressed by vascular smooth muscle 

cells, macrophages, T cells or endothelial cells which are involving in atherosclerosis 

(Nishimura et al., 2006; Cortes et al., 2017; Guan et al., 2018; Fu et al., 2020), we used a vector 

with the expression of ZEB1 under Lyz2 (LysM) promoter bind to NPs to only upregulate ZEB1 

in macrophages and avoid unexpected or adverse effects. Overexpression of ZEB1 shows 

decreased lipid accumulation in Zeb1∆Mac corresponding to Zeb1WT macrophages levels and 

reduced plaque area in Zeb1∆Mac mice fed on Western diet. That makes pZEB1-GNS a potential 
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tool for targeting and treatment of macrophages in chronic inflammation areas like the 

atherosclerotic plaque. 

 

ZEB1 in TAMs promotes tumorigenesis while ZEB2 inhibits it 

 

In the second chapter, we showed that ZEB1 promotes a pro-tumoral phenotype in TAMs, 

while ZEB2 supports anti-tumoral one.  

 

Lack of ZEB1 in the macrophages of Zeb1∆Mac mice reduced tumor growth and mortality when 

injected with ID8 cells, in part due to increased phagocytosis and reduced stemness of ID8 

cells. On the other hand, knockout of ZEB2 in macrophages increased tumor progression and 

mortality in tumor-bearing Zeb2∆Mac by increasing acquisition of stemness capacity and 

metabolic adaptation to the microenvironment of ID8 cells.  

 

 
Figure 44. Expression of ZEB1 (left) in TAMs promotes tumorigenic potential and stemness of ID8 cells while 
ZEB2 inhibits it (right). Created with BioRender.com 

 

Despite their high homology and partly overlapping pattern of expression (Postigo and Dean, 

2000), ZEB1 and ZEB2 can have opposing effects in tissue homeostasis, development and 

tumor biology (Stemmler et al. 2019). For example, loss of ZEB2 is associated with reduced 

patient survival of patients with melanomas while in a melanoma mouse model ZEB2 inhibits 

tumor initiation and progression (Caramel et al 2013). However, ZEB1 expression in 

melanoma can drive tumor initiation and progression and it is associated with poor prognosis 
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(Stemmler et al., 2019). ZEB factors in a wide range of cancers are implicated in tumor 

initiation and progression through the regulation of multiple hallmarks such as apoptosis and 

senescence, tumor invasiveness and metastasis or maintenance of stemness (Qi et al., 2012; 

Wellner et al., 2009; de Barrios et al., 2017; Dongre and Weinberg, 2019; Zhang et al., 2019). 

However, the role of ZEB factors in the tumor stroma is still poorly understood. ZEB1 

expression in myofibroblasts, macrophages and fibroblasts in TME promote the development 

of cancer (Cortes et al., 2017; Sangrador et al., 2018; Fu et al., 2019), nevertheless, the role of 

ZEB2 in tumor stroma has not been studied. We found that ZEB1 is upregulated in 

macrophages that were exposed to cancer cells compared to macrophages in basal 

conditions, but no differences were found in ZEB2 expression. ZEB1 and ZEB2 were both 

upregulated in ID8 cells from mice ascites. Accordingly, ZEB1 is required for pro-tumoral 

activation of macrophages (Cortes et al., 2017). In addition, contact of ID8 cells with stromal 

cells in the peritoneum upregulate genes associated with EMT in ascites, including ZEB1 and 

ZEB2 (Cortes et al., 2017; Etzerodt et al., 2020) which are associated with the acquisition of 

stem cell properties and predicts poor prognosis (Wellner et al., 2009; Chu et al., 2013; Li et 

al., 2019).  

 

TAMs are the most abundant immune cell in the TME and play an important role in tumor 

progression. The extent of infiltration by TAMs in the tumor stroma correlates with a poorer 

prognosis in tumors of different origins (Morrison, 2016; Ge and Ding, 2020).  In line with this, 

Zeb1∆Mac mice showed lower TAM infiltration, while Zeb2∆Mac mice had higher infiltration that 

is correlated with lower and higher tumor cells in Zeb1∆Mac and Zeb2∆Mac mice, respectively. 

Zeb1-deficient macrophages have exhibited a lower expression of CD206 than control 

counterparts, which is expressed to high levels in pro-tumoral macrophages (Cortes et al., 

2017; Siles et al., 2019). Compared to control mice, the proportion of CD206 positive TAMs 

show not differences in Zeb2∆Mac mice but is lower in Zeb1∆Mac mice compared to Zeb1WT. 

Furthermore,  TILs were higher in Zeb1∆Mac and lower in Zeb2∆Mac mice. TAMs impair activity 

of TILs while TILs infiltration is often associated with an improved clinical outcome in 

advanced human ovarian carcinoma (Zhang et al., 2003). Changes in cellular composition of 

the TME could help to explain, at least in part, lower tumor growth in Zeb1∆Mac mice and 

higher in Zeb2∆Mac mice compared to control mice. 
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Macrophage polarization modulates the phagocytic capacity, being those with a pro-

inflammatory phenotype more efficient at phagocytizing cancer cells than those with an anti-

inflammatory phenotype (Martinez and Gordon, 2014). ZEB1 promotes the anti-inflammatory 

polarization of macrophages and impairs the clearance of cancer cells (Cortes, 2017). PD-

1/PD-L1 expression in macrophages hampers their phagocytic capacity and anti-tumor 

response (Gordon et al., 2017) and anti-PD-1 antibody shifts macrophage polarization to a 

pro-inflammatory phenotype (Rao et al., 2020). Likewise, the expression of PD-L1 in cancer 

stem cells supports immune evasion. ZEB2 role has been described in CD8+ T cells where ZEB2 

knockout cells increased PD-1 expression and contributed to exhaustion states (Fernandez et 

al., 2020). ZEB1 induces the expression of PD-L1 in cancer cells leading to T-cell 

immunosuppression and metastasis (Chen et al., 2014; Dong et al., 2018). PD-L1 has been 

correlated with ZEB1 and ZEB2 expression and EMT in the invasive front of colon cancer 

(Martinez-Ciarpaglini et al., 2019). We observed that Zeb1∆Mac mice have lower PD-1 positive 

TAMs than Zeb1/2WT while Zeb2∆Mac mice have higher. These results could indicate that 

CD206low/PD-1low expression promotes a more pro-inflammatory phenotype in Zeb1∆Mac TAMs 

and, in contrast, CD206high/PD-1high induce an anti-inflammatory phenotype in Zeb2∆Mac TAMs. 

Thus, phagocytosis of ID8 cells was increased in Zeb1∆Mac but not in Zeb2∆Mac macrophages. 

Also, PD-L1 positive cells were higher in ID8-ASCZeb2∆Mac mice than in ID8-ASCZeb2WT mice 

indicating that Zeb2∆Mac macrophages could be promoting immune evasion of ID8 cells. These 

evidences suggest that ZEB1 may be implicated in tumor progression through impair 

phagocytosis and induce an immunosuppressive environment by increasing PD-1 expression 

in macrophages. In turn, ZEB2 could be implicated in tumor progression inhibition mediating 

a decrease of PD-1 in TAMs and PD-L1 reduction in ID8 cells which could induce an anti-

tumoral environment. 

 

PD-L1 also promotes the formation of tumorspheres of ID8 cells formation (Gupta et al., 

2016). Pro-tumoral TAMs promote sphere formation through upregulation CD11b on TAMs 

and CD54 on tumor cells (Yin et al., 2016). Cancer cells in the ascitic fluid show stem cell 

characteristics (Bapat et al., 2005). The acquisition of cancer cell properties by cancer cells 

has been associated with promoting cancer progression and metastasis (Kreso and Dick, 

2014). TAMs promote cancer stemness in multiple types of cancer such as breast cancer, 

prostate cancer or ovarian cancer (Yang et al., 2013; Raghavan et al., 2019; Huang et al., 2020). 
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In addition, the acquisition of stem-like characteristics by cancer cells has been associated 

with cancer development, progression and resistance to chemotherapy and radiotherapy 

(Walcher et al., 2020). ZEB1 and ZEB2 expression in tumor cells have been described by 

promotes cancer stem cell characteristics. We found that ZEB1 in macrophages promotes 

tumorsphere formation. ID8-ASCZeb2∆Mac cells showed increased and ID8-ASCZeb1∆Mac cells a 

decreased expression of some stemness markers, like CD55 and CD117, compared to ID8-

ASCZeb1/2WT and opposite results were found in ID8-ASCZeb2∆Mac cells. That suggests that ZEB1 

expression in TAMs promotes the tumorigenic potential of ID8 cells, while ZEB2 reduces it. 

These results are supported by studies of survival where we found that ID8-ASCZeb1∆Mac cells 

increase survival of wild-type mice, while ID8-ASCZeb2∆Mac cells decrease it. 

 

In sum, our data set ZEB1 in TAMs as a tumor-promoting and ZEB2 as a tumor-repressor in 

ovarian cancer. Also, ZEB1 in macrophages is protecting from atherosclerosis development. 

Altogether, these results setting ZEB1 and ZEB2 in macrophages as a potential therapeutic 

target in cancer and atherosclerosis and other conditions in the context of chronic 

inflammation. 
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CONCLUSIONS 

 

From the results presented in this dissertation, it can be concluded that: 

 

1. ZEB1 is required for the activation of the AMPK signaling pathway in macrophages to 

suppress lipid accumulation. 

 

2. ZEB1 in macrophages has an anti-atherogenic role in ApoE-KO mice and reduces 

plaque instability by reducing necrotic area and lipid accumulation. 

 

3. In the context of cancer, ZEB1 expression in macrophages reprograms TAMs towards 

a pro-tumoral phenotype, while ZEB2 reprograms them toward an anti-tumoral 

phenotype. 

 

4. ZEB1 expression in TAMs increases the tumorigenic potential of ID8 cells and 

decreases survival in tumor-bearing mice by inducing stem cell characteristics in 

cancer cells while ZEB2 expression in TAMs has opposing functions. 
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