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Abstract 

 

EZH2 and STING as therapeutic targets in immunologically cold breast and lung tumors 

By  

Lenore Monterroza 

 

Despite therapeutic advances, cancer remains a leading cause of morbidity and mortality 

worldwide. In early tumor development, cancer cells often coopt immune cells to promote angiogenesis 

and avoid immune attacks. They mutate to resist therapy, evade anti-tumor immunity, and metastasize. 

Cancer cells’ interactions with tumor-infiltrating neutrophils (TINs) have historically received less attention 

than anti-tumor CD8+ T cells. This dissertation examines the influence of TINs in two treatment-resistant 

cancers, triple negative breast cancer (TNBC) and lung adenocarcinoma (LUAD). At the molecular level, 

we highlight the role of enhancer of zeste homolog 2 (EZH2), a pro-tumor methyltransferase, and one of 

its immunological targets, the stimulator of interferon genes (STING). 

First, we used CRISPR to develop EZH2 gene knockout (KO) and overexpression (OE) clones of 

the 4T1 TNBC mouse model and examined downstream effects on invasive and replicative capacities of 

cancer cells in vitro and in vivo. We observed significant reductions in tumor growth and lung metastasis, 

as well as dramatic reductions in the ratios of TINs to both CD4+ and CD8+ T cells when EZH2 was 

knocked out. Results suggest that EZH2 is not only important for tumor growth and metastasis, but that its 

expression in tumor cells can alter the infiltration and relative role of pro- and anti-tumor immune subsets 

in the microenvironment. 

Second, we tested whether chemical inhibition of EZH2 or activation of STING altered LUAD/TIN 

interplay. We utilized a novel in vitro co-culture model based on human neutrophil migration through 

LUAD cells grown at an air-liquid interface. Treatment with MSA-2 (STING agonist) resulted in high 

induction of IL-29 (interferon 3) secretion in EZH2-high LUAD/TIN co-cultures. In contrast, treatment 

with EPZ6438 and MS1943 (EZH2 inhibitors) modestly influenced mediator secretion without any change 

in IL-29. Results suggest that STING activation and interferon signaling can be restored by drugs in EZH2-

high LUAD/TIN. 

Collectively, our findings provide insights into the role of TINs, offering novel perspectives on their 

interactions with cancer cells and other immune cells in the tumor microenvironment. They also advance 

our knowledge on EZH2 and STING pathway modulation and inform the development of more effective 

immunotherapeutic approaches for treatment-resistant cancer.  

 
 

Keywords: CD4+ T-cell, CD8+ T-cell, EZH2, IL-29, lung adenocarcinoma, invasion, metastasis, STING, 

triple-negative breast cancer, tumor-infiltrating neutrophils 
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Chapter 1: Introduction 
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Overview of the cancer development process 

 Cancer is an aggressive heterogeneous disease that is long-lasting and recurring. 

Approximately, 1,958,310 new cancer cases and 609,820 cancer deaths were estimated to occur 

in the United States in 2023 [1]. Cancer development is a multistep process in which normal cell 

physiology is altered to enable the acquisition of functional capabilities that are crucial for the 

formation of malignant tumors. Inherent divergence in cancer pathogenesis and in the resulting 

acquired malignant phenotypes lead to multiple tissue-specific tumor types, subtypes and 

underlying mechanisms of tumor survival. 

 Among the fourteen identified hallmarks of cancer, “tumor-promoting inflammation” [2], 

and “genomic instability and mutation” [3] are fundamental to successful tumor development 

and disease progression [4]. Genomic instability and mutation enable the activation of proto-

oncogenes and inhibition of tumor suppressor genes that underlie the transformation of 

preneoplastic cells into tumor cells. Tumor-promoting inflammation provides metabolic 

resources to the nascent tumor and allows for early immune escape. As the nascent tumor grows, 

a complex heterogeneous ecosystem referred to as the tumor microenvironment (TME) is formed 

around it. The TME comprises tumor cells and infiltrated immune cells, as well as fibroblasts, 

endothelial cells, and other stromal cell types; all which participate in tumorigenesis (Figure 1.1) 

[5-8]. With further growth and evolution of the tumor into more mature stages, the TME 

becomes more complex, allowing for the recruitment of cells that can be either tumor-

suppressive or supportive. Primary tumors are generally detected at such mature stages, where 

their complex and variable cellular makeup will significantly affect the efficacy of anti-cancer 

therapies. 
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Figure 1.1. Genomic instability and inflammation are hallmarks of cancer development.  

These two factors are driving forces in the transcriptomic heterogeneity of cancer cells, 

activation of survival mechanisms, metabolic support, and immune escape. Relationships 

between cancer and immune cells include sensing of cancer cell damage-associated molecular 

patterns (DAMPs) by pattern recognition receptors (PRRs) on immune cells, and major 

metabolic changes in the TME including the massive production of reactive oxygen species 

(ROS) by activated immune cells. 

 

 Although cancer mortality rates have recently declined, rising incidence for certain 

subtypes emphasize the need for better therapeutic approaches to prevent disease progression and 

recurrence [1]. Conventional cancer treatments include chemotherapy (using agents toxic to 

rapidly dividing cells), radiation therapy (damaging open chromatin), and hormone therapy (if 

appropriate for certain organs like breast and prostate). Those treatment modalities are efficient 

at debulking tumor mass before surgical resection. However, several critical mechanisms 

operating at the cellular level may limit the efficacy of those therapies. These include epigenetic 

alterations and DNA repair (nuclear compartment), activation of pro-survival and inhibition of 
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pro-apoptotic pathways (mitochondrial and cytosolic compartments), and multi-drug resistance 

(cytosolic conjugating enzymes and cell surface efflux pumps), to name a few. These 

mechanisms ultimately determine resistance to therapy [9-11]. In addition, the use of 

conventional therapies is limited by the multitude of known genotoxic and physiological side 

effects they are associated with. Chemotherapy targets not only cancer cells but also healthy, 

rapidly dividing cells in the bone marrow and gastrointestinal tract, leading to side effects that 

can significantly reduce patients' quality of life [12].  Some chemotherapies can cause DNA 

lesions (e.g. interfere DNA replication or RNA transcription), damage specific organs or cell 

types (e.g., cell differentiation), and induce toxicity. These adverse effects can vary widely 

among patients [13]. More than 50% of patients experience decreased appetite, nausea, vomiting, 

fatigue, dry mouth, constipation, and hair loss during the first cycle of chemotherapy. 

Additionally, despite the variation in side effects among different cancer types, 66.7% of all 

patients report experiencing six or more types of side effects during their treatment [14, 15]. 

Overall, side effects can significantly impact the continuation of treatment. To improve 

management of toxicity and mitigate the acceleration of aging features, it is vital to expand our 

knowledge of the medications used during cancer treatment. A deeper understanding of the 

mechanisms of action, dosage, and organ-specific toxicity is essential for the early identification 

of adverse effects, adjustment of treatment protocols, and enhancement of drug efficacy in anti-

cancer therapy. 

 In the past two decades, novel therapies leveraging the immune system to combat cancers 

have emerged, which allow to overcome cancer resistance to conventional therapies. Examples 

of cancer immunotherapies include chimeric antigen receptor (CAR) T-cell therapies, which 

provide custom-engineered anti-tumor T cells recognizing specific molecular determinants on 
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tumor cells with high affinity, and immune checkpoint inhibitors (ICIs), which broadly function 

by counteracting inhibitory receptors (e.g., PD-1, CTL-4) on anti-tumor T cells. While these 

novel therapies have benefitted many patients who failed conventional therapies, treatment 

response is still limited by various factors. For example, both ICIs and CAR-T cells can lead to 

overactive T cells resulting in acute inflammation and autoimmunity. Also, the efficacy of CAR-

T therapy may also be limited by tumor cell dormancy leading to the downregulation of surface 

antigens or by hypermutability (reflected by the tumor mutational burden -TMB). ICIs may be 

overcome also by tumor cell dormancy, and by the presence of other immune cells in the TME 

that may obfuscate T-cells via other pathways than those targeted by ICIs. The relative presence 

of T-cells to other immune cells in the TME is reflected by the classification of tumors into the 

“cold”, T-cell poor, and “hot”, T-cell rich, subgroups [16-18], which are detailed in the next 

section.  

 

Anti-tumor immunity 

 Typically, when tumors reach a mature stage, an anti-tumor immune response is triggered 

leading to immunogenic cell death (ICD), which depends on the activation and expansion of T 

cells in the TME. This process involves alterations in the cell membrane of dying cancer cells, 

promoting the release of soluble mediators known as damage-associated molecular patterns 

(DAMPs) that act as danger signals or “alarmins” to the innate immune system [19]. These 

signals include high mobility group box 1 (HMGB1) release (from the nucleus), calreticulin 

translocation (from the endoplasmic reticulum), heat shock protein 70/90 (Hsp70/Hsp90) 

expression (from the cytoplasm), and ATP leakage (chiefly from mitochondria), all which have 
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immunostimulatory effects. The interaction of DAMPs with pattern recognition receptors (PRRs) 

on scavenger cells like macrophages and dendritic cells (DCs) induce their maturation as 

antigen-presenting cells (APCs). 

 Potent stimulation of T cells ensues, which traffic to the tumor site and initiate an anti-

tumor immune response. In particular, CD8+ cytotoxic T cells infiltrating into the tumor niche 

recognize antigen peptide-MHC complexes on the surface of tumor cells and release perforin and 

granzyme effector molecules, which induce tumor cell death and further amplify antigen 

presentation and antitumoral T-cell responses [19-21]. Moreover, CTLs can activate alternative 

death mechanisms in tumor cells through the Fas/FasL pathway, leading to ferroptosis or 

pyroptosis [22]. This interaction also starts an activation loop in which dying tumor cells release 

antigens that will be detected by APCs and further amplify T-cell responses. The potency of T-

cell anti-tumor responses depends on intrinsic properties of tumors, resulting in “cold” vs. “hot” 

phenotypes (Figure 1.2). 

 

Cold tumors 

T-cell poor tumors, also called cold tumors, are defined by the absence of CD8+ T cells and their 

poor localization at invasive margins. From a molecular standpoint, cold tumors typically exhibit 

a low mutational load, and low expression of genes associated with antigen presentation, like 

class I MHC [23]. In some cancers, activation of the PI3K/AKT pathway by loss of tumor 

suppressor PTEN reduces lipidation of the autophagosome protein LC3, decreasing autophagy 

and inhibiting downstream T-cell activation. Low levels of tumor antigens necessary for APC 

stimulation  results in an insufficient release of immune mediators essential for antitumor 

immunity like interferon (IFN)-, and interleukin (IL)-12, IL-18, and TNF- [18] and limit the 
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influx of T cells into the tumor. T-cell recruitment to the tumor may be also inhibited by the 

limited production of the chemokine CCL4 via the WNT/-catenin pathway, resulting in 

decreased recruitment of DCs to the TME, and low secretion of CXCL9/CXCL10 chemokines 

that are key to CD8+ T-cell recruitment [24]. As another example, the MYC oncogene can 

increase expression of surface CD47 (“don’t eat me” signal), preventing phagocytosis of tumor 

cells and antigen uptake by APCs, PD-L1expression is also upregulated on tumors cells leading 

to T-cell exhaustion by binding to PD-1 [1, 22]. From a structural standpoint, alterations of 

fibronectin and collagen in the dense extracellular matrix (ECM) that surround the tumor, inhibit 

the mobility, penetration, adherence, and communication of T cells with tumor cells.  

 

Figure 1.2. Summary of immunogenic “cold” and “hot” tumor phenotypes. Cold tumors are 

characterized by the high density of innate immune cells in the TME leading to inhibition of anti-

tumor T cells. In the contrary, hot tumors promote anti-tumor T cell activation and decrease 
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activity of scavenger cells. Based on the distribution of innate and adaptive immune cells the 

tumor microenvironment can develop immunosuppressive or pro-tumorigenic mechanisms that 

will be central to control disease progression and effective response to immunotherapy. 

 Although T cell-tumor communication is impaired in cold tumors, innate immune cells 

do establish communication with tumor cells and infiltrate the TME in cold tumors. Tumor-

infiltrating neutrophils (TINs) and macrophages (TIMs) exert metabolic blockade over effector T 

cells  via metabolic enzymes such as arginase-1 (Arg-1) and indoleamine deoxygenase-1 (IDO-

1), which deplete arginine and tryptophan, respectively (Figure 1.2) [22, 25-27]. Suppression of 

effector T-cell activity is also achieved via TIN/TIM surface expression of PD-L1 and production 

of reactive nitrogen species which induce T-cell exhaustion and trapping in the stroma [28]. Cold 

tumors may actively coopt innate cells (TINs/TIMs) to dampen T-cell responses. For example, 

oncogenic K-RAS mutations in tumors can activate MAPK/PI3K signaling and induce NRLP3 

inflammasome activation in TINs/TIMs, leading to the release of immune mediators (IL-6, IL-8 

and IL-10) and chemokines (CCL5 and CCL9) that promote innate (TIN/TIM-mediated) over 

adaptive (T cell-mediated) responses. The lack of tumor antigens, defects in antigen presentation, 

absence of T cell activation, and abundance of innate immune suppression make immunotherapy 

for cold tumors a major ongoing challenge. 

 

Hot tumors 

 T-cell rich tumors, also called hot tumors, are characterized by the high infiltration of 

effector CD8+ T cells, helper CD4+ T cells, APCs (macrophages, dendritic cells), and natural 

killer (NK) cells (Figure 1.2) [29].  From a molecular standpoint, hot tumors exhibit high 

genomic instability leading to high expression of mutated antigens (neoepitopes) and 
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cancer/testis antigens normally restricted to the male reproductive tract. Unlike cold tumors, 

innate immune cell participation in hot tumors is mostly restricted to the recognition of tumor 

DAMPs in the microenvironment for antigen presentation and secretion of pro-inflammatory 

cytokines. The production of high levels of intra-tumoral chemokines like CCL4, CCL5 and 

CXCL9, and others, further enhance T-cell recruitment and ensuing ICD [18, 22, 30]. This 

triggers potent immune responses, characterized by high IFN- signaling activating APCs and T 

cells. 

 Activation of  IFN- in the presence of effector CD8+ T cells induce expression of tumor 

inflammation gene signatures, comprising  transcription factors (e.g., STAT1), cell priming 

receptors (HLA, CD27, and LAG3), inhibitory molecules (PD-L1, PD-L2, and TIGIT), and 

chemokines (CCL5, CXCR6, and CXCL9) which impact T-cell immunity [23, 28].  However, 

IFN- secretion also activates different feedback mechanisms and suppressor pathways like PD-

L1, IDO-1, and regulatory T cell (Treg) infiltration that can suppress adaptive immunity 

impacting the recruitment of effector CD8+ T cells into the tumor niche and invasive margins 

[23]. For this reason, hot tumors demonstrate better responses to T-cell focused immunotherapies 

(e.g., by CAR T-cells and ICIs), due to the higher infiltration of T-cells within the tumor and 

antigen-specific responses to immune checkpoint inhibitory signals like PD-1 and CTLA-4. 

Currently, the expression of tumor inflammation signatures like PD-L1, and the high mutational 

load in tumors are used as predictive markers to determine patient responsiveness to 

immunotherapy. Another predictive marker is the relative proportion of neutrophils to 

lymphocytes in blood, itself linked to the prevalence of TINs, which we expand on in the next 

section. 
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Tumor-infiltrating neutrophils (TINs) 

 In humans, neutrophils are the most abundant leukocyte subset in the bone marrow (the 

primary site of hematopoiesis) and in blood, representing approximately 40-70% of all 

leukocytes. Endowed with a short half-life of approximately 18-24 hours, mature neutrophils 

turn over rapidly and hence are produced in large quantities in the bone marrow (~1011 cells/day) 

[31, 32]. Under homeostatic conditions, neutrophils assume the first line of defense within the 

innate arm of the immune system by rapidly infiltrating tissues undergoing sterile injury or 

infection. Neutrophils display potent scavenging and antimicrobial functions including 

phagocytosis, degranulation of toxic effectors, and the release of DNA-histone-cationic effector 

molecule complexes in the form of neutrophil extracellular traps (NETs). Mature neutrophils 

leave the bone marrow with a characteristic condensed (polylobulated) chromatin, which has led 

to the dogma that they are largely transcriptionally silent. However, overwhelming evidence has 

been produced in the past decade that tissue-recruited neutrophils are transcriptionally active, 

and able to unfold complex responses upon exposure to tissue cues. For example, tissue-recruited 

neutrophils are capable of producing a large array of mediators (e.g., IL-1α/β, IFNs, and TNF-α), 

regulating the recruitment and activation of neighboring cells (e.g., CCL3, CXCL9 and 

CXCL10), attracting suppressive immune cells (e.g., CCL17, IFNs, and IL-10), and actively 

participating in ECM and capillary remodeling (e.g., via matrix metalloproteases -MMPs-, 

VEGF, and neutrophil elastase -NE-) [31]. 

 In the context of cancer, the lifespan of neutrophils is extended, their production in the 

bone marrow and number in the circulation increase, and their phenotype changes, engaging in 

all stages of the tumor development as the diseases advances (Figure 1.3) [33-35]. Over the past 

decade, the presence of neutrophils in the blood of cancer patients (and their ratio to 
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lymphocytes), especially those with advanced-stage disease, has gained relevance as a biomarker 

for poor clinical prognosis [36, 37]. Neutrophils are recruited into the TME through 

chemokine/cytokine signaling and undergo discrete epigenetic, transcriptomic, proteomic and 

functional adjustments that differ from naïve cells. Cold tumors can polarize TINs to induce 

further recruitment of additional waves of neutrophils, monocytes, and macrophages that will 

unleash pro- and/or anti-tumor functions based on their own response to the TME [38]. In 

general, during the early stages of tumor development, neutrophils display an anti-tumorigenic 

phenotype, secreting pro-inflammatory cytokines (e.g., IL-1, TNF-, IL-6 and IL-12) that 

promote T-cell recruitment and proliferation. Anti-tumorigenic TINs can also kill tumor cells via 

direct cytotoxicity through the exocytosis of effector enzymes or antibody-dependent cell 

cytotoxicity (using anti-tumor antibodies as bridges between their Fc receptors and surface 

proteins expressed on tumor cells) [39]. In addition, TINs are endowed with pro-oxidative 

enzymes such as NADPH oxidase, (NOX) myeloperoxidase (MPO) and nitric oxide synthase 

(NOS) which can kill tumor cells, and/or reduce their growth and metastasis [40]. 

As tumors grow and metastasize, TINs may switch to a supportive phenotype, providing survival 

advantages to tumor cells. Pro-tumor TINs can release various chemokines (e.g., CCL2, CCL5 

and CXCL15), as well as enzymes such as Arg-1 (which depletes extracellular arginine), and 

proteases such as neutrophil elastase (NE) [41], cathepsin G (CG) [42], and/or matrix 

metalloproteinase-9 (MMP-9), which remodel the ECM and promote angiogenesis, tumor 

growth, and metastasis (Figure 1.3) ) [43] Pro-tumor TINs can also attract Tregs by secreting 

high levels of CCL17 to assist in the inhibition of effector T cells and continue to support tumor 

cell motility, migration and invasion [44]. Moreover, the production of oxidants by TINs can 

play a pro-tumor role by inducing DNA damage and additional mutations [45]. Of note, some of 
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the factors that TINs produce such as TNF may take on either pro- or anti- tumor functions, 

depending on which receptor they interact with (TNFR1 or TNFR2 in the case of TNF). TINs 

are highly adaptable and can undergo phenotypic differentiation, leading to a multiplicity of 

discrete subsets in humans affected by cancer and murine cancer models. TIN subset 

identification is an area of active research using omics methods to characterize essential 

pathways that may be targeted therapeutically to benefit patients. 

 

Figure 1.3. Tumor-infiltrating neutrophils (TINs) exert a variety of pro/anti-tumor roles. 

Depending on the cues received, TINs may directly impact: (i) growth and metastasis of tumor 

cells; (ii) properties of the TME, including the ECM and capillary network; and (iii) anti-tumor 

immunity, either on their own, or via other immune cells such as CD8+ / CD4+ T cells, 

macrophages and NK cells, which they either empower or suppress.  
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Detailed account of tumor-TIN crosstalk at different cancer stages 

Local invasion 

 As they begin to grow, tumors ensure proper vascularization by co-opting tissue vessels 

or promoting angiogenesis (Figure 1.4). In spite of this, rapid tumor expansion often results in 

metabolic depletion of oxygen and tissue hypoxia [4]. Hypoxic TMEs push tumors to undergo a 

metabolic switch from oxidative phosphorylation (which requires oxygen as a final electron 

acceptor) to anaerobic glycolysis (Warburg effect). This leads to lactic acid accumulation in the 

extracellular fluid, which inhibits the activation, proliferation, and cytotoxic activity of effector T 

cells [46]. Insufficient vascularization limits availability of critical nutrients, altering 

translational control and inducing hypoxia-mediated epigenetic and transcriptomic adaptations. 

For example, hypoxia reduces the activity of TET demethylases, resulting in hypermethylation 

[47]. Chemokines released under this tumor hypoxia enhance the recruitment of Treg cells that 

support immunosuppression. Additionally, hypoxic tumor cells develop further resistance to 

cytotoxic CD8+ T cells by undergoing autophagy and upregulating PD-LI expression. 

 Epigenetic changes may enhance the invasive capacity of tumor cells and support their 

phenotypic conversion in the case of epithelial tumors through a multistep process termed 

epithelial-to-mesenchymal transition (EMT). EMT involves the downregulation of adherence 

and tight junctions, along with the loss of cell polarity [48, 49]. This process dissociates 

epithelial cell sheets into individual cells that upregulate the expression of invasive transcription 

factors and EMT-defining genes (e.g., Slug, Snail, and Twist). The release of TGF- derived 

from TINs can induce EMT of tumor cells, increasing their invasiveness [33, 50]. Moreover, 

signaling through TLR4 on TINs in response to the ECM structural regulator hyaluronan, 
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promotes motility and migration of tumor cells [51]. This causes further alterations in chromatin 

state and represses E-cadherin, thus stabilizing the newly acquired mesenchymal phenotype of 

tumor cells until they switch back to their epithelial phenotype via mesenchymal-to-epithelial 

transition (MET) [52, 53]. 

 

Figure 1.4. Tumor-TIN crosstalk in cancer initiation and metastatic outgrowth. Pro-tumor 

functions of TINs play key roles at different cancer stages. After initial phases of growth in the 

primary tumor sites, tumor cells can undergo anoikis and piggyback on TINs to become 

disseminated tumor cells (DTCs) that may intravasate in the circulation. While in circulation, 

circulating tumor cells (CTCs) continue to interact closely with neutrophils which escort them to 

new tissues, and help them extravasate therein. Secretion of pro-inflammatory markers (IL-8 and 

IL-1β), proteases (MMPs, elastase, and cathepsin G), cell-cell interaction (ICAM), and immune 

suppression (IL-10 and Arg-1) mediate some key steps in tumor-TIN interactions leading to the 

formation of a metastatic niche. 
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 Tumor cells can proteolytically dissolve basement membranes, facilitating interactions 

with tumor-associated stromal cells and recruited innate immune cells during the invasion-

metastasis cascade. For example, TINs are recruited to the TME by IL-8 induction following NF-

kB signaling in genomically unstable K-RAS mutated tumors [54]. Effector proteins are released 

by TINs, including Arg-1, which inhibits CD8+ T cells activation and proliferation, as mentioned 

before, as well as MMP-9, cathepsin G and NE which can upregulate tumor cell proliferation 

[44, 50, 55, 56]. For example, extracellular TIN-derived NE can be endocytosed by tumor cells 

and intracellularly bind to the insulin receptor substrate-1, enhancing cellular proliferation by 

activating the phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR anabolic pathway. In addition to 

inducing cell proliferation, TIN-derived proteases such as MMP-9 can degrade the ECM, 

releasing bound VEGF- and inducing a pathological signaling loop in the TME through the 

secretion of GM-CSF and oncostatin M (an IL-6 family member) [39, 57]. Adapting to this new 

environment conveys various challenges, including the deprivation of integrin-dependent 

adhesion to the ECM, which is necessary for cell survival. Without attachment to the ECM, 

epithelial cells generally undergo anoikis -an apoptotic response that is metabolically modulated 

and is triggered by loss of anchoring to a surface-, but tumor cells can survive anoikins induction 

[58, 59]. 

Intravasation 

 When tumor cells acquire the necessary molecular mechanisms to leave the primary site 

and travel to an ectopic environment to seed secondary growths, they become disseminated 

tumor cells (DTCs) [60]. The transendothelial migration of DTCs into the lumina of lymphatic or 

blood vessels is known as intravasation [61]. This process is supported by the structural features 

of tumor-associated blood vessels, which are formed via VEGF pathway activation and neo-
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angiogenesis. Neovasculature produced by tumor cells undergoes constant reconfiguration and is 

prone to formation of leaky blood vessels, facilitating DTC passage into the circulation [5, 52]. 

Additional mediators identified to stimulate the formation of leaky vessels in some cancers 

include cyclooxygenase-2, epiregulin, MMP-1, and MMP-2 [62]. Evidence shows that tumor 

development at this stage is determined by the rate of TIN influx, which facilitates the 

intravasation of DTCs and their survival in circulation. Both contact-independent and contact-

dependent (piggybacking) interactions between tumor cells and TINs allows tumor cells to 

migrate into the bloodstream by penetrating endothelial tight junctions (Figure 1.4).  

Transport in circulation 

 After disseminating through the blood and lymphatic vessels, DTCs transform into 

circulating tumor cells (CTCs)  (Figure 1.4), which upregulate integrins and other adhesion 

molecules to survive transport in the circulation [63, 64]. The duration that CTCs remain in 

circulation remains uncertain; however, with a diameter of 20-30 m compared to the 8 m 

mean luminal diameter of capillaries, they are likely to become trapped in capillary beds or exit 

the bloodstream early on [52]. In circulation, the majority of CTCs are eliminated by shear stress 

of blood flow and immune-mediated attacks. To withstand damage from hemodynamic shear 

forces and evade immune detection, tumor cells recruit neutrophils through vascular cell 

adhesion molecule 1 (VCAM1) and glypican-3 expression. In this context, neutrophils facilitate 

cell-cell aggregation, forming clusters that shield CTCs from immune surveillance and mitigate 

fluidic challenges, thereby altering the local environment to facilitate uninterrupted circulation 

[5]. A subset of CTCs may thus manage to survive, by promoting stemness via upregulation of 

Yamanaka transcription factors Nanog, Sox2, and Oct4, and by piggybacking on neutrophils, 

which are proficient at traveling through circulation [33]. Platelets also cooperate with 
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neutrophils to shield CTCs from natural killer cells by forming platelet-rich thrombi, secreting 

chemokines, and transferring MHC-class I containing vesicles to the surface of tumor cells to 

prevent their recognition by adaptive immune cells [65]. 

Arrest in microvessels and extravasation 

 Tumor cells undergo multiple cycles of replication, mutations, and selection for 

competitive fitness to adhere to the endothelium, induce transendothelial migration, and 

extravasate into distant organs [66]. Once CTCs interact with the vasculature, they may initiate 

intraluminal growth and microcolony formation, aiming to rupture surrounding vessel walls and 

establish direct contact with the tissue parenchyma. CTCs can penetrate pericyte layers 

separating vessel lumens from the stromal microenvironment, facilitating their exit from 

circulation. Adhesion of CTCs in tissue microvasculature is facilitated by proteases, degradative 

enzymes, and ligand-receptor interactions with luminal walls, enabling organ-specific arrest [5]. 

To overcome physical barriers in tissues with low intrinsic microvessel permeability and 

facilitate extravasation, tumor cells may secrete factors that induce hyperpermeability. These 

include angiopoietin-like-4, cyclooxygenase-2, epithelial growth factor, epiregulin, VEGF, and 

various MMPs (e.g., MMP-1, 2, 3, and 10). Other mediators like osteonectin induce actin 

remodeling and bind membrane-bound amyloid precursor protein on tumor cells to endothelial 

death receptor 6, causing endothelial cell death and creating gaps in epithelial junctions for CTC 

escape [52, 67]. Neutrophils directly interact with CTCs to support extravasation via IL-8 

dependent ICAM-integrin signaling (Figure 1.4). This involves the adhesion of ICAM-1 on 

tumor cells to 2 integrins on neutrophils, activating migration pathways like focal adhesion 

kinase and p38-MAPK in tumor cells. Neutrophils can also secrete IL-1 and MMPs to activate 

endothelial cells and enhance CTC dissemination [39, 44, 68, 69]. 
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Formation of micro- / macro-metastases 

 Metastasis accounts for over 90% of cancer-related deaths [70]. There are two 

fundamental models of metastasis in cancer: linear and parallel progression. In the linear 

progression model, when the primary tumor is at a mature stage, tumor cells disseminate to form 

metastatic colonies at distant sites, retaining molecular characteristics similar to the primary 

tumor. By contrast, the parallel progression model posits that tumor cells undergo somatic 

evolution early in their development, seeding secondary growths independently from the primary 

tumor [71]. To prepare distant microenvironments for colonization, primary tumors release 

systemic signals as lysyl oxidase, which mobilize hematopoietic progenitor cells and stimulate 

integrins and chemoattractants like stromal cell-derived factor to establish a “pre-metastatic 

niche” [52, 72].  Ones CTCs extravasate, they acquire molecular traits necessary to become 

metastatic founder cells. During this growth phase, metastatic cells must adapt to the new 

environment using cell-autonomous programs, becoming highly malignant to initiate 

micrometastasis formation. If of epithelial origin they may undergo a reversal of their initial 

EMT through MET, allowing them to regain epithelial cell-to-cell junctions and successfully 

colonize secondary sites [73]. To overcome stromal challenges, metastasizing cells secrete 

cytokines like IL-6 and IFN-, and activate pro-inflammatory pathways such as STAT1, STAT3 

and NF-B. As an alternative strategy, tumor cells coming into secondary sites may enter 

dormancy in response to stressful stimuli to evade immune surveillance and cytotoxicity. 

Metabolic homeostasis in quiescent tumors is maintained by downregulating key pathways like 

RAS–MEK–ERK/MAPK and PI3K-Akt, which are later upregulated upon reactivation [74]. If 

micrometastasis persists, a lesion no larger than 0.2-2 mm will form, allowing its evolution to 

macrometastasis, resulting in larger tumor deposits with dimensions larger than 2 mm. At this 
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stage, tumor cells are not guaranteed to proliferate in situ, but may further propagate into 

secondary metastases, perpetuating disease progression [75]. Studies indicate that DTCs initially 

lodge in lymph nodes or bone marrow prior to forming metastatic colonies, with certain 

aggressive tumor cells showing preference for specific organs; a phenomenon known as 

organotropic metastasis. For example, breast cancer tends to metastasize to bone [76], lung [77], 

liver [78],and brain [79], while colorectal cancer often metastasizes to the liver [5, 80]. 

 TINs play a significant role in the pre-metastatic niche by creating an immunosuppressive 

environment that facilitates the survival and extravasation of CTCs. Metastatic tumors secrete 

chemokines (e.g., CXC11, CXC12, and CXC15) and amplify SDF-1 and TLR3 signaling to 

attract neutrophils to the pre-metastatic niche. Within the metastatic niche, NE released from 

TINs can enhance PI3K signaling supporting tumor cell survival and proliferation. Additionally, 

neutrophils contribute to metastatic progression by secreting fibroblast growth factor 2 to 

enhance vascular branching and attract other scavenger cells like monocytes which can amplify 

MMP-9 production. TINs also assist in modulating the immune response by producing nitric 

oxide, IL-10, and suppressing NK cell cytotoxic activity via ROS [68, 81, 82]. In sum, TINs are 

major cellular mediators in all stages of cancer initiation and metastatic growth. Targeting 

therapies at TINs could be a promising strategy to combat cancer progression and inhibit DTCs / 

CTCs during metastasis. 

 

Role of the EZH2 pathway in anti-tumor immunity   

 During cancer development and treatment, tumor cells closely interact with immune 

cells. Subtypes of tumor-infiltrating immune cells can modify the TME into either pro- or anti-

tumorigenic phenotypes, influencing the therapeutic response. Their differentiation, proliferation, 
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and activation are often associated with direct and indirect epigenetic modifications mediated by 

the enhancer of zeste homolog 2 (EZH2). EZH2 is a histone methyltransferase frequently 

mutated in cancer cells and expressed in immune cells at various stages of cancer progression. It 

belongs to the Polycomb group (PcG) protein family and often serves as a subunit of the 

Polycomb repressive complex 2 (PRC2), although it can also function independently of the 

PRC2 complex. EZH2 activation is central to the epigenetic regulation of genes involved in 

several mechanisms, including cell cycle and differentiation (modulates cyclins, cyclin-

dependent kinases, and Rb proteins) [83], DNA damage repair (regulates DNA repair genes 

RAD51 and BRCA1) [84], autophagy (via transcriptional regulation), apoptosis (regulate pro-

apoptotic factors), and immune modulation (modulates STING and other critical immune cell 

activation pathway) (Figure 1.5) [85]. Within tumor cells, EZH2 is the catalytic subunit of the 

PRC2 complex responsible for inhibiting transcription of key anti-oncogenic genes, including 

tumor suppressors. Conversely, it can directly activate proto-oncogenes such as cyclin D1, c-

Myc, and Notch1. Pro-survival and growth signaling pathways most influenced by EZH2 include 

Wnt/-catenin, MERK/ERK, Notch, PI3K/Akt and checkpoint kinase 1 [86-89]. Overall, 

dysregulation of EZH2 correlates with poor prognosis in solid tumors, leading to higher tumor 

grade, increased metastasis, and lower disease-free survival. 
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Figure 1.5. Mechanisms mediated by EZH2 in cancer initiation, metastasis, immunity, 

metabolism, and drug resistance. EZH2 expression at the genetic, epigenetic, and post-

translational modification in cancer cells leads to the activation of pro-oncogenic pathways that 

promote cancer, alter cell cycle progression and support metastasis. Such mechanisms can 

negatively impact recruitment of adaptive immune cells into the tumor microenvironment, 

further promoting tumorigenesis. 

 

 In tumor-associated immune cells, EZH2 is a double-edged sword that can either support 

or suppress immune activation and proliferation and impact tumor growth. In adaptive immune 

cells, EZH2 is required for CD8+ T cell proliferation by suppressing negative regulators like 

cyclin-dependent kinase inhibitor (CDKN) 2A and CDKN1C. However, EZH2 can also inhibit 

CD4+ T cell differentiation and plasticity between T-cell functional subsets by silencing lineage-
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specific genes (e.g., T-bet, GATA3, and Eomes) through H3K27me3 modification [90, 91].  

Additionally, EZH2 can suppress secretion of CXCL10, a chemokine released in response to 

IFN-, which binds to CXCR3 on effector T cells to promote recruitment to the TME [85, 92]. 

EZH2 is also critical for maintaining Treg stability and immunosuppressive function. Indeed, 

genetic deletion of EZH2 in Tregs results in failure to maintain immune tolerance, and 

dysfunctional immune homeostasis, leading to inflammation and a CD4+/CD8+ T-cell enriched 

TME [85]. EZH2 impacts innate immune cells as well, e.g., by indirectly polarizing 

macrophages to a pro-tumor phenotype, promoting the differentiation of myeloid-derived 

suppressor cells (MDSCs) from bone marrow precursors, and decreasing NK cell precursors. 

Collectively, EZH2 induction gives tumor a significant advantage (directly and indirectly via 

coopting pro-tumor and blocking anti-tumor immune functions), supporting their growth and 

dissemination. 

 EZH2 mutations in cancer cells, whether they result in gain- or loss-of-function, are 

associated with aggressive disease progression in melanoma, prostate, breast, bladder, and 

endometrial cancer [93-95]. The oncogenic activity of EZH2 in cancer cells confers a 

proliferative advantage over non-cancer cells, leading to poor prognosis in solid tumors. In some 

cases, EZH2 is implicated in the transcriptional activation of specific genes regulated by 

signaling pathways that drive disease progression. For instance, in breast cancer, EZH2 regulates 

genes through estrogen receptor (ER) and Wnt signaling [96]. In breast cancer patients, high 

EZH2 protein levels are negatively correlated with overall survival; the 10-year disease-free 

survival rate for patients with high EZH2 levels is 24.76%, compared to 58.92% for those with 

lower levels [95]. Other critical genes whose expression by EZH2 in various cancers include 

disabled homolog 2 interacting protein (impacting cell proliferation and survival), E-cadherin 
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(modulating cell-cell adhesion), HIF-1 (regulation adaptations to hypoxia during growth and 

invasion), SNAIL (involved in EMT) and stimulator of interferon genes (STING, a transcription 

factor that serves as a master regulator of stress responses in cancer and infection). EZH2 also 

impacts drug resistance, via suppressed expression of the DNA-damaged repair factor Schlafen 

11, suppressed phosphorylation of receptor tyrosine kinases, and inhibition of poly ADP-ribose 

polymerase [97, 98]. In sum, while the precise mechanisms by which EZH2 plays pro- or anti-

tumor roles are under active investigation, its dysregulation in cancer patients can help predict 

treatment outcomes [99, 100]. Therefore, EZH2 represents a bona fide target for therapy in both 

tumor cells and infiltrating immune cells. 

 

Research focus of this thesis manuscript 

 This first introductory chapter contrasted hot and cold tumors and listed mechanisms, 

including immunosuppressive TIN activities, making the latter unresponsive to T-cell 

immunotherapies [22, 24]. Thus, there is a critical unmet therapeutic gap for patients with cold 

tumors. EZH2 has been identified as a potential target in this regard because of multiple pro-

oncogenic effects fueling cold tumor progression [1, 85, 96]. Ideally, new treatment strategies 

targeting EZH2 may be able to directly antagonize cold tumors or turn into hot tumors, making 

them responsive to existing ICIs and CAR-T modalities to improve clinical outcomes. Designing 

improved therapeutic combinations that successfully cold tumors require a better understanding 

of the nature, dynamics and roles of immune cell infiltrates at the tumor niche and their 

interactions with cancer cells. Herein, we investigated whether EZH2 inhibition in cold tumors 

would exert anti-tumor activity and impact the activity of TINs at the TME. For this purpose, we 

focused our efforts on triple negative breast cancer (TNBC) and lung adenocarcinoma (LAUD), 
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both identified to have cold tumor phenotypes. First, we generated EZH2 gene knockout (KO) 

and overexpression (OE) lines from a 4T1 murine TNBC model and proceeded to measure 

disease invasiveness, metastatic capabilities, TINs, and T-cell infiltration (Chapter 2) [101]. 

Second, we tested the efficacy of two EZH2 inhibitors currently in human cancer trials along 

with the activation of STING in two human LUAD cell lines (Chapter 3). Collectively, our 

findings provide important insights into the communication between tumor cells and TINs, and 

how it may be reprogrammed for therapeutic benefit, providing future directions to advance 

cancer treatment (put in perspective in Chapter 4).      
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Abstract 

Triple-negative breast cancer (TNBC) is an aggressive and highly metastatic type of 

tumor. TNBC is often enriched in tumor-infiltrating neutrophils (TINs), which support cancer 

growth in part by counteracting tumor-infiltrating lymphocytes (TILs). Prior studies identified 

the enhancer of zeste homolog 2 (EZH2) as a pro-tumor methyltransferase in primary and 

metastatic TNBCs. We hypothesized that EZH2 inhibition in TNBC cells per se would exert 

antitumor activity by altering the tumor immune microenvironment. To test this hypothesis, we 

used CRISPR to generate EZH2 gene knockout (KO) and overexpressing (OE) lines from parent 

(wild-type—WT) 4T1 cells, an established murine TNBC model, resulting in EZH2 protein KO 

and OE, respectively. In vitro, EZH2 KO and OE cells showed early, transient changes in 

replicative capacity and invasiveness, and marked changes in surface marker profile and 

cytokine/chemokine secretion compared to WT cells. In vivo, EZH2 KO cells showed 

significantly reduced primary tumor growth and a 10-fold decrease in lung metastasis compared 

to WT cells, while EZH2 OE cells were unchanged. Compared to WT tumors, TIN:TIL ratios 

were greatly reduced in EZH2 KO tumors but unchanged in EZH2 OE tumors. Thus, EZH2 is 

key to 4T1 aggressiveness as its tumor-intrinsic knockout alters their in vitro secretome and in 

vivo primary tumor growth, TIN/TIL poise, and metastasis. 

 

 

Keywords: CD4+ T-cell, CD8+ T-cell, invasion, myeloid derived suppressor cell, triple-negative 

breast cancer, tumor-infiltrating neutrophils 
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Introduction 

Breast cancer is a global health problem affecting 2.3 million individuals globally [1]. 

Defined as estrogen- and progesterone-receptor negative and lacking HER2 overexpression, 

triple-negative breast cancer (TNBC) holds the poorest prognosis among breast cancer types [2]. 

This aggressive form occurs in 15–20% of patients, accounting for ~170,000 cases worldwide 

[3]. TNBC is comprised of different subtypes, characterized by distinct molecular signatures. 

Common treatments include chemotherapy, radiation, and surgical resection. Patients with T-cell-

rich or non-refractory (“hot”) tumors also benefit from newly developed immune checkpoint 

inhibitor (ICI) and chimeric antigen receptor (CAR) T-cell therapies [4]. Unfortunately, a large 

proportion of TNBC patients are refractory to ICI therapy (designated as “cold”) [3,5]. 

Consequently, primary tumors and metastatic outgrowth from chemotherapy-resistant TNBC are 

a major cause of mortality [6]. 

Genetic and epigenetic alterations in TNBC are some of the main obstacles for successful 

responses to therapy [7]. Among the TNBC markers identified as potential therapeutic targets, 

the methyltransferase enhancer of zeste homolog 2 (EZH2) holds significant promise, as its 

overexpression is associated with poor prognosis and short disease-free survival in patients [8–

11]. This may occur in part through the increased stability of EZH2 due to upstream regulatory 

pathways leading to its post-translational modification in aggressive TNBCs [12]. Upregulated 

EZH2 contributes to tumor development, progression, and metastasis via multiple downstream 

pathways, including but not limited to the modulation of stimulator of interferon genes (STINGs) 

[13], transforming growth factor β (TGF β) [14], signal transducer and activator of transcription 

3 (STAT3) [15], and Wnt [16] signaling. Thus, EZH2 inhibitors have been tested in combination 

with ICIs and other chemotherapies [17]. A confounding factor, however, is that the expression 
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of EZH2 occurs in both tumor cells and in tumor-associated innate and adaptive immune cells 

(e.g., tumor-infiltrating neutrophils (TINs) and lymphocytes (TILs), respectively) [7]. 

In this study, we probed the role of EZH2 in primary and metastatic TNBCs [18] using a 

4T1 murine TNBC model. EZH2 was previously shown to be significantly upregulated in 4T1 

compared to normal mouse breast epithelial cells [10]. To this end, we used CRISPR technology 

to drive EZH2 gene knockout (KO) and overexpression (OE) in stable cell lines derived from 

parent wild-type (WT) 4T1 cells, resulting in EZH2 protein KO and OE, respectively. While the 

replicative and invasive capacities of EZH2 KO and OE cells did not broadly differ from those of 

WT 4T1 cells in vitro, the former but not the latter showed significantly decreased primary 

growth and lung metastasis in vivo, along with dramatic reductions in the ratios of TINs to both 

CD4+ and CD8+ T cells. 
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Materials and methods  

Cell lines. The parent WT 4T1 (CRL-2539) cell line [18] was purchased from ATCC and 

cultured at 37 °C and 5% CO2 in DMEM high-glucose medium (Sigma Aldrich, St Louis, MO, 

USA), supplemented with 10% fetal bovine serum (FBS, HyClone, purchased from Avantor, 

Radnor, PA, USA), 1% HEPES (Thermo Fisher Scientific, Hampton, NH, USA), 1% L-

glutamine (Sigma Aldrich), and penicillin–streptomycin (100 U mL−1, Sigma Aldrich). 

Expression constructs were made using a modified GoldenGate Assembly protocol [35]. Murine 

EZH2 was amplified from pINTO-NFH: mEZH2 (Addgene #65925; gift from Roberto Bonasio 

[36]) and cloned into pBD170abc, a level 0 destination vector for the downstream cloning of an 

open reading frame. Then, a level 1 expression construct (pBD320) was cloned with a CMV 

promoter, BetaGlobin 3’UTR, into a position 1 destination vector (pTW324; Addgene #115955; 

gift from Ron Weiss) using Bsa1 and T4 DNA ligase. Puromycin alone (pBD324) or mScarlet-

IRES[EMCV]-puromycin (pBD332) expression vectors under the control of a PGK promoter 

were cloned into a position 2 destination vector (pTW325; Addgene #115956; gift from Ron 

Weiss). Then, pBD320 was combined with a minimal linker and pBD324 or pBD332, 

respectively, to generate level 2 dual-expression constructs pBD321 and pBD333. For KO 

plasmids, the murine EZH2 sequences from AOI-WT-Cas9-sq-mouse Ezh2-E18-GFP and AOI-

WT-Cas9-sq-mouse Ezh2-E10-GFP (Addgene #91880 and Addgene #91879; gift from Martine 

Roussel [37]) were cloned into pSPCas9(BB)-2A-Puro (Addgene #62988; gift from Feng Zhang 

[38]). Plasmids were transfected into 4T1 cells using lipofectamine 3000 (Thermo Fisher 

Scientific) following the manufacturer’s protocol and selected using puromycin at a 

concentration of 5 µg/mL. Stable OE clones were continually grown in puromycin; KO clones 
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were only exposed to puromycin for up to a week. Cells were then isolated into 96-well plates 

and the clones selected.  

 

Western blot.  Cell lysates were prepared using the Minute Total Protein Extraction Kit (Invent 

Biotechnologies, Plymouth, MN, USA). The provided denaturing buffer was supplemented with 

Halt’s protease and phosphatase inhibitor cocktail at a 3× concentration (Thermo Fisher 

Scientific). Lysates were passed through spin columns to remove viscosity. Total protein 

concentration was measured using the Pierce Rapid Gold BCA protein assay kit (Thermo Fisher 

Scientific), concentration was normalized across treatments with denaturing buffer, then a 

Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) supplemented with β-

mercaptoethanol was added. Samples were then boiled at 95 °C for 5 min and lysates were 

separated by SDS-PAGE on Any-KD gels (Bio-Rad Laboratories). Protein transfer to 

nitrocellulose membranes (LI-COR Biosciences, Lincoln, NE, USA) was performed at 4 °C by 

wet transfer in Towbin buffer (25 mM Tris, 192 mM glycine, and 20% MeOH (v/v) without 

SDS). After transfer, the membrane was rinsed three times with double-distilled H2O. Blocking 

was performed using Intercept (TBS) blocking buffer (LI-COR Biosciences) for one hour at 

room temperature in motion. Primary antibodies to EZH2 and α-tubulin (from Cell Signaling 

Technologies, Danvers, MA, USA, used at 1:1000) were added to an Intercept T20 antibody 

diluent (LI-COR) at 4 °C overnight in motion. Secondary IRDye 800CW donkey anti-rabbit IgG 

antibody (from LI-COR Biosciences, used at 1:15,000) was added to the Intercept antibody 

diluent (LI-COR Biosciences) for 1 h at 37 °C on a shaker. Membranes were analyzed using an 

Odyssey CLx imager and Image Studio software (version 5.5, LI-COR Biosciences). 
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Cell proliferation assay.  EZH2 KO, EZH2 OE, and WT 4T1 cells were harvested, resuspended 

in DMEM-complete medium, and counted. Then, 5 × 105 cells were plated on a T25 flask in 5 

mL of medium and cultured at 37 °C and 5% CO2. At 24, 48, and 72 h, the cells were harvested 

and stained with propidium iodide to determine the cell count and viability using a 

hemocytometer. 

 

3D spheroid invasion assay.  To generate EZH2 KO, EZH2 OE, and WT 4T1 cell spheroids, 

3000 cells were plated in 200 µL on a Spheroid Nunclon 96-well plate (Thermo Scientific) and 

centrifuged at 450× g for 5 min at 4 °C and incubated at 37 °C and 5% CO2. After 48–72 h of 

incubation, spheroids were collected, embedded in 3 mg/mL collagen type I (Corning, Glendale, 

AZ, USA), and then plated in a 35 mm glass-bottom dish (Cellvis, Mountain View, CA, USA) 

for incubation overnight at 37 °C. After collagen was polymerized, complete DMEM (Thermo 

Fisher Scientific) was added to cover the collagen matrix and spheroids. An IX51 microscope 

(Olympus, Center Valley, PA, USA) at a 10× magnification (equal to 1.5 pixels/μm) with an 

Infinity2 charge-coupled device camera was used for 3D spheroid imaging. Spheroid circulatory 

and invasiveness were measured by ImageJ, https://imagej.net/ij/download.html (accessed on 1 

August 2023), as previously described [19]. 

 

Extracellular mediator assay.  Supernatants from in vitro cultures of EZH2 KO, EZH2 OE, and 

WT 4T1 cells were collected and stored at −80 °C until use. Extracellular mediators were 

quantified using a U-PLEX multiplexed chemiluminescent ELISA assay (Meso Scale Discovery, 

Rockville, MD, USA), following the manufacturer’s protocol. Plates were acquired on the 
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QuickPlex SQ 120MM reader and later analyzed using Discovery Workbench 4.0 software (both 

from Meso Scale Discovery). 

 

Animals.  BALB/c mice (females, 6–8 weeks old) were purchased from Jackson Laboratories 

and maintained in the Division of Animal Resources facilities at Emory University. Experiments 

were performed in accordance with the Emory University Institutional Animal Care and Use 

Committee’s approved protocol (DAR-2017-00-504). Female mice were chosen to match the 

strain and sex of origin of the parent WT 4T1 cell line. To establish the model, 5 × 105 cells were 

injected subcutaneously (s.c.) in the right flank as the location of the primary tumor [39]. Tumor 

size (mm2) was measured in two dimensions with Vernier calipers every 3 days. In some cases, 

WT and EZH2 KO cells were injected s.c. and animals were concomitantly treated with the 

synthetic STING agonist MSA-2 [40]. MSA-2 (benzothiophene oxobutanoic acid; Cat: HY-

136927) was purchased from MedChemExpress (Monmouth Junction, NJ, USA) and dissolved 

in 20% sulfobutylether-β-cyclodextrin (SBE-β-CD, Cat: HY-17031, MedChemExpress) in 0.9% 

saline to a concentration of 25 mg/mL. This stock was stored at −20 °C in the dark until 

injection. MSA-2 at 25 mg/kg in SBE-β-CD in a 200 µL volume was administered 

subcutaneously in the left flank. Doses were administered every third day [41], and the non-

treated control group received 200 µL of SBE-β-CD only. 

 

Lung metastasis assay.  Lungs were isolated under sterile conditions from tumor-bearing mice 

21–28 days post-injection, then minced and digested in 1 mg/mL of collagenase IV (Millipore 

Sigma, Burlington, MA, USA) for 2 h at 37 °C under a rotating motion. After digestion, single-

cell suspensions were filtered through a 70 μm strainer and washed twice in selection medium 
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consisting of complete DMEM with 6-thioguanine (Millipore Sigma) at 60 μM. Cells were 

resuspended in 8 mL of selection medium, and 1 mL was plated per well in a 6-well plate for 

each lung digestion. After 7 to 14 days of incubation in the selection medium (to kill lung 

fibroblasts without affecting tumor cells), as soon as one of the wells reached confluency, all 

wells were harvested and counted on a Cellometer T4 Automated Counter (Nexcelom, Lawrence, 

MA, USA) using trypan blue to discriminate dead cells. 

 

Flow cytometry staining and data acquisition.  For in vitro analyses, EZH2 KO, EZH2 OE, and 

WT 4T1 cells were thawed, resuspended in DMEM-complete medium, and cultured in T75 

flasks. Before reaching confluency, the cells were harvested and counted using propidium iodide. 

For ex vivo analyses, tumors grown in the flank of mice were harvested, weighed, minced, and 

digested in liberase TL (Roche, Indianapolis, IN, USA) and DNAse (Roche) for 30 min at 37 °C 

in motion. Cell suspensions were filtered through a 70 μm strainer and washed with PBS. Total 

cell count was determined using a Cellometer T4 Automated Counter and trypan blue. All cells 

were pre-incubated with Fc receptor blocking antibody (Clone 24G2, BioLegend, San Diego, 

CA, USA) in an FACS buffer at room temperature for 10 min. Then, the cells were incubated 

with fluorochrome-conjugated antibodies for 30 min at 4 °C. The in vitro staining panel included 

antibodies to CD24 (clone M1/69), CD44 (clone IM7), CD80 (clone 16-10A1), ICAM-1 (clone 

YN1/1.7.4), MHC class I (clone M1/42), MHC class II (clone M5/114.15.2), and PD-L1 (clones 

10F.9G2), all purchased from BioLegend. The ex vivo staining panel included, in addition to the 

above, antibodies to CD3 (clone 17A2), CD4 (clone GK15), CD8a (clone 53-6.7), CD11b (clone 

M1/70), CD11c (clone N418), CD19 (clone 6D5), CD45 (clone 30-F11), CD69 (clone H1.2F3), 

CD107a (clone 1D4B), F4/80 (clone BM8), Ly6C (clone HK1.4), Ly6G (clone 1A8), NK1.1 
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(clone PK136), and PD-1 (clone 29F.1A12), also purchased from BioLegend. The live dead 

fixable NIR (1:400 in PBS) was obtained from ThermoFisher Scientific. After incubation, the 

cells were washed three times with FACS buffer and analyzed using the Aurora Spectral Flow 

Cytometer (Cytek Biosciences, Fremont, CA, USA). Data were analyzed using FlowJo software 

(version 10.10, BD Biosciences, Franklin Lakes, NJ, USA). 

 

Statistical analysis.  All statistical analysis and graphs were performed using Prism software 

(version 10.2, GraphPad Software, Boston, MA, USA). Non-parametric methods were used for 

descriptive statistics (box plots with median line and interquartile range forming outside 

boundaries to illustrate distributions), and comparisons between conditions and or timepoints. 

One-way ANOVA was used to analyze differences between the three groups (EZH2 KO, EZH2 

OE, and WT 4T1 cells) at fixed timepoints. Two-way ANOVA was used to test group differences 

across timepoints, e.g., for invasiveness in 3D spheroid assay over 3 days in vitro, or primary 

tumor growth in the range of 21–28 days in vivo. Values of p < 0.05 were considered significant 

(* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). 
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Results  

EZH2 knockout and overexpressing lines derived from the 4T1 TNBC model behave similarly 

to the parent line in vitro.  We generated multiple EZH2 gene KO and EZH2 gene OE clones 

from parent WT 4T1 cells using CRISPR/Cas9 and gene amplification followed by a round of 

sorting. Lysates were prepared from each clone and analyzed by Western blot, using α-tubulin as 

a normalization control. All KO and OE clones demonstrated a successful elimination and 

overexpression of the EZH2 protein, respectively (Figure 2.1). To characterize the effect of 

altered cell-intrinsic EZH2 expression on 4T1 behavior in vitro, we selected 4T1 EZH2 KO11 

and EZH2 OE6 clones for further investigation. These two clones were selected because of their 

grossly normal morphology and viability compared to the WT. They were plated in parallel with 

the parent WT 4T1 cell line at 5 × 105 cells, and counts were performed at 24, 48, and 72 h post-

plating, revealing no significant difference in replication (Figure 2.2A). Next, we used a 3D 

spheroid invasion assay to evaluate the invasive capacities of EZH2 KO, EZH2 OE, and WT 4T1 

cells at 0, 24, 48, and 72 h post-plating (Figure 2.2B). EZH2 OE cells showed increased 

spheroid circularity at 24, 48, and 72 h (Figure 2.2C), but a decreased invasive area (another 

measure of invasiveness) at 24 h (Figure 2.2D). Conversely, compared to the WT cells in vitro, 

the EZH2 KO cells showed decreased spheroid circularity at 24 h (Figure 2.2C), but increased 

invasive areas at 0 and 24 h (Figure 2.2D). Note however that at 72 h, WT, EZH2 OE, and EZH2 

KO cells showed equal invasive areas (Figure 2.2D). 

 

EZH2 expression impacts surface phenotype and secreted mediators of 4T1 cells in vitro.  

Using flow cytometry (Figure 2S1A), the expression of relevant markers on EZH2 KO, EZH2 

OE, and WT 4T1 cells was assessed against unstained controls for positivity (Figure 2S1B), and 
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positively expressed markers were then quantified over multiple repeats across lines (Figure 

2.3A). The expression levels of CD24, CD44, ICAM-1, MHC-I, and checkpoint inhibitor PD-L1 

differed across 4T1 WT, EZH2 KO, and EZH2 OE cells. Specifically, expressions of CD24 and 

CD44 were lower on EZH2 KO compared to both the WT and EZH2 OE cells, and expressions 

of ICAM-1 and PD-L1 were lower in EZH2 KO than in EZH2 OE cells, while EZH2 OE cells 

were similar to the WT for all markers except for a lower MHC-I expression. When assessing 

their profiles of twelve secreted mediators (Figure 2.3B), we observed no significant difference 

between the WT or either EZH2 KO or EZH2 OE cells. However, EZH2 KO cells secreted 

higher levels of several mediators in comparison to EZH2 OE cells, with significant >4-fold 

increases for GM-CSF and MCP-1 and a >2-fold increase for IL1β. Similar trends for the 

increased secretion in EZH2 KO vs. EZH2 OE cultures were observed for IFNα, IL-10, IP-10, 

and TNFα secretion, albeit non-significant. 

 

EZH2 knockout reduces primary tumor growth and lung metastasis of 4T1 cells in vivo.  

Because the in vivo growth of tumor cells occurs at longer intervals and also involves other 

factors (e.g., immune cells), the in vitro data on EZH2 OE and KO 4T1 cells may not be 

predictive of their growth and metastatic potential in animals. Thus, we next moved to test the 

impacts of EZH2 knockout and overexpression on 4T1 TNBC primary tumor growth and 

metastasis in vivo. To this end, we challenged mice with WT, EZH2 KO, and EZH2 OE cells. 

The cells were injected subcutaneously in the flank of BALB/c mice and allowed to grow over 

21 days (Figure 2.4A). While the WT and EZH2 OE cells showed similar primary tumor growth 

across all timepoints, EZH2 KO cells grew significantly slower than both, resulting in a 2-fold-

smaller size at day 21 (Figure 2.4B). Since the 4T1 TNBC model is spontaneously metastatic, 
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the lungs of tumor-bearing mice were isolated at the end of the in vivo challenge and processed 

for the quantification of metastatic cells. Strikingly, EZH2 KO showed a significantly reduced 

(approximately 10-fold lower) lung metastatic burden compared to the WT and EZH2 OE cells 

(Figure 2.4C). To confirm these results, we repeated the in vivo challenge comparing WT and 

EZH2 KO cells and extended the duration by a week. Again, EZH2 KO cells grew significantly 

slower than the WT, which was evident macroscopically by day 18 (Figure S2A). The difference 

in primary tumor size between EZH2 KO and WT groups reached 4-fold by day 28 (Figure 

S2B). Additionally, a 10-fold lower lung metastatic burden was again observed between EZH2 

KO and WT cells (Figure S2C). To probe the potential implication of the EZH2-regulated 

STING pathway in the observed effects, we conducted parallel in vivo challenge with the 

longitudinal treatment of EZH2 KO- and WT-cell-injected animals with the STING agonist 

MSA-2. We observed that the MSA-2 agonism of STING significantly decreased the primary 

tumor growth (Figure S2A, B) and metastatic potential (Figure S2C) of WT cells. Interestingly, 

MSA-2 treatment did not decrease the primary tumor growth and metastatic potential in EZH2 

KO cells compared to the WT. 

 

Tumor-intrinsic EZH2 knockout alters the balance of neutrophils and CD4+ and CD8+ T 

cells in primary 4T1 tumors.  To determine whether altering EZH2 expression affects immune 

cell infiltration into tumors, we prepared single-cell suspensions from WT, EZH2 KO, and EZH2 

OE primary tumors, and quantified live infiltrating leukocytes through flow cytometry analysis 

and the sequential gating of relevant subsets (Figure 2.5A). While WT and EZH2 OE tumors 

had similar proportions across all leukocyte subsets measured, EZH2 KO tumors showed on 

average a 2-fold-lower proportion of neutrophils, and 2- and 10-fold-higher proportions of CD4+ 
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and CD8+ T cells, respectively, than the WT and EZH2 OE tumors (Figure 2.5B). Consistently, 

EZH2 KO tumors showed on average 3- to 4-fold-higher proportions of CD3+ T cells (including 

both CD4+ and CD8+), while their lower proportions of infiltrated neutrophils included both 

mature and immature cells (Figure 2S3). The paradoxical effect of tumor-intrinsic EZH2 

knockout on infiltrated neutrophils (decrease) as well as CD4+ and CD8+ T cells (increase) was 

even more striking when expressed as ratios, revealing a >20-fold decrease in the 

neutrophil:CD8+ T-cell ratio in EZH2 KO vs. WT and EZH2 OE tumors (Figure 2.5B). 
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Discussion 

In this study, we report the successful CRISPR-aided generation of several EZH2 KO and 

EZH2 OE clones derived from the 4T1 murine TNBC cell line. Based on grossly normal 

morphology and viability compared to the WT, one EZH2 KO line and EZH2 OE line were 

selected for further phenotypic evaluations in vitro and in vivo. An analysis of in vitro 

proliferation on 2D plates and invasiveness in a 3D spheroid assay [19] showed no major 

differences between EZH2 KO, EZH2 OE, and WT 4T1 cell lines, suggesting the little 

regulatory impact of EZH2 on these properties. These results are consistent with prior data on the 

siRNA-aided knockdown of EZH2 in 4T1 cells, also reporting no apparent effect on cell 

proliferation or invasiveness [14]. Our study is the first to introduce EZH2 OE cells and shows 

that these and WT cells behaved very similarly, both in vitro and in vivo, suggesting that EZH2 

expression may be already saturating with regards to downstream signaling in parent WT 4T1 

cells. 

In regard to the cell surface markers, only MHC class I was altered (lowered) in EZH2 

OE cells compared to the WT, while EZH2 KO cells showed a decreased expression of multiple 

immune activation markers (CD24, CD44, ICAM, and PD-L1) compared to EZH2 OE cells, 

with intermediate levels in WT cells. The significantly altered secretion of GM-CSF, MCP-1, and 

IL1β (all myeloid mediators) was observed in EZH2 KO culture supernatants, suggesting that 

EZH2 may impact immune crosstalk by 4T1 cells. Indeed, EZH2 KO tumors grown in vivo 

decreased the proportion of infiltrated neutrophils and increased those of infiltrated CD4+ and 

CD8+ T cells (culminating in a 20-fold reduction in the neutrophil:CD8+ T-cell ratio). 

Concomitantly, EZH2 KO tumors displayed significantly reduced growth in the primary tumor 

site (by 2 to 4 fold) and lung metastatic potential (by 10 fold). Together, our findings suggest 
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that, while baseline EZH2 expression in 4T1 TNBC cells does not seem to play a critical role in 

vitro, it is necessary to maintain high TIN:TIL ratios and their growth and metastatic potential in 

vivo. 

There is ample evidence that EZH2 is involved in the epigenetic control of critical 

immune regulatory pathways [7], notably including the STING pattern recognition receptor 

[13,20]. STING plays multiple crucial roles in danger signaling, interferon secretion, and 

leukocyte infiltration in solid tumors [21]. Prior research on the 4T1 model demonstrated altered 

levels of pro-inflammatory and interferon-related cytokines in serum [22,23]. Our in vivo 

experiments using the STING agonist MSA-2 as a longitudinal treatment combined with either 

4T1 WT or EZH2 KO cells showed significant reductions in primary tumor growth and 

metastasis potential for the former, but not the latter. Together, these findings suggest that high 

EZH2 expression in WT 4T1 cells may act in part via STING inhibition and can be overcome by 

MSA-2 treatment, while STING activity may be fully released in EZH2 KO cells, explaining the 

absence of additive antitumor effects of MSA-2. Future studies on our EZH2 KO and EZH2 OE 

lines will evaluate the relative roles of STING and other regulators of immune signaling by 4T1 

cells. 

Our in vivo findings are consistent with previous studies demonstrating that cells with 

high EZH2 expressions have an advantage in metastasizing, while EZH2 KO 4T1 tumor-bearing 

mice have significantly longer survival and decreased occurrence of metastatic colonies [24]. 

Previous work showed that metastasis in the 4T1 model is impacted by the capacity of 

circulating cancer cells to undergo epithelial–mesenchymal transition and successfully establish 

micrometastasis at a distant organ site [25]. Since EZH2 KO primary tumors likely have to 

undergo similar processes to WT cells to metastasize, our results suggest that EZH2 deficiency in 
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the former may not only negatively affect tumor cell mobilization and survival, but also the 

processes leading to metastasis. Prior studies have suggested multi-pronged roles of EZH2 in the 

modulation of TNBC aggressiveness [8–11]. 

TINs have emerged as key modulators of primary tumor growth and metastatic 

progression in TNBC [26]. As the most abundant leukocyte in human bone marrow and blood, 

neutrophils can infiltrate tumors in high numbers and acquire novel activities therein, promoting 

anti- and/or pro-tumorigenic functions [27]. In the context of TNBC patients, high levels of TINs 

are predictive of poor treatment responses and decreased survival [28,29]. TILs and TINs often 

play antagonistic roles, for example, TINs may inhibit the recruitment and/or activation of TILs 

via metabolic (e.g., arginase-mediated amino acid depletion) or cell–cell (e.g., PD-1/PD-L1 and 

TIM-3/Gal-9) interactions [30,31]. Because of these activities, TINs (whether derived from 

developmentally mature or immature neutrophils) are often categorized under the functional term 

“myeloid-derived suppressive cells” (MDSCs) [32]. 

Current therapeutic approaches face the challenge of alleviating cold tumor progression 

in the absence of T-cell activation. Although conventional anticancer treatments, like 

chemotherapy and radiotherapy, still have important roles to play in tumor burden reduction and 

preventing the selection of immune-resistant clones, the incorporation of improved therapies that 

suit the mutational burden in patients are much needed. In this context, increasing tumor 

sensitivity to ICI therapy by converting them from a “cold” to a “hot” phenotype may lead to 

better outcomes. Overall, limiting TIN infiltration to enable TIL antitumor activity (i.e., making 

cold tumors hot) is a major goal of current research [4]. Since EZH2 can be expressed in both 

TINs [33] and TILs [34], further understanding its role and impact as a tumor-intrinsic and/or 
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immune-associated factor is critical to overcoming TNBC resistance and improving patient 

outcomes. 

We acknowledge several limitations to the present study. First, our in vitro experiments 

included descriptive assessments of WT, EZH2 KO, and EZH2 OE 4T1 cells via proliferation, 

invasion, secretome, and surface flow cytometry assays, but did not include an extensive analysis 

of the epigenetic (e.g., by ATAC-Seq), transcriptomic (e.g., by RNA-Seq), proteomic, or 

metabolic (e.g., by mass spectrometry) processes of these cell lines. Based on the profound in 

vivo differences in the growth and metastasis of these cells observed in this study, future 

investigations are warranted in which WT, EZH2 KO, and EZH2 OE cells may be grown in vitro 

and sorted after in vivo expansion to compare their molecular makeup. Second, this study 

revealed significant effects of tumor-intrinsic EZH2 knockout on TIN/TIL poise, but did not 

provide functional and/or signaling data on these tumor-associated immune cells. Future 

investigations will tackle this issue after sorting individual subsets (neutrophils and CD8+ and 

CD4+ T cells, notably) using downstream analysis by RNA-Seq. Third, our findings with in vivo 

MSA-2 treatment suggest that the 4T1 WT, EZH2 KO, and OE cells are amenable to the 

combined testing of drugs directed at key pathways not only including STING, but also other 

EZH2-regulated transcriptional regulators, such as TGF β [14], STAT3 [15], and Wnt [16]. One 

may also envision investigating systemic treatment with candidate EZH2 inhibitors [17], 

although our study highlighted that tumor-intrinsic, rather than the global inhibition of this 

pathway, may be beneficial. Fourth, it is important to bear in mind that, while CRISPR editing as 

used in our study is efficient at targeting specific sites in the genome, it is also affected by 

potential off-target effects, which would need to be ascertained by deep sequencing methods in 

follow-up investigations. Fifth, our study assessed tumor growth in vivo every 3 days, but 
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metastatic potential only at endpoint (21 or 28 days), and only in the lung. Future studies could 

measure metastatic potential at other timepoints and in other organs, such as the brain and liver. 

Ideally, it would be desirable in such extended studies to attempt a spatial transcriptomics 

analysis of human TNBC resection tissues from both primary tumor and metastatic sites to assess 

the potential association between EZH2 expression in tumor cells and the nearby presence of 

TILs vs. TINs, as suggested by our study using the 4T1 model. 



   54 

Acknowledgments 

The authors thank Emory University Pediatrics and Winship Flow Cytometry core, Emory 

Division of Animal Resources, and the Emory University Institutional Animal Care and Use 

Committee. The authors also thank Curtis Henry from the University of Colorado Anschutz 

Medical Campus, Rebecca Parker, and Diego Moncada Giraldo, James Lyles, and Wei Zhou 

from Emory University for their feedback and critical reading of the manuscript. 

  



   55 

Figures 

 

Figure 2.1. EZH2 knockout (KO) and overexpression (OE) cell clones were generated from 

the parent wild-type (WT) 4T1 TNBC line. (A) Western blots (L indicates protein ladder) and 

(B) densitometric analysis comparing 11 clones from each EZH2 KO (upper panel) and EZH2 

OE (lower panel) lines to the 4T1 WT line (2 sets of blots for each), with alpha-tubulin as the 

normalization control. (C) Comparison of EZH2 protein expression between KO (blue squares) 

and OE (red triangles) groups by Wilcoxon rank-sum test, ****p < 0.0001. 
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Figure 2.2. In vitro replicative and invasive behaviors of EZH2 KO and EZH2 OE 

compared to parent WT 4T1 cells. (A) Counts of 4T1 WT, EZH2 KO, and EZH2 OE lines over 

72 h of growth in 2D plates. (B) Representative images of spheroid for 4T1 WT, EZH2 KO, and 

EZH2 OE lines, and quantification of (C) circularity and (D) invasive area over 72 h of growth 

in a 3D invasion assay (n = 8 spheroids per group). Comparisons across groups and timepoints 

are by two-way ANOVA with Tukey’s post-hoc test and shown as * p < 0.05, ** p < 0.01, *** p 

< 0.001, and **** p < 0.0001. 
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Figure 2.3. In vitro surface phenotype and secreted factors by EZH2 KO and EZH2 OE 

compared to parent WT 4T1 cells. (A) 4T1 WT (black circles), EZH2 KO (blue squares), and 

EZH2 OE (red triangles) lines were cultured in DMEM for 24 h and analyzed for the surface 

expression of relevant surface markers by flow cytometry (six repeats, see Methods and (Figure 

2S1 for details). (B) Culture supernatants were screened for relevant extracellular mediators via 

mesoscale assay (four repeats). Comparison between groups is by one-way ANOVA with 

Tukey’s post-hoc test and shown as * p < 0.05, ** p < 0.01.  
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Figure 2.4. In vivo primary tumor growth and lung metastasis by EZH2 KO and EZH2 OE 

compared to parent WT 4T1 cells. (A) Experimental timeline of 4T1 WT, EZH2 KO, and 

EZH2 OE injections in mice. (B) Growth of 4T1 WT, EZH2 KO, and EZH2 OE primary tumors 

over 21 days post-injection (n = 6–7 mice per group). Comparisons across groups and timepoints 

are by two-way ANOVA with Tukey’s post-hoc test and shown as * p < 0.05 and ** p < 0.01 

(brackets). Comparison between groups at each timepoint is by one-way ANOVA and shown as * 

p < 0.05 (as indicated for WT vs. EZH2 KO and EZH2 KO vs. EZH2 OE, above each timepoint). 

(C) Lung metastasis assays for 4T1 WT, EZH2 KO, and EZH2 OE lines. Comparisons between 

groups are by one-way ANOVA with Tukey’s post-hoc test and shown as ** p < 0.01 and *** p 

< 0.001. 
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Figure 2.5. In vivo primary tumor infiltration by neutrophils and CD4+ and CD8+ T cells 

for EZH2 KO and EZH2 OE compared to parent WT 4T1 cells. (A) Flow cytometry strategy 

for gating of infiltrating leukocyte subsets in 4T1 WT, EZH2 KO, and EZH2 OE primary tumors, 
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with sequential steps 1 (leukocytes), 2 (live cells), 3 (singlets), 4 (granulocytes, including mature 

neutrophils, immature neutrophils, and eosinophils), 5 (non-granulocytes), 6 (T cells), and 7 

(CD4+ and CD8+). (B) Relative percentages of infiltrating neutrophils and CD4+ and CD8+ 

cells among live leukocytes (top), and ratios between these subsets (bottom) in 4T1 WT (black 

circles), EZH2 KO (blue squares), and EZH2 OE (red triangles) primary tumors. Comparisons 

between groups are by one-way ANOVA with Tukey’s post-hoc test and shown as * p < 0.05 and 

** p < 0.01. 
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Figure 2S1. In vitro surface phenotype of EZH2 KO and EZH2 OE compared to parent 

WT 4T1 cells. (A) Gating strategy showing sequential cells, singlets and live gates. (B) 

Representative stacked histograms comparing expression levels of given phenotypic markers on 

stained EZH2 KO, EZH2 OE and WT 4T1 cell lines compared to unstained EZH2 KO cells 

(similar to EZH2 OE and WT 4T1 cells for baseline MFI in unstained samples). Dashed lines 

represent thresholds for marker positivity based on the upper boundary in respective unstained 

controls, revealing significantly expressed markers (top) and non-expressed markers (bottom). 

  



   62 

 

Figure 2S2. In vivo primary tumor growth and lung metastasis by EZH2 KO compared to 

parent WT 4T1 cells, in the absence or presence of STING agonist MSA-2. (A) 

Representative images of 4T1 WT and EZH2 KO primary tumors at day 18 post-injection are 

shown, grow either in the absence of MSA-2 (same as experiment presented in (Figure 2.2), or 

in the presence of MSA-2 (+M). (B) Growth of 4T1 WT and EZH2 KO primary tumors over 28 

days post-injection (n=6-7 mice per group, left), in the absence of MSA-2 (repeat of experiment 

conducted over 21 days, shown in (Figure 2.2), or in the presence of MSA-2 (+M). Comparison 

across groups and timepoints is by two-way ANOVA with Tukey post-hoc test and shown as 

*p<0.05, **p<0.01, and ***p<0.001 (brackets). Comparison between groups at each timepoint is 

by one-way ANOVA and shown as *p<0.05 and **p<0.01 (as indicated for WT vs EZH2 KO, 

WT vs EZH2 KO+M, and WT+M vs EZH2 KO+M, above each timepoint). (C) Lung metastasis 

assay for 4T1 WT and EZH2 KO lines grown in the absence or presence of MSA-2 (+M). 

Comparison between groups is by one-way ANOVA with Tukey post-hoc test and shown as 

*p<0.05, and ***p<0.001.  
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Figure 2S3. In vivo primary tumor infiltration by CD3+ T cells, mature and immature 

neutrophils for EZH2 KO and EZH2 OE compared to parent WT 4T1 cells. Relative 

percentages in 4T1 WT, EZH2 KO and EZH2 OE primary tumors of CD3+ T cells (left), mature 

neutrophils (middle) and immature neutrophils (right) gated among live leukocytes per Figure 

2.5A. Comparison between groups is by one-way ANOVA with Tukey post-hoc test and shown 

as **p<0.01, and ***p<0.001. 
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Abstract 

LKB1 is one of the most frequently mutated tumor suppressor genes in lung 

adenocarcinoma (LUAD), accounting for the majority of lung cancer cases. Due to poor T-cell 

infiltration, recently developed cancer immunotherapies such as chimeric antigen T-cell (CAR-T) 

and immune checkpoint inhibitors (ICIs) have not been effective at treating LKB1-mutant 

LUAD. This lack of response could also be attributed to the chronic recruitment of tumor-

infiltrating neutrophils (TINs) at the tumor site. The enhancer of zeste homolog 2 (EZH2), a 

prominent methyltransferase in primary and metastatic lung tumors, is expressed in TINs. EZH2 

is a direct target of LKB1, and an inhibitor of stress responses mediated by STING. However, the 

status of STING signaling and if it can be activated in TINs to overcome EZH2 expression in 

tumors is unknown. Here, we developed a novel human LKB1-mutant LUAD/TIN biomimetic 

model to address this question. We cultured H441 and H1944 LKB1-mutant LUAD lines at air-

liquid interface on permeable scaffolds, followed by the transmigration of human blood 

neutrophils. Effects of the STING agonist MSA-2 and of EZH2 inhibitors EPZ6438 and MS1943 

were assessed by flow cytometry and a 20-plex immune mediator assay. We observed that MSA-

2, EZP6438, and MS1943 treatments induced significant increases in STING-dependent 

mediators IL-6, IP-10 and MIP-1beta. Most strikingly, MSA-2 treatment induced 27-fold higher 

levels of the type III interferon mediator IL-29 (interferon lambda 3) compared to control, while 

neither type I nor type II interferons were induced. These findings in our novel model of LKB1-

mutant LUAD/TIN interplay show responsiveness to STING activation and EZH2 inhibition 

through induction of type III interferon and other immune mediators and suggest that these drugs 

may be used to reactivate immune responses against LKB1-mutant LUAD. 

Keywords: adenocarcinoma, EZH2, IL-29, LKB1, neutrophils, STING  
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Introduction 

Lung cancer is one of the deadliest cancers worldwide with 1.8 million deaths and 2.5 

million new cases each year [1]. Approximately 85% of lung cancer patients are diagnosed with 

non-small cell lung cancer (NSCLC), which is associated with a 5-year survival rate of less than 

18%. LKB1, p53 and K-Ras are the most common genes whose expression is altered by 

mutations that drive lung cancer initiation and progression [2-5]. In particular, LKB1-mutant 

lung adenocarcinoma (LUAD) comprises ~40% of all lung cancer cases and is prone to develop 

metastasis during early stages [6]. Historically, patients with LUAD are treated with surgery, 

chemotherapy, radiation, tyrosine kinase inhibitors, and immune checkpoint inhibitors (ICIs), 

depending on the disease stage [7-10]. However, treatment inefficacy is common due to acquired 

resistance, insufficient T-cell infiltration, and loss of immunotoxic activities in the tumor niche. 

Moreover, high neutrophil-to-lymphocyte ratio in LUAD patients correlates with unfavorable 

clinical outcomes, higher rates of relapse and decreased survival [11, 12]. Thus, more effective 

treatments for LUAD are still needed, notably in the case of LKB1-mutant tumors.  

Inflammation caused by the rapid proliferation of lung cancer cells results in tissue 

damage, which induces the recruitment of neutrophils from blood. Upon recruitment into this 

microenvironment, tumor-infiltrating neutrophils (TINs) adopt novel functions. TINs can 

promote cancer cell growth and invasion by stimulating pro-angiogenic factors, remodeling the 

extracellular matrix, and inducing cell aggregation that eventually contribute to extravasation and 

metastasis [13-15]. TINs can also support tumor growth by exerting immunosuppressive 

functions against other tumor-infiltrating immune cells through metabolic blockade (e.g., by 

arginine catabolism via arginase-1), checkpoint signaling (e.g., via PD-L1/PD-1 ligation), and 

neutrophil elastase (e.g., by cleavage of CD2, CD4, CD8 and CD25 surface receptors on T-cells) 
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[16-18]. Conversely, TINs may limit tumor growth via metabolic restriction (competition for 

glucose) and pro-apoptotic signaling (e.g., dependent on neutrophil elastase internalization) [19, 

20]. Hence, modulating TINs with novel immunotherapeutics is a promising approach to 

overcoming current inefficiencies of LUAD treatments. 

The enhancer of zeste homolog 2 (EZH2) is a prominent methyltransferase associated 

with the Polycomb repressive complex 2 (PRC2) that is aberrantly expressed in various cancers. 

EZH2 overexpression in LUAD promotes the initiation, progression, and immune dysregulation 

of primary and metastatic tumors [21, 22]. LKB1 normally inhibits EZH2, in turn affecting 

multiple downstream pathways such as the stimulator of interferon genes (STING), which is 

normally inhibited by EZH2. Loss-of-function mutations in LKB1 result in EZH2 

overexpression and downstream STING inhibition, which enables mitochondrial damage and the 

presence of cytoplasmic double-stranded DNA in rapidly proliferating LUAD to avoid detection, 

downstream interferon induction and immune activation [2, 3, 23]. In addition to its intrinsic role 

in tumor cells, EZH2 is also expressed by TINs and influences their recruitment and 

immunoregulatory activities, notably in relation to T-cell recruitment to the tumor niche and 

activation therein [16]. Multiple studies have identified EZH2 as a clinical biomarker and 

potential therapeutic target in LUAD patients [24, 25]. However, it is unknown if STING 

activators or EZH2 inhibitors may disrupt LUAD/TIN interplay and positively impact tumor 

growth and clinical outcomes. 

In prior work, our group developed a co-culture model based on the migration of primary 

blood neutrophils through a LUAD monolayer, resulting in the mass-production of human TINs 

and revealing profound transcriptional and functional reprogramming in these cells [26]. To 

better understand how EZH2 and/or STING modulation may directly impact TINs and control 



   74 

their secretion of anti- or pro-tumor factors, we utilized this transmigration model in the presence 

or absence of small molecule EZH2 inhibitors and a STING agonist. Among other findings, our 

data reveal a strong (27-fold) induction in IL-29 secretion by the STING agonist MSA-2 in 

LUAD/TIN co-cultures, while EZH2 inhibitors EPZ6438 and MS1943 led to increased IL-6, IP-

10 and MIP-1 secretion, suggesting potential therapeutic use to reactivate anti-tumor immunity 

in conventionally treatment-resistant LUAD. 
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Materials and methods 

LUAD cell culture.  H441 (LKB1 wild-type, KRAS/TP53 and EGFR mutant LUAD; ATCC, 

Cat: HTB-174) and H1944 (ATCC, Cat: CRL-5907) cells were maintained in DMEM/F-12 

media supplemented with 10% FBS (Corning), 2 mM glutamine (Sigma-Aldrich), and 100 

U/mL-0.1 mg/mL penicillin/ streptomycin (Sigma-Aldrich) at 37 ◦C and 5% CO2. For co-

cultures, 2.5x105 H441 or H1944 cells were cultured at air-liquid interface on Alvetex scaffolds 

(Reprocell) coated with rat tail collagen (Sigma-Aldrich) [27]. Every two days, basolateral 

medium DMEM/F-12 media supplemented with 2% Ultroser G (Crescent Chemical Co.), 2 mM 

glutamine (Sigma-Aldrich) and 100 U/mL-0.1 mg/mL penicillin/streptomycin (Sigma-Aldrich) 

was replaced. After 14 days, membranes were inverted, allowing for fresh blood neutrophil 

loading on the basolateral side and transepithelial migration through H441 or H1944 monolayers, 

as detailed below. 

 

Human neutrophil isolation and transmigration.  Blood from healthy donors was collected by 

venipuncture in K2-EDTA tubes and placed on ice. Right after collection, blood neutrophils 

were isolated using Polymorphprep (Accurate Chemical) by centrifugation at 400xg for 42 min 

at RT with slow acceleration and minimal break. The neutrophil layer was collected with a 

Pasteur pipette, transferred to a 15 ml conical tube. After lysis of residual red blood cells, 

neutrophils were washed and were resuspended in RPMI-1640 medium (Corning) and count was 

determined using a Cellometer T4 Automated Counter with trypan blue. A total of 100 L of 

purified blood neutrophils (1x106 cells) were loaded on top of the filter of each well. Samples 

were incubated for 12 h to allow neutrophils to transmigrate towards the chemoattractant 

leukotriene B4 (LTB4, 100 nM, Sigma-Aldrich) in the absence or presence of EZH2/STING 
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drugs (below) at 37 ◦C and 5% CO2. After transmigration, neutrophils were collected, washed 

three times, and resuspended in RPMI-1640 for analysis by flow cytometry. 

 

Drugs.  EZP6438 (Cat:16174, Cayman Chemicals) was dissolved in dimethyl sulfoxide (DMSO) 

at a stock concentration of 1 mg/mL, aliquoted and stored at -20 ◦C until use. For transmigration, 

a concentration of 100 nM of EPZ6438 in 2 ml of DMEM per well was used. MS1943 (Cat: HY-

133129, MedChemExpress) was dissolved in DMSO at a stock concentration of 5 mM, aliquoted 

and stored at -20 ◦C until use. For transmigration, a concentration of 5 µM in 2 mL of DMEM 

per well was used. MSA-2 (benzothiophene oxobutanoic acid; Cat: HY-136927, 

MedChemExpress) was dissolved in DMSO at a stock concentration of 20 mg/mL, aliquoted and 

stored at -20 ◦C until use. For transmigration, a concentration of 30 M of MSA-2 in 2 ml of 

DMEM per well was added. 

 

Extracellular mediator assay.  Supernatants from 12 h co-cultures of H441 or H1944 cells with 

transmigrated human neutrophils were collected and stored at -80 ◦C until use. Extracellular 

mediators were measured by high-sensitivity chemiluminescent multiplexed assay (U-PLEX, 

Meso Scale Discovery), following the manufacturer’s protocol. Plates were acquired on the 

QuickPlex SQ 120MM reader and later analyzed using Discovery Workbench 4.0 software (both 

from Meso Scale Discovery). For concentrations that were below the lower limit of detection, a 

value of half the lower limit was imputed; these values are represented with a green symbol. For 

concentrations that were above the higher limit of quantitation, a value of twice the higher limit 

was assigned; these values are represented with a blue symbol. 
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Flow cytometry analysis.  Neutrophils were pre-incubated with Human TruStain FcX Fc 

blocking antibody (Clone 24G2, BioLegend) in FACS buffer at room temperature for 10 min. 

Then, neutrophils were incubated with fluorochrome-conjugated antibodies in the dark for 30 

min at 4 ºC. The staining panel included antibodies against CD63 (Clone H5C6), CD45 (Clone 

H130), CD16 (Clone 3G8), CD66b (Clone G10F5), CD47 (Clone CC2C6), LFA-1 (Clone m24), 

and the FLICA probe (FAM-YVAD-FMK, cell permeable caspase-1 substrate) all purchased 

from BioLegend, as well as Live Dead (Near infra-red, Cat. L10119) purchased from 

ThermoFisher Scientific. After incubation, neutrophils were washed three times with FACS 

buffer, and fixed in Lyse/Fix Phosflow (BD Biosciences). The stained samples were acquired in 

an Aurora Spectral Flow Cytometer (Cytek Biosciences), and the data was analyzed using 

FlowJo software (version 10.10, BD Biosciences). 

 

Statistical analysis.  All graphs were performed using Prism software (version 10.2, GraphPad 

Software). Data analysis was performed using JMP13 (SAS Institute) for statistical analysis.  

One-way ANOVA was used to analyze differences between the three treatments (EPZ, MS1943, 

and MSA-2) among both H441 and H1944 cell lines. Values of p < 0.05 were considered 

significant (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). 
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Results 

Development of a LKB1-mutant LUAD/TIN cell culture model.  To determine if drugs 

modulating EZH2 or STING signaling can impacts communication between LUAD cells and 

TINs, we developed a LUAD/TIN co-culture model. This model used either H441 or H1944 

cells differentiated on a scaffold at air-liquid interface. Transmigration of neutrophils (1x106 

added to each filter) across LUAD layers was driven by the LTB4 chemoattractant, in the 

absence or presence of EZH2- or STING-targeting drugs and analyzed after 12 h (Figure 3.1A). 

After flow cytometry gating (Figure 3S1), the yield of TINs obtained across each scaffold was 

determined and found to range from 1x104 to 7x104 cells (Figure 3S2). 

 

STING agonism alters mediator secretion in LUAD/TIN co-cultures.  Among pro-neutrophil 

and monocyte/macrophage mediators (Figure 3.2A), we observed cell line-dependent 

differences with increased levels of G-CSF and ENA-78 and decreased level of VEGF in 

H1944/TIN vs H441/TIN co-cultures, which were present in both control and MSA-2 treated 

conditions. In addition, MSA-2 significantly increased MIP-1 beta and G-CSF levels in 

H1944/TIN co-cultures. Among inflammasome family mediators (Figure 3.2B), we observed 

cell line-dependent differences with increased levels of IL-18 and IL-1 in H1944/TIN vs 

H441/TIN co-cultures, which were present in control but not MSA-2 treated condition. In 

addition, MSA-2 significantly increased IL-18 in H1944/TIN co-cultures and decreased IL-1RA 

in H441/TIN co-cultures. Among inflammatory mediators (Figure 3.2C), we observed cell line-

dependent differences with increased levels of IL-6 in H1944/TIN vs H441/TIN co-cultures, 

which were present in control and MSA-2 treated conditions. In addition, MSA-2 significantly 
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increased IL-6 and TNF in H1944/TIN co-cultures. Finally, among interferon-family mediators 

(Figure 3.2D), we observed cell line-dependent differences with increased levels of IL-29 in 

H1944/TIN vs H441/TIN co-cultures, which were present in control and MSA-2 treated 

conditions. In addition, MSA-2 significantly increased IL-29 in both H1944/TIN and H441/TIN 

co-cultures and IP-10 in H1944/TIN co-cultures. 

 

STING agonism does not alter TIN phenotype in LUAD/TIN co-cultures. Flow cytometry 

analysis of intracellular levels of active caspase-1 (cell-permeable FLICA probe) and surface 

markers CD16, CD45, CD63, CD66b and LFA-1 did not reveal any difference between LKB1-

mutant (H1944) and wild type (H441)/TIN co-cultures at baseline, or under MSA-2 treatment 

(Figure 3.3). Of note, however, MSA-2 seemed to reduce CD47 expression on TINs from both 

H441/TIN and H1944/TIN co-cultures, although this did not reach statistical significance. 

 

EZH2 inhibition alters mediator secretion in LUAD/TIN co-cultures.  Among pro-neutrophil 

and monocyte/macrophage mediators (Figure 3.4A), we observed cell line-dependent 

differences with increased levels of G-CSF, TRAIL and ENA-78 and decreased level of VEGF 

in H1944/TIN vs H441/TIN co-cultures, which were present in both EPZ6438 and MS1943 

treated conditions. In addition, EPZ6438 and MS1943 both significantly increased GM-CSF and 

MS1943 increased MIP-1 beta in H1944/TIN co-cultures. Among inflammasome family 

mediators (Figure 3.4B), we observed cell line-dependent differences with increased levels of 

IL-18 and IL-1 in H1944/TIN vs H441/TIN co-cultures, which were present in both EPZ6438 
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and MS1943 treated conditions. In addition, MS1943 significantly decreased IL-1 in H441/TIN 

co-cultures. Among inflammatory mediators (Figure 3.4C), we observed cell line-dependent 

differences with increased levels of IL-6 and TNF in H1944/TIN vs H441/TIN co-cultures, 

which were present in control and MSA-2 treated conditions. Finally, among interferon-family 

mediators (Figure 3.2D), MS1943 significantly increased IP-10 levels in H1944/TIN co-cultures 

compared to control condition, and in H441/TIN co-cultures compared to EPZ6438 conditions. 

 

EZH2 inhibition alters TIN phenotype in LUAD/TIN co-cultures.  Differences in secreted 

mediators observed with EPZ6438 and MS1943 treatments of LUAD- occurred along with 

altered TIN phenotype, as determined by flow cytometry analysis (Figure 3.5). In H441/TIN co-

cultures, EPZ decreased TIN intracellular caspase-1 activity compared to control condition, and 

MS1943 increased TIN intracellular caspase-1 activity compared to the EPZ6438 condition. 

MS1943 also increased TIN surface CD63 expression in H441/TIN co-cultures compared to 

control and EPZ6438 conditions. In H1944/TIN co-cultures, MS1943 also increased TIN surface 

CD63 expression compared to control and EPZ6438 conditions. Finally, MS1943 also increased 

TIN surface LFA-1 expression in H1944/TIN co-cultures compared to the EPZ6438 condition. 
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Discussion 

In this study, we established a LUAD/TIN co-culture model featuring LKB1-mutant or 

wild type human LUAD cells combined with transmigrated primary human blood neutrophils, 

extending prior work from our group [27]. We used this model to evaluate LUAD/TIN responses 

to drugs targeted at the EZH2 and STING pathways, which are operating directly downstream of 

LKB1 signaling. 

Previous studies have reported LKB1 inactivation in lung cancer to be associated with 

EZH2 activation and subsequent epigenetic inhibition of STING expression, promoting 

neutrophil recruitment and mediating T-cell exclusion in LUAD [4]. It has also been observed 

that LKB1-mutant LUAD are associated with poorer clinical outcomes of immunotherapy due to 

increased PD-L1 expression and tumor mutational burden. In this study, we observed that 

LUAD/TIN co-cultures significantly differed in their baseline secretion profiles of several key 

immune mediators depending on whether LUAD cells were LKB1-mutant (H1944) or wild type 

(H441). Notably, we observed increased secretion of G-CSF, ENA-78, IL-18, IL-29 and IL-6 

and decreased secretion of VEGF and IL1-RA in the former compared to the latter. This pattern 

is highly suggestive of a pro-neutrophilic, pro-inflammatory bias in LKB1-mutant LUAD, which 

is consistent with the in vivo microenvironment for this type of lung tumors. 

Next, we observed that LUAD/TIN co-culture treatment with the STING agonist MSA-2 

led in both LKB1-mutant and wild type models to substantially increased secretion of IL-29 

(increased 27-fold compared to baseline in the former). IL-29 (also known as interferon lambda 

3) is a potent mediator of epithelium/neutrophil signaling, potentiating functional activities of 

neutrophils (such as scavenging of debris), but also limiting their recruitment [28], which may be 
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beneficial in the context of LKB1-mutant LUAD. MSA-2 treatment also induced higher IP-10 

secretion in LUAD-TIN co-cultures. In prior instances, IP-10 has been identified as a 

chemoattractant of activated T-cells into sites of inflammation [29].  Significant increase in 

secretion of MIP-1 in LKB1-mutant LUAD/TIN co-cultures under MSA-2 treatment was also 

observed. Previous observations indicate that when neutrophils transmigrate through the 

basement membrane, they can secrete MIP-1 to induce further transmigration of myeloid cells 

from the vasculature into inflammatory tissues [30]. Taken together, pharmacological activation 

of STING by MSA-2 may bypass its blockade by EZH2, inducing interferon-mediated stress 

responses and shifting signal intratumor signaling toward pathways (e.g., IRF3 and STAT1) that 

promote LUAD cell death and boost the efficacy of T cell immunotherapy [3, 31, 32]. 

Interestingly, when we profiled intracellular caspase-1 activity and expression of key 

surface markers on transmigrated neutrophils in LUAD-TIN co-cultures, we did not find 

significant differences between LKB1-mutant and wild type models, suggesting that they are not 

leading to differential functional polarization of TINs. Except for a (non-significant) decrease in 

CD47, MSA-2 treatment did not alter intracellular and surface markers in TINs. The fact 

substantial changes in mediator secretion may occur under MSA-2 treatment without altering 

TIN phenotype is an interesting observation that warrants further investigation. 

Similarly to but also distinctly from the observed effects of direct STING activation in 

LUAD-TIN co-cultures by MSA-2, treatment with the EZH2 inhibitors EPZ6438 and MS1943 

also led to altered secretion of several mediators. These included, for LKB1-mutant LUAD, 

increased IP-10 and MIP-1 (as observed for MSA-2), and increased GM-CSF (not seen with 

MSA-2), while IL-29 was unchanged (unlike MSA-2). Also unlike MSA-2, MS1943 altered TIN 
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phenotype with an increased surface expression of CD63 indicating increased exocytosis of 

neutrophil elastase-rich (azurophil) granules [33]. These findings suggest that EZH2 inhibition 

and STING agonism may work partially but not fully along the same lines, likely because EZH2 

has other targets than STING, and because STING has other regulators than EZH2. 

We acknowledge several limitations to this study. First, even when our model seems to 

mimic some of the interplay between LKB1-mutant or wild type LUAD with TINs, we have not 

yet cross-validated the observed changes in mediator secretion and TIN phenotype with data 

from in vivo studies of LUAD. Second, while our secreted mediator screen revealed interesting 

results regarding IL-29 signaling as baseline difference between LKB1-mutant vs. wild type 

LUAD and as a highly upregulated secreted factor upon MSA-2 treatment, we do not know 

which cells secrete it and/or respond to it. Indeed, IL-29R is expressed on both LUAD epithelial 

cells and TINs, and IL-29 itself can be made by both cell types. Hence, complex 

autocrine/paracrine signaling may occur when IL-29 secretion is present and upregulated in 

LUAD/TIN co-cultures, which requires further investigation. 

Over the past two decades important advancements to treat LUAD have been achieved. 

However, the overall survival rate remains low, especially when patients reach a metastatic stage 

[1]. Much work remains to be accomplished to reach a deeper understanding of the underlying 

pathobiology of LUAD and develop effective therapies able to overcome tumor resistance to 

therapeutics, whether intrinsic or extrinsic. Intrinsic resistance occurs within tumor cells as they 

adapt via changes in DNA damage response, gene expression, signaling, and/or immune 

interactions. Extrinsic resistance relates to changes in the tumor microenvironment, including but 

not limited to changes in T-cell activation [9, 34]. Current LUAD treatments generally aim to 
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target mutant genes/proteins in tumor cells or restore effector T-cell function, however, these 

approaches have reached limited clinical success notably in the context of LKB1-mutant tumors. 

Interaction between tumor cells and T-cells and innate cells like TINs (as studied here), as well as 

tumor-infiltrating monocytes, macrophages and eosinophils, are expected to influence immune 

killing of cancer cells, notably when treating cold tumors with a high innate to adaptive immune 

cell ratio [35, 36]. An avenue currently under investigation is the use of conventional treatments 

in combination with STING agonists [37-39]. Data presented here also warrant future studies to 

explore non-overlapping and/or synergistic effects of EZH2 inhibitors with STING agonists. 

Such novel combinations may yield therapies with manageable toxicity profiles and significant 

benefits in relation to LUAD/TIN interplay, cancer progression and patient survival. 
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Figures 

 

Figure 3.1. Human LKB1-mutant LUAD/TIN coculture model and analytical setup. H441 

and H1944 LKB1-mutant LUAD lines were cultured at air-liquid interface on Alvetex scaffolds 

(Reprocell), followed by the transmigration of human blood neutrophils to generate tumor 

infiltrating neutrophils (TINs). The effect of EZH2- and STING-targeted drugs on the fluid 

secretome and TIN phenotype was analyzed.  
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Figure 3.2. Impact of STING agonist MSA-2 on secreted mediators in LUAD/TIN co-

cultures. (A-D) Human neutrophils were transmigrated through H441 (black) and H1944 (pink) 

LUAD lines for 12 h, using apical LTB4, in the absence or presence MSA-2, after which co-

culture supernatants were profiled for 4 families of secreted mediators using a 20-plex assay. 

Comparisons between H441 and H1944 cell lines and between control and MSA-2 treatment are 

assessed by the Wilcoxon test (N=6-7) and shown as * for p<0.05. 
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Figure 3.3. Impact of STING agonist MSA-2 on TIN phenotype in LUAD/TIN co-cultures. 

Human neutrophils from healthy donors transmigrated through H441 (black) and H1944 (purple) 

LUAD lines into LTB4 only (control) or LTB4+MSA-2 (MSA-2) were subjected to flow 

cytometry analysis to assess activation profiles. Comparison between H441 and H1944 cell lines 

and between control and MSA-2 treatment was by Wilcoxon test (N=6-7). 
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Figure 3.4. Impact of EZH2 inhibitors EPZ6438 and MS1943 on secreted mediators in 

LUAD/TIN co-cultures. (A-D) Human neutrophils were transmigrated through H441 (black) 

and H1944 (pink) LUAD lines for 12 h, using apical LTB4, in the absence or presence of 

EPZ6438 (EPZ) or MS1943, after which co-culture supernatants were profiled for 4 families of 

secreted mediators using a 20-plex assay. Comparisons between H441 and H1944 cell lines and 

between control and MSA-2 treatment are assessed by the Wilcoxon test (N=6-7) and shown as * 

for p<0.05. 
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Figure 3.5. Impact of EZH2 inhibitors EPZ6438 and MS1943 on TIN phenotype in 

LUAD/TIN co-cultures. (A) Human neutrophils from healthy donors transmigrated through 

H441 (black) and H1944 (purple) LUAD lines into LTB4 only (control), LTB4+EPZ6438 

(EPZ), or LTB4+MS1943 (MS1943) were subjected to flow cytometry analysis to assess 

activation profiles. Comparison between H441 and H1944 cell lines and between control and 

EPZ6438 or MS1943 treatments was by Wilcoxon test (N=6-7), and shown as * for p<0.05. 
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Supplementary Figure 3S1.  Flow cytometry strategy for gating of TINs in LUAD/TIN 

cocultures. After 12 h of transmigration, TINs were collected from the apical compartment and 

identified with sequential gates 1 (singlets), 2 (leukocytes), 3 (live cells), and 4 (neutrophils), 

shown from left to right. 
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Supplementary Figure 3S2. Quantification of TINs in LUAD/TIN cocultures. After each 12 

h of transmigration, TINS were collected from the apical compartment and analyzed by flow 

cytometry. Shown are 6-7 independent repeats for LTB4 only (control), LTB4+MSA-2 (MSA-

2), LTB4+EPZ6438 (EPZ), and LTB4+MS1943 (MS1943) conditions. 
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Foreword 

 One in eight women in the United States is at risk of developing breast cancer including 

but not limited to triple-negative breast cancer (TNBC), during her lifetime. By the year 2050, it 

is estimated that there will be 3.2 million new breast cancer cases worldwide, each with distinct 

phenotypes and clinical outcomes [1]. Likewise, each year, around 230,000 people in the United 

States are diagnosed with lung cancer, including but not limited to lung adenocarcinoma 

(LUAD), and an estimated 135,000 patients die from the disease [2]. Patients diagnosed with 

these cancer subtypes represent a high-risk group due to high patient-to-patient tumor 

heterogeneity and a lack of specific therapeutic targets, resulting in increased rates of relapse, 

recurrence, and mortality. In recent years, research efforts have led to exciting progress in 

characterizing the molecular and immune profiles of different cancer subtypes, thereby 

enhancing treatment design. In addition, significant advances have been made in understanding 

the mechanisms of escape that allow cancer cells to survive in the face of an anti-tumor immune 

response, and how to counter them. 

Currently, three main types of immunotherapeutic strategies are employed: 1) passive, 

which includes the infusion of monoclonal antibodies that bind to tumor-associated targets and 

target them for immune attack, and systemic administration of recombinant cytokines to boost 

immune responses; 2) active, which involves the administration of immune checkpoint inhibitors 

(ICIs) and vaccines; and 3) adoptive, which stimulates effector T-cell activation to eliminate 

cancer cells [3]. However, immunologically “cold” tumors like TNBC and LUAD typically do 

not respond well to immunotherapies, often due to deficiencies in immune signaling and antigen 

presentation [4]. Tumors also acquire antigen editing mechanisms to evade antitumor immune 

responses [5]. The complex mechanisms by which cancer cells escape host immune surveillance, 
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including cell-cell interactions with innate and adaptive immune cells, are areas of high interest 

in translational research. 

 One extrinsic factor that induces inhibition and exhaustion of T-cells in tumors is the 

enriched presence of tumor-infiltrating neutrophils (TINs). TINs have emerged as key 

participants in the complex immune landscape of cancer, both promoting and restraining tumor 

growth, depending on the context. In cases where TINs enable cancer pathogenesis, they have 

been implicated in promoting tumor proliferation by activating anabolic pathways, angiogenesis 

by promoting endothelial cell growth, and the formation of metastases by helping cancer cells 

detach form the primary tumor mass, intravasate into the circulation, then extravasate in a remote 

site and establish a new outpost. Consistently, a high frequency of circulating neutrophils (as 

measured by the neutrophil to lymphocyte ration, for example) has also been associated with 

poor cancer patient prognosis and response to treatment [6]. To overcome this issue, TINs are 

prominent candidates for the development of novel therapeutic strategies. 

 

EZH2, a potential TNBC therapeutic target 

High expression of the transcriptional repressor EZH2 in TNBC causes epigenetic 

silencing of target genes such as stimulator of interferon genes (STING), which impact the 

survival and metastatic potential of cancer cells. EZH2 expression also correlates with advanced 

disease stages and poor prognosis. Interestingly, EZH2 is also a key regulator of immune cell 

development, differentiation, and function, as well as tumor/immune cell interplay [7]. Previous 

studies have shown that EZH2 acts in neutrophils to modulate their mobility in response to 

chemotactic signals, enhancing their influx into tissue [8]. In addition, previous studies have 

reported that high EZH2 expression in breast epithelial cells induces anchorage-independent 
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growth that supports cell invasion in vivo through MMP-2/-9 regulation [9, 10]. Also, studies in 

B-cell lymphomas have shown a correlation between EZH2 mutational rate and MHC-I/II 

expression deficiency. While the mechanisms by which EZH2 modulates the MHC complex and 

other antigen presentation molecules remain unknown, this phenomenon has been observed in 

various cancers [11]. 

In this dissertation, we aimed to better understand how absence of EZH2 could directly 

impact tumor growth and metastasis while regulating TINs/TILs in the tumor microenvironment. 

In Chapter 2 (Figure 4.1), we used CRISPR technology to generate EZH2 KO and EZH2 OE 

clones from a 4T1 murine TNBC cell line. 

 

Figure 4.1. EZH2 expression influences immune cell infiltration and impacts disease 

progression in TNBC. High levels of EZH2 in cancer cells have shown to inhibit T-cell 
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infiltration, promote neutrophil enrichment in the microenvironment, and support tumor growth 

and metastasis. Conversely, inhibiting EZH2 expression in cancer cells resulted in increased T-

cell recruitment and a significant reduction in primary tumor growth and metastatic potential. 

 

We observed no significant changes in the replicative capacity and invasiveness of these clones 

compared to the wild-type cell line in vitro.  However, we found decreased expression of 

multiple immune response markers in the generated clones, with intermediate levels in wild-type 

cells. Additionally, EZH2 KO culture supernatants showed significantly altered secretion of GM-

CSF, MCP-1, and IL1β (myeloid mediators), suggesting that complete absence of EZH2 in 

TNBC alters its inflammatory mediator secretome.  

EZH2 overexpression is known to negatively regulate STING and the activation of 

interferon-stimulated genes. Therefore, chemical or genetic inhibition of EZH2 derepresses 

endogenous dsRNA, allowing the activation of STING and reversing resistance to checkpoint 

therapy [12]. Our EZH2 KO model showed a drastic reduction in tumor size and significant 

decreased in metastatic burden in the lungs compared to the EZH2 OE and wild-type cells. 

Additionally, research in other breast cancer models have shown that inhibiting EZH2 can 

enhance antigen presentation and increase immune infiltration into the tumor [11]. In our studies, 

we observed a shift in the tumor-infiltrating immune cell population in the EZH2 KO tumors. 

Increased percentages of tumor-infiltrating CD4+ and CD8+ T-cells and reduced percentage of 

TINs may have influenced cancer progression and metastatic development, leading to better 

outcomes in tumors lacking EZH2 expression. Our results align with other studies that have 

observed higher T-cell trafficking to the tumor microenvironment when EZH2 is absent.  
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As a therapeutic approach to tackle this specific pathway in patients with melanoma (an 

example of an immune-refractory, “cold” tumors), administration of the STING agonist MSA-2 

has shown promising results, with enhanced antigenicity and T-cell recognition of the tumor 

[13]. When using MSA-2 in our TNBC model in vivo, we also observed therapeutic benefits in 

reducing tumor growth and significantly decreasing metastatic burden. Consistently, prior studies 

suggest a dose-dependent effect of MSA-2 on STING signaling that can enhance the maturation 

and antigen presentation capabilities of dendritic cells, in turn improving T-cell activation [14]. 

Overall, our findings indicate that altering EZH2 expression in cancer cells affects TIN 

recruitment, thus influencing tumor growth, metastasis, and the arrival of other immune cells into 

the TME. Genetic absence of EZH2 in tumor cells, coupled with STING agonism with MSA-2, 

can transform cold tumors into hot, T-cell-inflamed, tumors by inducing interferon and other 

proinflammatory mediators, and enhance anti-tumor immunity. 

 

STING agonism and IL-29 induction are promising immunotherapeutic routes for human LUAD 

In recent years, extensive scientific research has focused on creating therapies to enhance 

clinical outcomes for lung cancer patients. Nonetheless, significant challenges persist, including 

the need to identify new driver gene alterations to broaden the population that can benefit from 

targeted treatments. In this dissertation, we developed a novel in vitro co-culture model for mass-

production of human TINs after transmigration through LUAD cells grown at air-liquid interface 

(biomimetic model). Our investigations (Chapter 3) focused on assessing the impact on 

LUAD/TIN co-cultures of STING agonism by MSA-2, as well as chemical inhibition of EZH2 

(rather than genetic EZH2 knockout or overexpression, as done in Chapter 2, for TNBC). 

Previous studies using EZH2 inhibitors such as EPZ6438 and MS1943 showed no significant 
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impact on cancer cell growth inhibition but induced dramatic changes in interferon release, 

enhancing tumor cell susceptibility to T-cell-mediated killing [11]. In our study, treatment with 

MSA-2 resulted in high production of type III interferon IL-29 (IFN-3) in LKB1-mutant, 

EZH2-high LUAD, suggesting that STING activation can be restored in these refractory tumors 

and that interferon secretion can be enhanced. Meanwhile, treatment with EZH2 inhibitors had a 

modest influence in the secretion of some inflammatory mediators, but failed to affect IL-29 

levels, which may be caused by partially overlapping, but not total synchrony between EZH2 and 

STING signaling. 

Interestingly, IL-29 primarily targets normal and cancerous epithelial cells, as well as 

tissue-recruited neutrophils and monocytes/macrophages (sole cells who bear its specific 

receptor subunit IL29-R1 in humans) and is considered a potential anti-tumor mediator. Other 

studies have reported a pro-apoptotic effect of IL-29 on cancer cells, via induction of TRAIL 

signaling, notably [15]. From a mechanistic perspective, it is possible that double-stranded DNA 

derived from dying lung cancer cells activates STING in TINs, leading to the secretion of 

interferons. Given that the IL-29 and its receptor may be expressed both by LUAD cells and 

neutrophils, an autocrine/paracrine loop could arise that may explain the 27-fold induction in IL-

29 secretion in LKB1-mutant LUAD/TIN cocultures treated with MSA-2 (Figure 4.2) [16].  
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Figure 4.2. LUAD/TIN interplay shows responsiveness to STING agonist treatment 

through induction of IL-29. IL-29R is on cancer cells and TINs, autocrine/paracrine signaling 

is possible via multiple routes. 

 

Our results suggest that the simultaneous delivery of EZH2 inhibitors in LUAD cells is not 

crucial for the generation of effective anti-tumor responses. However, IL29 secretion in either 

cancer cells or TINs could be attributed to STING activation and may be a potential therapeutic 

target. Additionally, studies in lung cancer patients have shown elevated levels of IL-29 in serum, 

suggesting its use as a diagnosis marker. Exciting discoveries indicate that IL-29 can induce cell 

cycle arrest and apoptosis by upregulating cyclin-dependent kinase inhibitors [17]. 

 

Concluding remarks and potential areas of future investigations 

Epigenetic regulation of immunogenicity in cancer is a major obstacle to developing 

effective therapies [18]. Patients experience different resistance mechanisms to immunotherapy 

at different disease stages. Such is the case during primary resistance, when cancer cells do not 

respond to immunotherapy. In adaptive immune resistance, cancer cells are recognized by the 
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immune system but develop mechanisms to protect themselves from immune eradication. In 

acquired resistance, cancer initially responds to immunotherapy but eventually relapses and 

progresses [19]. In addition, host-related characteristics, including gut microbiome, diet, 

antibiotic exposure, vaccine exposure and inflammation may also impact the acquisition of 

tumor immune resistance [20-22]. Likewise, the immune microenvironment may lead to 

dampened immunotherapy responses, as it is influenced by complex tumor phenotypes and 

environmental factors [23]. Some phenotypes that lack immunotherapeutic responses include 

immune-desert (fail to evoke an immune reaction), immune-inflamed (inhibit immune cell 

function despite abundant infiltration), and immune-excluded (prevent immune cell infiltration) 

tumors [24]. 

Understanding the role of immune cells in cancer is essential for predicting patient 

outcomes through the identification of novel biomarkers and tailoring of subtype-specific 

therapeutic strategies. Previous studies have revealed that crosstalk between TINs and TILs at an 

early disease stage can lead to upregulation of costimulatory molecules on neutrophil surface, 

enhancing T-cell activation and proliferation [25]. Therefore, developing combination therapies 

that target both T-cells and other immune cells could achieve potent and durable therapeutic 

responses [26]. While we generated EZH2 KO and OE cell lines that allow the testing of cancer 

progression and metastasis in immunocompetent mice, a major unexplored avenue thus far 

consists in using our models to quantify EZH2 expression and inhibition of primary and 

metastatic tumors and associated TINs in tumor FFPE blocks via digital spatial profiling. Based 

on research by other groups, EZH2-mediated invasion was found to be abrogated by histone 

deacetylases (HDAC) inhibitors TSA and SAHA, implying that HDAC activity directly impacts 

the transcriptional repressor functions of EZH2 [9, 27]. For upcoming experiments, HDAC 
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inhibitors could be therapeutic compounds to use as controls in EZH2-expressing tumors. On the 

other hand, the human LUDA/TIN model we developed could be used to further investigate the 

effects of EZH2 inhibition by setting up a of blood neutrophils transmigrated through LUAD 

cells (wild-type and EZH2 KO generated by CRISPR). 

For future anti-TNBC and LUAD therapeutic design, other biological variables are 

important to consider like metabolism and sex bias [28-30]. Studies quantifying differential 

expression and signaling of the EZH2/STING pathway and downstream functions in TIN-rich 

cancers based on sex will provide valuable information on differential mechanisms of neutrophil 

recruitment into the tumor, if any [31]. In addition, sex bias could impact the response of TINs to 

EZH2/STING modulatory drugs, leading to different pathological outcomes. Finally, while 

studies here focused on immune aspects of EZH2 inhibition and STING activation in cancer/TIN 

interplay, the metabolic effect of drugs on cancer and immune cells was not assessed, and could 

be a modifier of treatment effects, as seen in cancer patients with metabolic anomalies like 

obesity [32].  
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