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Abstract 
 
 Cancer cells often metastasize by undergoing an epithelial-mesenchymal transition 

(EMT). While undergoing EMT, epithelial cells lose defining characteristics, such as 

stable cell-cell junctions, and gain the ability to migrate and invade through extracellular 

matrices. In addition to these changes in characteristics, mesenchymal cells gain the 

ability to better regulate the immune system around them. Immune regulation by 

mesenchymal cells in cancer has been a topic of extensive study and has recently 

started receiving focus in ovarian cancer. Combined with the emergence of advanced 

single-cell sequencing techniques, there is now great potential in unraveling the 

interactions underlying immune regulation by mesenchymal cells and the contribution of 

the EMT to the phenomenon of immunosuppression in cancer. Here, I present my 

studies applying a combined approach of single-cell transcriptomics (scRNA-seq) and 

lab-based techniques to characterize the relationship between the EMT and immune 

regulation in ovarian cancer. First, by characterizing human ovarian tumors and murine 

ovarian cancer models I identified that mesenchymal cells secrete chemokines and 

interleukins into their environment such as CCL2, CCL5, and IL1A. The primary 

immunosuppressive factor secreted by mesenchymal cells against NK cells was 

determined to be TGF-β1. I also discovered a possible link between infiltration of 

immune cells into the tumor microenvironment (TME) and EMT where greater numbers 

of mesenchymal cells in the TME correlated with a greater number and variety of 

immune cells in both human ovarian tumors and murine ovarian cancer models. 

Second, by cell-cell communication analysis of scRNA-seq data, I discovered that 

LGALS3 expressed by mesenchymal cells may exhaust CD8+ T-cells through the LAG3 



 v 

receptor in human ovarian cancers. Finally, I uncovered links between EMT and the 

antigen presentation machinery of ovarian cancer cells where higher expression levels 

of major histocompatibility complex I (MHC I) positively correlated with the presence of 

mesenchymal cells in the TME. This work further expands the knowledge base of EMT 

and immunosuppression in ovarian cancer and can be used to inform researchers and 

clinicians on new targets and mechanisms for future research and therapy, such as 

targeting the LGALS3-LAG3 axis in ovarian cancer to relieve exhaustion of T-cells.  
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Chapter 1: Introduction 
 
1.1 The epithelial-mesenchymal transition: history and discovery 
 
 At the 18th Hahnemann symposium in 1968, Dr. Elizabeth D. Hay presented the first 

evidence of epithelial-mesenchymal cellular interactions when she presented findings 

showing how, in the development of the neural tube during embryogenesis, epithelial 

cells transformed into mesenchymal cells (Lachat et al., 2021). Then, in 1982, Gary 

Greenburg and Elizabeth D. Hay published the first seminal research work 

demonstrating the “epithelial to mesenchymal transformation” by placing adult and 

embryonic epithelial cells in collagen gel culture systems and observing them lose their 

polarity and cell-cell junctions while acquiring invasive properties common in 

mesenchymal cells (Greenburg & Hay, 1982). Epithelial cells are connected by cell-to-

cell junctions and possess apical-basal polarity whereas mesenchymal cells have 

reduced cell-to-cell connectivity, and increased motility with a spindle-like morphology 

that allows for increased invasiveness while lacking any polarity (Dongre & Weinberg, 

2019; J. Yang et al., 2020). Though Dr. Hay’s work extends as far back as the 1960s, 

the term “epithelial-mesenchymal transition” was first proposed by Elizabeth herself in 

1995 (Hay & Zuk, 1995) and finally officially adopted in 2003 at the meeting of the EMT 

International Association (J. Yang et al., 2020). 

 Other important discoveries in the field of epithelial-mesenchymal transition (EMT) 

research included the discovery that treatment with hepatocyte growth factor (HGF) in 

epithelial cells lose their cell-cell junctions, allowing them to detach from each other and 

migrate (Stoker & Perryman, 1985). In 1990, EMT was tentatively linked to cancer when 

researchers found that fibroblast growth factor (FGF), transforming growth factor (TGF), 
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hepatocyte growth factor (HGF), and epidermal growth factor (EGF) can induce EMT in 

vitro in cancer cell lines such as rat bladder carcinoma cells (Gavrilović et al., 1990; 

Pagan et al., 1997; Stoker et al., 1987; Stoker & Perryman, 1985; Vallés et al., 1990). 

Then, in 1998, researchers demonstrated that TGFβ-induced EMT increased the 

invasiveness of epithelial cancer cells (Oft et al., 1998), linking EMT to tumor metastasis 

and elucidating its role in cancer disease.  

 Alongside the discovery of the role of EMT in cancer and metastasis, researchers 

discovered EMT transcription factors (EMT-TFs): a myriad of proteins that, once 

activated by an upstream pathway, begin a series of complex transcriptional changes 

that causes cells to undergo detachment from each other and the basement membrane, 

reorganize their cytoskeleton, change morphology, and promote migration and invasion 

into other tissues (Z. Huang et al., 2022). The first EMT-TFs to be discovered were 

proteins encoded by the zinc finger genes SNAIL or SNAI1 in 1992 (Smith et al., 1992) 

and SLUG or SNAI2 in 1994 (Control of Cell Behavior During Vertebrate Development 

by Slug, a Zinc Finger Gene | Science, n.d.), followed by Twist and ZEB in 2001 (Bloch-

Zupan et al., 2001; Comijn et al., 2001). Furthermore, the role of EMT-TFs as it relates 

to the EMT in cancer and metastasis was further elucidated in the 2000s with the 

discovery that upregulation of EMT-TFs Snail (Blanco et al., 2002) and Twist in breast 

cancer (J. Yang et al., 2004) promotes metastasis.  

  

1.2 Characteristics of cellular changes in EMT 
 
 As mentioned in the previous section, epithelial cells are connected via tight cell-cell 

junctions to each other and to their membrane thus limiting their ability to traverse their 
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immediate environment. Loss of these junctions leads to loss of apical-basal polarity 

enabling metastatic spread in cancer (Mendonsa et al., 2018). Loss of these epithelial 

features is marked by loss of the protein E-cadherin (E-cad), which is encoded by the 

CDH1 gene, mutations in which have been linked to various cancers (Guilford et al., 

1998; Huels et al., 2015). Loss of E-cad occurs in tandem with loss of tight junction 

proteins such as zona occludens 1 (ZO-1), claudins, occludins (Z. Huang et al., 2022) 

and various cytokeratins such as KRT19, with an increase in proteins that enable loss of 

apical-basal polarity and the acquisition of mesenchymal phenotypes such as N-

cadherin (N-cad) encoded by the CDH2 gene, Vimentin (VIM), Fibronectin (FN) and α-

smooth muscle actin (α-SMA) (Kalluri & Weinberg, 2009). During this process, E-cad 

normally found at the plasma membrane is cleaved and rapidly degraded, resulting in 

loss of contact with β-catenin, an intracellular cell-cell adhesion and transcriptional 

protein, resulting in rapid deterioration of epithelial cell adhesion (Niehrs, 2012; Yilmaz & 

Christofori, 2009). Thus, one of the first hallmarks of EMT is the loss of E-cad. 

 N-cad, which contributes to actin cytoskeleton remodeling inside the cell, becomes 

the predominant cadherin in mesenchymal cells following a “cadherin switch” from its 

counterpart E-cad in epithelial cells (Yilmaz & Christofori, 2009). N-cad replaces E-cad 

in binding to β-catenin molecules, enabling a different kind of adhesion that is more 

amenable to motility (Bard et al., 2008). For that reason, N-cad is primarily found in 

lamellopodia of cells (Comunale et al., 2007), a hallmark of mesenchymal cells in 

cancer (Greaves & Calle, 2022), allowing it to promote greater motility of the cell 

through different types of adhesion-based interactions with other cells (Yilmaz & 

Christofori, 2009). Other mechanisms through which N-cad enables actin reorganization 
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within the cell to promote loss of polarity and increase motility involves interacting with 

platelet derived growth factor receptor (PDGFR) (Heldin et al., 1998; Kong et al., 2008), 

activation of Rac and inhibition of RhoA (Nimnual et al., 2003; Wildenberg et al., 2006), 

and sustained MAPK pathway activation leading to increased secretion of matrix 

metalloproteinases (MMPs) (Hazan et al., 2000; Williams et al., 2001). Therefore, the 

cadherin switch from E-cad to N-cad changes a cell’s identity from epithelial to 

mesenchymal cells while also promoting other changes to the cytoskeletal structure of a 

cell that allows it to shed cell-cell junction and apical-basal polarity.   

 Another characteristic of cellular and structural changes during EMT is the loss of 

contact with the basement membrane that happens due to changes in how the cell 

interacts with the extracellular matrix (ECM). As described earlier, actin-rich lamellipodia 

allow cells undergoing EMT to extend their cytoskeleton and act as sensory feelers that 

provide directional motility (McNiven, 2013). These actin-rich lamellipodia express 

proteases, such as MT1-MMP and MMP-2, that degrade the ECM-rich environment 

around them allowing the mesenchymal cells to traverse, migrate to, and invade other 

tissues (McNiven, 2013; Wolf & Friedl, 2009). Many interactions between epithelial cells 

and the ECM are handled by integrin complexes through signalling mediators such as 

integrin-linked kinase (ILK), Cys–His protein 1 (PINCH, LIMS1), and parvin (Hansen et 

al., 2008; Yilmaz & Christofori, 2009). Changes to the composition of these factors, 

particularly a shift in the presence of different integrins in the cells, happens during EMT 

to allow the mesenchymal cells to modify the ECM around them (Lamouille et al., 2014). 

Thus, EMT promotes a host of cellular structural changes that influence the ability of 

mesenchymal cells to become motile and invade neighbouring tissues. 
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1.3 Molecular mechanisms of EMT 
 
 With EMT’s involvement in cancer metastasis (Brabletz et al., 2018), 

embryogenesis (Owusu-Akyaw et al., 2019), wound healing (Cheng et al., 2016), and 

fibrosis (Kalluri & Neilson, 2003), it is important to mention the general molecular 

mechanisms underlying the transition. Many of the cellular changes in the previous 

section are driven by EMT-TFs that promote in mesenchymal cells the ability to detach 

from each other and their basement membranes and proceed to traverse tissues and 

migrate elsewhere. EMT-TFs such as zinc finger binding transcription factors Snail and 

Slug, basic helix-loop-helix (bHLH) factors such as zinc finger E-box–binding homeobox 

1 (ZEB1) (Peinado et al., 2004), ZEB2, and Twist (J. Yang et al., 2004), and T cell factor 

(TCF) transcription factor family member lymphoid enhancer binding factor-1 (LEF-1) 

(Nawshad & Hay, 2003) can all induce EMT by repressing the transcription of cell-cell 

adhesion genes such as E-cad by binding to their promoter regions. 

 Both Snail and Slug repress transcription of E-cad by binding to the promoter of the 

CDH1 gene (Batlle et al., 2000; Cano et al., 2000; Park et al., 2018; J. Yang & 

Weinberg, 2008), which is a sufficient trigger for EMT initiation through the cadherin 

switch (Oda et al., 1998). The role of Snail in cancer and metastasis has been well 

established (Barrallo-Gimeno & Nieto, 2005), with either knock-in models demonstrating 

that upregulation of Snail alone can induce EMT in cancer such as breast cancer (Ye et 

al., 2015) or its accumulation in the nucleus is associated with mesenchymal 

phenotypes (Yook et al., 2006). When binding to the E-box DNA sequence of other 

target genes (Cano et al., 2000), Snail recruits polycomb repressive complex 2 (PRC2) 

leading to DNA methylation and repressive histone modification on the promoter region 
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of these target genes, such as E-cad, claudins, occludin, and ZO-1 (Cano et al., 2000; 

Dong et al., 2012; Vincent et al., 2009). Snail can also effect repression of E-cad and 

other targets leading to EMT by recruiting epigenetic regulators such as histone 

deacetylases (HDACs) (Burstin et al., 2009). Snail can be regulated by itself in some 

cases (Peiró et al., 2006) and by other transcription factors such as nuclear factor 

kappa beta (NFκB) (Barberà et al., 2004), Yin Yang 1 (YY1) (Palmer et al., 2009), YAP 

(Noce et al., 2019), Sonic hedgehog (Shh) (X. Li et al., 2006), and Smads (Leng et al., 

2020), which are part of the canonical TGFβ1 pathway. Interestingly, Snail is not only an 

important EMT-TF, but it also binds to the promoters of immunosuppressive genes 

(Dongre et al., 2021), suggesting its role extends beyond EMT induction into different 

modalities of immunoregulation by mesenchymal cells.  

 As for other members of the Snail family of transcription factors, they too have a 

role in EMT induction (Nieto et al., 1994). Like Snail, Slug can also form complexes with 

other major regulators such as YAP/TAZ and control development, wound healing, and 

metastasis (Savagner et al., 2005; Tang & Weiss, 2017). Slug’s key role in cancer EMT 

was revealed when overexpression of Slug in non-metastatic cells turned them into cells 

that were capable of migration, invasion, and establishment of satellite colonies (Guo et 

al., 2012). Like Snail’s recently discovered promotion of immunosuppressive 

phenotypes in cancer cells, Slug has certain auxiliary functions in cancer EMT, for 

example in promoting tumor angiogenesis (Hultgren et al., 2020). Additionally, both 

Snail and Slug contribute to chemoresistance in ovarian, breast, and pancreatic cancers 

by disrupting p53-mediated apoptosis mechanisms (Guo et al., 2012; S. Lim et al., 

2013), once again suggesting they have roles that extend beyond induction of EMT 
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through repression of E-cad into regulation of cell death (Dongre & Weinberg, 2019). 

Another interesting mechanism of action of Snail and Slug in cancer involves co-

expression of both to increase TGFβ pathway activity, creating a positive feedback loop 

in breast cancer (Dhasarathy et al., 2011). Taken together, both Snail and Slug possess 

key roles in EMT induction, especially in cancer contexts. 

 Another important set of EMT-TFs are bHLH transcription factors belonging to the 

Twist family, members of which are Twist1 and Twist2 who share redundancies in both 

structure and function (Franco et al., 2011; Qin et al., 2012). Twist1 has been linked to 

cancer progression and metastasis in breast cancer (Y. Xu, Lee, et al., 2017), bladder 

cancer (Fondrevelle et al., 2009), cervical cancer (Shibata et al., 2008), and ovarian 

cancer (Hosono et al., 2007; Kajiyama et al., 2007). For example in breast cancer, 

Twist1 can bind the promoter for SNAI2 (Slug) to initiate the EMT and promote 

metastatic spread (Casas et al., 2011; J. Yang et al., 2004). Furthermore, in murine 

breast cancer models, Twist1 expression is detected at early stages of metastasis 

(Hüsemann et al., 2008). Like Snail and Slug, Twist1 represses expression of E-cad in 

epithelial cells and upregulates N-cad, VIM, and FN in mesenchymal cells in the context 

of cancer (J. Yang et al., 2004). Interestingly, recent findings show that Twist1 can 

contribute to metastasis through repression of Fox1a separately from its contributions to 

EMT induction because Fox1a arrests metastasis of mesenchymal cells in breast 

cancer and Twist1 has been shown to bind to its promoter region and silence it (Y. Xu, 

Qin, et al., 2017). 

 The final members of the EMT-TFs are ZEB1 and ZEB2, which are also inducers of 

EMT that repress E-cad (Galván et al., 2015), ZO-1 (M. Liu et al., 2018), and claudins 
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(M. Liu et al., 2018) and play a role in metastasis in colon cancer (SINGH et al., 2011), 

pancreatic cancer (M. Liu et al., 2018), liver cancer (Nath et al., 2021), breast cancer 

(Nath et al., 2021), and ovarian cancer (Sakata et al., 2017; Sestito et al., 2022). 

Interestingly, expression of either ZEB1 or ZEB2 exclusively affects cancer cells in 

opposite ways.  For example, in melanoma, high expression of ZEB1 but low 

expression of ZEB2 is associated with tumor progression (Caramel et al., 2013), 

suggesting context dependency of these EMT-TFs. In addition, ZEB1 and ZEB2 

modulate expression of MMPs (Miyoshi et al., 2004), suggesting they are involved in the 

ECM remodeling component of EMT. Taken together, both the Twist and Zeb proteins 

are another class of EMT-TFs that work to induce and regulate the EMT. 

 In conclusion, all EMT-TFs repress E-cad which is sufficient to induce EMT in most 

cells under most contexts. It is no surprise then that low expression of E-cad has been 

associated with worsening cancer progression and metastasis (Hirohashi, 1998).  

 

1.4 Signaling mechanisms of EMT 
 
 The most characterized and well-known signaling pathway to effect EMT is the 

TGF-β pathway. TGFβ receptors (TGF-βR) can bind TGF-β ligands 1, 2 and 3 as well 

as the BMP family of proteins (2-7) (Gonzalez & Medici, 2014). The receptor is 

composed of a heterodimer consisting of type I and type II TGF-β receptors (TGF-βRI, 

TGF-βRII), with seven type I allotypes and five type II allotypes (Gonzalez & Medici, 

2014), different combinations of which allow different isoforms of TGF-β family ligands 

to bind (Derynck & Feng, 1997; Gilboa et al., 2000). Any binding of a TGF-β superfamily 

ligand results in transphosphorylation of TGF-βRI by TGF-βRII leading to recruitment of 
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SMAD2/3 (mothers against decapentaplegic homologs 2 and 3) (Gonzalez & Medici, 

2014). Subsequently, SMAD2/3 (R-SMADS) form a complex with SMAD4 and following 

phosphorylation of the MH2 domain on the C-terminus, the entire complex translocates 

to the nucleus to affect transcription (Gonzalez & Medici, 2014). One such gene 

targeted by R-SMAD complexes is SNAI1 (Snail) that, once expressed, can further form 

a supercomplex with R-SMAD complexes to repress E-cad, claudin, and occludin 

expression (Peinado et al., 2003; Vincent et al., 2009). In the nucleus, R-SMADs can 

also form supercomplexes with Zeb family EMT-TFs to upregulate other EMT-TFs in a 

positive feedback loop that results in EMT (Peinado et al., 2003; Thuault et al., 2008). 

Degradation of p53, a common hallmark of many cancers such as ovarian cancer, can 

be accelerated by R-SMAD complexes which leads to even more Snail expression, 

further supercharging EMT (Chang et al., 2011; Siemens et al., 2011). TGF-β signaling 

can also drive EMT through activation of LEF1 expression which inhibits glycogen 

synthase kinase 3β (GSK-3β) through the phosphoinositide 3-kinase (PI3K)–Akt 

pathway which in turn drives EMT induction (Hannigan et al., 2005; Medici et al., 2006).  

 In a healthy developmental context, TGF-β activation and EMT are required for 

formation of endocardial cushions and palatal fusion (Mercado-Pimentel & Runyan, 

2007; Nawshad et al., 2004). Fibrosis and wound healing are also driven by TGF-β 

activation of the EMT in many tissues such as epidermis, kidney, liver, and pulmonary 

airways (Gressner et al., 2002; Willis & Borok, 2007). In cancer contexts, the TGF-β 

pathway’s activation of the EMT is hijacked to enable metastasis (Dongre & Weinberg, 

2019). As mentioned in the previous section, a positive feedback loop exists between 

TGF-β pathway activation, EMT, and upregulation of EMT-TF expression where, for 
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example, Snail can induce expression of TGF-β1 in renal cancer which signals back to 

the cell through TGF-βR in an autocrine fashion (Dhasarathy et al., 2011; Grande et al., 

2015). In breast cancer, expression of both Snail and Slug leads to expression of TGF-β 

pathway genes that synergizes with the two to drive EMT (Dhasarathy et al., 2011). 

Another mechanism by which TGF-β pathway activation interacts with EMT-TFs is 

through post-translational modifications where, for example in one study, sumoylation at 

the Lys234 residue of SNAIL occurred after TGF-β pathway was activated (Gudey et al., 

2017; Ye & Weinberg, 2017). In another study, inhibition of histone-lysine 

methyltransferase SETDB1 increased Snail and induced EMT (Du et al., 2018). Taken 

together, the TGF-β pathway is one of the most well characterized signaling pathways 

of EMT, and once active, the most potent at driving gene changes to promote EMT.  

 The tumor necrosis factor (TNF)/NFκB pathway is another important signaling 

cascade in the induction and modulation of EMT. Canonically, the binding of a ligand 

such as TNF⍺ to TNF receptor 1 and 2 (TNFR1, TNFR2) leads to activation of the NFκB 

pathway (Parameswaran & Patial, 2010). Once TNFRs 1 and 2 are stimulated, the 

NFκB inhibitor, IκB⍺ is phosphorylated by IKKβ leading to release of NFκB and allowing 

it to translocate to the nucleus to induce gene expression of EMT-TFs such as Snail 

(Karin & Greten, 2005; Luo et al., 2005). Twist1 and its promoter were recently shown to 

be targeted by active NFκB following TNF⍺ stimulation in breast cancer (C.-W. Li et al., 

2012), while in colorectal cancer TNF⍺ stimulation resulted in enhanced translation of 

Snail protein but not increased expression at the mRNA level (H. Wang et al., 2013), 

suggesting that TNF⍺ produces different downstream effects in activation of the EMT 

pathway than another inducer like TGF-β1 (L. Yu et al., 2014).  
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 Another important signaling pathway inducing EMT is the mitogen growth factor 

epidermal growth factor (EGF) and its receptor epidermal growth factor receptor 

(EGFR). Binding of EGF to EGFR induces EMT through activation of the MEK-ERK 

cascade the result of which is the canonical repression of E-cad (Tashiro et al., 2016; 

Tian et al., 2007). EGF driven EMT is also possible through the Janus kinase 2 (JAK2) 

signal transducer and activator of transcription 3 (STAT3) pathway wherein STAT3 binds 

to Twist’s promoter in MCF7 breast cancer cells in vitro (Colomiere et al., 2009; Lo et 

al., 2007). Similar observations have been noted in ovarian OVCA 433 and SKOV3 

cells, with increased expression of N-cad and VIM following EGFR activation 

(Colomiere et al., 2009). Additionally, EGF can synergize with activated TGF-β pathway 

proteins, helping to colocalize Snail and SMAD2/3 in the nucleus of breast cancer cells, 

and induce EMT (J. Kim et al., 2016; Uttamsingh et al., 2008). As well, high-affinity 

binding of EGF to EGFR in MCF7 breast cancer cells results in EMT and mesenchymal 

phenotypes capable of motility while low-affinity binding of AREG to the same receptor 

does not induce EMT, suggesting EGF is highly specific to EMT induction in breast 

cancer (Fukuda et al., 2016).  

 To summarize, the TGF-β1, TNF⍺, and EGF signaling pathways are crucial in 

inducing EMT either in developmental, healthy, or disease conditions, with a certain 

degree of synergy between the three used to induce EMT and metastasis in cancer. A 

graphical summary of all these activators and their signaling pathways in EMT can be 

found in Figure 1. 
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Figure 1. Summary graphic of activators and signaling pathways of EMT (Taken 

with permission from (Shetty et al., 2020).  
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1.5 Ovarian cancer: the disease at large 
 
 Ovarian cancer (OVCA) is the fifth leading cause of cancer-related deaths in 

Canadian women and the second most fatal gynecological cancer (Canadian Cancer 

Statistics, 2023). OVCA 5-year survival rates have largely stagnated at around 45%. It 

is not uncommon for OVCA diagnosis to occur at Stage III and Stage IV (the later 

stages) due to the appearance of only subtle symptoms during early disease 

development and a lack of clinical screening procedures for early detection.  

 Current therapeutic strategies following diagnosis include the combination of 

surgical debulking and platinum/taxane-based chemotherapy, with some advances 

made in recent years in improving the therapies available, namely poly ADP-ribose 

polymerase (PARP) inhibitors (Piver, 2006). There are several types of OVCA, with the 

most common diagnosis being epithelial ovarian cancer, which accounts for more than 

95% of diagnoses (Torre et al., 2018). Less common types include germ cell and sex-

cord stromal cancers and the rare small cell carcinoma and ovarian sarcoma, which 

collectively account for the other 5% (Torre et al., 2018). Further classification of 

epithelial OVCA falls into five major subtypes based on histology and grade: high-grade 

serous (HGSOC), low-grade serous, clear cell, endometrioid, and mucinous ovarian 

cancer (Lheureux et al., 2019). Distinct features of each of these subtypes contribute to 

distinct clinical presentation and treatment strategies, paving the way for stratified 

treatment strategies tailored to each subtype and dependent on specific histological 

biomarkers unique to each subtype (Lheureux et al., 2019).  

 Over 70% of epithelial OVCAs are diagnosed as HGSOC, presenting with large 

mononuclear cells exhibiting pleomorphic nuclei with upregulated mitotic activity and 
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papillary and solid growth (Prat, 2012). While the majority of HGSCs are sporadic, a 

strong hereditary component is present in women with BRCA1/BRCA2 tumor 

suppressor mutations, representing approximately 15% to 20% of HGSOCs (Alsop et 

al., 2012). HGSOC characterization reveals acquired or inherited mutations in the TP53 

tumor suppressor pathway almost universally (>97% of HGSOC) (Tuna et al., 2020). 

Chromosomal copy number alterations are a hallmark of HGSOCs that are influenced 

and promoted by the presence of TP53 mutations. For example, a common HGSOC 

copy number alteration resulting in the amplification of the 19q12 locus results in 

overexpression of CCNE1, the gene responsible for the cell-cycle protein E1-driven 

increase in cellular division (Etemadmoghadam et al., 2010; Kroeger & Drapkin, 2017). 

Other common pathways affected in HGSOCs tend to be those involved in DNA repair, 

tumor suppression, and cellular proliferation such as FXM1, Rb, PI3K, and Notch1 

pathways (Cancer Genome Atlas Research Network, 2011).  

 Efforts by The Cancer Genome Atlas (TCGA) project to further classify HGSOCs 

into distinct prognostic groups via gene expression analysis resulted in the following 

stratifications: differentiated, mesenchymal, immunoreactive, and proliferative (Konecny 

et al., 2014). The stratifications are each associated with different aspects of HGSOC 

presentation and progression. For example, the immunoreactive subtype in which there 

is a strong presence of immune cells in the TME, has been correlated with better 

survival outcomes compared to the mesenchymal subtype which has the worst 

outcomes (Lheureux et al., 2019). Advancements in genome sequencing and better 

HGSOC stratification schemas have developed predictive mechanisms for susceptibility 

of some HGSOC to chemotherapy and even chance of relapse (Macintyre et al., 2018). 
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Further innovations in genome sequencing techniques and better analysis strategies 

may improve targeted treatment selection and predictability of disease progression. 

 

1.6 EMT in Cancer: a general overview 
 
 In cancer biology, the EMT has been associated with metastatic spread and 

immunosuppression. In the case of metastasis, cancer cells responsible for 

invasiveness and migration appear to be in at least a partial EMT (pEMT) state, if not a 

fully mesenchymal state (Latifi et al., 2012; Saxena et al., 2020; Simeonov et al., 2021). 

Mesenchymal and pEMT states also appear to be primarily responsible for the 

immunosuppressive burden in the ovarian tumor microenvironment (TME) (Latifi et al., 

2012; Loret et al., 2019; Taki et al., 2021), as will be discussed in greater detail later. 

 

1.6.1 EMT and Stemness: 
Cells undergoing EMT show a gradual acquisition of stemness and stem-like properties. 

Factors such as Slug, Snail, and Sox9 have been demonstrated to tightly regulate 

entrance and exit from the stem-like condition of both healthy and cancer cells (Dongre 

& Weinberg, 2019). A causal link has been demonstrated between expression of these 

transcription factors, EMT progression, and the presence of cancer-initiating cancer 

stem cells (CSCs) (Mani et al., 2008; Morel et al., 2008). It is unknown whether the EMT 

driving the stemness program of healthy cells is different from that of neoplastic cells, 

though some differences have been noted in breast cancer (Ye et al., 2015). The 

significance of EMT driving formation of CSCs while also controlling the ability of non-

neoplastic cells to turn into stem-like mesenchymal cells presents potential for the EMT 
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to convert non-CSCs into CSCs. In mice, non-CSCs have been shown to spontaneously 

undergo EMT and acquire cell-surface markers associated with CSCs, thus 

demonstrating the robust ability of the EMT to induce plasticity in cells under the 

appropriate context and in appropriate tissues (Chaffer et al., 2011). 

 

1.6.2 EMT and chemoresistance:   
EMT in cancer cells has been previously linked to chemoresistance in ovarian cancer. 

Robust research has implicated EMT-related mechanisms in chemoresistance: TGF-

β/SMAD signalling drives resistance to paclitaxel; BMP9 activates EMT through TGF-β1 

and promotes platinum resistance; and expression of lysyl oxidase (LOX) induced EMT 

through SLUG and TWIST1 and contributed to chemoresistance by activating PI3K/AKT 

(Loret et al., 2019; Shayesteh et al., 1999). In another example, cisplatin-resistant oral 

squamous cell carcinoma cells (OSCC) were generated by continuously exposing them 

to cisplatin, and the resultant resistant cells had decreased expression of E-cad, 

suggesting that those cells that had undergone some kind of EMT were more resistant 

that those that did not (Ghosh et al., 2016). Another gene possibly linking EMT to 

chemoresistance is transglutaminase 2 (TG2) (Agnihotri et al., 2013), where silencing of 

TG2 in the breast cancer cell line MDA-MB-231 using short hairpin RNA (shRNA) 

resulted in increased sensitivity to docetaxel and reversal of EMT. Another interesting 

link between EMT and chemoresistance was found in colorectal cancer cells that, when 

treated with neoadjuvant radio-chemotherapy, began to upregulate RNA expression of 

EMT-related genes such as Snail, Slug, and Vim (Tato-Costa et al., 2016), suggesting 

that chemotherapy can promote EMT and genes such as TG2 that act through NF-kB, 

Akt, focal adhesion kinase (FAK), and hypoxia-inducing factor (HIF) pathways (Agnihotri 
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et al., 2013) to further promote mechanisms of chemoresistance such as senescence 

(Chakrabarty et al., 2021; Guillon et al., 2019).    

 

1.6.3 EMT and immunosuppression:  
Recent attempts have been made to elucidate the role of EMT in cancer cells’ ability to 

facilitate an immunosuppressive TME. A distinct reduction in CD8+ TILs has been 

reported in ovarian cancer patients with the worst prognosis and a high expression of 

EMT-related gene signatures (Murakami et al., 2016). NFκβ activation by EMT-TF 

SNAIL has been linked to CXCL1 and CXCL2 binding to CXCR2 as a mechanism for 

recruitment of myeloid derived suppressor cells (MDSCs) into the TME, which are 

immune cells possessing the ability to suppress T-cell activity (Taki et al., 2018; Y. Wu et 

al., 2022). TGF-β1, on the other hand, a potent inducer of EMT, has been linked to 

expression of programmed death receptor-ligand 1 (PD-L1) by way of PI3K/AKT 

pathway activation (Alsuliman et al., 2015). PD-L1 is a checkpoint inhibitor ligand that 

suppresses the effector function of CD8+ T-cells by binding to the receptor PD-1 in many 

different carcinomas, and its expression is increased during EMT (Aghajani et al., 2020; 

L. Chen et al., 2017; Muralidharan et al., 2022). While several pathways have been 

implicated in EMT-driven immunosuppression by ovarian cancer cells, recently 

mechanisms underlying exhaustion of CD8+ tumor infiltrating lymphocytes (TILs) have 

become a focus (Kandalaft et al., 2022). Anti-PD1 therapy has been shown to improve 

the function of exhausted CD8+ TILs in ovarian cancer (Leem et al., 2020). Despite the 

interest in how ovarian cancer cells affect CD8+ T-cell exhaustion in HGSOC, the role of 

the EMT has yet to be explored in this context. We propose that ovarian cancer cells 
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undergoing EMT, particularly mesenchymal cells, may play a key role in the exhaustion 

of CD8+ T-cells. 

 

1.6.4 EMT and Metastasis:   
During cancer progression, activation of the EMT has been demonstrated to be a major 

player in metastatic progression. Cancer metastasis presents the most fatal stage of 

disease progression for patients, with over 90% of cancer-related deaths caused by 

metastasis rather than the primary tumor (Mehlen & Puisieux, 2006). In epithelial 

carcinomas, epithelial cells receive context cues from their environment and other 

nearby cells to undergo an EMT or a partial EMT (pEMT), allowing them to mobilize 

invasion of local tissues, such as stroma, vasculature, and epithelial tissues. These 

cells, with EMT-induced mesenchymal characteristics such as loss of E-cad expression 

and cell-to-cell junctions, intravasate into local blood vessels, travel through the 

circulatory system, extravasate and implant in the parenchyma of distant tissues to form 

satellite deposits of malignant cells. It is common for cells undergoing EMT to lose 

expression of their epithelial cell-surface markers, such as EpCAM and E-cadherin, 

though this is not always the case (Lambert et al., 2017). Furthermore, in some 

contexts, successful formation of metastatic colonies requires cells to be in a pEMT 

state, rather than in a fully mesenchymal state (Ocaña et al., 2012). Cells that undergo 

EMT can be capable of reversion, commonly seen at the tail-end of the metastatic 

process where now-embedded mesenchymal cells may undergo a mesenchymal-to-

epithelial transition (MET), reverting to their more-epithelial state along the EMT axis. 

Recent studies have shown that cancer cells show tremendous plasticity, and it is rare 

to find cancer cells in either a completely epithelial or mesenchymal state; rather, most 
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cancer cells’ gene expression profile and behavior puts them somewhere along the 

EMT-axis, in a pEMT state (Grigore et al., 2016; Saitoh, 2018; Saxena et al., 2020).  

 It is important to mention that in OVCA, metastasis primarily occurs in the 

immediate environment to the ovaries, spreading throughout the peritoneal cavity rather 

than travelling through the circulatory system to distant organs. This form of metastasis 

is facilitated by the accumulation of abdominal fluid known as ascites. Clusters of cells 

found in ascites fluid possess more mesenchymal characteristics suggesting that EMT 

is relevant to ovarian cancer metastases. This was shown in experiments where cells 

derived from patient ascites had gone EMT when aggregating into spheroids in vitro 

(Rafehi et al., 2016). In the same experiment, inhibition of the EMT and attenuated 

metastatic behavior was seen when the spheroids were treated with a TGF-β1 receptor 

inhibitor and showed reduced motility, migration, and re-attachment of the cells across a 

Transwell membrane, suggesting that ascites-derived cells possess strong EMT 

programming and that the TGF-β1 pathway is key to metastatic spread.  

 A significant barrier to our understanding of the EMT is the overall complexity of the 

EMT phenotypic spectrum. EMT programs can participate in the modulation of cellular 

phenotypes at any point along the multistage progression of cancer – from the initial 

epithelial cells at the very outset to the malignant cells present at the terminal end of the 

disease (Y. Zhang & Weinberg, 2018). EMT signature genes can be found in cancer 

cells from a very early stage of the disease (Berx et al., 1995, 1998). The EMT can 

influence the cancer cells’ resistance to immune cell killing and chemotherapy at the 

early stages of the disease while promoting their ability to proliferate and disseminate at 

later stages (Y. Huang et al., 2022; Ribatti et al., 2020; M. Yu et al., 2013). As such, a 
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wide breadth of phenotypic heterogeneity in cancer cells can be generated through 

activation of the EMT program at any point along the entire course of the disease. For 

example, while a host of master regulators (e.g., SLUG, SNAIL, ZEB1) appear to 

underlie the EMT program in many tissues, their presence alone is not enough to 

suppress the epithelial characteristics of cancer cells (Stemmler et al., 2019; Y. Wang et 

al., 2013; Y. Zhang & Weinberg, 2018). In another example, TGF-β1 has been shown to 

be a potent activator of the EMT program in both healthy and cancer cells, though its 

EMT inductive capabilities are heavily reliant on the presence of an appropriate 

intracellular context (K. A. Brown et al., 2004). The combination of these regulators 

along with the arrangement of cancer cells in the TME, their exposure to different 

environmental cues, variable hypoxic conditions, and genetic differences of the host can 

all dictate EMT progression.  

 Important questions regarding the EMT, such as which genes define the EMT axis, 

the impact of the EMT axis on metastasis and resistance to treatment, and its 

contribution to heterogeneity of cancer cells in the TME are yet to be fully elucidated. 

Recent attempts to formulate lists of genes, or modules, that can be used to calculate 

an average EMT score for cells have been ongoing in the field of bulk and single-cell 

genomics (Liberzon et al., 2015) with recent publication of an EMT module based on a 

census from a large pan-cancer dataset demonstrating the context dependency of these 

lists (Cook & Vanderhyden, 2022).   

 

1.7 EMT and the immune system 
 
 EMT induction in cancer cells by environmental and contextual cues in the TME 
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results in the transition of cells to acquire mesenchymal characteristics that can modify 

their immediate environment, particularly targeting cells of the immune system that can 

affect tumor progression. In certain cancer phenotypes, such as a ‘hot’ tumor where 

there are abundant immune cells in the TME, the tumor can exist in a state of constant 

immune cell activity, with cytotoxic anti-tumor cells [eg. CD8 T-cells, Natural Killer (NK) 

cells, M1 macrophages] counterbalanced by the presence of suppressive immune cells 

[eg. regulatory T cells (Treg), M2 macrophages, myeloid-derived suppressor cells 

(MDSCs)]. Cancer cells undergoing EMT may play a significant role in both the 

recruitment of immunosuppressive cells and direct suppression of their anti-tumor 

activity. In melanoma, malignant cells expressing the transcription factor SNAIL secrete 

TGF-β resulting in promotion of Treg differentiation, reduction in antigen presentation by 

dendritic cells, and promotion of EMT in neighbouring tumor cells (Kudo-Saito et al., 

2009). Breast cancer cells which have undergone EMT are less susceptible to immune 

attack compared to their epithelial neoplastic counterparts through downregulation of 

MHC I machinery (Dongre et al., 2017; Terry et al., 2017). Another mechanism through 

which mesenchymal cells possess reduced susceptibility to immunosurveillance is 

through the recruitment of Treg cells in breast cancer, which are involved in direct 

suppression of cytotoxic T cells’ effector function (Dongre et al., 2017). In another 

demonstration of how cells undergoing EMT rebuff the immune system, when the 

human breast cancer cell line MCF-7 was co-cultured with an antigen specific T-cell 

clone, T-cell function was severely impaired when the cell line expressed SNAIL 

compared with otherwise effective cytotoxicity in absence of SNAIL (Akalay et al., 

2013).  
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 These various studies show the effects that the EMT program in the cancer cells 

can have on immune cell activity, though the mechanisms and factors that facilitate 

mesenchymal cell resistance to immune cell killing are still unknown. In addition to the 

mesenchymal cell-secreted immunosuppressive factor TGF-β, cytokine signaling 

molecules C-C motif ligand 2 (CCL2) and Lipocalin 2 (LCN2) have been implicated as 

factors that can upregulate programmed cell death 1 ligand (PD-L1) in neighbouring 

cells, leading to reduction in the cytolytic activity of T-cells (Kudo-Saito et al., 2013). 

Cytokines and chemokines such as TNF and CCL5 are also upregulated during an EMT 

program and are secreted by cancer cells and adjacent fibroblasts (Hsu et al., 2014). 

Other mechanisms by which the EMT may contribute to impaired immune cell activity 

include induction of autophagy in cancer cells to escape CD8 T-cell cytotoxicity, 

attenuation of MHC-1 and other HLA molecules displayed on the cell surface, and 

expression of PD-L1 by carcinoma cells (Dongre & Weinberg, 2019). While research 

into immune escape by cancer cells is still ongoing, the contribution of EMT to 

immunosuppression and the crosstalk between cancer cells and immune cells is of 

great interest and is undergoing investigation. Preliminary analysis of chemokine, 

cytokine, and interleukin genes’ expression in ovarian cancer cell line OVCA420 after 

induction of EMT with TGF-β1 treatment shows there are many changes in their 

expression during the course of EMT, with mesenchymal cells upregulating expression 

of aforementioned factors like CCL2 (Figure 2). Also, certain immunoregulatory factors 

have recently been implicated in having extensive function in cancer as a function of the 

EMT, such as Interleukin-32 (IL32). For example, IL32 has either pro-tumorigenic or 

anti-tumorigenic roles in cancer depending on which isoform is predominantly present, 
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and has been shown to induce EMT in human lung adenocarcinoma A549 cells, 

suggesting it is a powerful immunoregulatory molecule capable of a wide range of 

possible functions in cancer (L. Gong et al., 2020a; Shim et al., 2022).  
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Figure 2. EMT is associated with changes in expression levels of various 
immunomodulatory factors. (A) PCA clustering of single-cell RNA-sequencing data 
from OVCA420 cells treated with TGF-β1 (10 ng/mL) at 4 different time points: Ctrl (no 
treatment), and treated for 1, 3, and 7 days. (B) PCA enrichment plots of cytokines, 
chemokines, interleukins, and other immune modulatory factors.  
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Immune infiltration and inflammation play an important role in tumor development 

in a variety of cancers (Hobson et al., 2013; Stuelten et al., 2008). Inflammation 

facilitated by immune infiltration has been associated with carcinogenesis, particularly 

through enhanced metastasis through secreted factors such as TGF-β1 and TNF-α from 

myeloid cells, particularly MDSCs (Bates & Mercurio, 2003; L. Yang, 2010). In ovarian 

cancer an ‘infiltrated’ tumor environment is a TME that is enriched with immune cell 

infiltration and is associated with better survival prognosis and survival when compared 

to ‘excluded’ tumors where immune cells rest on the periphery of the neoplastic mass or 

‘desert’ tumors where immune cells are largely absent from the TME (Kandalaft et al., 

2022; Woude et al., 2017). Infiltration by CD8+ cytotoxic T lymphocytes (CTLs) into the 

TME has been associated with better prognosis and overall survival in many cancers 

(Bachmayr-Heyda et al., 2013; Ovarian Tumor Tissue Analysis (OTTA) Consortium, 

2017).  

In ovarian cancer, particularly HGSOC, immune infiltration by CD8+CD103+ 

cytotoxic T lymphocytes (CTLs) has been associated with better overall and 

progression-free survival. However, recent findings show a large portion of infiltrating 

CTLs in HGSOC are TIM3+ (Fucikova et al., 2019, 2021) and LAG3+ (Fucikova et al., 

2021; R.-Y. Huang et al., 2015), suggesting they are prone to exhaustion and 

attenuated cytolytic action. In many cases, both TIM3 and LAG3 act as co-inhibitory 

molecules together with PDL-1 to dampen antitumor immunity by infiltrating CD8+ T-

cells (Chihara et al., 2018; R.-Y. Huang et al., 2015).  

 

1.8 Exhaustion of CD8+ T cells by mesenchymal cells  
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CD8+ T-cell exhaustion is often induced by a prolonged stimulation by an antigen that 

leads to loss of effector function, such as scenarios often involving chronic exposure to 

a pathogen or cancer (Kurachi, 2019). For example, murine studies of HIV-1 infection 

have demonstrated that both duration of exposure to an antigen and levels of antigen 

can be synergistic in imposing T-cell exhaustion (Blackburn et al., 2009). Reduction in 

the cytotoxic potential of CD8+ T-cells from exhaustion culminates in defects in IL-2 

production, a decrease in TNF, IFN-𝛾, and granzyme B secretion, and a reduction in 

proliferative capacity (Kurachi, 2019). Expression of receptors inhibitory to T-cell 

effector function, such as LAG3, PD-1, TIM-3, TIGIT, CTLA-4, CD160 and others 

emerges on the cell surface of these exhausted cells (Kurachi, 2019). Expression of 

these receptors, or checkpoint inhibitors, is primarily driven by downstream TCR 

signaling molecules such as NFAT and Sprouty (SRRY2) where, for example, increased 

PD-1 expression was observed through NFATc2 signaling in EL4 and primary CD8+ T-

cells (Oestreich et al., 2008). Some other transcription factors implicated in T-cell 

exhaustion are Tbet, Eomes, Blimp1, IRF4, BATF, FOXP1, and TCF1 with some of 

these factors having differential roles in different T-cell populations (Kurachi, 2019). For 

example, Eomes is implicated in T-cell exhaustion in peripheral tissues but is 

indispensable for CD8+ T-cell turnover and quiescence in central memory contexts 

(Banerjee et al., 2010; Paley et al., 2012). An important finding that may bear relevance 

in the context of CD8+ T-cell exhaustion to EMT is when a dominant negative inhibitor of 

TGF-β signalling is used, the effector function of exhausted cells was improved in a 

chronic infection model (Tinoco et al., 2009). Most importantly, phosphorylation of TGF-

β1-related downstream signalling target Smad2 in CD8+ T-cells has been associated 
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with greater exhaustion in chronic infection models, similar to cancer contexts that 

engage the immune system on a prolonged scale (Tinoco et al., 2009). Overall, 

prolonged antigen exposure and intensity of exposure to CD8+ T-cells has a role in 

inducing exhaustion especially in disease contexts such as cancer (P. P. Lee et al., 

1999). 

Lymphocyte Activation Gene-3 (LAG3) encodes a cell surface protein CD223 that 

associates with the T-Cell Receptor complex (TCR), or CD3, on both CD4+ and CD8+ T-

cells and acts as an immune checkpoint. Like the CD4-receptor, LAG3 binds to MHC 

Class II and Gal-3 but with even stronger affinity. Chronic LAG3 activation on CD8+ 

tumor antigen-specific T-cells through persistent tumor antigen stimulation has been 

implicated in exhaustion of TILs and a reduction in their cytolytic capacity (Andrews et 

al., 2017; Ruffo et al., 2019). High expression levels of LAG3 have been found in the 

TME of patients with recurrent HGSOC, along with other immune checkpoints such as 

TIGIT and CTLA4 (Westergaard et al., 2020). In an ID8 murine model of ovarian cancer, 

LAG3 was found to associate with PD1 and reduce CD8+ T-cell cytolytic activity leading 

to attenuated antitumor activity (R.-Y. Huang et al., 2015). In BRCA-mutated HGSOC 

patients, LAG3 was found to be positively correlated with PD1; however, combination 

immunotherapies to block the activity of both checkpoints were found to have a 

negligible effect, suggesting that more research can be done in this area to better 

understand the underlying correlates of LAG3 expression (Whitehair et al., 2020). 

Finally, LAG3 plays an important role in CD8+ T-cell exhaustion where single deletion or 

blockade of LAG3 together with single deletion or blockade of PD-1 was shown to 

synergistically enhance immune response to tumors or infection, and LAG3 deletion 



 28 

alone was shown to enhance effector function (Grebinoski et al., 2022; Woo et al., 

2012).  

Galectin-3 (Gal-3/LGALS3), encoded by the LGALS3 gene is a glycoprotein that 

can bind the TCR and suppress T-cell activation through TCR signaling pathways as 

well as enact TCR downregulation (H.-Y. Chen et al., 2009; Grigorian & Demetriou, 

2010). LGALS3 can be both expressed on the cell surface (Farhad et al., 2018) and 

secreted (Krześlak & Lipińska, 2004, p. 3). LGALS3 has been previously linked to poor 

prognosis in OVCA (Luk et al., 2020) with the assertion that it may be activating the 

Wnt/β-Catenin pathway to effect cancer stemness mechanisms (Y. Liu et al., 2018). 

Additionally, overexpression of Galectin-1 (LGALS1), a protein similar to LGALS3, can 

promote EMT in fibroblasts through TGF-β signalling pathways (T. Wu et al., 2018, p. 3). 

LGALS3 has also been linked to the EMT previously where EMT in retinal pigment 

epithelial (RPE) cells enhanced the binding affinity of Gal-3 to its targets (Priglinger et 

al., 2016), and thus Gal-3 downregulation by recombinant antibodies has been 

suggested for future therapy. In both endometrial carcinoma (Friedman et al., 2020) and 

vulvar squamous carcinoma (Cocks & Mills, 2022) immune checkpoint therapy targeting 

LGALS3 as well as LAG3 has been suggested, as their co-expression correlated with 

worse prognosis. Overall, new and emerging evidence for the roles of LGALS3 and 

LAG3 in carcinoma demonstrates the potential for targeted therapy. However, the link 

between LGALS3, LAG3, and the EMT has yet to be fully elucidated despite all three 

elements being linked together under different contexts.  

 

1.9 Project Rationale, Hypotheses and Objectives 
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The transcriptomic composition of various cellular populations within the ovarian 

cancer TME has yet to be fully characterized. Ovarian cancer TMEs are complex 

systems rife with different cell types, cells in varying states, networks of communication, 

and presence of regulatory molecules that dictate progression and outcomes in concert. 

The EMT has been previously implicated (Dongre & Weinberg, 2019) in dissemination 

of metastatic disease in OVCA and has multitudes of auxiliary roles such as cancer 

therapy resistance and acquisition of stemness. Modulation of the EMT and its 

downstream effects, and reduction of mesenchymal phenotypes could be a viable 

strategy for antitumoral therapy in OVCA. It is evident from the literature that the EMT 

plays a major role in other female cancers such as breast cancer. In a preliminary 

finding (Figure 2), many immune-related signaling factors were upregulated in 

correlation with the EMT in an in vitro model of OVCA.  

To better understand the consequences of the EMT in OVCA, we first 

characterized EMT behavior in the OVCA TME using orthotopic syngeneic murine tumor 

models and in vitro models of EMT by single-cell RNA-sequencing (scRNA-seq). We 

hypothesized that there is a strong presence of cancer cells with a mesenchymal 

phenotype, and that the murine cancer cell lines ID8 and STOSE experience similar 

transcriptional changes when undergoing EMT in vitro.  

We then determined how mesenchymal cancer cells interact with the immune 

cells in the TME. This was done by assessing the effects of EMT and EMT-related 

secretions by human HGSOC cell lines on NK cells in vitro and characterizing the 

interactome of cancer cells undergoing EMT and immune cells in silico by scRNA-Seq. 
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In this case, we hypothesized that mesenchymal cancer cells are more 

immunosuppressive than epithelial cells in HGSOC. 

EMT has been previously linked to modulation of antigen presentation by cancer 

cells (Mullins et al., 2022). We hypothesized that EMT modulates expression of 

classical and non-classical class I HLA antigen machinery in human HGSOC. To 

test this, we characterized links between the expression of various HLA I allotypes and 

cancer cells undergoing EMT in HGSOC and other types of cancers. Additionally, we 

assessed links between EMT and HLA I allotypes in silico by scRNA-seq of cancer cell 

lines from various cancers undergoing EMT. 

 

Objectives: 

1. To characterize the TME in mouse models of OVCA and the phenotypic behavior of 

cancer cells in the context of the EMT. 

2. To determine the possible effects of the EMT on immunosuppression of cytotoxic 

immune cells in the TME of HGSOC. 

3. To determine the transcriptional expression of class I HLA allotypes in the context of 

the EMT. 
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Chapter 2: Materials and Methods 
 
2.1 Cell culture and cell lines 
 
Unmodified (parental, WT) ID8 mouse ovarian cancer cells were provided by Kathy 

Roby (Roby et al., 2000) and maintained in Dulbecco's Modified Eagle Medium (DMEM, 

Corning) + 4% fetal bovine serum (FBS, Hyclone) and 0.01 mg/mL insulin-transferrin-

sodium-selenite solution (ITSS; Roche) as previously described (J. Walton et al., 2016; 

J. B. Walton et al., 2017). STOSE ovarian cancer cells were generated in our lab and 

maintained in ⍺-MEM (minimal essential media) + 4% FBS and ITSS and 2μg/ml 

epithelial growth factor (EGF, R&D) as previously reported (McCloskey et al., 2014). 

NK92 cells were maintained in complete leukocyte media (RPMI (HyClone) + 4% FBS 

(Seradigm) + 1% penicillin/streptomycin (Gibco), 10mM HEPES (Sigma), 55 µM 2-

mercaptoethanol (Gibco)) and were provided by Dr. Rebecca Auer (Ottawa Hospital 

Research Institute, OHRI). K562 and K562-NL cells were maintained in complete media 

(RPMI + 4% FBS) and were also provided by Dr. Rebecca Auer. The human ovarian 

cancer cell line OVCA420 was kindly provided by Dr. Gordon Mills. Cells were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5g/L glucose, L-glutamine, and 

sodium pyruvate (Corning, 10-013-CV), supplemented with 10% FBS and cultured at 

37oC with 5% CO2. Mycoplasma testing was performed prior to animal experiments. 

Cells were incubated at 37°C with 5% carbon dioxide.  

 

2.2 Induction of EMT in human ovarian cancer cells 
 
OVCA420 cells (10,000/well) were plated into 6-well plates and treated with 10ng/mL 

TGF-β1 (R&D Systems, #240-B-010), with treatment timed in such a way that all time-
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points were synchronized at the time of collection. Cells were passaged as needed to 

avoid confluence, and fresh TGF-β1 was added every two days with refreshed media. 

Cells were not passaged in the 2 days prior to final collection to avoid artifacts during 

sequencing.  

 

2.2.1 OVCA420 EMT time course sample processing, sequencing, and alignment 
 
Single-cell suspensions were processed using the 10x Genomics Single Cell 3’ RNA-

seq kit v3. Final libraries were sequenced on an Illumina HiSeq 4000 after gene 

expression libraries were prepared according to the manufacturer’s protocol. Raw 

sequencing reads were processed using CellRanger v2.0.1 using the GRCh38 build of 

the human genome and default parameters. Raw sequencing files and processed UMI 

count matrices have been deposited in the NCBI Gene Expression Omnibus under the 

accession GSE247098. 

 

2.2.2 OVCA420 EMT time course data quality control and post-processing 
 
Quality control was first performed independently on each 10x Genomic library, and all 

main processing steps were performed with Seurat V3 (Stuart et al., 2019) for the 

OVCA420 cells’ dataset. Expression matrices for the OVCA420 cells were imported into 

R as Seurat objects. Only cells with more than 200 genes detected were retained and 

cells with a high percentage of mitochondrial gene expression were also removed. In 

the OVCA420 treatment time course, an independent Seurat object was made 

combining all time points, followed by a standard workflow by first removing genes 

detected in fewer than 1% of the cells for each time point. The top 2000 most variable 
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genes were selected using the ‘vst’ selection method in Seurat, scaled RNA expression 

values and regressed out mitochondrial reads, total UMI count, and cell cycle scoring. 

Cell cycle regression was handled by ‘SCTransform’ (Choudhary & Satija, 2022; 

Hafemeister & Satija, 2019), which was also used to normalize the RNA matrices for 

each sample using regularized negative binomial regression. After this, PCA was run on 

the variable genes and all UMAP embeddings were calculated from the first 30 principal 

components. 

 

2.3 Multiplexed mouse cell line EMT time course experiment 
 
ID8 and STOSE cells (10,000/well) were plated into 6-well plates. Cells were treated 

with 10ng/mL TGF-β1 (R&D Systems, #240-B-010), with treatment timed in such a way 

that all time-points were synchronized at the time of collection with 5 time points 

(untreated, 8 hours, 1 day, 3 days, and 7 days). Cells were passaged as needed to 

avoid confluence, and fresh TGF-β1 was added every two days with refreshed media. 

Cells were not passaged in the 2 days prior to final collection to avoid artifacts during 

sequencing. Reagents for multiplexing were kindly provided by Dr. Zev Gartner, and 

multiplexing was performed according to the MULTI-seq protocol (McGinnis et al., 

2019). First, culture media was removed and cells from each well were washed with 1x 

PBS (Corning, #21-031-CV). Next, a lipid-modified DNA oligonucleotide (LMO) and a 

unique sample barcode oligonucleotide were added at 200nM to 0.05% trypsin with 

0.53mM EDTA. Each sample received a different barcode, with each time point in each 

cell line receiving a unique barcode on the day of collection. Cells were incubated with 

this trypsin mixture for 5 minutes at 37oC and gently mixed periodically for 5 minutes. 
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Then, a common lipid-modified co-anchor was added to each well at 200nM and cells 

were incubated for an additional 5 minutes at 37oC with periodic gentle mixing. All cells 

were then lifted from the plate, trypsin was neutralized with cultured media, and the cells 

were triturated by pipetting to ensure a single cell suspension. Samples were then 

transferred to V-bottom 96-well plates and pelleted at 400xg for 5 minutes. Barcode-

containing media was removed, and the cells were then washed with PBS + 1% bovine 

serum albumin (BSA). After two PBS washes, cells were resuspended in PBS + 1% 

BSA, pooled together, re-pelleted, and resuspended in PBS + 1% BSA. Viability and cell 

counts were then determined before preparation of the scRNA-seq libraries.  

 

2.3.1 Mouse cell line time course sample processing, sequencing, and alignment 
 
Single-cell suspensions were processed using the 10x Genomics Single Cell 3’ RNA-

seq kit v3. Gene expression libraries were prepared according to the manufacturer’s 

protocol. MULTI-seq barcode libraries were retrieved from the samples and libraries 

were prepared independently according to the MULTI-seq library preparation protocol 

(McGinnis et al., 2019). Final libraries were sequenced on a NextSeq500 (Illumina). 

Expression libraries were sequenced so that time course libraries reached an 

approximate depth of 20,000-25,000 reads per cell.  

 

2.3.2 Processing of raw sequencing reads  
 
Raw sequencing reads from the gene expression libraries were processed using 

CellRanger and v3.0.2 for the kinase inhibitor data (G. X. Y. Zheng et al., 2017). The 

mm9 build of the murine genome was used for alignment. Default parameters were 
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used for all samples. MULTI-seq barcode libraries were simply trimmed to 28bp using 

Trimmomatic (Bolger et al., 2014) (v0.39) prior to demultiplexing.  

 

2.3.3 Demultiplexing expression data with MULTI-seq barcode libraries 
  
Demultiplexing was performed using the ‘deMULTIplex’ R package (v1.0.2). The key 

concepts for demultiplexing are described in McGinnis et al. (2019). Briefly, the tool 

takes the barcode sequencing reads and counts the number of times each of the 96 

barcodes appears for each cell. Then, for each barcode, it assesses the distribution of 

counts in cells and determines an optimal quantile threshold to deem a cell positive for a 

given barcode. Cells positive for more than one barcode are classified as doublets and 

are removed. Only cells positive for a single barcode are retained for downstream 

analysis. As each barcode corresponds to a specific sample in the experiment, the 

sample annotations were then added to all cells in the dataset.  

 

2.3.4 Mouse cell line time course data quality control and processing 
  
For the mouse time course experiments, the quality control pipeline was identical to 

human time course experiment data quality control and processing except all main 

processing steps were performed with Seurat v4 (Hao et al., 2021). 

 

2.4 Visualization and graphics 
 
All visualizations of scRNA-Seq data were drawn using either graphing functions within 

Seurat, the ‘ggplot2’ package, or the ‘SCPubr’ package. 
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2.5 Pseudotemporal ordering of cells 
 
R package ‘psupertime’ (Macnair et al., 2022) v0.2.6 

(https://github.com/wmacnair/psupertime) was used to calculate pseudotime scores on 

the top 3000 most variable genes for the OVCA420, ID8, and STOSE Seurat objects. 

Psupertime requires scRNA-seq data with ordinal labels to build a linear combination of 

genes that vary consistently over the time course and are used to assign a 

pseudotemporal value to individual cells. Individual cells with pseudotemporal values 

were correlated with other genes or modules (eg. EMT signature scores).  

 

2.6 EMT scoring strategy 
 
EMT scores on the OVCA420 dataset were calculated using the ‘AddModuleScore()’ 

Seurat function together with a previously published cancer-specific EMT signature from 

our lab (Cook & Vanderhyden, 2022), to assign an EMT score to each cancer cell. This 

EMT signature reflects the most consistent expression pattern associated with 

epithelial-mesenchymal plasticity in cancer(Cook & Vanderhyden, 2022). We then 

calculated the mean of each individual samples’ EMT scores and labeled every cell that 

fell under a threshold of ‘mean–1 standard deviation’ an epithelial cell and every cell 

above a threshold of ‘mean+1 standard deviation’ a mesenchymal cell, with all cells in-

between labeled as partial-EMT (pEMT). A similar strategy was employed for the ID8 

and STOSE time course experiments but genes within the cancer-specific EMT 

signature were converted into their murine orthologs.  

 

2.7 Differential gene expression analysis 
 

https://github.com/wmacnair/psupertime
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The Wilcoxon rank sum test implemented in the ‘FindMarkers()’ or ‘FindAllMarkers()’ 

functions of Seurat were used to calculate all differentially expressed genes between 

the input populations. For volcano plots and analysis of most differentially expressed 

genes a cutoff of p-adjusted < 0.05 and for log2 fold-change (log2fc) the mean of the 

log2fc ± 2*standard deviation of log2fc was used.  

 

2.8 Gene set enrichment analysis 
 
Gene set enrichment analysis (GSEA) was performed using the ‘fgsea’ R package 

(Korotkevich et al., 2021). Input genes were ranked by their log2 fold-change values. 

Reference gene sets were collected from the Molecular Signatures Database (MSigDB) 

v6.2. 

 

2.9 Cell-cell communication analysis  
 
For cell-cell communication analysis, we used LIANA (Dimitrov et al., 2022), a tool that 

integrates multiple methods for cell-cell communication inference in single-cell data. 

LIANA provides a consensus-based rank aggregate for receptor-ligand pairs from the 

results of multiple cell-cell communication algorithms through ‘robust rank aggregation’ 

(RRA).  The default settings of LIANA for the analysis use various algorithms in 

ensemble: SCA, NATMI, Connectome, CellPhoneDB, and CytoTalk, used to evaluate 

receptor-ligand pairs. We ran LIANA using the function ‘liana_wrap()’ on our integrated 

object. The cancer cell population was divided into unique identities based on EMT 

score, resulting in 3 identities: epithelial cancer cells (EPI), partial EMT cancer cells 

(FLUX), mesenchymal cancer cells (MES). We then aggregated all the methods into a 
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single matrix using ‘liana_aggregate()’ to construct maps of cell-cell communications 

with ‘Circlize’(Z. Gu et al., 2014) based on the top ‘aggregate_rank’ of receptor-ligand 

pairs. 

 

2.10 Quantitative RT-PCR (qPCR)  
 
RNA was extracted using the RNeasy Mini Kit (Qiagen) and cDNA was synthesized 

using the OneStep RT-PCR Kit (Qiagen). The ABI 7500 FAST RT-qPCR machine 

(Applied Biosystems) was used for qPCR using the ssoFast gene expression (Bio-rad) 

assays for 45 cycles with the ‘SYBR Green’ setting. Ppia, Gapdh, and Actin-β were 

used as endogenous controls for the assays. Primers for target genes are listed in Table 

1. Cycle threshold (Ct) values were taken from the output of the Applied Biosystems 

7500 FAST v2.3 software. To calculate relative expression values, the geometric mean 

of the endogenous genes was first calculated using the GEOMEAN function in Excel on 

the Ct values of those genes. Then, delta Ct (dCt) values were calculated by subtracting 

the Ct values of the target genes from the geometric mean of endogenous controls and 

delta dCt (ddCt) were calculated by subtracting the dCt of treatment groups from their 

respective control groups. Finally, 2-fold change values were calculated by taking 2 to 

the power of negative ddCt values. 

 

Table 1:  Sequences of gene targets used for qPCR analysis 

Target Forward sequence Reverse sequence 

Ppia AGGGTGGTGACTTTACACGC GATGCCAGGACCTGTATGCT 

Gapdh CTCAGGAGAGTGTTTCCTCGT ATGAAGGGGTCGTTGATGGC 
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Actin-β CCTTCCTTCTTGGGTATGGA ACGGATGTCAACGTCACACT 

Cdh1 GGTTTTCTACAGCATCACCG 
 

GCTTCCCCATTTGATGACAC 
 

Cdh2 CCTCCATGTGCCGGATAG CACCAGAAGCCTCCACAGAC 

Vimentin CGGAAAGTGGAATCCTTGCAGG 
 

AGCAGTGAGGTCAGGCTTGGAA 
 

Snai1 GTCTGCACGACCTGTGGAA 
 

CAGGAGAATGGCTTCTCACC 
 

Snai2 TGCAAGATCTGTGGCAAGG CAGTGAGGGCAAGAGAAAGG 

Sox4 GACAGCGACAAGATTCCGTTC GTTGCCCGACTTCACCTTC 

Il-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA 

Il-18R TCACCGATCACAAATTCATGTGG TGGTGGCTGTTTCATTCCTGT 

Col1a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 

Col1a2 CTTCGTGCCTAGCAACATGC TGAGCAGCAAAGTTCCCAGT 

Cnn1 TGCGCTTGTCTGTGTCATCT TCTGGGCCAGCTTGTTCTTT 

Actg2 CGTACCACAGGCATCGTTCT CAAGACGCATGATGGCATGG 

Krt19 AAAACACTGAACCCTGATTCTTG TCTGAAGTCATCTGCAGCCA 

 
 

2.11 Flow cytometry-based cytotoxicity assays 
 
K562 were harvested and spun down at 500xg for 5 minutes and resuspended in PBS 

at 2e6 cells/mL, with a few cells reserved in a separate 15 mL Falcon tube as unstained 

control. CP450 (65-0842-85, ThermoFisher) dye was added to the volume of K562 cells 

at a 1:500 ratio and the cells were incubated with the dye for 15 minutes in a CO2 

incubator at 37oC with the tube flicked every 5 minutes to maintain equal mixing. 

Labeling was halted by adding growth media to the top of the tube and the cells were 

spun down and washed with PBS three times, when the cells were then resuspended at 
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1e6 cells/mL. 0.5e6 stained CP450-K562 cells are placed in a new 15 mL Falcon tube 

with growth media added to a final volume of 10 mL. In tandem, NK92 cells were 

harvested and spun at 500xg for 5 minutes before being resuspended in leukocyte 

media at 1e6 cell/mL. 100 µL of NK92 cells are then played in triplicate in a 96-well V-

bottom plate (Sarstedt) and serially diluted 4 times in 100 µL of leukocyte media with the 

addition of 100 µL of CP450-K562 cells to match ratios of 10:1, 5:1, 2.5:1 and 1.25:1 of 

effector (NK92) to target (CP450-K562) cells. The co-cultured cells were then incubated 

for 4 hours in a CO2 incubator at 37oC. At the end of the assay the cells were collected 

into FACS tubes (Corning), 50 µL of a 5x solution of Ethidium Homodimer (E1169, 

ThemoFisher) was added to each well, and the cells were analyzed by flow cytometry 

with setting a gate around CP450+ cells.  

 

2.12 Luciferase-release cytotoxicity assays 
 
NK92 effector cells were co-cultured with nano-Luciferase expressing K562 target cells 

(K562-NL) in 20:1, 10:1, 5:1, 2.5:1, 1.25:1, 0.625:1, 0.3125:1 effector-to-target ratios in 

5% RPMI in V bottom plates for 5 hours at 37oC, with 1e5 target cells seeded in 

triplicate per ratio. After incubation, 50μL supernatant from each well was transferred to 

non-translucent white round-bottom plates (Corning), with 25μL of CTZ substrate added 

manually to each well. Coelenterazine (CTZ) stock is made by reconstituting 500 μg of 

CTZ substrate (Gold Biotechnology, CZ2.5) in 610μL of 100% ethanol and 6.2μL of 12N 

HCl. For quantifying luciferase as a working dilution, CTZ is mixed with 1X salt buffer 

(45 mM EDTA, 30 mM sodium pyrophosphate, 1.425 M NaCl) at a 1:200 dilution. 
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Luminescence was measured using the BioTek Cytation 5 cell imaging multimode 

reader. Percentage of specific lysis was calculated using the following equation: 

%	𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑙𝑦𝑠𝑖𝑠 =
(𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙	𝑟𝑒𝑙𝑒𝑎𝑠𝑒 − 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑟𝑒𝑙𝑒𝑎𝑠𝑒)
(𝑚𝑎𝑥𝑖𝑚𝑎𝑙	𝑟𝑒𝑙𝑒𝑎𝑠𝑒 − 𝑠𝑝𝑜𝑛𝑡𝑒𝑛𝑒𝑜𝑢𝑠	𝑟𝑒𝑙𝑒𝑎𝑠𝑒) 	𝑥	100 

Where experimental release refers to raw luminescence values from NK92:K562-NL 

experimental wells, spontaneous release are luminescence values from K562-NL cells 

in the absence of any effector cell or induced cell death, and maximal release are 

luminescence values from K562-NL cells induced to die using 30 μg/mL digitonin 

(Sigma-Aldrich). 

 

2.13 LEGENDplexTM Bead-Based Immunoassay  
 
Supernatant was acquired from OVCA420 cells after they had been treated with 

10ng/mL TGF-β1 (R&D Systems, #240-B-010) every 2 days for 7 days alongside 

untreated controls. Samples were diluted 1:2 in assay buffer and assayed according to 

the manufacturer’s protocol for the LEGENDplexTM Human Cytokine Panel 2 (13-plex), 

Human Proinflammatory Chemokine Panel (13-plex), Human Inflammation Panel 1 (13-

plex) (BioLegend). Samples were run in duplicate the same day of staining, on a BD 

LSR FortessaTM flow cytometer and analyzed using LEGENDplex Quognit software 

(Biolegend).  

 

2.14 Lentivirus production for Snai1 and Snai2 overexpression 
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Lentivirus production was done according to Lipofectamine3000 manufacturer protocol 

(Invitrogen) using the reverse transfection protocol. Briefly, 293T maintained in DMEM 

high glucose + 10% fetal calf serum (FCS) were split and grown in OptiMem + 5% FCS 

+ 0.2 mM sodium pyruvate prior to transfection of plasmid. Using three plasmids, the 

cells were transfected: 1.3 μg of vector, 1 μg of packaging (pCMV-dR8.74), and 0.7 μg 

of the envelope plasmid (pCAG-ECO). The vector plasmids were: pEF1-tet (rtTA 

transactivator), pLVX-imSNAIL-PGK-Hyg (murine Snai1 overexpression), pLVX-

imSLUG-PGK-Hyg (murine Snai2 overexpression), pLVX-iGFP-PGK-Hyg (inducible 

GFP), pLVX-PGK-Hyg (empty vector). After addition of vectors, media was changed 6 

hours post-transfection. In the first morning post-transfection, media was carefully 

collected into 50 mL falcon tubes and labeled as the first batch of virus-containing 

supernatant, with the second and final batch harvested that afternoon. Supernatant was 

filtered through a 0.45μM syringe filter and was mixed well with virus precipitation 

solution (Benchmark BioSciences) due to its high viscosity in 15mL conical tubes and 

left at 4oC overnight on a rocker. After this, the 15 mL conical tubes were spun at 

1500xg for 30 minutes until a pellet was visible at the bottom of tubes. Supernatant was 

aspirated and the tubes were re-spun at 1500xg for 10 minutes and after aspirating 

remaining supernatant 500μL of virus resuspension buffer (Benchmark BioSciences) 

was added to create concentrated viral media.  

 

2.15 Infection of target cells 
 
ID8 parental cells were transduced with lentivirus (with 10μg/mL polybrene) carrying 

pEF1-tet to create a stable ID8-tet cell line with a tetracycline transactivator. Briefly, 1mL 
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of target cells were resuspended in media with 10μg/mL to each well of a 6-well plate. 

100μL of virus was added to each well with the plate placed in an incubator at 37oC, 

with an additional 1mL of media added after 6 hours. The cells were incubated with the 

concentrated virus for 3 days before selection was commenced with 1mg/mL 

Geneticin/G418 (Gibco) per 10,000 ID8-tet cells, given that the pEF1-tet construct 

contains a G418 resistance cassette. Once ID8-tet cells were selected for, they were 

further infected either with pLVX-imSNAIL-PGK-Hyg, pLVX-imSLUG-PGK-Hyg, pLVX-

iGFP-PGK-Hyg, or pLVX-PGK-Hyg. Cells infected with these constructs were selected 

for with 10 μg/mL hygromycin (H3274, Sigma). 

 

2.16 IL-18 ELISA 
 
ID8 and STOSE cell lines were plated at 10,000 cells/well in triplicate in a 6-well plate 

(Corning) and treated with 10ng/mL TGF-β1 every 2 days for a period of 7 days and 

split as necessary once reaching 75% confluency. Frozen stocks of ID8 and STOSE 

tumor ascites preserved from a previous study (Rodriguez et al., 2022) were thawed 

from -80oC at room temperature. IL-18 ELISA was done according to manufacturer’s 

protocol (ab216165, AbCam).  

 

2.17 Snail western blot analysis 
 
Protein was extracted from ID8-WT, ID8-Tet-Empty, ID8-Tet-iGFP, ID8-Tet-imSnail cells 

(generated as described in section 2.14) using M-PER Mammalian Protein Extraction 

Reagent (GE Healthcare). Protein extracts were run on a precast Nupage 4-12% Bis-

Tris gradient gel (Life Technologies) and transferred to a polyvinylidene fluoride 
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membrane. Following 1 hour blocking in 5% non-fat milk, membranes were incubated 

with mouse monoclonal Snail (1:1000, Novus) overnight at 4oC. Following 3x washing 

with TBS-T, the membrane was incubated with rabbit anti-mouse IgG-HRP (1:5000, 

Abcam) for 1 hour and developed using SelectTM Western Blotting Detection Reagent 

(GE Healthcare). The same protocol was used for β-ACTIN using mouse monoclonal 

anti β-ACTIN (1:10000, Sigma Aldrich). 

 

2.18 Microscopy 
 
Widefield imaging was done at 10X magnification for experiment comparing size and 

morphology of ID8-Tet-iSnail and ID8-Tet-iiSlug cells to ID8-WT and ID8-Tet-Empty cells 

following TGF-β1 treatment using EVOS XL Core microscope with auto-adjusted 

exposure setting. Fluorescence microscopy for ID8-Tet-iGFP cells imaged at 10X 

magnification on EVOS M5000.  

 

2.19 Proliferation assay  
 

Transgenic ID8 cells overexpressing Snai1 (5x104/well) were seeded into clear 24-well 

tissue culture plates (Corning) or Snai2 (1000/well) into 96-well Incucyte® Imagelock 

tissue culture plates (Sartorius BioScience). Proliferation was assessed by counting 

viable cells via the IncuCyteS3 analyzer (Sartorius BioScience). Experiments were done 

in technical triplicate across 3 samples at different days.The results are reported as the 

mean of the total number of cells per well across three technical replicates every 2 

hours until the wells have reached confluence.  
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2.20 Mouse in vivo studies 
 
Animal experiments were carried out using protocols approved by the Animal Care 

Committee at the University of Ottawa and conforming to the standards defined by the 

Canadian Council on Animal Care. C57BL/6 mice (for ID8 and derivatives) were 

purchased from The Jackson Laboratory.  

For mouse surgeries involving injection of Snai1 overexpressing ID8 cells, in an 

i.b model of ovarian cancer, 1.5 x105 cells (ID8-WT, ID8-Tet-Empty, ID8-Tet-iSnail) 

were injected under the ovarian bursa as described previously. Mice were assessed for 

survival until humane endpoint, primarily by observing abdominal distension for mice 

with ovarian tumors. In the murine cohort injected i.b., mice were assessed for survival 

until humane endpoint to establish an endpoint. 

For experiments involving immunodeficient mice, severe combined 

immunodeficient (SCID) were obtained from The Jackson Laboratory. 1.5 x105 STOSE 

cells were injected i.b as previously described. Animals were monitored for disease 

progression and euthanized by observing abdominal distension with ascites and tumors 

collected at that point. Tumors and ascites were snap frozen for RNA or protein 

analysis.  

 

2.21 Human cancer scRNA-seq dataset 
 
Sixteen high-grade serous ovarian cancer datasets (Hornburg et al., 2021) were 

obtained with permission from European Genome-Phenom Archive 

(EGAD00001006974). For the kinase inhibitor-treated time-course experiment, raw 
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sequencing files and processed UMI count matrices were obtained from the NCBI Gene 

Expression Omnibus under the accession GSE147405.  

Several datasets from droplet-based scRNA-seq studies were collected for this 

study. In cases where the datasets contained non-tumor data, that data was removed 

and tumor-only raw UMI count matrices and cell metadata were retained from the 

sources listed in Table 2. 

Table 2:  Datasets used for analysis of EMT and MHC machinery gene expression 

 
 

Cancer origin Source Accession 

Breast (S. Z. Wu et al., 2020) ENA PRJEB35405 

Breast (Qian et al., 2020) blueprint.lambrechtslab.org 

Colorectal (H.-O. Lee et al., 2020) GSE144735, GSE132465 

Colorectal (Uhlitz et al., 2021) GSE166555 

Colorectal (Qian et al., 2020) blueprint.lambrechtslab.org 

Gastric (Sathe et al., 2020) dna-discovery.stanford.edu 

Lung (N. Kim et al., 2020) GSE131907 

Lung (Lambrechts et al., 2018) E- MTAB-6149, E-MTAB-6653 

Lung (Qian et al., 2020) blueprint.lambrechtslab.org 

Lung (Laughney et al., 2020) GSE123904 

Ovarian (Geistlinger et al., 2020) GSE154600 

Ovarian (Qian et al., 2020) blueprint.lambrechtslab.org 

Pancreatic (Steele et al., 2020) GSE155698 

Squamous cell (Ji et al., 2020) GSE144236 
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2.22 Human ovarian cancer dataset quality control and processing 
 
Quality control was first performed independently on each 10x Genomics library, and all 

main processing steps were performed with Seurat v4 (Hao et al., 2021) for the ovarian 

cancer datasets (Hornburg et al., 2021). Only cells with more than 200 genes detected 

were retained and cells with a high percentage of mitochondrial gene expression were 

also removed. Each individual tumor sample matrix was obtained as tables divided into 

stroma, CD45+, and tumor cell files that we first made into Seurat objects with a 

minimum of 200 genes per cell and then merged using the ‘base::merge()’ function prior 

to processing, yielding 16 individual samples (i.e. 16 tumors). Each sample was 

processed independently similarly to the OVCA420 cells. Briefly, cells with high 

percentage mitochondrial genes and low feature number were subset out and cell cycle 

genes were regressed out for each sample using ‘SCTransform’ (Choudhary & Satija, 

2022; Hafemeister & Satija, 2019). ‘SCTransform’ was also used to normalize the RNA 

matrices for each sample using regularized negative binomial regression. PCA was then 

applied to each individual sample and UMAP embeddings were calculated from the first 

30 principal components. We also added metadata such as immune phenotype and 

patient-ID in each samples’ Seurat metadata slot.  

 

2.23 Semi-supervised cell labeling and integration 
 
Cell type labeling was first performed using common markers for cancer cells (KRT19, 

AMHR2, ELF3, EPCAM) and fibroblasts (COL1A1, COL1A2). We also labeled 

endothelial cells (CDH5, CLDN5) and smooth muscle cells (ACTA2) to find very small 

populations (<100 cells) for each, so we removed these populations. To label the CD45+ 
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population we applied Seurat’s multimodal reference mapping method (Hao et al., 2021) 

to each individual sample with their published CITE-Seq reference object of 162,000 

PBMCs measured with 228 antibodies. We used all default settings provided by Seurat 

for this part of the processing pipeline. After mapping the cell populations by the 

reference object, we merged this with our labels for cancer cells and fibroblasts to 

finalize the individual sample objects with labels for all clusters.   

Seurat’s integration (Stuart et al., 2019) was used to align and combine shared 

populations across the 16 tumors. Briefly, Seurat matches pairs of cells across datasets 

that share certain biological states, or anchors, based on bulk RNA expression. The 

corrected data was then scaled and UMAP embeddings were applied to it based on 30 

principal components from a PCA run.  

 

2.24 Kaplan-Meier plots 
 
A Kaplan-Meier plot was generated using the Protein Atlas (Uhlen et al., 2017). The plot 

was obtained by searching for QSOX1 gene expression and choosing it in the 

‘Pathology’ category. QSOX1 expression was filtered to include only ovarian cancers 

with the cut-off for survival analysis automatically chosen by the website software 

(31.26).  

Additional Kaplan-Meier survival plots were generated using https://kmplot.com/ 

(Lánczky & Győrffy, 2021) with data accessed from bulk RNA-Seq TCGA and 

microarray datasets. For LAG3 and LGALS3, overall survival of optimally debulked 

patients with high-grade (3+4), later stage (2+3+4) tumors with TP53 mutation, were 

plotted. We chose these settings because they match well with the patient data from 

https://kmplot.com/
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Hornburg et al. (2021) and represent a subset of HGSOC samples from patients with 

poor expected outcomes.  

 

2.25 Non-negative matrix factorization 
 
Non-negative matrix factorization (NMF) was performed using the ‘RcppML’ R package 

(DeBruine et al., 2021). Briefly, ‘RcppML’ leverages NMF as a machine learning 

strategy to learn coordinated gene activity in sparse data and present summaries of 

biological processes as broken into individual vectors of weighted values that contribute 

to the overall dimensionality in the data. 
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Based on preliminary data showing that certain cytokines, chemokines, and 

interleukins increase in expression during the EMT of an ovarian cancer cell line (Figure 

2) and the previous literature reporting that mesenchymal cells possess certain 

immunoregulatory capabilities, we first aimed to use single-cell transcriptomics to 

characterize the EMT in both human ovarian cancers and murine models of ovarian 

cancer. Before we characterized the potential immunoregulatory capabilities of 

mesenchymal cancer cells, we confirmed the EMT in our models by assessing 

expression of known EMT marker genes and comparing them in our models to find 

which genes can be used to mark mesenchymal cells in cancers. By uncovering the 

transcriptomic changes that occur in ovarian cancer cells when undergoing EMT, these 

gene markers could be possibly used in the future to estimate the fraction of 

mesenchymal cells in bulk techniques such as RNA-seq and quantitative PCR (qPCR). 

A primary goal here was to characterize EMT in murine models of ovarian cancer as 

that work has never been attempted before. The characterization efforts included a 

focus on the immunosuppressive capabilities of mesenchymal cells because the 

relationship between cancer cells undergoing EMT and immune cells in the TME is yet 

to be explored in murine models and in human ovarian tumors through single-cell 

genomics. 

 

3.1 Exploration of the OVCA420 transcriptome following EMT induction with 
TGFβ-1 reveals QSOX1 is strongly correlated with the EMT 
 

To fully elucidate the changes EMT can induce in the transcriptome of human 

ovarian cancer cells, we used scRNA-seq to first assess changes in the OVCA420 cell 

line in response to TGFβ-1 at multiple time points (Figure 3a). We began by 
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constructing a pseudotime continuum for the cells (Figure 3b) and from that we derived 

a list of pseudotime-correlated genes that represent the EMT program for OVCA420 

cells treated with TGFβ-1. ZEB1 was the only canonical EMT gene in the list, 

suggesting that canonical genes are poor markers of EMT in OVCA420 cells. As 

another measure of confirming the EMT, we used a previously published list of EMT 

genes generated by our lab that are specific to cancer cells across many cancer types 

and contexts to calculate each cells’ EMT score (Figure 3c), with higher scores 

indicating cells that are more mesenchymal (Cook & Vanderhyden, 2022). When we 

correlated pseudotime values with EMT score calculated with the cancer-specific EMT 

module, we found a positive correlation between the two (Figure 3d), suggesting that 

there is a partial concordance between the two methods used to calculate EMT scores, 

with the two potentially sharing common genes that may specific to the OVCA420 cells 

undergoing EMT. We checked whether any genes in the cancer-specific EMT module 

and genes derived from the pseudotime analysis intersect with another well-known set 

of EMT genes called the Hallmark EMT module (Liberzon et al., 2015) (Figure 3e). We 

found that one gene, QSOX1, was found in all three sets of genes. To confirm that 

QSOX1 expression correlates with the EMT, we confirmed its expression in the 

OVCA420 cells (Figure 3f) and found it to be lowest in untreated cells and highest at 7 

days after TGFβ-1 treatment. QSOX1 expression has been previously linked to 

metastasis in many cancers (Fifield et al., 2020; Geng et al., 2020; Sung et al., 2018; 

X.-F. Zhang et al., 2019). Taken together, this initial exploration of the transcriptome of 

ovarian cancer cells undergoing EMT revealed a gene, QSOX1, that is highly conserved 

among different methods and gene lists used to calculate EMT scores on a 
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transcriptomic level in silico. In a potential future experiment to see if QSOX1 marks 

mesenchymal cells in vivo, expression of the gene in tumor ascites can be compared to 

expression in the adnexa with the expectation that QSOX1 will be higher in 

mesenchymal cell-rich ascites whether by qPCR, bulk RNA-seq, or scRNA-seq.  
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Figure 3. In vitro model of EMT correlates in pseudotime with cancer-specific EMT 
signature scores. (a) UMAP clustering of OVCA420 cells treated with TGF-β1 (10 
ng/mL) at four different time points: Ctrl (no treatment), 1-day, 3-day, and 7-day. (b) 
Density ridge plot showing computed pseudotime scores for all cells, colored by time 
point. (c) UMAP enrichment plot showing a computed EMT score for each cell based on 
a set of cancer-specific EMT genes. (d) Positive correlation of computed pseudotime 
values against cancer-specific EMT scores for all cells (R2 = 0.48). (e) Venn diagram 
showing overlap between three different gene sets of EMT: genes derived from the 
pseudotime calculation of TGFβ-1 treated OVCA420 cells (Pseudotime genes), cancer 
cell-specific EMT module, Hallmark (MSigDb) EMT module. (F) Average normalized 
expression of QSOX1 across different time points in OVCA420 cells treated with TGF-
β1. 

3.2 QSOX1 and IL32 are highly correlated with EMT in different cell lines treated 
with different inducers of EMT 
 

Four different cancer cell lines (OVCA420, MCF7, A549, DU145) from ovarian 

cancer, breast cancer, lung cancer, and prostate cancer were treated with three different 

EMT inducers for different lengths of time and sequenced via scRNA-seq. For all cell 

lines and inducers of EMT, QSOX1 expression gradually increases with EMT and is 

highest at 7 days post-induction (Figure 4a), suggesting that QSOX1 is a potentially 

near-universal gene marker for mesenchymal cells, at least in vitro. We looked at public 

RNA-seq data of ovarian cancer patients from the TCGA and compared QSOX1 gene 

expression with survival to find that low expression of the gene is associated with longer 

survival, with the median expression cut-off determined by interquartile range 

methodology (* p = 0.031; Figure 4b), suggesting that having fewer mesenchymal cells 

in a tumor is associated with better outcomes, possibly due to less metastatic spread 

given that mesenchymal cells and metastasis in ovarian cancer are closely linked 

(Rafehi et al., 2016). 
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Figure 4. QSOX1 is a near-universal marker of EMT and mesenchymal cells in 
human cancer cells and negatively affects survival in ovarian cancer. (a) 
Expression heatmaps for QSOX1 expression in four different cancer cell lines 
(OVCA420, MCF7, A549, DU145) treated with either TGF-β1 (10 ng/mL), EGF, or TNF⍺ 
at five different time points: 0d (no treatment), 8 hours (8h), 1-day (1d), 3-day (3d), and 
7-day (7d). (b) Kaplan-Meier survival curve for ovarian cancer patients based on bulk 
QSOX1 expression from TCGA data of bulk RNA-seq datasets of ovarian tumors. 
Median expression separating low from high determined by interquartile range 
methodology. 

A model-based analysis of single-cell transcriptomics (MAST) test between 

untreated OVCA420 cells and cells treated with TGF-β1 for 7 days revealed IL32 to be 

one of the most differentially expressed genes in the latter group along with TGM2, 

LAMC2, SERPINA1, and SERPINE1 (Figure 5a). IL32 is expressed highest at 7 days 

after TGF-β1 treatment of OVCA420 ovarian cancer cells (Figures 5b), and correlates 

independently with the pseudotime calculation for that experiment (Figure 5c) 

suggesting IL32 is a correlate of the EMT in ovarian cancer cells. To determine whether 

IL32 expression correlates with EMT in cell lines derived from other cancers, we 

analyzed the scRNA-seq data from the OVCA420, MCF7, A549, and DU145 cells 

treated with recombinant TGFβ-1, EGF, or TNF⍺ and noted that expression is highest 

after 7 days of treatment with TGFβ-1, highest after 1 day of treatment with TNF⍺, and 

with no clear trend with EGF (Figure 5d). Additionally, we explored expression of either 

QSOX1 or IL32 after removing TGFβ-1 treatment to induce mesenchymal-to-epithelial 

transition and noted that expression of both begins to decrease, suggesting both are 

direct correlates of the EMT (Figure 5e). Taken together, IL32 is a strong correlate of 

the EMT but may be dependent on the type of EMT inducer used, where cell lines from 

different cancers respond similarly to TGFβ-1 and TNF⍺ treatment.  
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Figure 5. Of all immune regulatory factors, IL32 correlates the most with EMT 
progression and is highly expressed in mesenchymal cells. (a) Model-based 
analysis of single-cell transcriptomics (MAST) between untreated OVCA420 cells and 
cells treated with TGF-β1 for 7 days. left – higher in treated cells; right – higher in 
untreated cells. (b) Average expression of IL32 in all OVCA420 cells treated with TGF-
β1 and collected at different time points. (c) General additive model (GAM) of computed 
pseudotime values against IL32 expression for all OVCA420 cells treated with TGF-β1 
for different lengths of time. (d) Expression heatmaps for IL32 expression in four 
different cancer cell lines (OVCA420, MCF7, A549, DU145) treated with either TGF-β1 
(10 ng/mL), EGF (30 ng/mL), or TNF⍺ (10 ng/mL) at five different time points: 0d (no 
treatment), 8 hours (8h), 1-day (1d), 3-day (3d), and 7-day (7d). (e) Dot plots showing 
expression of either QSOX1 or IL32 during EMT induction across time points and after 
removal of TGF-β1 EMT inducing stimulus after either 8 hours (8h_rm), 1-day (1d_rm), 
or 3-days (3d_rm) post-removal. 

3.3 EMT modulates transcript expression of cytokines, chemokines, and 
interleukins in ovarian cancer cell lines treated with EMT inducers 
 

Based on the preliminary results in Figure 2 we determined the RNA expression 

of a selection of cytokines, chemokines, and interleukins in OVCA420 cells treated with 

TGF-β1 (Figure 6a). Among all the factors examined, there was a positive correlation 

only between EMT and the chemokines CCL2, CCL5, CCL20, CXCL1 and the 

interleukins IL18, IL1A, and IL11 where their expression was highest after 7 days of 

treatment. Because many of these chemokines and interleukins are immunoregulatory 

and may be secreted from cancer cells undergoing EMT, we measured the abundance 

of these factors in the media of OVCA420 cells after 4 days of TGFβ-1 treatment. There 

e 
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were significant protein concentrations for CCL2, CCL5, and IL-1a (** p < 0.01) in 

TGFβ-1 treated cells compared to untreated controls (Figure 6b). While the transcripts 

for many immunoregulatory factors were expressed in OVCA420 cells undergoing EMT, 

only CCL2, CCL5, and IL-1a were secreted into the media at detectable levels. These 

chemokines are known to be associated with recruitment of deleterious tumor-

associated macrophages (TAMs) (Soria & Ben-Baruch, 2008) and IL-1a is pro-

tumorigenic in ovarian cancer (Charbonneau et al., 2014). These findings are consistent 

with the established knowledge that soluble factors mediate immunosuppression by 

mesenchymal cells (Ghannam et al., 2010).   
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Figure 6. CCL2, CCL5, and IL-1a are secreted from mesenchymal OVCA420 cells. 
(a) Average RNA expression of cytokines, chemokines, and interleukins in OVCA420 
cells treated with TGF-β1 for different lengths of time. (b) Absolute protein 
concentrations (pg/ml) of cytokines, chemokines, and interleukins measured by 
multiplexed ELISAs (BioLegend® LEGENDPlex™) of media from OVCA420 cells 
treated with 10 ng/mL TGF-β1 for 4 days (n = 4). 
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3.4 TGFβ-1 is the primary immunosuppressor of NK cells in in vitro ovarian 
cancer EMT model 
 

We decided to determine whether mesenchymal cells affect NK cell cytotoxicity, 

because both CCL2 and CCL5 bind to receptors (CCR2 and CCR5) on the surface of 

NK cells (Ozga et al., 2021), which may regulate their cytotoxic potential. To test this, we 

used an in vitro co-culture system of either K562 lymphoblast cells isolated from a 

chronic leukemia patient (Klein et al., 1976) or OVCA420 cells as target cells and NK92 

cells derived from a patient with NK-cell lymphoma (Klingemann, 2023) as effector cells. 

After pre-treating the NK92 cells for 48 hours with media lifted from either epithelial 

OVCA420 cells or OVCA420 cells induced to become mesenchymal by treating them 

with TGFβ-1 for 72 hours, we co-cultured the pre-treated NK-92 cells with either K562 

cells or OVCA420 cells for 6 hours. When the NK92 cells were pre-treated with media 

from mesenchymal cells, there was a marked decrease in the percentage of dead cells 

for effector-target ratios of 10:1 and 5:1 in both K562-NK92 (Figure 7a; * p < 0.05) and 

OVCA420-NK92 (Figure 7b; * p < 0.05). While this might have suggested that factors 

secreted by mesenchymal cells, possibly CCL2, CCL5, and IL-1a, suppress the 

cytotoxic activity of NK cells, the immunosuppressive effect was ameliorated when a 

neutralizing TGFβ-1 antibody was added (Figure 7c). Thus, we concluded that despite 

the milieu of immunoregulatory factors in mesenchymal factors, the primary 

immunosuppressive factor was TGFβ-1.  
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Figure 7. NK cell cytolytic activity is reduced when pre-treated with media from 
mesenchymal cells, but effect is alleviated by a TGF-β1 neutralizing antibody. (a) 
Reduced killing of K562 cells by NK92 cells pre-treated with media from mesenchymal 
cells compared with NK92 cells pre-treated with media from epithelial cells at 10:1 (*p < 
0.05) and 5:1 (*p < 0.05) effector-to-target ratios and untreated NK92 cells in the 5:1 
effector-to-target ratio group (*p < 0.05) in a 6-hour co-culture (n = 4). (b) Reduced 
killing of OVCA420 cells by NK92 cells pre-treated with media from mesenchymal cells 
compared with NK92 cells pre-treated with media from epithelial cells at 10:1 (*p < 0.05) 
and 5:1 (*p < 0.05) effector-to-target ratios and untreated NK92 cells in the 5:1 effector-
to-target ratio group (*p < 0.05) in a 6-hour co-culture (n = 4). (c) No difference in killing 
of OVCA420 cells by NK92 cells pre-treated with media from epithelial or mesenchymal 
cells when cultured with a TGF-β1 neutralizing antibody (n = 4).  
 

To determine if immunoregulatory factors may exist in vivo but are absent 

specifically from OVCA420 cells, we leveraged an ensemble cell-cell communication 

algorithm called LIANA and applied it to a scRNA-seq dataset of 6 HGSOC (Geistlinger 

et al., 2020) (Figure 8a-c). We found that expression of MDK, MIF, CD59, Nectin2 are 

most correlated with EMT in mesenchymal cells in vivo and are most involved in 

communications with NK cells. Of these identified factors, only CD59 was increased in 

a b 

c 
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expression in OVCA420 cells undergoing EMT in vitro. We therefore used recombinant 

proteins of these factors to pre-treat NK92 cells in additional co-culture experiments.  
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Figure 8. Snapshot of a list of top-most specific ligands expressed by 
mesenchymal cells and their likely receptor targets on NK cells. (a) Table showing 
different ligands in epithelial cancer cells from a single cell RNA-seq dataset of 6 
HGSOC tumors identified by the LIANA cell-cell communication analysis package to be 
most specific in binding to NK cell receptors. Aggregate rank refers to a weighted 
average p-value of all cell-cell communication methods’ resultant p-value used by 
LIANA to denote likelihood of an interaction happening. (b) The same analysis as in A, 
but showing different ligands in partial-EMT cancer cells to be most specific in binding to 
NK cell receptors. (c) The same analysis as in A, but showing different ligands in 
mesenchymal cancer cells to be most specific in binding to NK cell receptors. 
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First, we repeated the previous experiment testing the immunosuppressive 

potential of conditioned media from mesenchymal cells (Figure 9a) and found that 

NK92 cells pre-treated with mesenchymal conditioned media kill fewer target K562-NL 

cells with a reduction between 20-30% in dead cells depending on the ratios when 

NK92 cells are exposed to mesenchymal media. Then, we repeated the same 

experiment but with the addition of a neutralizing TGFβ-1 antibody to the mesenchymal 

media prior to NK92 cell conditioning, which resulted in amelioration of the 

immunosuppressive effect by media from mesenchymal cells (Figure 9b). We then 

treated NK92 cells with recombinant Nectin2, CD59, MIF, MDK, or TGFβ-1 alone, or a 

combination of TGFβ-1 and neutralizing TGFβ-1 antibody and found that only TGFβ-1 

treatment reduced the cytotoxic potential of NK92 cells (Figures 9c, d) by 20-50% 

depending on the ratios used. Taken together, the primary immunosuppressive factor 

affecting NK cells found in media containing secreted factors from mesenchymal cells is 

TGFβ-1. This suggests that the four other secreted factors do not directly affect NK cell 

cytolytic activity. They may, however, contribute to immunosuppression by acting on 

other cell types, such as TAMs, which are known to be polarized and chemoattracted by 

factors like CCL2, CCL5, and IL-1a.  
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Figure 9. NK cell cytolytic activity is unaffected when pre-treated with 
recombinant ligands associated with mesenchymal cells. (a) Reduced killing of 
K562-NL cells by NK92 cells pre-treated with media from mesenchymal cells compared 
with NK92 cells pre-treated with either media from epithelial cells or normal media at 
various effector-to-target ratios (**** p < 0.0001 for 20:1, 10:1, 5:1, 2.5:1 ratios; *** p < 
0.001 for 2.5:1 ratio; * p < 0.05 for 1.25 ratio) in a 6-hour co-culture of K562-NL and 
NK92 cells at different effector-to-target ratios (n = 3). (b) No difference in killing of 
K562-NL cells by NK92 cells pre-treated with media from epithelial or mesenchymal 
cells, or normal media in combination with TGF-β1 neutralizing antibody in a 6-hour co-
culture (n = 3). (c) No difference in killing of K562-NL cells by NK92 cells pre-treated 
with either recombinant Nectin2, CD59, or MIF in a 6-hour co-culture of K562-NL and 
NK92 cells at different effector-to-target ratios (n = 3). (d) Reduced killing of K562-NL 
cells by NK92 cells pre-treated with recombinant TGF-β1 compared with NK92 cells 
pre-treated with either a solution of TGF-β1 and neutralizing TGF-β1 antibody, 
recombinant MDK, or untreated at various effector-to-target ratios in a 6-hour co-culture 
of K562-NL and NK92 cells at different effector-to-target ratios. (**** p < 0.0001 for 20:1, 
10:1, 5:1, ratios; *** p < 0.001 for 5:1 ratio; ** p < 0.01 for 5:1 and 2.5:1 ratios; * p < 0.05 
for 5:1 ratio) (n = 3). 
 
3.5 ID8 and STOSE murine ovarian cancer cell lines undergo EMT when treated 
with TGFβ-1 
 

Following our results with the human ovarian cancer cells, we sought to 

determine if EMT-mediated immunosuppression occurs in murine models of ovarian 

cancer. To this end, we used ID8 and STOSE murine ovarian cancer cells, both of which 

are established and well-characterized cell lines and tumor models (Rodriguez et al., 

2022). Although both originate from spontaneously transformed ovarian epithelial cells, 

they produce immunologically distinct tumors with ID8 generating “cold” tumors, 

whereas STOSE are more infiltrated by immune cells.  Whether the EMT status of these 

cell lines plays any role in these distinct phenotypes remains unknown. Induction of 

EMT in ID8 cells with TGFβ-1 treatment for 7 days resulted in phenotypic changes that 

suggested that the cells were more mesenchymal, having lost the tight, cobblestone-like 

epithelial formation and gaining spindle-shaped morphology (Figure 10a). We then 

measured mRNA expression levels of the classic EMT markers Ncad, Slug, Vim, and 
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Sox4 in ID8 cells treated with TGFβ-1 for 7 days and found significant increases only in 

Ncad and Slug (Figure 10b) (* p < 0.05; ** p < 0.01). Additionally, we examined 

expression of Il18 and its receptor Il18r as it was a strong correlate of EMT in our 

human OVCA420 ovarian cancer model and it could also be a relevant factor due to its 

immunosuppressive action together with PD-1 (Terme et al., 2011a; Z. Y. Wang et al., 

2002), and found that Il18 was significantly different (Figure 10b) (* p < 0.05). We 

repeated this experiment with another murine ovarian cancer cell line STOSE and found 

similar results (Figures 10c-d) with Ncad, Slug, Vim, and Il18r being significantly higher 

in TGFβ-1 treated cells (* p < 0.05). Taken together, these results indicate that both ID8 

and STOSE cells can undergo EMT and become mesenchymal when induced with 

recombinant TGFβ-1. Additionally, Il18 is correlated with EMT in ID8 cells but not in 

STOSE, suggesting that the former may use IL18 to regulate the immune environment. 

IL18 has been previously shown to act as an autocrine factor in tumors (Lebel-Binay et 

al., 2003), suggesting a possible feedback loop between higher Il18 expression in 

mesenchymal cells and enhanced downstream signaling effects of IL18R binding on 

cancer cells that include NFkB activation and subsequent proinflammatory signals 

(Wawrocki et al., 2016).  
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Figure 10. ID8 and STOSE murine ovarian cancer cell lines morphologically 
appear mesenchymal and express common EMT genes when treated with TGF-β1 
for 7 days. (a) Widefield microscopy images of untreated and TGF-β1 treated ID8 cells 
(n = 3). (b) RT-PCR quantification of common EMT genes (* p < 0.05 in NCAD, VIM, 
IL18; ** p < 0.01 in SLUG) in untreated and TGF-β1 treated ID8 cells (n = 3). (c) 
Widefield microscopy images of untreated and TGF-β1 treated STOSE cells (n = 3). (d) 
RT-PCR quantification of common EMT genes (* p < 0.05 in NCAD, SLUG, VIM, IL18R) 
in untreated and TGF-β1 treated STOSE cells (n = 3). 
 

To further expand the study of the EMT in the ID8 and STOSE cell lines, we 

performed a time course treatment of the cell lines with TGFβ-1 and then sequenced 

the cells via scRNA-seq.  Data from the ID8 cells are colored by their length of 

treatment and we noticed clustering related to the time points (Figure 11a). Then, we 

performed pseudotime analysis on the cells and noted the cells temporally align in 

pseudotime with their respective time points (Figure 11b), suggesting the pseudotime 

analysis captures EMT progression in these cells after treatment with TGFβ-1. Finally, 

we correlated values from the pseudotime analysis with EMT scores for each cell 

generated with a cancer-specific gene module published by our lab (Cook & 

Vanderhyden, 2022) converted into mouse orthologs (Figure 11c) and observed a 

positive association (R2 = 0.15). When a similar analysis was performed on STOSE 

cells (Figures 11d-f) we noted a similar clustering according to time point, and 

alignment with pseudotime, but a lack of correlation between the pseudotime analysis 

and the cancer-specific gene module (R2 < 0.01). Together, these results demonstrate 

that the cancer-specific gene module, which is based on a pan-cancer analysis of EMT 

in cancer cells, captures the EM program of the ID8 cells but not the STOSE cells, 

suggesting that STOSE cells undergo a unique version of the EMT.  
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Figure 11. In vitro models of EMT using two mouse ovarian cancer cell lines show 
differing correlations of pseudotime with scores from cancer-specific EMT 
signature genes. (a) UMAP clustering of murine ID8 cells treated with TGF-β1 (10 
ng/mL) at four different time points: Ctrl (no treatment), 8 hours (8h), 1-day (1d), 3-day 
(3d), and 7-day (7d). (b) Density ridge plot showing computed pseudotime scores for all 
ID8 cells, colored by time point. (c) Positive correlation of computed pseudotime values 
in ID8 murine ovarian cancer cells against cancer-specific EMT scores for all cells (R2 = 
0.15). (d-f) Same as a-c, but with STOSE cells, and there is a negative correlation of 

ID8 cell line 

STOSE cell line 

e 

a b 

c d 

f 
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computed pseudotime values against cancer-specific EMT scores for all cells (R2 < 
0.01). 
 

3.6 Expression of immunoregulatory molecules is not correlated with EMT in 
murine ovarian cancer cell lines 
 

To determine how the expression of various cytokines, chemokines, and 

interleukins changes with EMT, we first converted all the immunoregulatory factors from 

our experiments with human ovarian cancer cell lines to their murine orthologs. Then, 

we examined the expression of these factors at various time points following TGFβ-1 

treatment of ID8 (Figure 12a) and STOSE (Figure 12b) cell lines. Only one factor 

increased in expression in correlation with EMT, namely Il11 in both ID8 and STOSE cell 

lines, with the rest either remaining unchanged or decreasing in expression with time. 

Notably, despite Il18 being a strong correlate of EMT in the human models, it appeared 

to decrease in expression in the murine cell lines, suggesting that the murine models 

are potentially unsuitable for testing the immunoregulatory potential of mesenchymal 

cancer cells. To confirm that Il18 expression is not positively correlated with EMT in 

murine cell lines, we performed an ELISA for IL18 in the supernatant of ID8 and STOSE 

cells treated with TGFβ-1 and compared it to the ascites from mice with syngeneic 

orthotopic tumors of these cell lines. We included ascites as positive controls for a 

greater number of mesenchymal cells based on published literature (Rafehi et al., 2016) 

where we expected to find higher IL18 protein concentrations knowing that IL18 

expression is associated with EMT based on our scRNA-seq data. The results indicated 

that there is no effect of TGFβ-1 on the abundance of IL18 with either cell line (Figure 

12c). Taken together, our initial aim to study the effects of Il18 and its correlation with 

EMT on immune cells in the TME of syngeneic orthotopic models of ovarian cancer was 
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unlikely to succeed due to the lack of a clear relationship between IL18 and EMT in ID8 

and STOSE cells. 

  



 75 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
ID

8 
ce

ll 
lin

e 
ST

O
SE

 c
el

l l
in

e 

b 

c 



 76 

Figure 12. Il18 RNA and protein expression is unchanged by EMT in ID8 and 
STOSE cell lines treated with TGF-β1. (a,b) Average expression levels of cytokines, 
chemokines, and interleukins in ID8 (a) and STOSE (b) cells treated with TGF-β1 (10 
ng/mL) at four different time points: Ctrl (no treatment), 8 hours (8h), 1-day (1d), 3-day 
(3d), and 7-day (7d). (c) ELISA for IL18 protein abundance in the supernatant from ID8 
and STOSE cell lines treated with TGF-β1 (10 ng/mL) for 7 days and in ascites from 
mice with syngeneic orthotopic ID8 and STOSE tumors (n = 2 for ID8 and STOSE with 
and without treatments, n = 3 for ID8 and STOSE ascites). 
 

3.7 Orthotopic ID8 and STOSE tumors differentially express classical markers of 
epithelial ovarian cancer 
 

To delve deeper into the immunoregulatory environment of the syngeneic 

orthotopic ID8 and STOSE murine ovarian cancer models, we performed scRNA-seq on 

intrabursal tumors derived from these cell lines and labeled the cell populations 

according to common cancer cell marker genes for ID8 (Figure 13a) and STOSE 

(Figure 13b) tumors. Expression of gene markers of epithelial ovarian cancer in the 

cancer cell populations revealed heterogeneity in expression of classical markers 

(Figure 13c, d). In particular, classical markers of epithelial cancer cells such as Krt19 

and Wt1 were predominantly expressed in STOSE cancer cells whereas markers such 

as Epcam, Amhr2 and Wt1 were highly expressed in ID8 cancer cells.  
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Figure 13. ID8 and STOSE tumors differentially express common cancer cell 
markers. (a) scRNA-seq UMAP figures depicting cell clusters found in orthotopic ID8 
tumor at endpoint. The resultant gene expression matrix contained expression values of 
8,104 cells and 20,091 genes and was analyzed using Seurat. (b) scRNA-seq UMAP 
figures depicting cell clusters found in orthotopic STOSE tumor at endpoint. The 
resultant gene expression matrix contained expression values of 9,749 cells and 20,091 
genes and was analyzed using Seurat. (c,d) UMAP plots showing enrichment of 
individual cancer cells identified by the expression of common cancer cell genes (Krt19, 
Epcam, Elf3, Amhr2, Wt1) in single cell RNA-seq dataset of ID8 (c) and STOSE (d).  
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3.8 Orthotopic ID8 and STOSE tumors have unique transcriptional profiles 
 

Based on the differential expression of epithelial ovarian cancer markers 

between STOSE and ID8 tumors, we decided to look at the unique transcriptional 

profiles of the cancer cell population in each orthotopic tumor. More specifically, we 

performed a differential gene expression (DGE) MAST test between the two cancer cell 

populations in order to generate a unique transcriptional signature for the cancer cell 

population of each tumor (Figure 14a). This analysis revealed that some genes are 

more strongly expressed in the cancer cells of ID8 tumors than in STOSE tumors, and 

vice versa (Figure 14b). Particularly, we noted that Sox9 and Star (Figure 14c) are 

exclusively expressed by ID8 cancer cells while Msln, Ccl2, Il33, and Col3a1 are 

primarily expressed in STOSE cancer cells (Figure 14d, e), suggesting that the cancer 

cells from the two tumors have very different, heterogeneous transcriptomes that could 

be reflected in the makeup of cells in the TME (Figure 14a, b), and have potential 

impacts on survival, as mice injected orthotopically with STOSE tumors survive for 7 

days longer than those injected with ID8 cells, on average (Rodriguez et al., 2022).  
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Figure 14. Cancer cells in orthotopic ID8 and STOSE tumors exclusively express 
genes that could be used to identify them. (a) UMAP plot showing enrichment of 
individual cells for average expression of genes from gene set unique to orthotopic ID8 
cancer cells generated with a model-base analysis of single-cell transcriptomics (MAST) 
in orthotopic ID8 and STOSE tumors. (b) UMAP plot similar to (a) but for a gene set 
unique to STOSE cancer cells. (c) Volcano plot showing differentially expressed genes 
generated with a MAST test between ID8 and STOSE cancer cells from orthotopic 
tumors (left – STOSE cancer genes, right – ID8 cancer genes). (d,e) UMAP plots 
showing enrichment of individual cancer cells for expression of cancer cell genes from 
MAST differential gene expression test. Sox9, and Star are specific to ID8 orthotopic 
tumors (d) and Msln, Ccl2, Il33, and Col3a1 are specific to STOSE orthotopic tumors 
(e). 

3.9 Orthotopic ID8 and STOSE tumors differentially regulate many pathways 
 

Following our findings that cancer cells from syngeneic orthotopic ID8 and 

STOSE tumors possess different transcriptional profiles, we decided to determine which 

pathways are associated with these differentially expressed genes, and whether these 

pathways are regulated differently between the two tumors. After performing pathway 

enrichment analysis of the Hallmark pathways from MSigDb, we found that STOSE 

cancer cells upregulate pathways related to EMT, cell cycle, and inflammatory immune 

response while ID8 cancer cells upregulate the Wnt/β-Catenin pathway (Figure 15a) 

suggesting that activity of the EMT pathway may be increased in STOSE tumors and 

thus there may be more mesenchymal cells in orthotopic STOSE tumors. Additional 

pathway enrichment analysis with biological pathways from MSigDb revealed that ID8 

cancer cells upregulate pathways related to Class II HLA presentation while STOSE 

cancer cells upregulate pathways related to immune regulation of T cells and 

lymphocytes in general (Figure 15b). Taken together, upregulation of EMT-related 

pathways and immunoregulatory pathways in STOSE cancer cells is consistent with 

prior findings of EMT’s association with immunoregulation (Datar & Schalper, 2016; Taki 

et al., 2021). Finally, we scored the cancer cells for EMT using the cancer-specific gene 
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module after converting the genes to their mouse orthologs and found that there are 

more mesenchymal cells in STOSE tumors than ID8 tumors (Figure 15c), thus 

supporting the results of the pathway analysis. Taken together, the results suggest that 

EMT activity in cancer cells is higher in STOSE and there are more mesenchymal cells 

in STOSE tumors.  
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Figure 15. Cancer cells from orthotopic ID8 tumors and STOSE tumors diverge in 
biological and hallmark pathway activity with STOSE cancer cells exhibiting 
greater EMT progression than ID8 cancer cells. (a) Pathway enrichment using 
MSigDb Hallmark pathways based on unique gene signatures of cancer cells from 
orthotopic ID8 and STOSE tumors generated by differential gene expression MAST test 
(Left – enriched in STOSE cancer cells; Right – enriched in ID8 cancer cells). (b) 
Pathway enrichment using MSigDb Gene Ontology (GO) Biological Pathways (BP) 
based on unique gene signatures of cancer cells from orthotopic ID8 and STOSE 
tumors generated by differential gene expression MAST test (Left – enriched in STOSE 
cancer cells; Right – enriched in ID8 cancer cells). (c) Ridge plot showing distribution of 
murine ortholog cancer-specific EMT module gene scores in ID8 and STOSE cancer 
cells in orthotopic tumors. 

3.10 Upregulation of Snai1/Snail is insufficient to induce an EMT in ID8 cancer 
cells 
 

To further explore possible links between EMT and presence and/or activity of 

immune cells in the TME, we sought to generate a more mesenchymal version of an 

existing epithelial model. Since ID8 cancer cells are low for EMT activity and ID8 tumors 

have fewer immune cells (i.e., “cold” tumors) than STOSE tumors(Rodriguez et al., 

2022) we decided to determine if inducing EMT in these cells by upregulating a known 

EMT-associated gene Snai1/Snail would result in a TME with more immune cells (i.e., 

“hot” tumor). To achieve this, we generated an ID8 cell line with conditional, 

doxycycline-inducible overexpression of Snail, and confirmed the vector generation and 

infection protocols using GFP overexpression (Figure 16a). We then confirmed 

overexpression of Snail by western blot analysis (Figure 16b) and qPCR (Figure 16c).  
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Figure 16. Snai1 overexpression is driven by rtTA after doxycycline treatment in 
transgenic ID8 cells. (a) Widefield microscopy images of transgenic ID8 cells with 
either empty vector (ID8-Tet-Empty), GFP transgene (ID8-Tet-iGFP), or Snail 
overexpression (ID8-Tet-imSnail). Parental ID8 cells (ID8 WT) were used as a control. 
All cell lines were treated with doxycycline (1 μg/ml) for 3 days. (b) Western blot using 
Snai1 antibody on cell lysates from ID8-WT, ID8-Tet-Empty, ID8-Tet-iGFP, and ID8-Tet-
imSnail cells after treatment with doxycycline (1 μg/ml) for 3 days. β-actin was used as 
the loading control (n = 1). (c) Fold change of Snai1 expression measured by qPCR in 
ID8 WT, ID8-Tet-Empty, ID8-Tet-iGFP, and ID8-Tet-Snail cells treated with doxycycline 
(1 μg/ml) for 3 days (n = 1). 
 

To confirm that Snail overexpression in ID8 cells initiates EMT, we compared 

these cells to EMT initiated by TGFβ-1 treatment of the same cells. We treated the cells 

for 3 days based on previous observations that EMT reaches a maximal transcriptional 

change at 3 days after treatment of ID8 cells (Figure 11a-c). Visual investigation of the 

cells showed that while the morphology of ID8 cells with an empty or overexpression 

vector retain phenotypically mesenchymal morphology after TGFβ-1 treatment, 

ID8 WT ID8-Tet-Empty ID8-Tet-iGFP ID8-Tet-imSNAIL 

a 

n=1 

c b 
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overexpression of Snail alone does not result in similar morphology (Figure 17a, b). We 

then probed the different cells for expression of classical EMT markers (Snai1/Snail, 

Krt19, Cdh1, Cdh2, Sox4, Vim, Col1a1, Col1a2) and non-classical EMT markers (Cnn1, 

Actg2) derived from our scRNA-Seq analysis of the cell lines (Figure 11a, d) and found 

that while doxycycline treatment leads to overexpression of Snail (Figure 17c), it did not 

upregulate any EMT-related genes, suggesting that Snail overexpression is insufficient 

for initiation of EMT in ID8 cells.  
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Figure 17. Snai1 overexpression in ID8 cells fails to modulate expression of 
classical and non-classical EMT gene markers. (a, b) Widefield microscopy images 
of transgenic ID8 cells with either empty vector (Empty), or Snail overexpression (Tet-
Snail). All cell lines were treated with doxycycline (1 μg/ml) or TGF-β1 (10 ng/mL) for 3 
days (n = 3). (c) Log fold change in expression values measured by qPCR of various 
classical EMT gene markers (Snai1, Krt19, Cdh1, Cdh2, Sox4, Vim, Col1a1, Col1a2) 
and non-classical EMT gene markers (Cnn1, Actg2) in ID8-Tet-Empty, ID8-Tet-imSnail 
cells either untreated or treated with doxycycline (1μg/mL) or TGF-β1 (10 ng/mL) for 3 
days (n = 3). Significant differences between Dox and TGF-β1 treated ID8-Snail cells 
compared to ID-WT control cells (****p < 0.0001; *** p < 0.001) in Snai1 expression and 
significant differences in Col1a1 (*p < 0.05), Col1a2 (****p < 0.0001), and Cnn1 (***p < 
0.001) in the TGF-β1 treatment group. 1-way ANOVA used as statistical test. 
 

Finally, we performed a proliferation assay and found that Snail overexpression 

failed to affect the proliferation of ID8 cells (Figure 18).   
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Figure 18. Doxycycline treatment increases proliferation of ID8 cells irrespective 
of transgene. Growth curve of ID8-Tet-Empty and ID8-Tet-Snail cells treated with 
doxycycline (1μg/mL) for 3 days, n = 3. Statistics test used is a 2 way ANOVA on each 
timepoint. 
 
3.11 Upregulation of Snai1 is insufficient to induce an EMT in syngeneic 
orthotopic ID8 tumors 
 

Despite the lack of EMT response in ID8 cells following Snail overexpression, we 

decided to inject the transgenic cells under the mouse ovarian bursa of C57Bl/6 mice. 

Two weeks after the injection, overexpression of Snail was induced by adding 

doxycycline to the drinking water.  Mice were euthanized at humane endpoint, and there 

were no differences in survival between tumors generated by the different cell lines 

(Figure 19a). Additionally, there were no differences in mouse weight, tumor weight, 

ascites volume, and spleen weight at endpoint (Figure 19b). Taken together with the 

results in the previous subsection, Snai1 overexpression in the cancer cells does not 

change the ovarian TME sufficiently to affect tumor progression. 
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Figure 19. Mice injected orthotopically with Snai1 inducible ID8 cancer cells have 
no difference in survival compared to mice injected with ID8 parental (WT) cells. 
(a) Kaplan-Meier survival curves of mice injected under the ovarian bursa with ID8 cells 
with or without doxycycline-inducible Snai1 expression. No significant differences (n = 3 
for ID8-Tet-Empty and ID8-WT, n = 4 for ID8-Tet-iSnail). (b) Mouse, tumor, and spleen 
weights and ascites volume collected at endpoint showed no differences among cell 
lines. 

a 

b 
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3.12 Upregulation of Snai2/Slug is insufficient to induce an EMT in ID8 cancer 
cells 
 

A similar counterpart to Snail is the sister protein Slug which has been shown to 

induce EMT in some cell lines(Sun et al., 2014; M. Zheng et al., 2015). Similar to our 

Snail experiments, we determined if overexpression of Slug in ID8 cells could potentially 

induce an EMT and turn the canonically “cold” ID8 TME into a “hot” TME. Visual 

assessment of cellular morphology following doxycycline-driven Slug overexpression 

confirmed that cells treated with doxycycline did not gain mesenchymal cell morphology 

when compared to cells treated with TGFβ-1 (Figure 20a, b). When we probed for 

classical and non-classical EMT genes when cells bearing the overexpression construct 

were treated with doxycycline, there was an increase in Slug expression, as well as an 

unexpected increase in Cdh1 expression (** p < 0.01) where a decrease was expected 

after EMT induction (Figure 20c).   
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Figure 20. Snai1 overexpression in ID8 cells fails to change cell morphology or 
expression of classical EMT markers. (a, b) Representative widefield microscopy 
images of transgenic ID8 cells with either empty vector (Empty) or Slug overexpression 
(Tet-Slug). All cell lines were treated with doxycycline (1 μg/ml) or TGF-β1 (10 ng/mL) 
for 3 days (n = 3). (c) Log fold change in gene expression values measured by qPCR of 
various classical EMT markers (Snai1, Vim, Krt19, Cdh1, Cdh2, Sox4, Col1a1, Col1a2) 
in ID8-Tet-Empty, ID8-Tet-imSnail cells treated with either no treatment, doxycycline 
(1μg/mL), or TGF-β1 (10 ng/mL) (n = 3). Significant differences between Dox treated 
ID8-Slug cells compared to ID-WT control cells (** p < 0.01) in Snai2 expression and 
significant differences in Col1a1 (**p < 0.01) and Col1a2 (*p < 0.05) in the TGF-β1 
group, and Cdh1 (**p < 0.01) in the Dox treatment group. 1-way ANOVA used as 
statistical test. 
 

Finally, we attempted to see if Slug overexpression leads to a reduction in the 

proliferative capacity of cells, as can sometimes be seen in mesenchymal cells, which 

are slower to proliferate than epithelial cells (Lovisa et al., 2015; Prakash et al., 2019). 

There were no significant differences in any of the groups when measuring the growth 

rate of the cells using an Incucyte cell counter (Figure 21). Taken together, we 

concluded that Slug overexpression in ID8 cells is insufficient to induce an EMT. Thus, 

we chose not to attempt to test in vivo if overexpression of Slug might affect the TME. 
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Figure 21. Upregulation of Slug does not change proliferation of ID8 cells. Growth 
curve of ID8-Tet-Empty and ID8-Tet-Slug cells treated with doxycycline (1μg/mL) or 
TGF-β1 (10 ng/mL) for 3 days (n = 3). Statistics test used is a 2 way ANOVA on each 
timepoint. 
 
3.13 An immune-infiltrated TME does not confer EMT in cancer cells 
 
 With our attempts to turn an immune “cold” TME into a “hot” one by inducing 

EMT in cancer cells unsuccessful, we decided to explore whether a “reverse” situation is 

possible where the presence of immune cells in the TME confers a greater number of 

mesenchymal cells. To do this, we injected STOSE cancer cells under the bursa into 

either FVB/N mice or SCID mice and hypothesized that in the absence of both B and T 

lymphocytes in the SCID mice, the STOSE TME will have fewer mesenchymal cells 

when compared to STOSE tumors from FVB/N mice. Because we would be measuring 

mesenchymal cell presence in a whole tumor by qPCR, we first had to find markers 

specific to mesenchymal cells in a robust TME. We leveraged our scRNA-Seq of mouse 

tumors from Figure 11a-d and scored the cells for EMT activity with our cancer-specific 
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EMT module. Then, we performed a differential gene expression analysis comparing 

mesenchymal cells to epithelial cells which resulted in a set of mesenchymal cancer cell 

specific markers Ifrd1, Hbegf, Klf4, Cxcl1 (Figure 22a). We then performed qPCR on 

whole tumors and found no significant differences in mesenchymal cancer cell markers 

between wild-type FVB/N and SCID mice (Figure 22b). We then refined our differential 

gene expression analysis to compare the transcriptome of mesenchymal cancer cells to 

all cell fractions in the TME rather than to just epithelial cancer cells (Figure 22c) and 

selected the markers Fam162a, Higd1a, Edn2, Pgk1. We then probed for this new 

panel of markers and found that while none of the markers were significantly different, 

Higd1a (p = 0.0527) and Edn2 (p = 0.0599) trended higher in SCID mice (Figure 22d) 

suggesting that in the absence of immune cells, EMT increases. Hypoxia-inducible gene 

domain family member 1A (Higd1a), a survival factor related to Hypoxia inducible factor 

1 (HIF-1), has been previously linked to survival of cancer cells (Ameri et al., 2015) in 

vivo while the role of endothelin 2 (Edn2) has yet to be fully elucidated in cancer (X. 

Wang et al., 2021) though epigenetic silencing of Edn2 has been noted in colon cancer 

(R. Wang et al., 2013). Taken together, the initial observation suggesting a correlation 

between EMT and the presence of immune cells in the TME is yet to be validated in a 

mouse model and may suggest that ID8 and STOSE murine models of ovarian cancer 

are inadequate to study the interaction of EMT and immune cell presence. 
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Figure 22. Increased mesenchymal cell presence in STOSE tumors is not driven 
by immune cells. (a) Volcano plot showing differentially expressed genes generated 
with a Poisson test between EMT-high and EMT-low cancer cells from orthotopic 
STOSE tumor (right – genes highest in EMT-high STOSE cancer cells, left – genes 
highest in EMT-low STOSE cancer cells). (b) Fold change expression levels measured 
by qPCR of genes chosen from differential gene expression test in bulk orthotopic 
STOSE tumors from either wild-type FVBN mice or immunocompromised SCID mice (n 
= 3 FVBN control; n = 4 SCID). (c) Volcano plot showing differentially expressed genes 
generated with a Poisson test between EMT-high cancer cells and all other cell 
populations from orthotopic STOSE tumor (right – genes highest in EMT-high STOSE 
cancer cells, left – genes highest in all other STOSE tumor cell populations). (d) Fold 
change expression levels measured by qPCR of genes chosen from differential gene 
expression test in bulk orthotopic STOSE tumors from either wild-type FVB/N mice or 
immunocompromised SCID mice (n = 3 FVBN control; n = 4 SCID). 
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Chapter 4: Mesenchymal ovarian cancer cells promote CD8+ T cell exhaustion 
through the LGALS3-LAG3 axis 
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 Given the finding that the increased presence of mesenchymal cells in tumors 

appears to correlate with the increased presence of immune cells in our mouse models, 

we continued the characterization of the impact of EMT in ovarian cancer by turning to 

in vivo human tumors. Leveraging single-cell transcriptomic datasets and our successful 

EMT scoring strategy with the cancer specific EMT module, we performed a cell-cell 

communication analysis to identify potential vectors of immunosuppression in the 

ovarian TME. In particular, we explored the receptor-ligand pairs that could underlie 

immunosuppression by mesenchymal cancer cells against CD8+ T cells, with a specific 

focus on the phenomenon of T cell exhaustion, something that has only recently been 

associated with worse prognosis in ovarian cancer patients (K. Wang et al., 2023; Yuan 

et al., 2023).  

 

4.1 Comparing single-cell profiles of distinct immune phenotypes of HGSOC 
 

To assess how EMT contributes to the activity, immunosuppression and/or 

exhaustion of CD8+ T cells, we began by accessing a scRNA-Seq dataset of 16 human 

ovarian cancers (Hornburg et al., 2021). The plan for this data analysis is summarized 

in Figure 23a. We chose this dataset due to its inclusion of immune phenotyping 

metadata confirmed by histology. We assessed for quality-control and clustered every 

sample individually by merging the respective CD45+, tumor, and stromal fractions of 

each individual dataset before using a semi-supervised labeling method to identify the 

individual cell types comprising each tumor sample, as described in the Methods. The 

tumor samples analyzed are from a single study where each tumor was processed with 

an identical protocol (Desbois et al., 2020; Hornburg et al., 2021). Although this protocol 
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may introduce cell type biases, the assumption is that they are consistent among 

samples. 

First, we overlaid the immune phenotypes of the samples in a UMAP to visualize 

the grouping of all the cells (Figure 23b). Next, we overlaid the results from our semi-

supervised labeling method (Figure 23c-d) to label the cell types onto the UMAP. While 

there is some intracellular heterogeneity, most populations group together irrespective 

of the tumor immune phenotype. This suggests that infiltration status phenotypes 

minimally contribute to dimensionality reduction and clustering of the cell populations. 

By examining the population proportion breakdown in the TME by immune phenotype 

metadata (Figure 23e, Figure 24), it was found that semi-supervised labeling of the 16 

tumors matches the originally published findings with respect to immune phenotype, 

where in infiltrated tumors there are the most CD45+ cells relative to cancer cells, fewer 

CD45+ cells relative to cancer cells in excluded tumors, and fewest CD45+ cells relative 

to cancer cells in desert tumors. This confirms that our cell labeling method was 

accurate in correctly identifying CD45+ and CD45- cells.   
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Figure 23. Identification of cell populations from patient-derived tumor cells in 
silico confirms greater immune cell presence in infiltrated tumors compared to 
excluded and desert tumors. (a) Schematic big-picture overview of analysis and 
experimental validation procedures. (b) Uniform manifold and approximation projection 
(UMAP) of patient derived tumor cells colored by tumor immune phenotype. (c) Labeled 
UMAP from patient derived tumor cells colored by cell population. (d) Series of UMAPs 
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colored by individual gene expression levels in various cell populations from patient 
derived tumors: KRT19, ELF3, EPCAM for cancer cells; COL1A1, COL1A2 for 
fibroblasts; CDH5, CLDN5 for endothelial cells; ACTA2 for smooth muscle cells. (e) 
Relative frequency of overall cell populations in patient derived tumor samples 
separated by immune phenotype and colored by cell population. 
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Figure 24. Individual infiltrated tumors have a larger proportion of immune cells 
compared to excluded or desert tumors. Overall cell population proportions in patient 
derived tumor cells separated by patient ID and colored by cell population. 
 

To assess the role of cancer cells in contributing to the unique composition of 

each immune phenotype, we performed DGE analysis to identify the most highly 

expressed and least expressed genes in the infiltrated TME relative to the desert TME 

(Figure 25a) and excluded TME (Figure 25b). Cancer cells from infiltrated TMEs 

differentially express genes related to immune regulation within the context of 

carcinogenesis, such as: B2M (H. Zhang et al., 2021), SLPI (Nugteren & Samsom, 

2021), HLA-A (Sabbatino et al., 2020), ELF3 (H. Xu et al., 2021, p. 3), MUC1 (David et 

al., 2016, p. 1), MDK (Filippou et al., 2020), CXCL17 (MacGregor et al., 2019) and 

others. Based on upregulation of these immune regulatory genes, we performed GSEA 
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first comparing cancer cells from the infiltrated to the desert TMEs. We discovered that 

many gene ontology biological pathways (GOBP) related to immune regulation were 

upregulated in cancer cells from infiltrated TMEs (Figure 25c-d). Among the main 

findings, some pathways were related to chemotaxis and enrichment for processes 

related to antigen presentation and cytokine activity, suggesting that cancer cells in 

infiltrated tumors actively participate in modulating the immune response and shape the 

tumor immune phenotype. Similar results were obtained when investigating the pathway 

enrichment analyses comparing cancer cells from infiltrated versus excluded TMEs 

(Figure 25e) and excluded to desert TMEs (Figure 26) suggesting that pathways 

related to immune regulation could be “turned on” either as a response to immune 

infiltration or as a precursor to the arrival of immune cells promoted by cancer cells 

themselves. These results may be indicative of EMT-related cell-cell signaling driving 

chemotaxis of various CD45+ cells from different populations to the TME. 
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Figure 25. Cancer cells from infiltrated tumors upregulate signaling pathways 
related to immune cell chemotaxis, immune modulation, and antigen presentation 
compared to cancer cells from excluded or desert tumors. (a, b) Volcano plots of 
differentially expressed genes (DGE) between cancer cells of desert and infiltrated 
tumors and excluded and infiltrated tumors. (c) Enrichment plot of infiltrated GOBP 
terms from GSEA of a selection of significant (*p-adjusted < 0.05) pathways between 
cancer cells of infiltrated (red) and desert tumors (blue). (d)  GSEA enrichment ranks of 
significantly upregulated (*p-adjusted < 0.05) pathways related to immune regulation in 
cancer cells from infiltrated tumors. (e) Enrichment plot of infiltrated GOBP terms from 
GSEA of a selection of significant (*p-adjusted < 0.05) pathways between cancer cells 
of infiltrated (red) and excluded tumors (blue). 
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Figure 26. Fast gene set enrichment (FGSEA) analysis of enriched biological 
pathways in DEGs between cancer cells of infiltrated and excluded TMEs, and of 
excluded and desert TMEs. FGSEA analysis of biological pathways enriched by DEGs 
overexpressed in cancer cells from excluded TMEs compared to cancer cells from 
desert TMEs. 
 

4.2 Cancer cells from infiltrated tumors are more mesenchymal compared to 
cancer cells from other immune phenotypes 
 
Our discovery that cancer cells in infiltrated TMEs activate immune regulatory pathways 

prompted us to assess the EMT status of cancer cells given that cells in partial or fully 

mesenchymal states are known for their immunoregulatory capabilities (Rivera-Cruz et 

al., 2017; Trivanović et al., 2016; Weiss & Dahlke, 2019). Hornburg et al. (2021) 

(Hornburg et al., 2021) showed that desert TMEs contain malignant cells with higher 

expression of EMT-associated genes using the MSigDB Hallmark gene set (Liberzon et 

al., 2015). Our gene set scoring using the subset of 58 Hallmark genes they found 

associated with the desert tumors reproduced their findings (Figure 27a-b). However, 
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when we performed gene set scoring on the cells with the complete 200-gene Hallmark 

gene set, no difference was found between tumor immune phenotypes (Figure 27c-d). 

By applying GSEA enrichment analysis of either the Hallmark gene module, the 

Hornburg gene subset, or our cancer-specific gene module, we also found the Hornburg 

subset enriched in DEGs from desert-derived cancer cells, whereas applying both the 

full Hallmark EMT gene set and our cancer-specific EMT gene signature yielded 

negative enrichment scores (Figure 27e). 
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Figure 27. A comparison of different EMT gene module scores on cancer cells 
from TMEs with different immune phenotypes. (a) Ridge plot of Hornburg EMT 
module scores (derivative of Hallmark EMT module) split by immune phenotypes (b) 
Boxplot of Hornburg EMT module scores split by immune phenotypes. (c) Ridge plot of 
Hallmark EMT module scores split by immune phenotypes (d) Boxplot of EMT Hallmark 
scores split by immune phenotypes. (e) GSEA enrichment analysis for three different 
EMT modules: select Hallmark EMT module from Hornburg et al. (2021) 
(Hornburg_EMT), our cancer-specific EMT module (Malignant_Specific_EMT), and 
Hallmark EMT module (EPITHELIAL_MESENCHYMAL_TRANSITION) and other 
pathways either significantly enriched for in desert DEGs (red) or in excluded/infiltrated 
DEGs (green/blue). 
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Based on this analysis, it is unclear if scores calculated using the Hallmark EMT 

gene set are sufficient to indicate a mesenchymal phenotype. Signature activity among 

malignant cells from different tumor immune phenotypes revealed some key differences 

in the cancer cell population (Figure 28a). The score distribution was then evaluated 

across the malignant cells derived from the 16 tumors (Figure 28b) revealing a notably 

higher EMT activity score of infiltrated tumors compared to excluded and desert tumors 

(Figure 28c-d; Figure 29). 
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Figure 28. Cancer cells from infiltrated tumors have higher cancer-specific EMT 
signature scores compared to cancer cells from excluded and desert tumors. (a) 
Quantile scaled heatmap of cancer-specific EMT signature genes arrayed by immune 
phenotype. (b) UMAP clustering of cancer cell compartment of scRNA-seq dataset of 16 
HGSOC tumors colored by the immune phenotype of the specific source tumor. (c) 
Enrichment UMAP plot for the cancer-specific EMT signature scores in the clustered 
cancer cell compartment. (d) Ridge plot of individual cancer-specific EMT signature 
module scores in the cancer cell compartment of each tumor’s immune phenotype.  
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Figure 29. Individual infiltrated tumors contain cancer cells further along the EMT 
program compared to excluded or desert tumors. Boxplot of cancer-specific EMT 
signature scores’ dispersion in cancer cells arrayed by TME immune phenotype. 
 

This result was surprising as desert TMEs have been previously linked to higher 

EMT signatures in the cancer cells of HGSOC (Bou-Tayeh & Miller, 2021; Hornburg et 

al., 2021; L. Zhang et al., 2003). Consistent with our finding, individual cancer-specific 

EMT signature genes such as PDIA3, HLA-A, BCAM, B2M, LGALS3BP, and HLA-C 

were highly expressed in cancer cells from infiltrated and excluded TMEs (Figure 30). 

Importantly, none of the tumor samples was found as an obvious outlier for 

cancer-specific EMT signature scores (Figure 29). Interestingly, cancer cells from 

infiltrated TMEs appeared to be more heterogeneous in their EMT scoring and skewed 

towards mesenchymal phenotypes. 
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Figure 30. Cancer cells from infiltrated tumors have greater enrichment for select 
genes from the cancer-specific EMT module. Enrichment UMAP plots for a subset of 
genes from the cancer-specific EMT signature module in the re-clustered cancer cell 
compartment. 
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To validate the cancer-specific EMT signature’s fidelity in determining EMT, we 

leveraged an EOC cell line that we had previously shown to undergo transcriptional 

changes associated with EMT when treated with TGF-β1 (Cook & Vanderhyden, 2020). 

OVCA420 cells were treated with TGF-β1 to induce EMT and the cells were collected at 

three different time-points to perform scRNA-seq (Figure 31a). We modelled a 

continuous pseudotemporal EMT trajectory from the data (Figure 31b) and found that 

scores from the EMT signature increase throughout EMT progression as expected, 

alongside pseudotime values (Figure 31c). Furthermore, the OVCA420 in vitro model of 

EMT involved activation of classical EMT genes such SOX4, SNAI2, COL1A1, and FN1 

(Figure 31d). 
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Figure 31. in vitro EMT model in OVCA420 ovarian cancer cells shows high 
expression of EMT markers after treatment and correlates with the cancer-
specific EMT module based on pseudotime analysis. (a) UMAP clustering of 
OVCA420 cells treated with TGF-β1 for 4 lengths of time: Ctrl (control, no treatment), 1-
day, 3-day, and 7-day. (b) Pseudotime value density for each individual time point in 
OVCA420 cells treated with TGF-β1. (c) Generalized additive model (GAM) fitted line 
correlating pseudotime values and cancer-specific EMT signature scores. (d) 
Enrichment UMAP plot of classical EMT markers Sox4, Snai2, Col1a1, and FN1 in 
OVCA420 cells treated with TGF-β1. 
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We then leveraged non-negative matrix factorization (NMF), a technique which 

enables the investigation of coordinated gene expression sources of heterogeneity in 

the data in a semi-supervised manner with machine learning. Using the data from the 

OVCA420 cells treated with TGF-β1, we generated a list of 10 possible cell state 

programs (Figure 32) representing the inherent expression of unique sub-groups of 

cells throughout the time course (Figure 31a). Of all the NMF-derived programs, 

programs 2 and 10 were most consistent with an EMT program by observing which cells 

are the most enriched for those programs and cross-referencing that with the individual 

clusters in Figure 31a by observation. Program 10 (Figure 32) enriches the cell cluster 

located at the final time point of 7-days after TGF-β1 treatment, where we expect a 

‘maximal’ mesenchymal state. Conversely, Program 2 enriches cells at the 3- and 7-day 

time points suggesting that genes associated with that particular NMF are expressed in 

partial or fully mesenchymal cells, respectfully. 
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Figure 32. Enrichment of OVCA420 cells treated with TGF-β1 by 10 different 
programs generated through machine learning by application of NMF to the data. 
All plots represent the ‘h’ coefficient of the NMF generated programs. 
 

To further explore program 10, we took the top 500 most-weighted genes in the 

program and ran an Enrichr analysis (Figure 33a). We discovered that program 10 

enriches for Hallmark gene modules related to immunoregulatory pathways such as 

‘TNF-alpha signaling via NF-kB’ (***p < 0.001), and others to ‘p53 pathway’ (***p < 

0.001), and ‘mTORC1 signalling’ (***p < 0.001) while also enriching the Hallmark EMT 

gene module. When we performed the same analysis for program 2 (Figure 32), we 

found reduced enrichment for the ‘TNF-alpha signaling via NF-kB’ pathway as well as 

‘p53 pathway’ (Figure 33b). These results suggest that a distinct immunoregulatory 

program is activated upon TGF-β1 induced-EMT and may not be well represented by 

the Hallmark EMT gene set. 
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Figure 33. NMF Program 10 enriches for immunoregulatory signaling pathways. 
(a) Enrichr analysis of top 500 genes, by weight, identified by NMF program 10 
enriching for pathways in MSigDB Hallmark 2020 database. (b) Enrichr analysis of top 
500 genes, by weight, identified by NMF program 2 enriching for pathways in MSigDB 
Hallmark 2020 database. 
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Analysis of the enrichment of cancer cells in the dataset of 16 HGSOC for genes 

encapsulated in our in vitro-derived NMF program 10 (Figure 34) revealed a greater 

overall presence of mesenchymal cells in the cancer cell population derived from the 

infiltrated tumors, followed by cancer cells from excluded and then desert tumors. 

Scoring the tumors with this defined NMF signature showed enrichment in infiltrated 

tumors consistent with the distribution of scores from the cancer-specific EMT signature. 

These findings suggest that program 10 identifies genes related to an immunoregulatory 

program activated by EMT in HGSOC cancer cells, that is most prevalent in 

mesenchymal cancer cells from infiltrated tumors. We therefore sought next to 

determine whether the EMT program could have a direct role in shaping the tumor 

immune phenotypes.  
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Figure 34. Mesenchymal phenotype-related NMF program 10 genes are most 
expressed in cancer cells from infiltrated tumors. Violin plot of NMF program 10 ‘h’ 
coefficient values for cancer cells in vivo in 16 HGSOC arrayed by immune phenotype. 
A one-way ANOVA test with Tukey’s multiple comparisons performed on program 10 ‘h’ 
coefficient values reveals significant differences among all immune subtypes (***p < 
0.001).   
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4.3 EMT is linked to CD8+ T cell activity and exhaustion through the LAG3 
receptor 
 
Since our findings indicate that EMT in cancer cells correlates with the presence of 

immune cells (Figure 28d, Figure 30, Figure 34), we dissected the inter-cellular 

communications in each tumor immune phenotype by evaluating the unique expression 

of ligands in malignant cells and their cognate receptors in CD8+ T cells. CD8+ T cells 

are very abundant in infiltrated tumors (Figure 23e, Figure 24), and we were interested 

in assessing whether EMT influences antitumor immunity in infiltrated and excluded 

cancers. The ligand-receptor interactome analysis of communication between cancer 

cells from infiltrated and excluded tumors to CD8+ T-cell receptors revealed that most 

interactions are borne from mesenchymal cancer cells towards CD8+ T cells in both 

immune phenotypes (Figure 35a-b). 
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Figure 35. Most ligands targeting CD8+ T-cells in the TME originate from the 
mesenchymal cancer cells. (a,b) Circle plot of ligands originating from cancer cells 
arrayed by delineated EMT status and interacting with recipient CD8+ T-cells in 
infiltrated (a) and excluded tumors (b). Order and color of ligands corresponds to p-
value aggregate rank reflecting specificity of interactions (most specific – purple color, 
clockwise). The number of tracks per ligand corresponds to the number of overall 
interactions the ligand has with different receptors. Track width corresponds to p-value 
aggregate rank within a ligand if the ligand has multiple receptor targets. 
 

We then assessed the top cancer cell to CD8+ T cell receptor-ligand interactions 

with the former arrayed by EMT status (Figure 36a). Heterogeneity in signaling between 

different immune phenotypes is evident, where receptor-ligand pairs such as SECTM1 - 

CD7 appear to be unique to infiltrated tumors (Figure 36a). The top five ligands 

targeting CD8+ T-cells by mesenchymal cancer cells from infiltrated tumors were HLA-C, 

HLA-A, CD59, LGALS3, and B2M (Figure 36a, b). We found similar gene patterns in 

mesenchymal cells’ ligands in excluded tumors with CD59, LGALS3, HLA-C, HLA-B, 

and HLA-E (Figure 36a, c). The finding of classic MHC I molecule expression by cancer 

cells was not surprising as HLA I expressing tumors have been previously linked to TIL 

frequency, with TILs eventually inducing HLA allotype selection, consequently enabling 

cancer cells to evade antitumoral immunity (Aptsiauri et al., 2018, p.; Kooi et al., 1996). 

Nonetheless, we were expecting to find other dominant inhibitory ligands such as PD-L1 

promoting immunosuppression, but LGALS3 (Galectin-3, Gal-3) emerged as a top 

ligand, highlighting its potential role in the EMT driven immunosuppression in EOC 

(Alsuliman et al., 2015; Fei et al., 2019, p. 1; Loret et al., 2019; Nhokaew et al., 2019; 

Whitehair et al., 2020, p. 1). 

Further investigation of the specific receptors targeted by LGALS3 showed that 

the LAG3 complex on CD8+ T cells is the primary recipient of LGALS3, as well as MHC 



 125 

II molecules, matching previous literature findings (Graydon et al., 2021; Kouo et al., 

2015; Zhai et al., 2020) (Figure 36a-c; Figure 37a-b). In fact, LAG3 appears to be one 

of the most targeted receptor complexes by rank in both infiltrated and excluded tumors, 

suggesting the possible exhaustion of these cells. The observation linking the 

LGALS3-LAG3 interaction to EMT prompted us to further investigate CD8+ T cell 

exhaustion as a possible consequence of the EMT process in primary HGSOC. 
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Figure 36. Top-most ligands targeting CD8+ T-cells in the TME originating from the 
mesenchymal cancer cells. (a) Cell-cell communication analysis of top-most ligand-
receptor pairs from cancer cells from 16 HGSOC samples arrayed by infiltration 
phenotype of tumors and EMT to CD8+ T-cells. ‘Expression magnitude’ is a measure of 
expression levels of a certain interaction. ‘Specificity’ is a measure of the specificity of 
interactions across all cell types. Interactions are ordered by p-value where top-most 
receptor-ligand pair has lowest p-value. (b,c) Circle plot of ligands originating from 
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mesenchymal cancer cells in infiltrated tumors (b) and excluded tumors (c), and the 
receptors targeted on recipient CD8+ T-cells. Order and color of ligands corresponds to 
p-value aggregate rank reflecting specificity of interactions (most specific – purple color, 
clockwise). The number of tracks per ligand corresponds to the number of overall 
interactions the ligand has with different receptors. Track width corresponds to p-value 
aggregate rank within a ligand if the ligand has multiple receptor targets.  
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Figure 37. Cell-cell communication map between cancer cells’ ligands arrayed by 
EMT and their binding partner receptors on CD8+ T cells. (a,b) Circle plot of ligands 
originating from cancer cells arrayed by delineated EMT status in infiltrated tumors (a) 
and excluded tumors (b), and the receptors targeted on recipient CD8+ T-cells. 
 

Common exhaustion markers or checkpoint inhibitors of CD8+ T-cells include 

BTLA, CD160, CD244, CTLA4, HAVCR2, LAG3, TIGIT, and PD1, the NFAT family 

(NFAT5, NFATC1-4) of transcription factors involved in promoting T cell exhaustion, and 

IRF4, BATF, VSIR, and CIITA, a master regulator of MHC II expression which is known 

to interact with LAG3 (Maruhashi et al., 2018). Of these markers, LAG3 and TIGIT are 

most active in CD8+ T cells in infiltrated tumors (Figure 38a). In fact, high LAG3 and 

TIGIT expression in infiltrated tumors could be indicative of a specific inflammatory 

milieu triggering LAG3 upon CD8+ T cell infiltration and sensitizing these cells to 

exhaustion signals from mesenchymal cancer cells. A breakdown of all the ligands 

targeting the LAG3 receptor on CD8+ T cells, regardless of cancer cell EMT status or 

tumor immune phenotype, showed that most ligands for LAG3 are HLA II molecules, 

with LGALS3 being the only non-MHC related ligand (Figure 38b). Despite HLA II 

ligands making up the bulk of interactions between cancer cells and LAG3 on CD8+ T-

cells, we did not find any associations between EMT and HLA II expression (data not 

shown). Additionally, NECTINs 2, 3, and 4 are the major interacting partner with TIGIT 

between cancer cells and CD8+ T-cells, suggesting another possible vector for T cell 

exhaustion by mesenchymal cancer cells.  

GSEA of the DEGs between LAG3+ and LAG3- CD8 T cells revealed enrichment 

for molecular pathways related to decreased cytotoxic T cell cytolysis (MP:0005079) 

and abnormal CD8+ T cell morphology (MP:0002436) (Figure 38c), suggesting that 
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there is a significant contingent of CD8+ T cells in infiltrated tumors that are cytolytically 

non-functional as a result of LAG3-related signaling. Fibrinogen-like protein 1 (FGL1) 

has been shown recently to be a ligand of LAG3, also potentially influencing T cell 

exhaustion (J. Wang et al., 2019). Interestingly, we found FGL1 is expressed only by 

mesenchymal cancer cells in infiltrated tumors (Figure 38d). As these findings show 

that there is a significant proportion of LAG3+ CD8+ T-cell targeted by ligand LGALS3+ 

originating from mesenchymal cancer cells, we sought to further explore the link 

between LGALS3 and EMT to better elucidate how EMT could modulate CD8+ T-cell 

exhaustion. 
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Figure 38. Most CD8+ T-cells in HGSOC express LAG3, a marker of T cell 
exhaustion. (a) Dot plot showing expression levels and frequency of common markers 
of T-cell exhaustion in the entire CD45+ cell compartment. (b) Circle plot of CD8+ T-cell 
LAG3 receptor complex and all the ligands that target it. (c) Analysis of enriched 
pathways from a DEG analysis of LAG3+ CD8 T-cells compared to LAG3- T-cells in the 
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Mouse Genome Informatics (MGI) database. (d) Log-normalized expression of FGL1 in 
the EMT-delineated compartment of cancer cells from each tumor immune phenotype. 
 

4.4 LGALS3 is linked with EMT in both in vivo and in vitro contexts   
 

To determine whether LGALS3 has any association with EMT, we examined its 

expression across cancer cells arrayed by both tumor immune phenotype and EMT 

status. We also assessed LGALS3 Binding Protein (LGALS3BP) as it is known to 

synergize with LGALS3 in certain contexts (He et al., 2019, p. 3). Both LGALS3 and 

LGALS3BP appear to have higher expression in mesenchymal cancer cells, regardless 

of the tumor immune phenotype (Figure 39a). We fitted expression of LGALS3 (Figure 

39b) and LGALS3BP (Figure 39c) against EMT score and arrayed by tumor immune 

phenotype to find that LGALS3 expression increases alongside the cancer-specific EMT 

signature expression in every tumor immune phenotype and every delineated EMT 

phase (i.e. EPI, pEMT, and MES). By contrast, LGALS3BP increases most in earlier, 

epithelial phases in all tumor immune phenotypes, and then plateaus, suggesting it is 

more important in earlier phases of the EM program. To determine whether LGALS3 

correlates with survival in HGSOC, we analyzed the TCGA data and found that low 

LGALS3 expression in bulk RNA-Seq of HGSOC is associated with longer survival (*p = 

0.013) (Figure 39d). These findings suggest that LGALS3 expression correlates with 

EMT in cancer cells and contributes to reduced survival of ovarian cancer patients. 

Finally, we checked the expression of LGALS3 in OVCA420 and MCF7 cells that were 

treated first with TGF-β1 to induce EMT and then the stimulus was removed to induce 

MET, to find LGALS3 expression remained consistent after removal. 
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Figure 39. LGALS3 and LGALS3BP expression in cancer cells correlates with 

EMT in vivo. (a) Dot plot showing LGALS3 and LGALS3BP in the cancer cell 

compartment arrayed by EMT status and the percentage of cells that express these 
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genes in each immune phenotype. (b,c) Log-normalized LGALS3 (b) and LGALS3BP 

(c) expression fitted via generalized linear model against cancer-specific EMT signature 

scores in cancer cells, segregated by tumor immune phenotype. (d) Kaplan-Meier curve 

comparing patient overall survival in LGALS3-high and LGALS3-low expressing ovarian 

tumors from TCGA data. (e,f) Dot plot showing LGALS3 expression in a model of EMT 

in vitro where TGF-β1 was removed (8 hour post-removal – 8h_rm, 1 day post-removal 

– 1d_rm, 3 days post-removal – 3d_rm) as an EMT stimulus from OVCA420 cells (e) 

and MCF7 cells (f) prior to sequencing. 

To elucidate if LGALS3 is associated with the EMT in other model systems and 

under different conditions, we referred to our TGF-β1 treated OVCA420 cancer cells 

and correlated expression of LGALS3 with the cancer-specific EMT signature scores 

(Figure 40a). We fitted a generalized linear model (GLM) and noted a modest positive 

association (R2 = 0.01) between LGALS3 and cancer-specific EMT signature scores 

(Figure 40b). We also noted that, as EMT progresses, the cells appear to separate into 

two populations of mesenchymal cells where LGALS3 is expressed in one but not the 

other. To determine if LGALS3 is consistently implicated in EMT rather than simply a 

consequence of TGF-β1 treatment, we accessed our previously published data (Cook & 

Vanderhyden, 2020) where multiple cell lines of different cancer types (ovarian, 

OVCA420; breast, MCF7; prostate, DU145; and lung, A549) were each treated with 

EMT inducers (TGF-β1, TNFα, EGF). While these proteins were chosen for their ability 

to induce EMT through different receptors and pathways, in certain cancers they can be 

secreted by immune cells, such as TNFα by CD8+ T cells (Kearney et al., 2018), thus 

mimicking the immune response to cancer cells. We found a similar positive correlation 
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between LGALS3 and cancer-specific EMT signature scores in OVCA420 cells treated 

with either EGF (R2 = 0.01) or TNF-α (R2 = 0.02) (Figure 40c-d). Other cancer cell 

types also showed positive correlations: MCF7 cells (TGF-β1, R2 = 0.24; TNF-α, R2 = 

0.21, EGF, R2 = 0.22) (Figure 40e-g), DU145 (TGF-β1, R2 = 0.1; TNF-α, R2 = 0.11, EGF, 

R2 = 0.11) (Figure 41a-c), and A549 (TGF-β1, R2 = 0.05; TNF-α, R2 = 0.1, EGF, R2 = 

0.12) (Figure 41d-f), with breast cancer cells showing the strongest correlations 

between LGALS3 expression and EMT. Taken together, our findings indicate that 

LGALS3 expression is correlated with the EMT of cancer cells in vivo and in vitro, and 

that EMT drives expression of LGALS3 in HGSOC cells. Additionally, LGALS3 

expression is a “core” gene in the EMT program that is activated under a variety of EMT 

inducers through TGF-β1-, or TNF-α-, or EGF-induced signaling. Mesenchymal cancer 

cells in turn exert inhibitory antitumoral signaling on CD8+ T cell promoting a 

dysfunctional cytotoxic state and exhaustion by binding to the LAG3 receptor complex. 
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Figure 40. LGALS3 is directly correlated with the EMT in vitro in ovarian and 
breast cancer cell lines. (a) Schematic of cell line treatment (b-d) Log-normalized 
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expression of LGALS3 as generalized linear model against cancer-specific EMT 
signature scores in OVCA420 ovarian cancer cells treated with TGF-β1 (b), TNFα (c), 
and EGF (d). (e-g) Log-normalized expression of LGALS3 GLM-correlated against 
cancer-specific EMT signature scores in breast cancer MCF7 cells treated with TGF-β1 
(e), TNFα (f), and EGF (g).  
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Figure 41. LGALS3 is directly correlated with the EMT in vitro in prostate and lung 
cancer cell lines. (a-c) Log-normalized expression of LGALS3 GLM-correlated against 
cancer-specific EMT signature scores in DU145 prostate cancer cells treated with TGF-
β1 (a), TNFα (b), and EGF (c). (d-f) Log-normalized expression of LGALS3 GLM-
correlated against cancer-specific EMT signature scores in A549 lung cancer cells 
treated with TGF-β1 (d), TNFα (e), and EGF (f).  
 

4.5 GSK3 and Aurora-A kinase inhibitors attenuate LGALS3 expression 
 
 To determine the possible pathways linking EMT and LGALS3 expression we 

referred to a kinase inhibitor screen previously published by this lab that elucidated 
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some of the signaling dependencies of the EMT (Cook & Vanderhyden, 2020). 

Particularly, the modularity of the EMT spectrum was revealed to be a core part of the 

process where some TGF-β1R-independent kinases attenuated the EMT despite 

treatment with various inducers (TGF-β1, TNFα, and EGF). In the original screen it was 

discovered that both RIP1 kinase inhibitor Necrostatin-5 and TGF-β1R inhibitor 

LY364947 abrogated EMT in all treatment conditions. When we explored this screen 

further (Figure 42a-c), we noted that two kinase inhibitors produced the most consistent 

reduction in LGALS3 expression across cell lines and treatments: CHIR99021, a GSK3 

kinase inhibitor and phthalazinone pyrazole, an Aurora kinase A inhibitor (Figure 42d), 

suggesting LGALS3 expression is potentially dependent on activation of the Wnt and 

NF-kB pathways, or the β-catenin pathway during EMT. Finally, when we explored the 

effects of these two kinase inhibitors on pseudotime values as a measure of EMT and 

LGALS3 expression, we found that neither CHIR99021 nor phthalazinone pyrazole 

appear to attenuate the EMT, suggesting that blocking LGALS3 upregulation is not 

sufficient to prevent EMT (Figure 43). 
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Figure 42. Kinase inhibitor screen shows GSK3 and Aurora-A kinase inhibitors 
attenuate EMT and LGALS3 expression. (a-c) Log-normalized expression of LGALS3 
in A549, DU145, MCF7, or OVCA420 cell lines either treated either with EMT inducers 
TGF-β1 (a), TNFα (b), EGF (c) or EMT inducers and kinase inhibitors: RIP1 kinase 
inhibitor Necrostatin5, TGFβR1 kinase inhibitor LY364947, JAK1/2 kinase inhibitor 
Ruxolitinib, TGFβ/ALK kinase inhibitor SB-431542, GSK3 kinase inhibitor CHIR99021, 
or TGF-β1 and Aurora kinase A inhibitor phthalazinone pyrazole. (d) LGALS3 
expression in OVCA420 cells treated with TGF-β1, TGF-β1 and GSK3 kinase inhibitor 
CHIR99021, or TGF-β1 and Aurora kinase A inhibitor phthalazinone pyrazole.  
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Figure 43. Pseudotime values across time-pointed treated cell lines of different 
origins treated with different EMT inducers. (a-c) Pseudotime values of A549, 
DU145, MCF7, or OVCA420 cell lines either treated either with EMT inducers TGF-β1 
(a), TNFα (b), EGF (c) or EMT inducers and kinase inhibitors: RIP1 kinase inhibitor 
Necrostatin5, TGFβR1 kinase inhibitor LY364947, JAK1/2 kinase inhibitor Ruxolitinib, 
TGFβ/ALK kinase inhibitor SB-431542, GSK3 kinase inhibitor CHIR99021, or TGF-β1 
and Aurora kinase A inhibitor phthalazinone pyrazole. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 143 

Chapter 5: scRNA-seq analysis reveals classical and non-classical HLA I allotype 
expression positively associates with EMT in cancer  
 

These results presented in this chapter contributed to a review article published in 

Cancers 15, 5694 (2023). 

 

Unveiling the Immunogenicity of Ovarian Tumors as the Crucial Catalyst for 
Therapeutic Success  
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5.1 EMT is associated with expression of Class I HLA molecules 
 
 Results in the previous chapter showed that there is a correlation between EMT 

and presence of immune cells in the TME, where a greater proportion of mesenchymal 

cells in the TME is associated with a higher proportion of cytotoxic immune cells in the 

TME. From that analysis, we discovered links between EMT and the regulation of 

immune cell activity, with the LAG3-LGALS3 axis being one of them. Furthermore, 

individual cancer-specific EMT signature genes that were highly expressed in cancer 

cells from infiltrated and excluded TMEs included HLA-A and HLA-C.  Tumor 

immunogenicity is largely dependent on the expression of HLA complexes (Shiina et al., 

2009). HLA complexes are essential proteins that present foreign antigens and self-

peptides for detection by T lymphocytes (Shiina et al., 2009). The HLA gene in humans 

is the most complex and polymorphic in the human genome, and has been associated 

with over a 100 different diseases (Cruz-Tapias et al., 2013; Shiina et al., 2009). Class I 

HLA molecules are polymorphic and ubiquitously expressed HLA-A, -B, and -C 

allotypes and non-classical HLA-E, -F, -G, -H, -J, -K, and -L allotypes. HLAs are 

involved in immunosurveillance and, for that reason, tumors tend to downregulate these 

genes as a means of immune escape (B. C. Taylor & Balko, 2022), a common hallmark 

of EOC (Aust et al., 2017; Dholakia et al., 2022; Garrido, 2019). We therefore decided 

to delve deeper and explore the link between antigen presenting machinery (APM) and 

EMT.  Published evidence indicates that there is an inverse correlation between the two 

(Mullins et al., 2022; Terry et al., 2017) in various animal and cell line models of cancer, 

using a variety of in vivo, in vitro, and in silico methods (Antony & Huang, 2017; Dongre 

et al., 2021; Tripathi et al., 2016). We began our exploration by obtaining scRNA-seq 
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datasets from a variety of cancer types (breast cancer, colorectal cancer, gastric cancer, 

lung cancer, nasopharyngeal cancer, ovarian cancer, pancreatic ductal 

adenocarcinoma, squamous cell carcinoma) and examining aggregate expression of all 

Class I HLA molecules (HLA A-G) against either the Hallmark EMT module or scoring 

using our cancer-specific EMT module. The results revealed positive correlations 

between the averaged expression of HLAs and the cancer-specific EMT module score 

in cancer cells from all tumor types analyzed, (Figure 44a) or using the Hallmark EMT 

module (Figure 44b) where there were similar trends, albeit weaker R2 coefficient of 

determination values, in almost all cancers except nasopharyngeal cancer.  
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Figure 44. Average gene expression of MHC-I related HLA allotypes correlates 
with EMT in various cancer types. Expression of MHC-I related HLA allotypes (HLA 
A-G) scored in the cancer cell compartment of a variety of tumors (BC – Breast Cancer, 
CC – Colon Cancer, GC – Gastric Cancer, LC – Lung Cancer, NPC – Nasopharyngeal 
Cancer, OC – Ovarian Cancer, PDAC – Pancreatic Ductal Adenocarcinoma, SCC – 
Squamous Cell Carcinoma). HLA expression was correlated with EMT scores of those 
cells based on either (a) a cancer-specific EMT module published by Cook and 
Vanderhyden (2022) or (b) the Hallmark EMT module from MSigDb. 
 
 

The association between individual HLA I molecules and EMT in ovarian cancer 

cells specifically was then investigated to find that HLA-A, HLA-B, HLA-C, and HLA-E 

show a correlation (R2 = 0.19, R2 = 0.15, R2 = 0.16, R2 = 0.09) with cancer-specific EMT 

module scores (Figure 45a). We also found an association between HLA-A, HLA-B, 

HLA-C (R2 = 0.07, R2 = 0.03, R2 = 0.0.4) and Hallmark EMT module scores (Figure 

45b). Taken together, these findings suggest that, in contrast to published evidence for 

an inverse correlation (Mullins et al., 2022; Terry et al., 2017), the mesenchymal state of 

ovarian cancer cells is associated with an increase in expression of classical HLA I 

molecules (HLA-A, HLA-B, HLA-C) but not non-classical HLA I molecules (HLA-E, HLA-

F, HLA-G). 
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Figure 45. Average gene expression of specific HLA I allotypes increases in 
correlation with the average EMT gene expression in ovarian cancer cells. Gene 
expression of HLA I allotypes in ovarian cancer cells using the cancer-specific EMT 
module (a) or the Hallmark EMT module (b). 
 
 
5.2 Activation of EMT pathways is associated with an increased expression of 
HLA molecules in vitro in cancer cells from different cancer types 
 

Based on the observation that there is an association between EMT and HLA I 

allotype expression in vivo, we decided to explore the link further by treating three 

different cancer cell lines with three EMT inducers in vitro and sequencing the cells over 

five different time points. HLA expression was examined, as well as the expression of 

MHC machinery genes TAP1, TAP2, and PSMB9. We previously confirmed that all 

three inducers indeed promote EMT in these cell lines (Cook & Vanderhyden, 2020). In 

a 

b 
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TGFβ-1 treated OVCA420 cells, there was a small increase in HLA-A expression and a 

modest increase in HLA-C expression, while in both MCF7 and A549 cells there was a 

modest increase in expression of HLA-A, HLA-B, HLA-C, and HLA-E (Figure 46a). 

There was also an increase in expression of TAP1 in OVCA420, MCF7, and A549 cell 

lines. The results suggest that TGFβ-1 treatment increases the expression of HLA I 

allotypes and related machinery in cell lines from different cancer types. 

When we examined HLA I allotypes and related machinery after EGF treatment 

of the different cell lines we did not notice any consistent changes in expression in any 

of the targets (Figure 46b). However, examination of these targets in TNF⍺ treated cells 

revealed similar trends to TGFβ-1 treatment where HLA-A and HLA-C slightly increased 

in OVCA420 cells. while HLA-A, HLA-B, HLA-C, HLA-E, TAP1, and PSMB9 increased 

in MCF7 and A549 cells following TNF⍺ treatment (Figure 46c). Taken together, the 

results indicate that TGFβ-1 and TNF⍺ upregulate expression of both classical and non-

classical HLA I allotypes as well related machinery in MCF7 and A549 cells in 

correlation with the EMT.  It remains unknown whether upregulation of these genes is a 

consequence of the EMT or happens in parallel with the EMT. 
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Figure 46. Average gene expression of HLA I allotypes and some APM 
components correlate with EMT in cancer cell lines. Heat map showing expression 
levels of transcripts for MHC-I related HLA allotypes (HLA A-G) and machinery (TAP1, 
TAP2, PSMB9) in ovarian (OVCA420), breast (MCF7) and lung (A549) cancer cell lines 
in response to treatment with (a) TGF-β1, (b) EGF, and (c) TNFα for 0 and 8 hours, and 
1, 3, and 7 days. Data were extracted from single-cell RNA-seq datasets published by 
Cook and Vanderhyden, 2022. 
 
5.3 RIP1 kinase inhibitor Necrostatin-5 reduces the expression level of some HLA 
I components 
 
 Given that EMT and HLA I expression appears to be correlated in our in vivo and 

in vitro model systems, we next explored whether a panel of kinase inhibitors previously 
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shown to attenuate EMT(Cook & Vanderhyden, 2020) can also attenuate expression of 

HLA I machinery. To do this, we leveraged a scRNA-Seq dataset(Cook & Vanderhyden, 

2020) of MCF7 cells treated with a wide variety of kinase inhibitors. As per previous 

sections, we had already demonstrated that TNF⍺ treatment in MCF7 cells increases 

per-cell EMT scores calculated using the cancer-specific EMT module. In this analysis, 

Necrostatin-5 appeared to modulate TNF⍺-induced expression of HLA-A, HLA-C, and 

PSMB9 (Figure 47), suggesting that while Necrostatin-5 may affect the pathways 

activated by TNF⍺ treatment that led to HLA I upregulation. This result implicates the 

RIP1 kinase pathway in upregulation of HLA I related molecules and machinery. While 

these results are specific to the breast cancer cell line MCF7, this does not necessarily 

mean that Necrostatin-5 is unable to attenuate HLA expression in ovarian cancer. 

Indeed, the analysis of ovarian cancer cells, specifically the OVCA420 cell line used for 

the kinase inhibitor experiment, was impeded by the low number of cells sequenced per 

sample, thus preventing us from making conclusions about the effects of Necrostatin-5 

on OVCA420 cells as it relates to EMT. Nevertheless, as seen in ovarian cancer and 

indeed other cancer types, there is a correlation between EMT and HLA expression that 

is contrary to previous findings (X.-H. Chen et al., 2015; Y. Gu et al., 2023; Mullins et 

al., 2022; G. Wang et al., 2021), suggesting that this topic is not a foregone conclusion 

and requires future experimentation with single-cell methods.   
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Figure 47. Average gene expression of classical HLA I allotypes and APM 
components is abrogated by RIP1 kinase inhibitor in TNFα treated MCF7 cells. 
Gene expression of MHC-I related HLA allotypes (HLA A-F) and machinery (PSMB9, 
TAP1, TAP2, PSMB9, B2M) in MCF7 cancer cells treated with TNFα with or without the 
addition of the RIP1 kinase inhibitor necrostatin-5. 
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Chapter 6: Discussion 
 
6.1 Characterization of EMT in human and murine models of ovarian cancer 
 
Results from this section have shown that there is a possible link between immune 

infiltration and EMT, where a greater presence of mesenchymal cells in the TME 

correlates with a greater number and variety of immune cells. Furthermore, we identified 

factors CCL2, CCL5, and IL1a that are possibly linked to some kind of regulation of NK 

cells, though immunosuppression of NK cells was primarily achieved by exposure to 

TGF-β1. Finally, we discovered QSOX1 and IL32 as markers of mesenchymal cells in 

human ovarian cancer.   

 

6.1.1 Detecting EMT and classifying cells using RNA-level data 
 

Historically, there have been a handful of markers used to identify EMT. Broadly 

speaking, they are Snail, Slug, Zeb1/2, Twist1/2, N-cadherin, E-cadherin, Vimentin. 

Based on all the information known about EMT, it is natural to assume that using these 

markers to identify mesenchymal cells would be the gold standard. However, several 

key issues must be considered to address this notion: First, modalities matter when 

discussing EMT, where protein expression and gene expression of EMT markers is 

often inconsistent when trying to classify cells on an epithelial versus mesenchymal axis 

(Subhadarshini et al., 2023; Zeisberg & Neilson, 2009). One reason for this disconnect 

could be related to post-translational modifications of the proteins that regulate EMT (J. 

Yang et al., 2020). In fact, it has been suggested that biological markers are inadequate 

to describe cells undergoing EMT or the reverse MET process (J. Yang et al., 2020). 

Rather, it was proposed that in addition to the classical set of biomarkers, researchers 
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should strive to describe functional changes in the cells that are consistent with EMT, 

like changes to the cell-cycle and protein production, on top of utilizing the biomarker 

suite (J. Yang et al., 2020).  

Second, further complications are expected when considering the context 

specificity of the EMT such that both the biomarker and functional profile of cells 

undergoing the transition depends on the context, i.e., healthy vs. disease type, in vitro 

or in vivo investigations, and organism (Cook & Vanderhyden, 2020). For example, 

clinical investigations of the EMT (Z. Huang et al., 2022), therapeutic considerations that 

take EMT into account (Z. Huang et al., 2022), research-based investigations of the 

EMT (Cook & Vanderhyden, 2022), and cell types (Malagoli Tagliazucchi et al., 2023) 

are all important contexts that can dictate which EMT markers to use. In another 

example, while the classical EMT markers have been associated with EMT and 

mesenchymal cells in some cancer contexts, not all of them faithfully capture 

mesenchymal cells across all cancer contexts (Cook & Vanderhyden, 2022; Liberzon et 

al., 2015).  

Third, some classical EMT markers fail to capture intermediate states, the so-

called partial-EMT (pEMT), likely because discovery of these markers hails from 

developmental contexts which are not fully analogous, transcriptionally speaking, to 

cancer contexts (Tyler & Tirosh, 2021). Last of all, EMT markers can be associated with 

non-cancer cells in some in vivo contexts, making them suboptimal for characterizing 

metastasis in tumor tissues if the technique used cannot distinguish cancer cells from 

other cell types in the TME (McCorry et al., 2018; Tyler & Tirosh, 2021). Taken together, 

it is becoming clear that finding a catch-all biomarker or a set of markers for EMT will be 
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difficult, especially on the RNA level where transcripts can be subject to many 

modifications prior to and after translation. 

Recent attempts have been made to establish a set of genes or a module that 

can adequately capture the entire spectrum of EMT, that is both pEMT states and fully 

mesenchymal states, with a simple score based strategy where a higher “score” would 

indicate a “more mesenchymal” cell (Cook & Vanderhyden, 2022). Thus, we set out to 

characterize the EMT using single-cell cancer data from models in which EMT was 

induced in a time course. Because the use of a gene module requires, at the very least, 

RNA-level data on a single-cell level, we decided to try and distill this strategy to some 

single genes that could be reliable at detecting EMT for bulk RNA-seq or qPCR 

purposes. Our attempts to do so are not novel (Liberzon et al., 2015; Yetkin & Alotaibi, 

2023), and our intention was to highlight the complexity of EMT rather than to add to the 

milieu of EMT biomarkers in the field. We discovered through cross-referencing multiple 

gene modules against scRNA-seq data that QSOX1 emerges as the most consistent 

single gene for an EMT scoring strategy where higher levels of QSOX1 expression are 

associated with increasingly more mesenchymal cells. QSOX1, an enzyme crucial in 

protein folding, has previously been linked to metastasis in glioblastoma (Geng et al., 

2020), renal cell carcinoma (Fifield et al., 2020), lung cancer (Sung et al., 2018), and 

liver cancer (X.-F. Zhang et al., 2019). Moreover, recent work has shown that QSOX1 

promotes invasion and migration of cancer cells in glioblastoma through the PI3K/AKT 

pathway (Geng et al., 2020), which has previously been established as an EMT-related 

pathway that promotes Snail expression and repression of E-cad (W. Xu et al., 2015). 

Interestingly, we also found that low QSOX1 expression in bulk RNA-seq data from the 
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Protein Atlas is associated with greater survival of ovarian cancer patients, suggesting 

that QSOX1 may indeed be associated with metastasis, an obvious complication of 

progressing cancer that lowers the chances of survival. However, in breast cancer, high 

QSOX1 expression has been associated with better outcomes (Pernodet et al., 2012), 

despite our finding that high QSOX1 expression in breast cancer-derived MCF7 cells is 

associated with mesenchymal cells. Taken together, we found that QSOX1 can reliably 

be used in in vitro contexts to trace the EMT in ovarian cancer cells, where higher 

expression values are associated with increasingly mesenchymal phenotypes.  

In our attempts to characterize the EMT, we also discovered IL32 transcripts to 

be highly correlated with EMT. Interestingly, IL32 has recently been at the forefront of 

EMT and cancer research (L. Gong et al., 2020b; Khawar et al., 2016; Wen et al., 

2019). Little is known about its correlation with EMT, since researchers have had to 

contend with the fact that it has opposite effects in different cancer contexts (Shim et al., 

2022). Indeed, results from our in vitro time course of cancer cells undergoing EMT 

show that IL32 is a marker in very specific contexts that depend on the inducer used 

and the origin of the cancer cell line. One possible reason for these differences could be 

the fact that IL32 was found to trigger the MAPK signalling cascade through integrin β3 

receptor on the plasma membrane in MCF7 cells (Wen et al., 2019), a receptor that 

synergistically promotes EMT together with TGF-β1 (Kariya et al., 2021). Not 

surprisingly, IL32 shows the highest expression in MCF7 cells treated with TGF-β1 for 7 

days in our models.  

Taken together, our efforts to characterize EMT in mesenchymal ovarian cancer 

cells revealed that expression of two genes, QSOX1 and IL32, have a positive 
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correlation, where higher expression correlates with more mesenchymal cells. Of 

course, one drawback of our experiments is that both genes were investigated using in 

vitro models, so future experiments should be expanded to include in vivo datasets. 

Another drawback of these findings is generalizability, where using these markers for 

single-cell data could prove useful in both in vitro and in vivo data, but other RNA-based 

assays like qPCR may be restricted to in vitro data as the presence of QSOX1 in cell 

types other than cancer may confound analysis of EMT in bulk material like total RNA 

from whole tumors. 

 

6.1.2 The immunosuppressive effects of mesenchymal cancer cells on NK cells 
 

It is a well-established fact that EMT, and more specifically mesenchymal cells, 

possess a very intense immunosuppressive potential in cancer (Dongre et al., 2020; 

Rodriguez et al., 2023; Taki et al., 2021). Based on preliminary data showing high 

expression of many chemokines, cytokines, and interleukins in OVCA420 ovarian 

cancer cells following TGF-β1 treatment, we explored the immunosuppressive 

correlates of EMT using in vitro and in silico techniques. Particularly, we honed in on NK 

cells as these are cytotoxic cells capable of cancer clearing (S.-Y. Wu et al., 2020). 

There is relatively sparse literature on the effects of EMT directly on NK cells’ 

immunosurveillance ability (Okita et al., 2018) specifically when compared to the vast 

literature on EMT-mediated immunosuppression of CD8+ T-cells.  

NK cells are innate lymphoid cells possessing the ability to rapidly detect cells 

that are either infected or transformed and eliminate them (Kiessling et al., 1975; Spits 

et al., 2016). Importantly, infiltration of NK cells into the tumor microenvironment (TME) 
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has been associated with longer survival in many cancers, including ovarian cancer (K. 

Imai et al., 2000).The capability of NK cells to enact cytotoxic action and 

immunosurveillance against cancer cells is tightly regulated by activating ligands that 

are expressed by tumor cells and interact with NK cell receptors, such as NK cell group 

2 member D (NKG2D), or inhibitory ligands such as killer lectin-like receptor G1 

(KLRG1) and major histocompatibility complex I (MHC I) (Bauer et al., 1999; Cerwenka 

et al., 2001; Cosman et al., 2001; Martinet & Smyth, 2015). It is the integration of these 

signals that determines whether an NK cell will activate against the cell by recognizing it 

as a non-self-interaction or permit cell survival by recognizing it as a self-interaction, 

that is a healthy cell that is of that organism. Interestingly, E-cad is an inhibitory signal of 

NK cell activity through the KLRG1 receptor (Schwartzkopff et al., 2007) while cell 

adhesion molecules 1 (CADM1), a factor often upregulated during EMT, activates NK 

cells through the cytotoxic and regulatory T cell-associated (CRTAM) receptor on NK 

cells (Boles et al., 2005; Chockley et al., 2018). Other effectors of NK cell function and 

chemotaxis include chemokines CCL2, CCL3, CCL4, CCL5, interleukins IL-2, IL-8, IL-

15, IL-18 and a milieu of other receptor-ligand combinations (Ran et al., 2022). Taken 

together, there are a myriad of factors that could affect NK cell cytotoxicity in cancer.  

When we first set out to determine which possible factors expressed and 

secreted during EMT could affect NK cell function or trafficking, we cast a wide net with 

our screen to find factors secreted by OVCA420 ovarian cancer cells undergoing EMT 

in response to TGF-β1 treatment. Unfortunately, very few factors were present at 

detectable levels in the media of mesenchymal cells that were absent from epithelial 

media, but there were three notable factors, namely CCL2, CCL5, and IL1a. The role of 
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these factors in regulating the activity of NK has already been extensively characterized. 

CCL2 and CCL5 are involved in trafficking and recruitment of NK cells to where they are 

expressed (Ran et al., 2022) while the role of IL1a is to promote NK cell production of 

IFN𝛾 (Conti et al., 1991; Cooper et al., 2001). IFN𝛾 in turn plays a role in regulating 

tumor growth and apoptosis of cancer (Cui et al., 2020), similar to when it is secreted by 

other cytotoxic cells like CD8+ T-cells.  

Bearing in mind that we were looking for any novel factors that could be involved 

in immunosuppression of NK cells, it was disappointing to discover that the factors 

found in our assays had already been well characterized for their effects on NK cells. 

Regardless, when we sought to determine if mesenchymal media have any 

immunosuppressive effects on NK cells, we discovered that the main factor involved in 

repressing the cytotoxic ability of NK cells was TGF-β1, a not unexpected result 

(Castriconi et al., 2003). While it is true that we treated the cells with TGF-β1 to induce 

EMT which could account for the immunosuppressive effect that was observed, even if 

EMT was induced by other means that did not involve an exogenous signal (i.e. Snai1 

or Snal2 overexpression), the cells would still produce TGF-β1 and self-regulate using 

autocrine mechanisms once mesenchymal (DAROQUI et al., 2012; Yeh et al., 2018). 

Even after we leveraged a novel cell-cell communication algorithm on our scRNA-seq 

data, none of the ligands identified there (CD59, Nectin2, MIF, MDK) successfully had 

any immunosuppressive effect on NK cells.  

 

Based on all the available evidence, we made the following conclusions. First, 

the main immunosuppressive force behind repression of NK cell cytotoxicity is likely 
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TGF-β1, which is to be expected considering the TGF-β pathway is a key EMT pathway. 

Second, it is well-established that the factors identified in our multiplexed ELISA 

screens are involved in chemotaxis of NK cells. This is consistent with previous 

evidence that NK cells’ activation is regulated by a very tightly conserved set of 

receptors and ligands as outlined earlier, none of which are CCL2, CCL5, and IL1a. 

Rather, these factors are involved in chemotaxis of other immunosuppressive cells such 

as TAMs, T regs, and MDSCs. Third, while our scRNA-seq cell-cell communication 

screen did identify some novel factors that interact with NK cells, it is likely that they 

either require some adjuvant to activate NK cells (Deuss et al., 2017; Marcenaro et al., 

2003) or work in combination or are also involved in trafficking of the cells. Fourth, our 

model system relied on the effector function of NK92 cells which could be different from 

healthy NK cells considering that NK92 cells are immortalized lymphoma cells (J. H. 

Gong et al., 1994) and may have different sets of receptors and different signaling 

pathways compared to healthy NK cells.  

Regardless of the potential technical issues involved with the biology of NK92 

cells, it is apparent the main driving immunosuppressive force on these cells is TGF-β1. 

As such, future experiments could investigate the roles of factors such as MDK, MIF, 

Nectin2, CCL2, CCL5, and IL1a in chemotaxis of NK92 cells as a function of EMT using 

two-chamber migration and invasion assays, for example. 

6.1.3 Characterization of EMT in murine ID8 and STOSE models 
 

After characterizing the EMT in human in vitro models of cancer, we decided to 

do the same in the murine syngeneic ovarian cancer models ID8 and STOSE. 
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Extensive characterization of these cells (Cook et al., 2023) and the tumors they 

generate (Cook et al., 2023; Rodriguez et al., 2022) showed that while they are both 

models of ovarian cancer resulting from spontaneous transformation of ovarian surface 

epithelial cells, they are not without their differences, such as greater presence and 

variety of immune cells in the TME. Based on these differences, we aimed to 

characterize the EMT in these cells and the tumors they generate, as potential models 

in which the immunosuppressive actions could be manipulated and studied in vivo. The 

initial analysis using our cancer-specific EMT module showed that the module’s scores 

correlated with our independent pseudotime analysis in ID8 cells but not STOSE cells, 

suggesting that the cancer-specific module marks the EMT continuum in ID8 cells but is 

inadequate to mark EMT in STOSE cells, in vitro. Bearing in mind that this cancer-

specific EMT module was context-agnostic in human cancers (Cook & Vanderhyden, 

2022), we were surprised to learn that its scores did not correlate with pseudotime 

values in the STOSE cells. While this does not necessarily mean that the EMT module 

should not be used here, it does suggest there is a better module composed of different 

genes that can better classify mesenchymal cells in STOSE cells after being induced to 

undergo EMT.  

We were curious to see if the correlations between chemokines, cytokines, and 

interleukins found in the human in vitro models are also reflected in the murine models. 

In the multiplexed ELISA screens, we found no discernible trend of any factor that 

correlated with EMT. Despite this, we assessed if IL18, a well-known PD-1-dependent 

immunosuppressor in cancer (H. X. Lim et al., 2014; Nakamura et al., 2018; Terme et 

al., 2011b), has a significant presence in mesenchymal ID8 and STOSE cells or in 
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ascites derived from syngeneic orthotopic ID8 and STOSE tumors to find that it does 

not. However, we did note a trend where the ascites from either ID8 or STOSE tumors 

had double the concentration of IL18 compared to the supernatant of cell lines that are 

fully mesenchymal, though it may also have come from non-cancer cells such as CAFs, 

also present in the ascitic fluid.  

 While attempting to identify immunosuppressive factors produced by the murine 

cancer cell lines, we also found some genetic differences between ID8 and STOSE 

cancer cells. For example, the classical epithelial cancer cell marker Epcam can be 

used as a biomarker for cancer cells in ID8 tumors but not STOSE tumors, suggesting 

that the two cell lines and tumor microenvironments they generate are vastly different 

despite having the same tissue of origin. We therefore generated unique gene 

signatures for ID8 and STOSE cancer cells within tumors and found that each 

respective cancer cell population has unique genetic markers that distinguish it from the 

other, once again highlighting the heterogeneity between them. For example, while 

Sox9 and Star are unique to ID8 cancer cells, Slpi and Krt14 are unique to STOSE 

cancer cells. In addition to being used to mark cancer cells in each respective model, 

these markers can be used to compare to similar analyses of DEGs in the different 

subtypes of HGSOC, which would enable the selection of a model best suited to future 

experiments on that subtype. We also found that these signatures enrich for different 

biological pathways in each disease, suggesting that the underlying genetic differences 

between the two models lead to very different TMEs. 

 Finally, after converting the cancer specific EMT module to its murine orthologs 

and using it to score the cancer cells from each tumor, we found that STOSE cancer 
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cells have higher EMT scores compared to ID8 cancer cells. Curiously, STOSE TMEs 

also have more immune infiltration when compared to ID8 TMEs (Rodriguez et al., 

2022), suggesting a possible link between cancer cell EMT and greater infiltration by 

immune cells. 

 

6.1.4 Exploring links between EMT and immune infiltration 
 
 Knowing that an ID8 TME is immune poor, or “colder” than a STOSE TME, and 

also has fewer mesenchymal cells, we further explored the possible correlation between 

ID8, STOSE EMT scores and immune infiltration. Specifically, we sought to determine if 

upregulation of an EMT-TF to induce an EMT would be sufficient to increase immune 

infiltration. We targeted upregulation of either Snail and Slug as they have been 

established to be sufficient induce an EMT and promote invasion and dissemination of 

cancer cells in breast cancer (Dongre et al., 2017). Unfortunately, when we treated the 

cells with doxycycline to induce Snail expression, we saw no differences in the qPCR 

analysis of either classical EMT markers or non-classical markers derived from the 

scRNA-seq dataset of the cell lines. We also saw no visual changes reminiscent of 

mesenchymal phenotypes and no decrease in cellular proliferation, a common feature 

of mesenchymal cells. Mice that were injected orthotopically with these cells and then 

fed doxycycline also showed no differences in survival, tumor weight, and ascites 

volume after Snail was overexpressed. A lack of any discernible EMT was also seen 

with Slug overexpression, leading us to conclude that neither Snail nor Slug are 

sufficient to induce an EMT in ID8 cells. We had expected some changes to the cells 

based on other experiments where normal mouse ovarian surface epithelial cells 
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(mOSE) did acquire EMT-dependent stemness phenotypes seen in mesenchymal cells 

when Snail was overexpressed (Carter et al., 2021). Based on these observations, we 

concluded that the spontaneous transformation into ID8 cells has caused the cells to 

lose their responsiveness to Snail as an inducer of EMT. In future experiments, it may 

be required to upregulate both Snail and Slug in the same cells to achieve EMT, or 

perhaps different EMT-TFs such as Zeb1/2 and Twist1/2, alone or in combination, could 

be tested.  

 

Because we were unsuccessful in our attempts to link EMT and immune 

infiltration in murine models of ovarian cancer, the remainder of the work in this thesis 

returned to human ovarian cancers to explore similar links using in silico techniques. 

 

6.2 Mesenchymal ovarian cancer cells promote CD8+ T cell exhaustion through 
the LGALS3-LAG3 axis 
 
In this chapter, we discovered that there is a positive correlation between infiltration of 

immune cells in the ovarian TME and EMT in cancer cells. Additionally, we found that 

mesenchymal cells expressing LGALS3 may exhaust CD8+ T cells through the LAG3 

receptor, suggesting that there is another mechanism deployed by mesenchymal cells 

to avoid immunosurveillance.  

 

6.2.1 LAG3 is a druggable target for ovarian cancer therapy 
 

In this study, we explored whether the epithelial-mesenchymal state of the cancer 

cells in human ovarian cancers have different interactions with the immune cells of the 

TME. We showed that the EMT, a complex cellular process underpinning metastasis, 
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associates with LGALS3 expression, which may act as a ligand for LAG3 in CD8+ T 

cells, promoting T cell exhaustion and dampening antitumor immunity. Additionally, we 

showed that infiltrated TMEs in HGSOC have cancer cells that are, on average, more 

mesenchymal than those found in the excluded or desert phenotypes, with the potential 

implication that a greater chance for metastasis and immunosuppression is possible in 

those tumors. Given that infiltrated and excluded tumors have been correlated with 

better survival among HGSOC patients compared to desert tumors, and the presence of 

CD8+ T cells in these tumors, there is great potential for treating these patients with 

LAG3 checkpoint blockade therapy combined with other immune checkpoint inhibitors 

as it has been demonstrated in the mouse IE9mp1 EOC model by Huang et al. (2015). 

Because HGSOC patients with infiltrated TMEs have the best survival of the three 

subtypes of tumor infiltration, and that there is a readily available, albeit exhausted pool 

of CD8+ T cells, there is potential to leverage therapy against the LGALS3-LAG3 axis to 

provide even better chances of survival despite the increased risk of metastasis. 

Recently, the US Food and Drug administration (FDA) approved the second-generation 

checkpoint inhibitor ‘Opdualag’, an anti-LAG3 and anti-PD1 combination drug that 

targets metastatic or unresectable melanoma (“FDA Approves Anti-LAG3 Checkpoint,” 

2022). Additionally, the development of new peptides, such as C25, that block LAG3 

binding to MHC II has been proven to activate CD8+ T cells (Zhai et al., 2020; Zhao et 

al., 2022, p. 3). LAG3 blockade therapies have been shown to have therapeutic benefit 

for patients with chronic lymphocytic leukemia, melanoma, and pancreatic 

adenocarcinoma (Chocarro et al., 2022; Sordo-Bahamonde et al., 2021). In BRCA-

mutated HGSOC patients, LAG3 was positively correlated with PD-L1; however, 
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combination immunotherapies in human HGSOC to block the activity of both inhibitory 

checkpoints were found to have negligible efficacy, suggesting other underlying 

mechanisms governing the immunosuppressive TME of HGSOC in the context of LAG3 

expression (Whitehair et al., 2020).  

 

6.2.2 EMT-linked LGALS3 is implicated in CD8+ T cell exhaustion in ovarian 
cancer 

Recent scRNA-seq investigations on BRCA1/2 mutated HGSOCs have shown a 

potential link between EMT and CD8+ T-cell exhaustion (Launonen et al., 2022). As 

well, EMT and T cells found in malignant ascites from EOC express high levels of LAG3 

and PD-1 (Y. Imai et al., 2018; Rådestad et al., 2018). This latter observation is of 

particular interest as it has been previously suggested that EOC ascites contain a 

significant mesenchymal cancer cell population (Capellero et al., 2022; Rafehi et al., 

2016). As well, mesenchymal and pEMT cancer cell states have been linked to higher 

PD-L1 expression in breast cancer (Sahoo et al., 2021) suggesting that even a partial 

EMT state is correlated with immunosuppression. Similar relationships between 

LGALS3 and T cell exhaustion in TGF-β1 induced fibrotic disease (MacKinnon et al., 

2012) have been uncovered, where LGALS3 inhibitors (Humphries et al., 2022; Slack et 

al., 2021) were proven to be effective in treating the disease. In cancer contexts where 

TGF-β1 plays a major role in initiation and maintenance of EMT, patients may also 

benefit from LGALS3 inhibitors. For example, LGALS3 has a strong proinflammatory 

role when expressed by fibroblasts (Filer et al., 2009), eliciting secretion of IL-6, CXCL8, 

CCL2, and CCL5 all of which are factors that play a role in carcinogenesis and 

immunosuppression. Anti-TIGIT therapy has also shown mixed success in treating a 
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variety of solid tumors, including ovarian cancer (Mettu et al., 2022) with other clinical 

trials demonstrating better clinical benefits in tumors with high TIGIT expression 

(Sarikonda et al., 2022). Curiously, CD8+ T cells infiltrated ovarian tumors have high 

TIGIT expression as shown in this study, which may suggest ovarian tumors are a 

potential target for a combination of anti-LAG3 and anti-TIGIT therapy. Moreover, 

combination therapies including anti-TIGIT and anti-PD-L1 synergize to enhance 

cytolytic CD8+ T cell activity (Chauvin et al., 2015; Johnston et al., 2014) which could be 

used to target ovarian tumors of the infiltrated subtype to alleviate exhaustion and 

immunosuppression.  

Galectin-3 (Gal-3/LGALS3), encoded by the LGALS3 gene, is a lectin that can be 

both expressed on the cell surface (Farhad et al., 2018) and secreted (Krześlak & 

Lipińska, 2004, p. 3), and is expressed by the majority of human cells. It exhibits several 

immune-regulatory functions such as reducing the affinity of TCR for its cognate MHC I-

peptide ligand by sequestering the TCR from its CD8+ co-receptor (Demotte et al., 

2010), causing apoptosis (Fukumori et al., 2003), and internalization of the TCR (H.-Y. 

Chen et al., 2009), leading to decreased IFN-γ production upon LAG3 engagement on 

CD8+ T cells (Kouo et al., 2015). LGALS3 has been linked to poor prognosis in EOC 

(Luk et al., 2020) with the assertion that it may be activating the Wnt/β-Catenin pathway 

to effect cancer stemness mechanisms (Y. Liu et al., 2018). Additionally, overexpression 

of Galectin-1 (LGALS1), a protein similar to LGALS3, promotes EMT in fibroblasts 

through TGF-β signalling pathways (T. Wu et al., 2018, p. 3). LGALS3 has also been 

linked to the EMT previously (Priglinger et al., 2016) and has been suggested as a T 

cell-directed immunotherapy to increase efficacy of current immune checkpoint 
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inhibitors. Interestingly, some of our in vitro results demonstrate there could be two 

different EMT trajectories where LGALS3 is expressed in one but not the other, 

suggesting that the EMT can lead to heterogenous populations of mesenchymal cells. 

The potential to rescue CD8+ T-cells from exhaustion has been shown, notably in 

studies where anti-PD1 therapy improved the function of exhausted tumor-infiltrating 

CD8+ T cells in ovarian cancer (Leem et al., 2020). Whether targeting LGALS3-LAG3 

axis has similar potential to rescue CD8+ T cell function alone or in combination with 

other immunotherapies such as anti-PD1, anti-CTLA4, and anti-TIGIT, requires further 

investigation. The LGALS3 inhibitor GB0139 has shown promise in acute lung injury 

where its mechanism of action involves reducing IL-6, TNF-α, and MIP-1α (Humphries 

et al., 2022), and thus may also prove efficacious in ovarian cancer where TNF-α plays 

a role in EMT initiation and maintenance. Galectin-3C, a dominant-negative inhibitor of 

LGALS3, reduces the metastatic potential of ovarian cancer either in combination with 

Paclitaxel or alone (Mirandola et al., 2014). 

It should be noted that the suggestion to target infiltrated ovarian tumors with 

checkpoint therapy is based on our interpretation of data from primary tumors. Indeed, 

the immune environment in the ascites or metastases may be different where CD8+ T 

cells may not be exhausted and could clear cancer cells, thus reducing metastatic 

spread and contributing to the positive survival prognosis of infiltrated tumors. In these 

cases, checkpoint therapy may be less effective depending on the TME, but could still 

assist the immune system in clearing the primary tumor site.  

In our screen of various kinase inhibitors, the highly selective and potent GSK3 

inhibitor CHIR99021 reduced expression levels of LGALS3 while not affecting EMT 
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signature scores, suggesting it may be suitable for therapeutic investigation due to its 

possible specificity to LGALS3. GSK3 inhibition or downregulation can potentiate the 

cytotoxicity of CD8+ T cells against lymphoma cells (A. Taylor & Rudd, 2017), gastric 

cancer cells (J.-Y. Zhang et al., 2018), and melanoma cells, with the latter also showing 

a blockage of LAG3 because of GSK3 targeting by small molecule inhibitors (Rudd et 

al., 2020).  

 

6.2.3 The link between tumor infiltration and EMT 
 

A surprising finding in this study was the correlation between EMT and tumor 

immune cell infiltration, since previous studies have reported greater EMT in desert 

tumors. Certain immune cells, such as CD4+ CD25+ Treg cells, tumor-associated 

macrophages, and MDSCs can induce EMT in cancer cells (Taki et al., 2021) and our 

study shows upregulation of chemotactic signals during EMT. Consequently, we 

propose the existence of a positive feedback loop between immune cells and cancer 

cells, based on their EMT status. In this scenario, initial signals favoring EMT are 

propagated through the TME, perhaps from the stroma and fibroblasts (Bulle & Lim, 

2020; Hussain et al., 2020; Zvaifler, 2006), or the result of hypoxic conditions (Hapke & 

Haake, 2020; Misra et al., 2012; Tam et al., 2020). Cancer cells receiving those signals 

undergo EMT and upregulate pathways related to leukocyte and lymphoid chemotaxis 

by secreting relevant interleukins and chemokines, as predicted by our findings. Tumor 

infiltration by activated immune cells promote secretion of factors such as TGF-β1, TNF-

α, and ADAM17 intensifying EMT signals and further driving EMT progression in the 

cancer cell population, resulting in a tumor-promoting positive feedback loop. This 
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would ultimately lead to T cell exhaustion through elevated LAG3 stimulation, among 

other coinhibitory markers, such as TIGIT. The validity of this feedback loop hypothesis 

warrants further investigation, for example, by assessing the tumor immune cell 

composition in mouse models of ovarian cancer that express a sufficient number of 

inducible EMT signals in conjunction, such as SNAIL, SLUG, and ZEB1.  

Our results do not eliminate the possibility that active CD8+ T cells select for 

survival of pro-exhaustion mesenchymal cells by successfully attacking the less 

immunosuppressive epithelial cells. However, this still leaves a question about the origin 

of signals that promote EMT, whether they originate from another population of cells 

such as fibroblasts secreting TGF-β1. Our results demonstrate that while desert tumors 

have a large fibroblast population, there are fewer mesenchymal cancer cells in them 

than infiltrated tumors, further suggesting that EMT signals likely originate from a 

different cell population, such as immune cells. Therefore, even if CD8+ T cells and 

other immune cells select for mesenchymal cells, the trigger for EMT may also originate 

in those cells. Interestingly, based on the analysis in section 3.13, the results suggested 

that an immune infiltrated environment does not correlate with EMT. However, the 

analysis of human tumors in this chapter indicate that several refinements to that 

conclusion are needed: First, the technique used in our murine analysis of the EMT-

immune infiltration link targeted a bulk sample with a handful of transcriptional probes, 

albeit generated via single-cell analysis. To make a strong conclusion about the EMT-

immune infiltration link, the use of more transcriptionally comprehensive techniques 

such as single cell RNA-seq may be required. There always exists a certain level of 

ambiguity when attempting to impute a phenomenon, such as EMT, from a single 
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population of cells in a bulk sample of many cell types and this can be alleviated using 

single cell technology. Additionally, the use of robust gene modules instead of single 

probes would provide a more comprehensive assessment of transcriptional programs 

such as the EMT. Second, while it is true that STOSE tumors are more infiltrated by 

immune cells than ID8 tumors, it would appear that the majority of the infiltrating cells 

are myeloid cells rather than cytotoxic T or NK cells as occurs in the human samples 

(Rodriguez et al., 2022). As the type of infiltrating cells are different than what is 

observed in the human context, it may be the case that myeloid cells do not pressure 

cancer cells to undergo EMT as cytotoxic T cells do, resulting in a less mesenchymal 

TME, assuming there may be a bidirectional relationship between EMT and tumor 

infiltration. Nevertheless, we believe the link between EMT and immune infiltration is 

worthy of further investigation in a syngeneic mouse model of ovarian cancer that better 

resembles the immune infiltration seen in human tumors.  

Our results indicating that there are more mesenchymal cells in infiltrated TMEs 

as opposed to desert TMEs likely differ from Hornburg et al. (Hornburg et al., 2021) for a 

few reasons. First, we used a cancer-specific EMT signature that can capture the intra-

tumoral heterogeneity of the epithelial/mesenchymal program and states. The Hallmark 

EMT gene set, when combined with classical EMT markers (i.e. SNAI1/2, ZEB1/2, 

TWIST1) captures mostly pEMT states (Tyler & Tirosh, 2021) and is based on founder 

gene sets, some of which are not from a cancer context (Cook & Vanderhyden, 2022; 

Liberzon et al., 2015). Second, the Hallmark EMT gene set enriches in stromal 

compartments (McCorry et al., 2018) and also in cancer-associated fibroblasts (Tyler & 

Tirosh, 2021) suggesting it may be poorly optimized to capture malignant mesenchymal 
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cells at all, at least on a single-cell RNA level. Only 58 out of 200 genes in the Hallmark 

EMT gene set were enriched in Hornburg et al.’s analysis of desert tumors and were on 

the cusp of significance. Third, our scoring strategy to compute EMT scores differs from 

their enrichment analysis in that our strategy provides valuable single-cell level scoring 

compared to bulk sample averages. Pseudo-bulking scoring methods have difficulty 

accounting for cell-to-cell variability (Hou et al., 2020) which could impact EMT 

calculations where different cell states exist even within the same cell type. We believe 

that as the cancer-specific EMT signature was derived from scRNA-Seq datasets, it 

may be best used in single-cell contexts using analysis algorithms best-suited to the 

technology. 

 

6.3 Unveiling the Immunogenicity of Ovarian Tumors as the Crucial Catalyst for 
Therapeutic Success 
 
Here, we found that a correlation exists between classical and non-classical HLA I 

allotypes and machinery, and EMT in cancer disease, at least on the RNA level, by 

leveraging single-cell genomics and carefully curating a scRNA-seq of various cancers. 

 

6.3.1 EMT and HLA I expression are inversely correlated in cancer 
 
 The findings that mesenchymal cells could be instrumental in exhaustion of CD8+ 

T cells through the LGALS3-LAG3 axis prompted further investigation into the 

immunogenicity of ovarian tumors. Specifically, we explored the correlation between 

EMT and expression of MHC machinery in ovarian cancer knowing that the majority of 

EOC downregulate MHC I expression like other cancers (Aust et al., 2017; Dholakia et 

al., 2022; Garrido, 2019). As mentioned above, infiltration of cytotoxic immune cells has 
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a positive effect on survival (S. D. Brown et al., 2014; Hamanishi et al., 2007; Sato et 

al., 2005; Vitale et al., 2005; L. Zhang et al., 2003) with increased expression of MHC I 

genes predictive of greater infiltration (Han et al., 2008; Santoiemma et al., 2016). 

Ultimately, HLA I expression and diversity of allotypes is lost as tumors progress 

(Garrido, 2019; Han et al., 2008; Vitale et al., 2005), with a correlation between loss of 

APM and stage of disease in ovarian cancer, colorectal cancer, melanoma, non-small 

cell lung cancer, esophageal squamous cell cancer, and other cancers (Hazini et al., 

2021; Lin et al., 2013; Menon et al., 2002; Rutten et al., 2014). It was for that reason 

that we were very surprised to find that classical HLA I allotypes correlated with EMT, 

with high expression in the cancer cell fraction of many tumors.  

 

6.3.2 EMT and HLA I expression appear positively linked in ovarian cancer 
 
 Despite the strong evidence for an association between EMT and the loss of 

MHC I/APM expression, this inverse correlation is not universal. In a mesenchymal 

breast cancer cell line, a mesenchymal-to-epithelial reversion induced by upregulation 

of an EMT suppressor microRNA miR-200 (Chockley & Keshamouni, 2016) also 

suppressed PD-L1 expression and led to greater CD8+ T cell cytotoxicity. However, in a 

bioinformatic analysis of microRNAs affecting APM expression, high levels of 

expression of miR-200a-5p suppressed TAP1 expression in melanoma (Lazaridou et 

al., 2020). Another analysis revealed that transgenic knock-in of miR-200c increased 

MHC I expression in the murine mammary cancer cell line EO771 (Camp et al., 2022). 

Thus, while the roles of these individual miR-200 molecules in suppressing EMT are 

well-established (Cavallari et al., 2021), they appear to have differing roles in the 
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regulation of HLA and APM expression, which warrants further investigation. Based on 

our results, it is possible that this altered association between EMT and HLA expression 

is because these are data from human tumors rather than from cell lines in vitro or 

mouse models reportedly previously, which suggests that the TME may well influence 

this relationship. It is also possible that when epithelial cells undergo EMT, they acquire 

some phenotypes of mesenchymal stem cells (Pradella et al., 2017; S. Wang et al., 

2015), including the ability to modulate expression of MHC I molecules as a way to 

avoid targeting by NK cells that rely on self- and non-self detection methodology 

(Machado et al., 2013; Ryan et al., 2005). Taking this into consideration, it is possible 

that cancer cells acquire MHC I expression to avoid killing by NK cells in another 

method of immune evasion when undergoing EMT. Additionally, the disconnect 

between RNA and protein expression could also account for this correlation, where 

RNA expression of HLA I allotypes increases though protein expression remains stable 

or decreases through various post-translational mechanisms. 

Taken together, these findings suggest that the presence of HLA I molecules in 

cancer cells is associated with the presence of mesenchymal cells, and the EMT may 

promote the expression of HLA I molecules in certain cancers. 

 

6.4 Significance and Future directions 
 
 Based on the differences in correlation between EMT and HLA across different 

cancers, further characterization of this possible phenomenon is required. Usage of new 

techniques such as CITE-seq (Stoeckius et al., 2017) could bridge the gap between 

RNA and protein expression that stands in the way of making conclusions based on 
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scRNA-seq data. This can be applied to both in vitro and in vivo experiments, though 

would be ideally targeted towards in vivo tumors to decipher the proteome of EMT and 

HLA I by leveraging the cancer-specific EMT module to categorize cells into EMT bins. 

Additionally, a multiplexed experiment looking at protein expression of MHC I machinery 

from a variety of cancer cell lines after treatment with different EMT inducers in vitro 

could further shed light on the connection between EMT and HLA I expression. 

Experiments involving mouse models could also be leveraged where orthotopic tumors 

can be harvested at different time points prior to endpoint and then sequenced with 

scRNA-seq or CITE-seq to determine whether levels of HLA I increase or decrease with 

tumor progression. In this case, it may also be possible to use the cancer-specific EMT 

module to score the murine cancer cells for EMT and impute the fraction of 

mesenchymal cells across the time points. To conclude, the positive link between EMT 

and HLA I expression is a finding that contradicts some well-established research, 

though other research has shown this to be possible. Further experimentation is 

required to unravel why HLA I and EMT are correlated in our models of EMT in ovarian 

cancer. 

With single-cell sequencing technologies still rapidly improving in both capability 

and fidelity, there is tremendous potential to expand the study of cell-cell interactomes 

with tumors either through advances in technology or improved algorithm design. For 

example, technologies such as CITE-Seq can be leveraged to supplement genomic 

sequencing data with cell surface-level protein expression data combined with 

established receptor-ligand algorithms to generate a clearer picture of the interactome 

of the TME (H. J. Kim et al., 2020). Future exploration of the interactome that we have 
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generated could reveal novel interactions between cancer cells and other immune cell 

types, or further delve into subtypes of T cells such as Treg cells, to paint a more 

complete picture of the receptor-ligand interactions in the TME of HGSOC. To conclude, 

ovarian mesenchymal cancer cells suppress CD8+ T cell activity through the pro-

exhaustion LAG3-LGALS3 pathway. There is a therapeutic opportunity to target 

HGSOC that are already infiltrated by CD8+ T cells and relieve them of barriers that 

dampen antitumoral activity, such as T cell exhaustion. Other than targeting the LAG3-

LGALS3 pathway itself, it may be possible to attenuate the EMT to prevent pathway 

activity specifically and remove a possible source of immunosuppression. 

 

Chapter 7: Conclusion 
 
The epithelial-mesenchymal transition contributes to metastasis of cancer cells and 

immunosuppression of immune cells in the TME. There is already a well-established link 

between mesenchymal cells and immunosuppression in the TME: attraction of 

immunosuppressive cell types like MDSCs and Tregs, downregulation of APM, and 

upregulation of immune checkpoint inhibitors like PD-L1 and CTLA-4. As it stands, 

researchers are looking for an ever-expanding set of links between EMT and immune 

cells in the TME in an effort to combat cancer cell immune evasion and assist patients in 

clearing the tumor. Perhaps in the future, countering the immunosuppression mediated 

by mesenchymal cancer cells will also lead to uncovering ways to prevent those cells 

from facilitating migration and invasion into other tissues. 

 The work presented here attempted to assist in that effort to characterize EMT-

driven immunosuppression in ovarian cancer. First, we characterized the EMT in vitro 
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and in vivo in murine models of ovarian cancer. Our findings show that mesenchymal 

cancer cells in mouse cell lines upregulate chemokine, cytokine, and interleukin factor 

genes that are known to chemoattract immunosuppressive cell types such as TAMs and 

Tregs. Additionally, we have found that the main immunosuppressive force behind 

attenuation of NK cells’ cytolytic activity is TGF-β1, which can be secreted from cells 

undergoing EMT. We also found a positive correlation between EMT and infiltration of 

immune cells into the TME of orthotopic ovarian tumors in mice, suggesting that the two 

phenomena may be intertwined. Based on this finding, we characterized the relationship 

between EMT and immune cells in silico using a scRNA-seq dataset of human HGSOC, 

finding that there is a positive correlation between EMT and immune infiltration in 

HGSOC. We interpret this as a possible presence of immune cells either driving or 

being driven by EMT; the directionality of this relationship is still unknown and should be 

considered for future studies. We have attempted to decipher this relationship using 

mouse models but have so far been unsuccessful, as the models we were using seem 

resistant to undergoing EMT. However, we found that mesenchymal cancer cells in 

human tumors may contribute to exhaustion of CD8+ T cells by upregulating LGALS3 

and binding to the LAG3 receptor. Finally, we noted that there is a positive correlation 

between MHC I genes and EMT, suggesting there is more to the immunogenicity of 

mesenchymal cells than previously described. 

 Taken together, this work further expands on the association between EMT and 

cancer immunogenicity and contributes some new and surprising findings that, in some 

cases, challenge conventions. Future research using next-generation sequencing and 

other in silico techniques could help further bridge the gap in knowledge of how 
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mesenchymal cells contribute to TME immunosuppression while also explaining some 

of the surprising findings in this thesis.  
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