
Investigating the role of FGL2 in tumour progression and surgical stress-induced 
immunosuppression 

 
 
 
 
 
 

Kristianne Galpin  
 
 
 
 
 

A thesis submitted in partial fulfillment of the requirements for the  
Doctorate in Philosophy degree in Cellular and Molecular Medicine 

 
 
 
 
 
 
 

Department of Cellular and Molecular Medicine University of Ottawa 
Ottawa, Ontario, Canada 

 
 
 
 

© Kristianne Galpin, Ottawa, Canada, 2022



 

 ii 

Contributions 

 
Manuscripts 
1. Galpin KJC, Rodriguez GM, Maranda V, Cook DP, Macdonald EA, Zhao S, McCloskey 

CW, Chruscinski A, Levy GA, Barbara C. Vanderhyden BC. FGL2 promotes tumour growth by 
attenuating infiltration of activated anti-tumour dendritic, natural killer, and T cells. 
Submitted to OncoImmunology. 

2. Rodriguez GM*, Galpin KJC*, Cook DP, Yakubovich E, Maranda V, Macdonald EA, 
Wilson-Sanchez J, Thomas AL, Burdette JE, Vanderhyden BC. The Tumour Immune Profile 
of Murine Ovarian Cancer Models: An Essential Tool for Ovarian Cancer Immunotherapy 
Research. Cancer Research Communications. June 2022; 2 (6): 417–433. doi: 10.1158/2767-
9764.CRC-22-0017.  *authors contributed equally 

3. Mehdi S, Macdonald E, Galpin K, Landry DA, Rodriguez G, Vanderhyden B, Bachvarov D. 
LY75 Suppression in Mesenchymal Epithelial Ovarian Cancer Cells Generates a Stable 
Hybrid EOC Cellular Phenotype, Associated with Enhanced Tumour Initiation, Spreading 
and Resistance to Treatment in Orthotopic Xenograft Mouse Model. International Journal of 
Molecular Sciences 2020 Jul 15;21(14):4992. doi: 10.3390/ijms21144992. PMID: 32679765.  

4. Galpin KJC, Cook DP, Salemi LM, Urowitz S, Williams C, Bell JC, Brundage MD, 
Vanderhyden BC. The Canadian Cancer Research Conference 2019. Current Oncology. 2020 
Apr;27(2):e226-e230. doi: 10.3747/co.27.6245. Epub 2020 May 1. PMID: 32489273. 

5. McCloskey CW, Rodriguez GM, Galpin KJC, Vanderhyden BC. Ovarian Cancer 
Immunotherapy: Preclinical Models and Emerging Therapeutics. Cancers. 2018 Jul 
26;10(8):244. doi: 10.3390/cancers10080244. PMID: 30049987. 

6. Rodriguez GM, Galpin KJC, McCloskey CW, Vanderhyden BC. The Tumour 
Microenvironment of Epithelial Ovarian Cancer and Its Influence on Response to 
Immunotherapy. Cancers. 2018 Jul 24;10(8):242. doi: 10.3390/cancers10080242. PMID: 
30042343. 
 

Students under supervision of Kristianne Galpin 
1. Juliette Wilson-Sanchez: assisted with ID8 and STOSE tumour immunohistochemistry in 

Figures 9-12 and 14-16. 
 
Other lab members 
• Dr. Galaxia Rodriguez: 

o Performed flow cytometry analysis of Figure 5A, B 
o Irradiated cells for immunogenicity experiments shown in Figure 5E, F 
o Collaborated with intrabursal surgeries, processing/collecting tissue samples for 

flow cytometry, and performed flow cytometry analysis for Figures 7-21  
o Provided technical assistance for flow cytometry Figures 26-30, Figures 32-37, 

Figure 41, Figures 44-45, and Figure 48. 
• Dr. Galaxia Rodriguez and Vincent Maranda: purified oncolytic virus used in Figure 38 and 

performed oncolytic virus treatment.  



 

 iii 

• Dr. David Cook: compiled, processed, and analyzed all single-cell RNA-sequencing data 
shown in Figures 2-4, Figures 21- 24, Figure 39, Figure 40, and Figure 46. 

• Edward Yakubovich: generated differential gene expression/gene sets for ID8/STOSE and 
M0/M1/M2 profiles for Figures 2-4 and Figure 21.  

• Elizabeth Macdonald: processed and cataloged human ovarian cancer ascites samples used in 
this study 

• Vincent Maranda, Elizabeth Macdonald, and Humaira Murshed: provided technical 
assistance with in vivo experiments and collecting mouse tissues for flow cytometry  

• Dr. Shan Zhao: performed ID8 - intraperitoneal experiment shown in Figure 26D and x-gal 
staining of lung metastases shown in Figure 41C 

 
Contributions by collaborators 

● Dr. Christiano T. De Souza (OHRI): performed all intravenous injections and surgeries 
(laparotomy/nephrectomy) for the surgical stress experiments. 

● Dr. Leonard Angka and Dr. Marisa Market: collected peripheral blood mononuclear cells 
for single cell RNA-sequencing for Figure 39, Figure 40, and Figure 46. 

● Dr. Marisa Market: collected human plasma samples at baseline and POD1 for use in 
Figure 39A 

● Dr. Angela Cheung, Chisom Okwor, Alicia Storey and Danielle Dewar-Darch (OHRI): 
facilitated access to ascites from non-cancer patients. 

● Dr. Gary Levy and Dr. Andrzej Chruscinski (UHN, University of Toronto): Provided a-
FGL2 antibodies and Fgl2-/- mice. 

Funding 
● CIHR Doctoral Research Award to Kristianne Galpin  
● Cancer Research Society to Dr. Barbara Vanderhyden 
● Ovarian Cancer Canada/OvCAN through funding provided by Health Canada to Drs. 

Barbara Vanderhyden, Gary Levy and Andrzej Chruscinski 
● Joan Sealy Trust for Cancer Research to Drs. Barbara Vanderhyden and Rebecca Auer 

Thesis advisory committee members 
● Dr. Ben Tsang 
● Dr. Carolina Ilkow 
● Dr. Michele Ardolino 

 
  



 

 iv 

Abstract 

Fibrinogen-like protein 2 (FGL2) expression is associated with tumour progression and 

poor survival in a number of different cancers. In these cancers, FGL2 promotes tumour 

progression via an immunosuppression-mediated mechanism or by promoting angiogenesis. 

Querying single-cell RNA sequencing (scRNA-seq) human cancer data shows FGL2 is produced 

by immune and stromal cells in the tumour microenvironment (TME), while cancer cells have 

minimal expression of FGL2. We therefore studied the role of FGL2 produced by cells in the TME 

in tumour progression in two models of cancer in which the role of FGL2 has not been previously 

studied: epithelial ovarian cancer (EOC) and melanoma. 

EOC is the most lethal gynecologic cancer with an imperative need for new treatments.  

Before testing novel immunotherapies, we first characterized the TME of six syngeneic ovarian 

cancer models. ID8-p53-/- and ID8-C3 tumours were most highly infiltrated by T cells, whereas 

STOSE and MOE-PTEN/KRAS tumours were primarily infiltrated by tumour associated 

macrophages and were unique in MHC class I and II expression. This panel of well-defined murine 

EOC models can serve as a valuable resource for studies that aim to test immunotherapies. 

We next studied the role of FGL2 in tumour progression in melanoma and ovarian cancer 

models. Using wild-type and FGL2 knockout mice, we found that absence of FGL2 led to a more 

activated TME, including activated dendritic cells (DCs - CD86+, CD40+) and T cells (CD25+, 

TIGIT+), as well as demonstrating for the first time that the absence of FGL2 led to more activated 

Natural Killer (NK) cells (DNAM-1, NKG2D) in the TME. The absence of FGL2 prolonged 

survival in the B16F10 model of melanoma, and synergized with oncolytic virus to prolong 

survival in the ID8-p53-/-Brca2-/- model of ovarian cancer. 
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Surgery is a common first-line treatment for many different cancers, including EOC and 

melanoma. Surgical stress can cause increased metastasis through expansion of myeloid-derived 

suppressor cells (MDSCs) and NK/T cell dysfunction. We found that FGL2 levels were increased 

in human and mouse plasma following surgery and were associated with fewer activated NK cells 

and DCs, suggesting a major role for FGL2 in immunosuppression following surgical stress. In 

mouse models, the absence of/blocking FGL2 prevented increased lung metastasis caused by 

surgical stress, suggesting a potential new opportunity to treat in the post-operative window to 

improve patient outcomes. 
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Chapter 1: Introduction 

1.1. Fibrinogen-like protein 2 (FGL2) 

 
Cancer is a leading cause of death in Canada. Immunosuppressive mechanisms in the TME 

allows the tumour to escape targeted elimination by the immune system and contribute to this high 

mortality rate. FGL2, also known as fibroleukin, is an important new player in mediating 

immunosuppression and is upregulated in a number of different cancers with correlation to poor 

prognosis (Qin et al., 2014; Tang et al., 2017; Wang et al., 2016; Yan et al., 2015).   FGL2 was 

originally identified in 1987 in mice (pT49 cDNA) as a cytotoxic T-lymphocytic specific gene, 

sharing 36% homology to fibrinogen beta and gamma subunits (Koyama et al., 1987). The human 

form, which shares 80% homology to the mouse FGL2 and 25% homology to fibrinogen, was 

identified in 1995 to be constitutively expressed in both CD4 and CD8 T cells (Rüegg and Pytela, 

1995). It was originally described as a novel mouse (Parr et al., 1995) and human prothrombinase 

(Levy et al., 2000) after hepatitis viral infection induced expression of FGL2 in macrophages. 

FGL2 is expressed in macrophages (Marsden et al., 2003; Ning et al., 2005; Yang et al., 2013), T 

cells (notably regulatory T cells (Tregs) and TIGIT+ Tregs) (Joller et al., 2014; Liu et al., 2008; 

Marazzi et al., 1998; Shalev et al., 2008, 2009), endothelial cells (Cho et al., 2018; Ding et al., 

1998; Liu et al., 2003), cancer associated fibroblasts (CAFs) (Zhu et al., 2017), natural killer (NK) 

cells (Bezman et al., 2012; Yu et al., 2021), innate lymphoid cells 2 (Ghaedi et al., 2019), dendritic 

cells (DCs) (Yang et al., 2013), and polymorphonuclear neutrophils (PMN) (Zhou et al., 2019). 

The FGL2 protein can be found in either a secreted form (sFGL2) (Marazzi et al., 1998)  or 

a membrane-bound form (mFGL2) (Levy et al., 2000). The membrane-bound form is typically 

expressed on macrophages and endothelial cells (Ding et al., 1998), and has pro-coagulation 
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activity, directly cleaving prothrombin to thrombin (Levy et al., 2000; Yuwaraj et al., 2001). The 

secreted form of the protein has immunomodulatory functions (Rüegg and Pytela, 1995; Shalev et 

al., 2008).  FGL2 is 439 amino acids (aa) long with a hydrophobic transmembrane domain (aa1-

26) in the N-terminus, followed by an a-helical (coiled-coiled domain) which is responsible for 

the thrombinase activity, and fibrinogen-related domain in the C-terminus (aa200-430) which is 

responsible for binding to the Fcγ receptors and the immunosuppressive functions (Liu et al., 2013; 

Yuwaraj et al., 2001). In its native form, FGL2 exists as an oligomer, where FGL2 monomers 

dimerize and subsequently assemble into a tetrameric complex, joined by disulphide bonds formed 

by cysteine residues at aa positions 94, 97, 184 and 187 in the a-helical domain. While oligomeric 

FGL2 has greater affinity for the Fcγ receptors compared to the monomeric form, the monomeric 

FGL2 has greater immunosuppressive activity, demonstrated by inhibiting T cell proliferation in 

response to alloantigen (Liu et al., 2013). The serine residue at aa89 (Ser89-Xaa-Xaa-Lys) in 

mouse FGL2 is responsible for prothrombinase functions of FGL2 (Chan et al., 2002), whereas in 

human FGL2 a similar motif is found near aa91 (Li et al., 2014).  

While it is known that sFGL2 is spontaneously secreted (Marazzi et al., 1998), how sFGL2 

becomes secreted is not yet well established, but it should be noted that both mFGL2 and sFGL2 

are derived from the same transcript. FGL2 has a putative signal peptidase site aa23, thus cleavage 

at this site may release sFGL2 from the membrane (Olson et al., 2004). In a mouse model of sepsis, 

sFGL2 increased while mFGL2 expression in monocytes/macrophages decreased by 6 hours after 

induction of sepsis, suggesting that while sFGL2 and mFGL2 are expressed together, there may 

be some control of sFGL2 secretion (Zhou et al., 2019). Furthermore, in this model, they 

demonstrated that miR-466l increased both sFGL2 and mFGL2 expression in 

monocytes/macrophages, while treatment with ADAM10 and ADAM17 metalloproteinase 
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inhibitors reduced sFGL2 secretion and increased mFGL2 expression, suggesting ADAM17 is 

capable of cleaving sFGL2 (Zhou et al., 2019).   Generally, studies investigating the role of FGL2 

in various disease systems differentiate between the forms only by the functional assays used to 

answer the research questions. For example, an ELISA on plasma/cell supernatant suggests sFGL2 

while immunofluorescence suggests mFGL2. 

FGL2 expression in human tissues and murine models can be induced by interferon gamma 

(IFN-g) and tumour necrosis factor alpha (TNF-a) (Chan et al., 2003; Marazzi et al., 1998; Rüegg 

and Pytela, 1995), miR-466l (Zhou et al., 2019), virus infection [murine hepatitis virus (MHV-3), 

hepatitis c virus (El-Mesery et al., 2017; Foerster et al., 2010), hepatitis B virus (HBV) (Marsden 

et al., 2003; Van Tong et al., 2018), severe acute respiratory syndrome-associated coronavirus 

(Han et al., 2008a), murine lymphocytic choriomeningitis virus clone 13 (LCMV) (Luft et al., 

2018)], as well as parasitic infection (Fu et al., 2020; Wang et al., 2015). It is also induced by other 

inflammatory conditions such as colitis (Bartczak et al., 2017; Li et al., 2020; Lin et al., 2017; Zhu 

et al., 2018), autoimmune hepatitis (Ai et al., 2018), myocarditis (Zheng et al., 2018), sepsis (Zhou 

et al., 2019), and pancreatitis (Ye et al., 2017).  sFGL2 production is reduced in IL-1R1-/- mice in 

response to MHV-3 infection (Guo et al., 2015a) while sFGL2 production is greater in PD-1-/-  

mice in response to inflammatory cytokines (IFN-g,TNF-a) produced during intracerebral 

hemorrhage (Yuan et al., 2016). Signalling pathways involved in activation of FGL2 transcription 

include: MAPK (ERK/JNK) activation of transcription factor c-Ets-2 (Han et al., 2008b), C/EBP 

(Han et al., 2008a), IFN-g induction of STAT1 signalling activation of Sp1/Sp3 and GAS/PU.1 

(Liu et al., 2006), and transcription factors Oct-1, and Ets-1 (Liu et al., 2003).  
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1.1.1 mFGL2 as a prothrombinase 

mFGL2 was initially characterized as a membrane-bound prothrombinase protein in 

macrophages and endothelial cells (Ding et al., 1997, 1998). mFGL2 induction in endothelial cells 

and macrophages has been extensively studied in response to viral infection in mice with fibrin 

deposition, immune cell infiltration, and necrosis leading to organ damage in liver (HBV and 

MHV-3; (Ding et al., 1997, 1998; Levy et al., 2000; Marsden et al., 2003; Zhu et al., 2005)) or 

lungs (severe acute respiratory syndrome-associated coronavirus; Han et al., 2008a). mFGL2 has 

also been studied extensively in xeno- and allo-transplantation, where mFGL2 contributes to 

vascular thrombosis, fibrin deposition, and immune cell infiltration, ultimately leading to rejection 

of the graft (Ghanekar et al., 2004; Mendicino et al., 2005; Ning et al., 2005). mFGL2 expression 

in maternal decidua and fetal trophoblasts has also been associated with spontaneous abortion in 

mice (Clark et al., 1999, 1999, 2001). Several antibodies targeting and blocking the 

prothrombinase function of FGL2 have been developed (Li et al., 1992, 2014). Collectively, the 

prothrombinase function of mFGL2 has been attributed to fibrosis and poor outcomes in numerous 

conditions including viral infection and organ transplantation, however knocking out FGL2 or 

blocking its function with antibodies have improved outcomes in mouse and rat transplant models 

(Mendicino et al., 2005; Ning et al., 2005). 

 

1.1.2. sFGL2 as an immunomodulatory cytokine 

sFGL2-mediated immunosuppression is involved in numerous immunoregulatory 

processes as shown in viral (El-Mesery et al., 2017; Foerster et al., 2010; Van Tong et al., 2018) 

and parasitic infections (Fu et al., 2020; Wang et al., 2015), promoting allo/xenograft tolerance 

(Bartczak et al., 2016; Liu et al., 2008; Pan et al., 2018; Zhao et al., 2014), and restricting 
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progression of autoimmune diseases such as glomerulonephritis (Shalev et al., 2008), hepatitis (Ai 

et al., 2018), myocarditis (Zheng et al., 2018), and arthritis (Melnyk et al., 2011). It also has 

protective roles in inflammatory conditions such as myocardial infarction (Zacchigna et al., 2018), 

sepsis (Zhou et al., 2019), and colitis (Bartczak et al., 2017; Li et al., 2020; Lin et al., 2017; Zhu 

et al., 2018). sFGL2 acts directly on immune cells to promote immunosuppression and there is 

additional evidence showing an association between elevated sFGL2 and the presence of 

immunosuppressive immune cell populations, i.e. indirect effects of sFGL2 (Figure 1).  

sFGL2 acts via its receptors FcγRIIB and FcγRIII expressed on the surface of macrophages 

and DCs (both FcγRIIB and FcγRIII) as well as B cells (FcγRIIB only) (Shalev et al., 2008). sFGL2 

leads to downregulation of MHC-II expression and co-stimulatory molecules (CD86, CD83, 

CD80, and CD40) on DCs and macrophages, and upregulation of tolerogenic molecules such as 

CD31 on DCs (Liu et al., 2008; Shalev et al., 2008; Yang et al., 2019). In a subset of Batf3-

dependent migratory DCs, sFGL2 blocks GM-CSF induction of CD103 expression, preventing 

CD8+ T cell activation (Yan et al., 2019). sFGL2 binding to FcγRIIB on macrophages suppressed 

MCP-1 expression through JNK activation, leading to reduced recruitment of IFN-γ producing NK 

and NKT cells (Fu et al., 2020). sFGL2 also directly induces B cell apoptosis upon binding to the  

FcγRllB receptor (Liu et al., 2008; Shalev et al., 2008).   

There has been increasing evidence in several disease systems that an abundance of sFGL2 

promotes M2 macrophage polarization, with M2 macrophages being immunosuppressive or anti-

inflammatory (Latha et al., 2019; Pan et al., 2018; Yan et al., 2015; Zhu et al., 2018). sFGL2 

polarizes activated macrophages to an M2 phenotype with more CD206+ expression and 

interleukin-10 (IL-10) and TNF-b secretion, but lower TNF-a and IL-12 secretion, through 

attenuation of p65/pSTAT1/ IkKb signalling (Pan et al., 2018). Hou et al. have confirmed the direct 

effect of sFGL2 binding FcγRllB receptors to promote M2 macrophage polarization, including 
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increased CD206 expression, secretion of transforming growth factor beta (TGF-β) and IL-10, and 

expression of immunosuppressive genes such as Arginase-1 (ARG1) (Hou et al., 2021). 

Conversely, FGL2 deletion has been associated with M2 polarization in intrauterine inflammation 

(Zhan et al., 2021) and renal fibrosis (Wu et al., 2020), where treatment with recombinant FGL2 

(rFGL2) improved outcomes in mice (Wu et al., 2020). Furthermore, there has been some evidence 

that reduced mFGL2 is associated with greater M2 macrophage infiltration in coronary 

microvascular obstruction (Li et al., 2018). The role of FGL2 in M2 macrophage polarization is 

clearly context dependent. 

Notably, CD25+ FOXP3+ Tregs have high expression of FGL2 (Liu et al., 2008; Marazzi 

et al., 1998, 1998; Shalev et al., 2008, 2009), suggesting that FGL2 is a Treg effector gene by 

suppressing T effector cell proliferation via DCs and macrophages (Chan et al., 2003; Liu et al., 

2008; Shalev et al., 2008). Indeed Fgl2-/-  mice have impaired Treg function (Shalev et al., 2008) 

while overexpression of sFGL2 (Fgl2Tg mice) renders Tregs more effective at suppressing effector 

T cell poliferation in vitro (Bartczak et al., 2017). A subset of FOXP3+ Tregs express TIGIT (T 

cell immunoreceptor with Ig and ITIM domains), which upregulates expression of FGL2 upon 

activation, selectively suppressing the pro-inflammatory T helper 1 (Th1) and Th17, but not Th2, 

responses (Ai et al., 2018; Joller et al., 2014).  Furthermore, sFGL2 may target T cells directly; a 

subset of CD8+ T cells have been shown to express FcγRIIB and binding of sFGL2 causes their 

apoptosis (Morris et al., 2020) or suppresses their proliferation (Ai et al., 2018).  Another study 

suggests that FGL2 can directly bind to the FcγRllB receptor on T follicular helper cells inducing 

Prdm1 and immune checkpoint molecules (TIGIT, programed cell death protein 1 (PD-1), T cell 

immunoglobulin and mucin domain-containing protein 3 - TIM3, and lymphocyte-activation gene 

3-LAG3), directly and indirectly inhibiting B cell class switching recombination (Sungnak et al., 

2020).  These studies show that sFGL2 can target many different immune cell types, promoting 

immunosuppression via multiple mechanisms (Figure 1). 
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1.1.3. sFGL2 and inflammatory conditions 

sFGL2 has been commonly studied in responses to transplant tolerance, inflammatory 

bowel disease, and other autoimmune/inflammatory conditions, where it is primarily associated 

with immunosuppressive immune cell functions and populations. In allograft models, elevated 

sFGL2 contributes to tolerance (Pan et al., 2018; Urbanellis et al., 2015; Xie et al., 2012). 

Administering sFGL2 can prevent tissue rejection (Bartczak et al., 2016; Bézie et al., 2015; Liu et 

al., 2008; Pan et al., 2018) while blocking FGL2 can induce rejection (Urbanellis et al., 2015). In 

experimental transplant models, elevated FGL2 leads to more suppressive Tregs (Bartczak et al., 

2016) and is associated with immunosuppressive immune cell populations such as M2 

macrophages (Pan et al., 2018), CD8+CD45Rlow Tregs (Zhang et al., 2021), tolerogenic CD8+ T 

cells (Li et al., 2010), and regulatory B cells (Bézie et al., 2015), which prolong survival time 

through alleviating acute rejection. The extensive research in in vivo transplant models, 

demonstrating the immunosuppressive power of sFGL2 to protect against transplant rejection, is 

being applied to human transplant science.  Using FGL2 as a biomarker in human transplants, 

specifically patients with an FGL2/IFNG expression ratio greater than 1, identified those with 

optimal transplant tolerance such that 57% of could be safely removed from immunosuppressive 

treatments and their potential side effects without rejection of the graft (Chruscinski et al., 2021).  

Elevated sFGL2 is considered as a biomarker of inflammatory bowel disease (Bartczak et 

al., 2017; Li et al., 2020; Lin et al., 2017; Zhu et al., 2018) where knocking out FGL2 in 

experimental mouse models leads to more severe colitis due to impaired anti-inflammatory 

functions in the absence of FGL2 (Li et al., 2020; Zhu et al., 2018). Experimental induction of 

inflammatory colitis elevated sFGL2 and reduced TNF-a, IL-6 and IL-1b expression (Li et al., 

2020).  Knocking out FGL2 increased inflammation and thus severity of the disease through 



 

 9 

increased expression of TNF-a, IL-1b and IL-17a, decreased expression of IL-10 (Zhu et al., 

2018), more M1 macrophages, and greater activation of DCs (MHC-II, CD80, CD86 and CD40) 

(Li et al., 2020). Furthermore, knockout of FGL2 in immune cells led to increased tumour nodules 

in colitis-associated cancer (Zhu et al., 2018). Elevated sFGL2 levels are associated with 

autoimmune hepatitis and experimental autoimmune hepatitis in mice and are thought to limit 

disease progression by Treg-mediated suppression of CD8+ T cell proliferation and function (Ai 

et al., 2018). Similarly, Fgl2-/- mice develop autoimmune glomerulonephritis (Shalev et al., 2008) 

due to impaired Treg function while others suggest that Fgl2-/-  mice develop systemic autoimmune 

disease similar to Lupus due to impaired regulation of autoantibodies by B cells (Sungnak et al., 

2020). Overall, elevated sFGL2 in inflammatory conditions (transplants, inflammatory bowel 

disease, autoimmune disease) has protective effects by promoting immunosuppression through 

multiple immune cell types. 

 

1.1.4. FGL2 and cancer 

FGL2 is elevated, at the mRNA and protein levels, in the tumours of a number of different 

malignancies (Appendix 1) such as non-small cell lung cancer (NSCLC) (Zhu et al., 2017), 

colorectal carcinoma (CRC) (Liu et al., 2019; Qin et al., 2014), clear cell renal cell carcinoma 

(ccRCC) (Tang et al., 2017), cutaneous squamous cell carcinoma (CSCC) (Zeng et al., 2022), 

glioblastoma multiforme (GBM) (Latha et al., 2019; Yan et al., 2015, 2019), hepatocellular 

carcinoma (HCC) (Liu et al., 2021, 2012; Sun et al., 2014; Van Tong et al., 2018; Wang et al., 

2016; Yang et al., 2019), and prostate cancer (Rabizadeh et al., 2015). Specifically, high levels of 

FGL2 in tumours is correlated with poor overall survival in GBM (Latha et al., 2019; Yan et al., 

2015, 2019), CRC (Qin et al., 2014), ccRCC (Tang et al., 2017), and esophageal cancer (Yuan et 



 

 10 

al., 2020b), suggesting that FGL2 may be an effective therapeutic target. However, several studies 

have also reported a correlation between elevated FGL2 and better outcomes in lung cancer (Yuan 

et al., 2020a), breast cancer (Feng et al., 2020), gastric cancer (Cao et al., 2021), and 

gastrointestinal stromal tumours (Pulkka et al., 2022), indicating complex, context-specific roles 

for FGL2 in cancer.  

mFGL2 was shown to accelerate tumour progression by promoting tumourigenesis and 

angiogenesis in liver (Liu et al., 2012; Su et al., 2008), prostate (Rabizadeh et al., 2015), and renal 

(Tang et al., 2017) cancer, as well as CSCC (Zeng et al., 2022) while sFGL2 is believed to enable 

tumour growth by promoting an immunosuppressive environment. Previous studies in other 

disease systems have demonstrated the numerous immunomodulatory roles of FGL2 as described 

above (Figure 1), including inhibiting DC and macrophage maturation, mediating Treg 

suppression of Th1/Th17 responses, and polarizing M2 macrophages. In data from a human GBM 

database (Song et al., 2020; Yan et al., 2015), FGL2 mRNA levels were positively correlated with 

the abundance of transcripts for immune checkpoints PD-L1/2, PD-1, and LAG3, as well as 

immunosuppressive cytokines IL-10 and TGFβ1. In The Cancer Genome Atlas (TCGA) data from 

NSCLC patients, FGL2 mRNA levels correlated with expression of CAF markers (FAP, 

PDGFRα) and MDSC markers (CD33, IL-10, CD14), suggesting FGL2 enhances 

immunosuppression to promote tumour progression (Zhu et al., 2017).  

In GBM, FGL2 was thought to be expressed in the cancer cells (Latha et al., 2019; Yan et 

al., 2015, 2019) and more highly expressed in high grade gliomas compared to low grade, 

suggesting FGL2 may be involved in the malignant transformation of glioblastoma (Latha et al., 

2019).  FGL2 was later shown to act on macrophages, inducing CXCL7, which promotes glioma 

stem cell migration and differentiation (Yan et al., 2021). Additionally, subcutaneous glioma and 
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brain tumour models in mice expressing high levels of FGL2 led to an increase in expression of 

PD-1 expressing immune cells and an increase in the percentage of tumour infiltrating Tregs 

(CD39+FOXP3+), MDSCs (Gr1+CD11b+), and M2 macrophages (F4/80+CD206+) (Yan et al., 

2015).  This study also provided the first example of using an a-FGL2 antibody for the treatment 

of cancer (Yan et al., 2015), although it had been used in other disease systems to attenuate 

immunosuppression (Luft et al., 2018; Ning et al., 2005; Shalev et al., 2009). Therapeutic use of 

a-FGL2 reduced PD-1 expression and decreased the percentage of Tregs, MDSCs and M2 

macrophages in an FcgRIIB dependent manner (Yan et al., 2015). This novel immune therapy led 

to increased survival (Latha et al., 2019; Yan et al., 2015), by relieving immunosuppression 

mediated by FGL2 that the tumour uses to escape the immune system. Further studies showed that 

knocking out FGL2 in the tumours slowed tumour progression, through enhanced migratory 

CD103+ DCs capable of cross-presenting antigen and activating CD8+ T cells (Yan et al., 2019). 

In that study, sFGL2 blocked GM-GSF activation of CD103+ expression through inhibition of 

JAK/STAT and TRAF6 signalling pathways. GBM patients with decreased FGL2 levels and 

increased GM-CSF levels, as identified in the TCGA (mRNA) expression data, had a longer 

median overall survival (Yan et al., 2019). 

In all these studies the assumption was that FGL2 was expressed by the cancer cells, and in 

mechanistic studies cancer cells were engineered to express FGL2. However, FGL2 is also 

expressed in immune/stromal cells in the TME rather than cancer cells, and has similarly been 

shown to promote immunosuppression in the TME and tumour progression (Li et al., 2019; Yang 

et al., 2019; Zhu et al., 2017). Klrg1+Areg+ Tregs, which develop at late stages of tumour 

progression in a genetic mouse model of lung adenocarcinoma, were characterized by Fgl2 gene 

expression and PD-1 and ST2 (suppression of tumorigenicity 2) protein expression, strengthening 
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the association between FGL2 and highly immunosuppressive immune cell populations (Li et al., 

2019). In a mouse model of subcutaneous Lewis Lung Carcinoma (LLC), subcutaneous tumours 

were generated in Fgl2 knockout (Fgl2-/-) mice where tumour progression was slower, compared 

to wild-type mice, due to decreased CXCL12 recruitment of MDSCs to the tumour and impaired 

activation of CAFs (Zhu et al., 2017). In syngeneic subcutaneous and orthotopic models of HCC, 

Fgl2-/- or a-FGL2 treated mice had reduced tumour growth with greater proportions of activated 

CD8+, CD4+ T cells, and DCs, and fewer Tregs in tumours. In vitro, sFGL2 inhibited AKT and 

p38 signalling, preventing DC maturation, as shown by lower levels of MHC-II+, CD40, CD80, 

CD86, CD83 on CD11c+ cells (DCs) (Yang et al., 2019). Therefore, it is thought that sFGL2 

prevents HCC clearance by inhibiting DC maturation and activation of CD4+ and CD8+ T cells.  

In several cancer models, overexpressed FGL2 in the cancer cells (GBM) and FGL2 

expression in the immune and stromal cells of the TME (LLC and HCC) leads to accelerated 

tumour progression and poor survival. Furthermore, sFGL2 directly targets DCs, suppressing their 

ability to activate T cells, and is associated with the presence of tumour infiltrating 

immunosuppressive immune cell populations (MDSCs, Tregs, M2 macrophages). Knocking out 

FGL2 or blocking FGL2 (a-FGL2), increases survival by relieving this immunosuppression in 

these models. While elevated immunosuppressive FGL2 is beneficial in inflammatory conditions, 

increased immunosuppression in the context of cancer allows for a more permissive environment 

for cancer cells to evade the immune system and proliferate unchecked. This thesis will focus on 

two cancer models, in which the role of FGL2 has not previously been studied, to investigate the 

contribution of FGL2 to tumour progression and immunosuppression. Given our laboratory’s 

expertise in ovarian cancer, we first focused on the role of FGL2 in ovarian cancer progression 

and then expanded our study to use the B16F10 model to investigate the role of FGL2 in melanoma 
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tumour progression. In addition to expanding our knowledge of FGL2 and cancer, these models 

provided the opportunity to compare and contrast the role of immunomodulatory FGL2 in two 

cancer types, one which generally does not respond to immunotherapy in the clinic (ovarian 

cancer) to one that does (melanoma). 

1.2. Epithelial ovarian cancer (EOC) 

 
Ovarian cancer is the fifth most common cause of cancer-related deaths among Canadian 

women, and the most lethal gynecological cancer (Canadian Cancer Society, 2019a). More than 

90% of ovarian cancers are of epithelial origin, while sex-cord, stromal tumours, and tumours of 

germline origin make up the other 10%. EOC has five main histological subtypes: endometrioid 

(10%), clear cell (10%), mucinous (3%), low-grade serous (<5%) and high-grade serous (HGSOC, 

70%). HGSOC is the most common and lethal subtype, often diagnosed at late stages (III and IV) 

where it has metastasized throughout the peritoneal cavity and the 5-year overall survival (OS) is 

less than 40% (Canadian Cancer Society, 2019a). 

Standard treatment for EOC involves platinum-based chemotherapy and cytoreductive 

surgical debulking. However, as many as 85% of patients will relapse and many patients become 

resistant to first-line chemotherapy. There are limited options and poor outcomes associated with 

second line chemotherapy treatment of relapsed disease (Berek and Hacker, 2015; Foley et al., 

2013). In recent years several targeted treatment options have been developed for the treatment of 

EOC only two types that have been approved in Canada: the anti-angiogenic bevacizumab and 

poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi,) (Banerjee and Kaye, 2013; Cortez et 

al., 2018). PARPi such as Olaparib has been approved by the FDA and Health Canada for the 

treatment of EOC with germline mutations in the breast cancer gene 1/2 (BRCA1/2) (Konecny and 

Kristeleit, 2016). Alterations in other homologous recombination (HR) proteins result in 
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approximately 50% of HGSOC cases having defects in HR or BRCA-like phenotypes which would 

potentially make half of all HGSOC cases responsive to PARPi (Cancer Genome Atlas Research 

Network, 2011). Bevacizumab is a monoclonal antibody against vascular endothelial growth 

factor (VEGF), a pro-angiogenic factor, and was the first first-line treatment approved by the FDA 

in decades (Burger et al., 2011; Tewari et al., 2019).  

Immunotherapy in ovarian cancer has examined the use of peptide vaccines, transfer of 

immune cells (T cells, DCs, NK cells), or monoclonal antibody treatment (reviewed in McCloskey 

et al., 2018; Rodriguez et al., 2018) with varying success. In clinical trials to treat ovarian cancer, 

immune checkpoint inhibitors (ICIs) have had limited success; inhibitors of cytotoxic T-

lymphocyte-associated antigen 4 (CTLA-4), PD-1, and programed death ligand 1 (PD-L1) had 

response rates of 5–20% (Guo et al., 2015b; Hamanishi et al., 2015, 2016a). In spite of recent 

developments, OS has not improved in recent decades, largely due to lack of early screening 

methods, lack of early presenting symptoms, heterogeneity of disease, and the available treatments 

only work for a small percentage of patients (Cortez et al., 2018). There remains a pressing need 

to develop novel treatment strategies, including immunotherapy, for the treatment of EOC and 

HGSOC in particular.  

1.3. Melanoma 

 
Melanoma is the seventh most common type of cancer diagnosis in Canada and the 5-year 

survival rate is approximately 88% when diagnosed at early stages (Canadian Cancer Society, 

2019b, 2019c). However, when melanoma has metastasized to either local or distant locations, 

survival drops to approximately 50% when diagnosed at stage III and down to 20% at stage IV 

(Canadian Cancer Society, 2019c). Surgery is considered the first-line treatment for most 

melanoma, and when diagnosed at advanced stages, surgery is often combined with targeted 
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therapies (BRAF and MEK inhibitors), immunotherapy (ICIs, oncolytic viruses - OVs), 

chemotherapy, or radiation (Curti and Faries, 2021; Tanda et al., 2020). While BRAF and MEK 

inhibitors have significantly improved survival, resistance does occur, and BRAF is only mutated 

in around 50% of melanoma (Tanda et al., 2020). Similarly, ICIs have improved overall survival 

for advanced melanoma to approximately 50%, and although remarkable, a large percentage of 

people remain resistant or acquire resistance to ICI treatment (Carlino et al., 2021). There is a 

continued need to develop novel immunotherapeutic treatments for advanced melanoma, and to 

expand the combination strategies currently used in the clinic. 

 

1.4. Immunotherapy 

 
1.4.1. The tumour microenvironment 

Through a process called immunoediting, tumours acquire immune tolerance to 

neoantigens or tumour-associated antigens (TAA) (Mittal et al., 2014; Schreiber et al., 2011). 

Initially, the local innate and adaptive immune response targets the cancer cells and can reduce the 

growth of the tumour. However, the tumour may escape the immune response due to cancer cell 

evolution, immunosuppression, and exhaustion of the anti-tumour response (Mittal et al., 2014; 

Schreiber et al., 2011).  

In “hot” or immunologically active tumours, the TME is highly infiltrated by tumour 

infiltrating leukocytes (TILs), DCs and macrophages, NK cells, CD4+ and CD8+ T cells, as well 

as B cells, capable of generating anti-tumoural responses (Chen and Mellman, 2017; Rodriguez et 

al., 2018; Zhang et al., 2022). The presence of TILs in tumours from ovarian cancer patients 

correlates with increased overall survival (Santoiemma and Powell, 2015; Santoiemma et al., 2016; 

Zhang et al., 2003); specifically a higher ratio of CD8+ T cells to Tregs (CD4+ CD25+ FOXP3+) 
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is associated with improved survival (Curiel et al., 2004; Preston et al., 2013; Sato et al., 2005). 

Similarly, TIL infiltration, both density of infiltration and localization of infiltration, is a strong 

prognostic factor in melanoma prognosis (Lee et al., 2016; Schatton et al., 2014; Thomas et al., 

2013). 

“Cold” or immunologically silent tumours have few or excluded TILs, loss of MHC-I 

expression or other components of the antigen presentation machinery, are associated with poor 

survival (Callahan et al., 2008; Matsushita et al., 2003), and may not respond as well to 

immunotherapy (Kreuzinger et al., 2017; Kroeger et al., 2016; Lo et al., 2017; Zhang et al., 2003).  

“Cold” tumours may also be more infiltrated by highly suppressive immune cells, including 

MDSCs (Yang et al., 2006), M2 macrophages (Hagemann et al., 2006; Lan et al., 2013), and Tregs 

(Curiel et al., 2004). They may also have upregulated PD-1 on immune cells, and PD-L1 on cancer 

cells (Kreuzinger et al., 2017), further suppressing anti-tumoural responses. Given that patients 

with greater T cell infiltration in both melanoma and ovarian cancer have better outcomes, 

immunotherapy designed to specifically promote immune cell infiltration to the tumour and/or 

relieve immunosuppression, i.e. to turn a “cold” tumour “hot”, may improve survival.    

 

1.4.2 Developing immunotherapy for treatment of EOC and melanoma 

Recent advances in immunotherapy have included the use of ICIs, which are monoclonal 

antibodies against immune checkpoint ligands, to relieve T cell dysfunction in the 

immunosuppressive TME. Positive response to ICIs has been associated with neoantigen burden 

(McGranahan et al., 2016; Van Allen et al., 2015); however, ovarian cancers possess 

low/intermediate levels of neoantigen load/mutation burden which presents additional challenges 

when developing immunotherapies for the treatment of ovarian cancer (Alexandrov et al., 2013; 
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Chalmers et al., 2017; Martin et al., 2016). While melanoma has one of the highest levels of 

neoantigen load/mutation burden (Alexandrov et al., 2013; Chalmers et al., 2017), it is only one 

factor in the complex TME which predicts response to immunotherapy, with many people still 

resistant to treatment (Carlino et al., 2021).  

Checkpoint inhibitors have been shown to synergize with OVs in mouse models to improve 

anti-tumour responses and increase survival (Bommareddy et al., 2018; Dummer et al., 2017; 

Ribas et al., 2017; Swart et al., 2016). OVs selectively replicate in tumour cells, due to defects in 

anti-viral interferon signalling pathways, triggering direct oncolysis of tumour cells as well as the 

release of TAAs for presentation to T cells, thereby inducing immunogenic cell death and 

stimulating immune cell infiltration (Lichty et al., 2014). Talimogene laherparepvec (T-VEC), an 

oncolytic herpes simplex virus, is the only OV approved by the FDA for treatment of melanoma 

(Rehman et al., 2016). There are several OVs, including vaccinia (NCT02759588), measles 

(NCT00408590, NCT02364713), vesicular stomatitis virus (VSV, NCT03120624), and T-VEC 

(NCT03663712), that are currently in clinical trials for multiple malignancies, including ovarian 

cancer, although there is no approved OV treatment for ovarian cancer to date. Low or variable 

response rates to current immunotherapies highlight the increasing need to improve current 

treatments, search for novel therapeutics or novel combination strategies, and personalize 

treatments.  

 

1.4.3. Immunotherapy to relieve surgical stress induced immunosuppression 

Standard of care for treatment of ovarian cancer includes surgical debulking procedures 

where complete cytoreduction is a strong prognostic factor (Berek and Hacker, 2015; du Bois et 

al., 2009; Eisenkop et al., 2003; Li et al., 2012). Similarly, the first-line treatment of melanoma is 
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surgical resection, where complete resection can lead to better prognosis (Curti and Faries, 2021; 

Faries et al., 2015; Sosman et al., 2011). However, in spite of the benefits of surgery, surgical 

stress-induced immunosuppression in the post-operative period can lead to enhanced metastatic 

disease in the case of incomplete resection (Bakos et al., 2018; Coffey et al., 2003; Glasner et al., 

2010; Tsuchiya et al., 2003; Tyzzer, 1913).   

Tissue injury is marked by an initial pro-inflammatory phase, followed by a second phase 

which is anti-inflammatory or immunosuppressive in order to restore the normal physiologic 

balance (Alazawi et al., 2016; Angka et al., 2017; Fullerton and Gilroy, 2016). Damage-associated 

molecular patterns (DAMPs) released by the host in response to surgery, leads to monocyte 

recruitment. Pattern recognition receptors (PRRs) on monocytes are activated by DAMPs to 

secrete pro-inflammatory cytokines such as IL-6 and TNF-a. After this initial pro-inflammatory 

phase, an immunosuppressive phase is triggered, characterized by anti-inflammatory cytokines 

(IL-10, TGF-b, and IL-6), prostaglandins (PGE2), and NK cell dysfunction (dampened 

cytotoxicity and impaired IFN-g production) (Alazawi et al., 2016; Angka et al., 2017; Fullerton 

and Gilroy, 2016). 

Myeloid-derived suppressor cells (MDSCs) are expanded following surgical stress and are 

a key player in mediating post-operative NK cell and T cell dysfunction (Lu et al., 2020; Mundy-

Bosse et al., 2011; Tai et al., 2018; Urakawa et al., 2019; Wang et al., 2017). There is some 

indication that surgical stress can also cause declines in populations of both immature and mature 

DCs in peripheral blood mononuclear cells (PBMCs), although whether this contributes to 

metastasis has not been as extensively characterized (Brivio et al., 2000; De et al., 2003). While 

markers have been suggested to identify monocytic (M)-MDSCs (Human: CD33+CD14+HLA-

DR-/Low, Mouse: CD11b+ Ly6C+ Ly6G-) and PMN-MDSCs (Human: CD33+CD14-CD15+, 
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Mouse: CD11b+Ly6G+Ly6CLow), their characterization is defined by their suppressive 

properties on NK and T cells through mediators such as IL-10, TGF-b, and ARG1 (Bergenfelz and 

Leandersson, 2020; Makarenkova et al., 2006). While MDSC-mediated immunosuppression 

works to resolve inflammation, it may have negative effects on patients undergoing surgery for 

malignant tumours (Urakawa et al., 2019). The pro-metastatic mediators and immunoregulatory 

effectors associated with surgical stress contribute to an environment that allows the remaining 

cancer cells to evade the immune system and form metastatic tumours (Bergenfelz and 

Leandersson, 2020; Makarenkova et al., 2006). Indeed, in B16F10 melanoma and 4T1 breast 

cancer mouse models of surgical stress, mice that received surgery also had increased MDSCs in 

the spleen, dysfunctional NK cells, and increased metastases (Goldfarb et al., 2011; Tai et al., 

2013, 2018). Immunotherapies such as OVs, ICIs, recombinant IL-2, and cellular vaccines have 

been proposed as perioperative treatment to reduce immunosuppression in the post-operative 

window (Alkayyal et al., 2017; Bakos et al., 2018; Brivio et al., 2006; Market et al., 2018).  

Similarly, in the case of non-sterile tissue injury such as sepsis, pathogen-associated 

molecular pattern proteins (PAMPs) bind PRRs to activate monocytes and induce MDSCs 

(Alazawi et al., 2016). In a recent paper, plasma FGL2 was reported to be elevated in both sepsis 

patients and in a mouse model of sepsis (Zhou et al., 2019).  In mice, sepsis induced expansion of 

PMNs (CD11b+Ly6G+) and monocytes (CD11b+Ly6G-) and FGL2 cleavage by the 

metalloproteinases ADAM17 and ADAM10 to increase sFGL2 plasma levels (Zhou et al., 2019). 

In a negative feedback loop, FGL2 then bound to FcγRIIB receptors triggering PMN apoptosis 

and regulating monocyte efferocytosis, self-limiting the inflammatory response (Zhou et al., 2019). 

In this model, knocking out FGL2 resulted in a greater pro-inflammatory response and poorer 

outcomes, whereas supplementing mice with rFGL2 had protective effects (Zhou et al., 2019). 
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Drawing on parallels between inflammation due to tissue injury from sepsis and surgical stress, 

we hypothesized that if FGL2 plays a role in resolving the pro-inflammatory response to sepsis, it 

would similarly play a role in immunosuppression during surgical stress. In that context, FGL2’s 

involvement in post-operative immunosuppression may also lead to increased metastases 

following surgery.  

1.5. Testing immunotherapy in syngeneic models  

 
Immunocompetent mouse models are critical to understand efficacy of new therapies and 

mechanisms of resistance. Response to immunotherapy in transplantable syngeneic models 

correlates with MHC-I expression, while the composition of tumour infiltrating immune cells is 

based on intrinsic (MHC-I, mutation burden, transplant location) and extrinsic characteristics (eg. 

strain) (Lechner et al., 2013; Mosely et al., 2017; Yu et al., 2018). For example, high MHC-I 

expression predicts greater response to immunotherapies, such as ICIs, while tumours with low 

MHC-I expression respond poorly to immunotherapies (Lechner et al., 2013; Yu et al., 2018). 

Profiling the TME of syngeneic models will help researchers select models to perform 

immunotherapy studies and may guide patient stratification to maximize efficacy of treatment.  

Although the B16F10 model of melanoma is considered a poorly immunogenic and poorly 

infiltrated tumour (Lechner et al., 2013; Yu et al., 2018) and does not have mutations commonly 

found in human melanoma such as BRAF (Couto et al., 2019), it has been used extensively for in 

vivo pre-clinical testing of immunotherapy, including ICIs (Chen et al., 2015; van Elsas et al., 

1999; Spranger et al., 2014), OVs (Bridle et al., 2010; Ricca et al., 2018), or infected cell vaccines 

(Lemay et al., 2012). This model does not respond well to monotherapies, and has been further 

used to test combination immunotherapies which can prolong survival in B16F10 bearing mice 

(Bridle et al., 2010; Chen et al., 2015). 



 

 21 

1.5.1. Testing immunotherapy in syngeneic models of ovarian cancer 

Roby et al. generated the commonly used syngeneic ID8 model of murine ovarian cancer 

in 2000 (Roby et al., 2000) through spontaneous transformation by serial passaging of mouse 

ovarian surface epithelial (OSE) primary cells from C57BL/6 mice. Immunotherapies, including 

OVs (Gil et al., 2014; Nounamo et al., 2017; Thomas et al., 2016) and ICIs (Guo et al., 2014, 

2015b; Wei et al., 2013), have been primarily tested using both parental and modified ID8 cells 

(reviewed in McCloskey et al., 2018). We (Rodriguez et al., 2022) and others have shown that the 

ID8 model is poorly immunogenic (Duraiswamy et al., 2013; Martin et al., 2016; van Vloten et 

al., 2019).  Although some studies have demonstrated prolonged survival with immunotherapy 

over untreated groups (Gil et al., 2014; Nounamo et al., 2017), re-challenging of ID8 tumours is 

unlikely to show protection to due to a lack of generation of an anti-tumour memory response, the 

presence of which is a hallmark of successful immunotherapy discovery and development 

(Galluzzi et al., 2018). Our lab generated a spontaneously transformed cell line, STOSE, derived 

from the OSE of FVB/N mice (McCloskey et al., 2014) which has also been used to study OVs 

(Thomas et al., 2016).  

While the ID8 model has been invaluable for pre-clinical testing of immunotherapies, other 

syngeneic models have since been developed in order to more accurately and extensively model 

HGSOC. Analysis of HGSOC tumours in data from The TCGA suggests that the tumour 

suppressor gene TP53 is mutated in 96% of all cases and genetic alterations in BRCA1/2 genes 

occur in approximately 30% of tumours (Cancer Genome Atlas Research Network, 2011). Dr. Iain 

McNeish generated ID8 derivatives with CRISPR/Cas9 deletions in genes relevant to HGSOC 

including ID8-Trp53-/-, ID8-Trp53-/-; BRCA1-/-, and ID8-Trp53-/-; BRCA2-/- (Walton et al., 2016, 

2017).  
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Cell lines originating from the OSE model only a fraction of HGSOC, as the majority of 

cases are thought to originate from the fallopian tube epithelium (Coscia et al., 2016; Ducie et al., 

2017; Lawrenson et al., 2019).  While tumours resulting from STOSE and ID8 cells histologically 

resemble HGSOC (McCloskey et al., 2014; Roby et al., 2000), their origins from the OSE model 

only a fraction of HGSOC. To model HGSOC from the fallopian tube, our lab generated a mouse 

oviductal epithelial (MOE) cell line (Alwosaibai et al., 2017), which Dr. Joanna Burdette’s lab 

subsequently rendered tumourigenic by modifying PI3K/RAS signaling, which is altered in 45% 

of HGSOC cases (Cancer Genome Atlas Research Network, 2011). Modifications included 

knockdown of Pten (MOE-PtenshRNA) alone or in combination with a common gain-of-function 

mutation (Arg273His) in Trp53 (MOE-PtenshRNA:Trp53R273H), or with an activating mutation in 

Kras (MOE-PtenshRNAKrasG12V (Eddie et al., 2015; Endsley et al., 2015).  

 

1.6. Project Rationale and Objectives 

 
High FGL2 expression is associated with more rapid tumour progression and poor survival 

in a number of different cancers. In these cancers, sFGL2 promotes tumour progression via an 

immunosuppression-mediated mechanism as an effector of Tregs, attenuating T and DC activation, 

and mFGL2 accelerates tumour progression by promoting angiogenesis. In both the glioma and 

hepatocellular models, blocking sFGL2 with an immunotherapeutic antibody significantly 

prolonged survival. Targeting sFGL2 and attenuating the immunosuppressive TME may reveal a 

new therapeutic target for the treatment of ovarian cancer. From the literature it is evident that the 

majority of immunotherapy research for ovarian cancer pre-clinical testing is performed in 

immunodeficient mice with human cell lines which fails to model the complexities of the immune 

cells in the TME or with a single syngeneic model, the ID8 cell line, which fails to model either 
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the diversity or heterogeneity of the cancer cells in human disease. Therefore, in order to test a 

novel immunotherapy (a-FGL2) we first characterized available syngeneic ovarian cancer 

models to better understand the variations in the TME and the potential response to 

immunotherapy. Furthermore, we hypothesized that FGL2 expression promotes an 

immunosuppressive environment that is associated with accelerated tumour progression and 

poor survival in ovarian cancer and melanoma. Thus, targeting FGL2 to relieve 

immunosuppression in the TME in combination with activation of specific anti-tumour 

responses will be a novel therapeutic strategy in treatment of ovarian cancer and melanoma.  

Surgical stress can cause increased metastasis through immunosuppression in the post-operative 

window. Given that surgery is the first line of treatment for many cancers, we hypothesized that 

the immunosuppressive functions of FGL2 contribute to the post-operative 

immunosuppression, and that the deletion or blocking of FGL2 would reduce surgical stress-

induced metastasis in an experimental model system.  

 

Objectives: 

1. To define the TME of orthotopic tumours, ascites, and spleens of advanced-stage tumour-

bearing mice of syngeneic models originating from both OSE and MOE and bearing clinically 

relevant mutations.  

2. To determine the role of FGL2 in tumour progression of ovarian cancer and melanoma. 

3. To determine the efficacy of a novel immunotherapy (a-FGL2) for treatment of ovarian cancer 

and melanoma in syngeneic models.  

4. To investigate the contribution of FGL2 to surgical stress-induced immunosuppression. 
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Chapter 2. Materials and methods 

2.1. Cells and cell lines  

 
 Unmodified (wild type, WT) ID8 cells were provided by Kathy Roby (Roby et al., 2000). 

ID8-Trp53-/- F3 (ID8-p53-/-), ID8-Trp53-/-Brca1-/- and ID8-Trp53-/-Brca2-/-, generated by CRISPR-

Cas9 mediated knockout, and ID8-C3 (CRISPR control) were generously provided by Dr. Iain 

McNeish (Imperial College London; Walton et al., 2016, 2017), 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 

(Walton et al., 2016, 2017). STOSE cells were generated in our lab and maintained in a-MEM 

(minimal essential media) +  4% FBS and ITSS and 2μg/ml epithelial growth factor (EGF, R&D) 

as previously reported (McCloskey et al., 2014). MOE-PtenshRNA (MOE-PTEN), MOE-

PtenshRNA:Trp53R273H (MOE-PTEN/p53), and MOE-PtenshRNAKrasG12V (MOE-PTEN/KRAS) were 

generously provided by Dr. Joanna Burdette (University of Illinois, Chicago) and maintained as 

previously described (Eddie et al., 2015; Endsley et al., 2015). B16F10 (Overwijk and Restifo, 

2001) and B16F10lacZ (Kirstein et al., 2009) cells were maintained in DMEM+10% FBS and 

were provided by Dr. Rebecca Auer (Ottawa Hospital Research Institute, OHRI). YAC-1 cells 

(Kiessling et al., 1975, provided by Dr. Michele Ardolino, OHRI) were maintained in RPMI 

(Corning) + 10% FBS, 1% penicillin/streptomycin, and 10mM HEPES. Mycoplasma testing was 

performed prior to animal experiments. Cells were incubated at 37°C with 5% carbon dioxide.  

NK cells were isolated from splenocytes using EasySep™ Mouse NK Cell Isolation Kit 

(StemCell Technologies) and MDSCs were isolated from bone marrow using the EasySep™ 

Mouse MDSC (CD11b+Gr1+) Isolation Kit (StemCell Technologies) according to manufacturer’s 

instructions. NK cells and MDSCs were maintained in complete leukocyte media (RPMI + 10% 
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FBS, 1% penicillin/streptomycin, 10mM HEPES, and 55μM 2-mercaptoethanol) with or without 

4µg/mL recombinant FGL2 in PBS (rFGL2, R&D systems). MDSCs incubated with 1 µg/ml LPS 

were used as a positive control for CD155 induction (Kamran et al., 2013). Cells were incubated 

at 37°C with 5% carbon dioxide. 

 

IFN-γ treatment: Cell lines were seeded in 6-well tissue culture plates (Corning) and treated with 

500 pg/mL murine IFN-γ (PeproTech) for 24 hours.  

 

Degranulation/Intracellular IFN-γ (Alter et al., 2004): Wells of flat-bottomed plates (Thermo 

Fisher Scientific) were coated with 5μg of a-NKR-P1C (clone PK136, BD Biosciences) in 100μL 

phosphate-buffered saline (PBS) overnight. The following day plates were washed 3x with PBS 

and 1x106 splenocytes per well were stimulated for 5 hours in RPMI + 5% FBS in the presence of 

1:1000 Golgi Stop (BD BD Biosciences), 1000 IU/mL of recombinant murine IL-2 (BioLegend), 

and a-CD107a-AF647 (0.025 μg/well, BioLegend), with or without 4µg/mL recombinant FGL2 

in PBS (rFGL2, R&D systems). Some cells were stimulated as above with the addition of 400nM 

Phorbol myristate acetate (PMA, Sigma-Aldrich) and 3.35μM ionomycin (Sigma-Aldrich). 

 

Cytotoxicity: NK cells were isolated as above. 5x103 YAC-1 target cells were stained with CP450 

(eBioscience) and cultured with isolated NK cells (effector) at indicated ratios for 4 hours in 

complete leukocyte media, with or without 4µg/mL recombinant FGL2 in PBS (rFGL2, R&D 

systems). Cells were then stained with ethidium homodimer [EthD, Invitrogen] prior to flow 

cytometric analysis.  
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2.2. Mouse models and 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. FVB/N mice (for STOSE and MOE cell lines) were acquired from 

Charles River and C57BL/6 mice (for ID8 and derivatives) were purchased from The Jackson 

Laboratory. C57BL/6 (Fgl2WT) mice were bred with mice purchased from The Jackson 

Laboratory. Fgl2 knockout (Fgl2-/-) mice, a complete knockout of Fgl2 and therefore both lacking 

mFGL2 and sFGL2, were generated by Dr. Gary Levy (Marsden et al., 2003) and were generously 

provided for these experiments. For all experiments, unless otherwise specified, mice were 8-10 

weeks of age, age-matched between Fgl2WT and Fgl2-/-.  

For intraperitoneal (i.p.) injections mice received either 25x104 of B16F10 melanoma cells 

or 5x106 ovarian cancer cells (ID8-WT, ID8-C3, ID8-p53-/-, ID8-p53-/-Brca2-/-, STOSE, MOE-

PTEN, MOE-PTEN/p53, or MOE-PTEN/KRAS) in 100µl PBS. In an orthotopic intrabursal (i.b) 

model of ovarian cancer 1.5 x105 cells (ID8-WT, ID8-C3, ID8-p53-/-, ID8-p53-/-Brca2-/-, STOSE, 

MOE-PTEN, MOE-PTEN/p53, or MOE-PTEN/KRAS) were injected under the ovarian bursa in 

2µl PBS as previously described (McCloskey et al., 2014). For subcutaneous (s.c.) injection of 

B16F10 melanoma cells, 2x105 cells were injected in 100µl PBS into the flank. Subcutaneous 

tumours were measured using calipers approximately every two days and tumour volume was 

calculated using the formula width x width x length, where width (W) is the shortest diameter and 

length (L) is the longer. In all cases mice were assessed for survival until humane endpoint, 

primarily abdominal distension for mice with ovarian tumours or for mice with s.c. tumours 
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endpoint was reached when the tumour measured 20mm in any direction or the tumour was 

bleeding/necrotic. Otherwise tumours (primary and metastases) and spleens were collected and 

processed for flow cytometry at the indicated timepoints. 

 

Characterization of syngeneic ovarian cancer models: As the mice developing i.b. tumours neared 

humane endpoint (4-5 days before anticipated endpoint), primary tumours, abdominal metastases, 

spleens, and ascites were collected for flow cytometry, immunohistochemistry (frozen and fixed), 

immunofluorescence, qPCR, and single-cell RNA sequencing analysis. In vivo experiments were 

performed with the selected cell lines able to form a primary tumour of sufficient size for flow 

cytometry analysis. The Brca mutants were excluded from the in vivo study as they had already 

undergone characterization of immune cell infiltration (Walton et al., 2016). 

 

Immunogenicity: Cells were released from adherent cultures using trypsin (0.05% trypsin, 0.53 

mM EDTA), washed 2x with PBS, counted to assess viability, and 5x106 cells/mouse were injected 

i.p. Tumours were allowed to establish over a period of two weeks. At that time, a second set of 

cells were released from adherent cultures and irradiated at 100 Gy (ID8) or 60 Gy (STOSE and 

MOE cell lines), washed 2x, and then 5x106 cells/mouse (or PBS as control) were injected i.p. 

Mice were monitored for survival until a humane endpoint. 

 

Surgical stress: Female C57BL/6 mice at 15-19 weeks of age (approximately 27g) were used for 

all experiments. B16F10 or B16F10lacZ cells (3x105) were injected intravenously (i.v.) 

immediately prior to induction of surgical stress by abdominal laparotomy and partial nephrectomy 
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as previously described (Seth et al., 2013; Tai et al., 2013). Lungs from B16F10lacZ tumour-

bearing mice were collected 3 days after cancer cell inoculation, stained with X-gal as described 

previously (Kirstein et al., 2009), and visible metastases were counted using a stereomicroscope. 

In some experiments, lungs from B16F10 tumour-bearing mice were collected at 12-14 days after 

surgery and metastases on both faces of all 5 lobes of the lungs were quantified using a dissecting 

microscope. Lungs were snap frozen in liquid nitrogen to subsequently collect RNA and assess 

expression of melanoma-associated genes. 

 

NK depletion: To deplete NK cells, 200μg a-NKR-P1C (clone PK136, Leinco Technologies) or 

IgG control antibody (Leinco Technologies) was injected i.p. on days –1 and –2 prior to tumour 

inoculation, followed by once per week depletions. NK depletion was verified by flow cytometry 

of spleens at endpoint. 

 

FGL2 antibody treatment: To block FGL2, the monoclonal a-FGL2 (6H12) and the polyclonal a-

FGL2 were generously produced and provided by Dr. Gary Levy. The mouse IgG1 isotype control 

(clone HKSP) for monoclonal a-FGL2 (6H12) was purchased from Leinco Technologies. A 

polyclonal IgG control was purified from rabbit serum using Protein A Columns (Thermo 

Scientific™). For all experiments, 150μg/mouse of the monoclonal a-FGL2 (6H12) or 

100μg/mouse of the polyclonal a-FGL2 or their appropriate IgG control was injected in 100μL 

PBS i.p. For B16F10 s.c. tumour-bearing mice, treatment began on day 3 after tumour inoculation 

followed by treatment on day 5 and 7 and then twice per week (day 10, 14, 17). For STOSE i.p. 

tumour-bearing mice, beginning 31 days post i.p. injection, mice received one daily a-FGL2 
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(6H12, monoclonal) injection for 7 days. For surgical stress experiments, mice were treated with 

a control IgG antibody or an a-FGL2 (polyclonal) antibody 3 days prior and 3 days post-surgery, 

as well as on the day of surgery. 

 

Oncolytic virus treatment : VSV-M51-GFP is a recombinant virus with a deletion of methionine 

51 in the M protein and encoding GFP (Stojdl et al., 2003).  The virus was kindly provided by Dr. 

John Bell and Dr. David Stojdl (OHRI). The virus was propagated on Vero cells, purified by-

ultracentrifugation, and quantified by standard plaque assay, as previously described (Tumilasci 

et al., 2008). Mice received a total of 3 doses of 1x108 pfu VSV-M51- GFP oncolytic virus by i.p. 

injection in 100μL PBS on days 7, 10, and 13 post-tumour cell injection.  

2.3. Flow cytometry 

 
When present, ascites fluid was collected from mice. In other cases, peritoneal wash (PW) 

was collected following an i.p. injection of 5mL PBS-EDTA (edetate calcium disodium) 1mM for 

5 minutes with abdominal massage. Ascites or PW were filtered through a 70μm filter to generate 

a single-cell suspension of peritoneal cells. Single cell suspensions of spleens were derived by 

mechanical disruption in PBS+ 2% fetal bovine serum (FBS). Tumours (maximum 1g) were cut 

into tiny pieces using a razor blade in 2.5 mL of digestion solution following the manufacturer’s 

protocol using the mouse Tumour Dissociation Kit (Miltenyi) and a gentleMACS™ Octo 

Dissociator with heaters (protocol tumour 37⁰C_m_TDK_1). Following the dissociation protocol, 

the suspension was filtered, and remaining tumour pieces were further disrupted using a syringe 

plunger on a 70μm filter in order to generate a single-cell suspension. All samples underwent blood 

cell lysis with ACK (Ammonium-Chloride-Potassium) lysing buffer (VWR). Cells were counted 
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to assess viability (Trypan-blue exclusion) prior to staining.  Cells were stained for viability (BD 

Biosciences Fixable Viability Stain, BV510) at 1:500 per 30x106 cells for 15 minutes at room 

temperature (RT). Fc-blocking antibody (CD16/CD32 - clone 2.4G, Mouse BD Fc Block™, BD 

Biosciences) was incubated with samples at 3.33μl or 6.67μl for every 20 x106 cells from the 

spleen or the tumours/ascites, respectively, for 5 minutes prior to extracellular staining carried out 

at RT for 20 minutes. Samples were washed with PBS + 2% FBS and resuspended in 1% PFA and 

stored overnight at 4°C until analyzed by flow cytometry the following day. Where samples were 

not stained with BV510 fixable viability stain, such as the case with YAC-1/NK co-culture 

experiments, cells were stained with ethidium homodimer (PI, Invitrogen) to differentiate 

live/dead cells prior to flow cytometric analysis and were analyzed on the same day. Data were 

analyzed by FlowJo software (v10.7.2, TreeStar).  

For intracellular staining, we used the Foxp3/Transcription Factor Staining Buffer Set 

(eBioscience™), following the manufacturer’s instructions. Briefly, samples were incubated for 

45 minutes at RT with fixation/permeabilization working solution (ebioscience) and then washed 

twice with 1X Permeabilization Buffer (ebioscience). Anti-IFN-γ, anti-CD206, or anti-ARG1, 

intracellular antibodies were diluted in the Permeabilization Buffer and incubated with samples 

for 40 minutes in the dark at RT. Samples were then washed with 1X permeabilization buffer, 

resuspended in 1% PFA, and stored overnight at 4°C until analyzed by flow cytometry the 

following day. Data were analyzed by FlowJo software (v10.7.2, TreeStar).  

Antibodies for flow cytometric analysis: Anti-CD45 (clone 30-F1), anti-CD3e (clone 145-2C11), 

anti-CD4 (clone GK1.5), anti-CD8a (clone 53-6.7), anti-CD49b (clone DX5), anti-NKR-P1C 

(NK1.1, clone PK136), anti-CD25 (clone PC61), anti-TIGIT (clone 1G9), anti-LAG3 (clone 

C9B7W), anti-CD11b (clone M1/70), anti-Ly6C/Ly6G (Gr1, clone R86-8C5), anti-Ly6C (clone 
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Al-21), anti-Ly6G (clone 1A8), CD11c (clone HL3), anti-MHC-II (clone M5/114), anti-F4/80 

(clone, T45-2342), and anti-CD86 (clone GL1), and anti-CD40 (clone 3/23) were purchased from 

BD Biosciences. Anti-DNAM-1 (Clone TX42.1), anti-CD155 (clone TX56), anti-PD1 (clone 

29F.1A12), anti-CD206 (clone C068C2), anti-CD31 (clone 390), and anti-CD16/CD32 (clone 93) 

were purchased from BioLegend. Anti-ARG1 (clone A1exF5) was purchased from eBioscience™. 

2.4. Immunohistochemistry (IHC) and Immunofluorescence (IF) 

 
For IHC, 5μm sections of formalin-fixed paraffin-embedded (FFPE) tissue were 

deparaffinized in xylenes and an alcohol gradient, and pressurized antigen retrieval was performed 

in a citrate buffer (antigen unmasking solution pH 6.0, Dako). Endogenous peroxidase activity was 

blocked using a 10-minute incubation in 3% hydrogen peroxide. Following PBS washes, sections 

were blocked for non-specific staining with a protein block (Dako) for 1 hour at RT. 

Immunostaining was performed in antibody diluent (Dako) using antibodies and conditions listed 

in Table 1. Species appropriate horseradish peroxidase–conjugated secondary antibodies (Vector) 

were then added for 1 hour at RT. Sections were developed with 0.2% diaminobenzidine 

(DAB)/0.001% hydrogen peroxide solution (DAB, Sigma, D8001) for 5 minutes followed by 

counterstaining with hematoxylin (RT for 1 minute). Sections were then rehydrated in an alcohol 

gradient and xylenes and mounted with Permount (Thermo Fisher Scientific). Images were 

acquired using the Zeiss AxioScan Z1 (20X objective). Quantification was performed using 

ImageProPremier (cells/mm2) and Orbit Image Analysis (percent positive pixels %).  

IF experiments were done using 7μm sections of tissue snap frozen in Tissue-Tek O.C.T. 

compound. Sections stored at -80°C were brought to RT and fixed using ice-cold methanol (MHC-

I, ab15681), ice-cold acetone (MHC-I, ab15680), or 2% PFA (CK8+18/MHC-II) for 20 minutes. 
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Tissue sections were washed 2x with PBS and blocked in 10% goat serum in PBS (+ 0.01% Triton-

100 for CK8+18/MHC-II) for 1 hour at RT. Primary antibodies (Table 1), followed by secondary 

antibodies of the appropriate species (Invitrogen), were diluted in 10% goat serum in PBS. Slides 

were mounted with Immu-Mount (Thermo Fisher Scientific), cured overnight, and visualized on 

the AxioSkop 2 MOT (Zeiss) microscope (40X objective). 

 

Table 1. Primary antibodies used for IHC and IF staining  

Marker Clone Catalog Application 

Primary Antibody 
Secondary 
Antibody Incubation Dilution 

Time   

CD3 CD3-12 Abcam (ab11089) IHC (FFPE) 1 hr, RT 1:500 Rat 

CD4 EPR19514 Abcam 
(ab183685) IHC (FFPE) 1 hr, RT 1:500 Rabbit 

CD8α EPR20305 Abcam 
(ab209775) IHC (FFPE) 1 hr, RT 1:500 Rabbit 

MHC Class 
II (I-A/I-E) M5/114.15.2 

ThermoFisher IHC (FFPE) 
O/N, 4°C 1:250 Rat 

(14-5321-82) IF (Frozen) 

FOXP3 FJK-16s 
eBioscience 

IHC (FFPE) O/N, 4°C 1:500 Rat 
(14-5773-82) 

CD11b EPR1344 Abcam 
(ab133357) IHC (FFPE) 1hr, RT 1:10 000 Rabbit 

MHC-I 
(d,b) ER-HR-52 Abcam (ab15681) IF (Frozen) O/N, 4°C 1:100 Rat 

MHC-I (q) EPRMP42 Abcam (ab15680) IF (Frozen) O/N, 4°C 1:100 Rat 

PD-L1 D5V3B Cell Signalling 
(64988S) IHC (FFPE) O/N, 4°C 1:100 Rabbit 

CD31 Polyclonal Abcam (ab28364) IHC (FFPE) 2 hr, RT 1:50 Rabbit 

FGL2 Polyclonal LsBio (LS-
C293889) IHC (FFPE) O/N, 4°C 1:500 Rabbit 

Cytokeratin 
8+18 EP1628Y Abcam(ab53280) IF (Frozen) O/N, 4°C 1:250 Rabbit 
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2.5. Quantitative reverse transcription-polymerase chain reaction (qPCR)  

 
For RNA extracted from cells, cells were released from adherent cultures using trypsin 

(0.05% trypsin, 0.53 mM EDTA) and washed with PBS before lysis. RNA was extracted according 

to the manufacturer’s instructions with the Illustra RNAspin Mini Kit (GE Healthcare). RNA was 

then quantified and quality assessed using a NanoDrop 3300 Spectrometer (Thermofisher) and 

cDNA was prepared with iScript Reverse Transcription Supermix (Bio-Rad), using 1μg of RNA. 

Relative gene expression was determined by qPCR SYBR Green Supermix (Bio-Rad) and the 

Applied Biosystems 7500 Fast Real-Time PCR system to quantify gene expression using primers 

(Invitrogen) specific to the genes of interest (Table 2). Gene expression was calculated as fold 

increase over untreated cells and normalized to the housekeeping genes Ppia and 36B4. 

 For RNA extracted from lungs, all 5 lobes of the lungs were homogenized in RLT Plus 

Lysis buffer (Qiagen) using a rotor-stator homogenizer. RNA was extracted according to 

manufacturer’s instructions with the RNeasy Plus Mini Kit (Qiagen). RNA was then quantified, 

and cDNA was prepared with iScript Reverse Transcription Supermix (Bio-Rad), using 1μg of 

RNA. Relative gene expression using primers (Invitrogen) specific to the genes of interest (Table 

2) was subsequently determined by qPCR using the SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad) on an Applied Biosystems 7500 Fast Real-Time PCR instrument.  Gene 

expression of TRP2 and GP100 was calculated as fold increase over expression in B16F10 cells, 

normalized to the housekeeping genes 36B4 and Ppia. 
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Table 2: Primer Sequences    

Target Gene ID Sequence (5’→ 3’) 

Forward Reverse 

H2K (d,b) NM_001001892.2 AGACACAGAAAGCCAAGGG CACTTCACAGCCAGAGATCAC 

H2D (d,b) NM_010380.3 GGGAAACACAGAAAGCCAAG AAGTCACAGCCAGACATCTG 

H2K (q) P14428 ACGACACTGAGTTGGTGCGCTTCGAC ACTCTGCTCATTGTCCTTGGCGATCT 

H2D (q) MF352193.1 GATCACGCAGATCGCCAAGGACAAT CCGTCGTATGCGTACTGCTCGTACCC 

PD-L1 NM_021893.3 TTGCTACGGGCGTTTACTATC TCCCGTTCTACAGGGAATCT 

GP100 NM_021882.5 AGCACCTGGAACCACATCTA CCAGAGGGCGTTTGTGTAGT 

TRP2 AF111107.1 TTAGGTCCAGGACGCCCC CTGTGC CACGTGACAAAGGC 

Ppia NM_008907.2 AGGGTGGTGACTTTACACGC GATGCCAGGACCTGTATGCT 

Fgl2  NM_008013 GGATGGCAAGTGTTCCAAGT CCATGGTCTCCATGTCACAG 

36B4 NP_031501.1 TGACATCGTCTTTAAACCCCG TGTCTGCTCCCACAATGAAG 

 

2.6. Enzyme Linked Immunoassay (ELISA)  

 
Murine plasma from ovarian tumour-bearing mice, collected from blood acquired by cardiac 

puncture into heparin coated capillary tubes (Microvette CB 300 Lh, Sarstedt), or ascites fluid 

were centrifuged at 2000 x g for 15 minutes. Additionally, murine plasma was collected via cardiac 

puncture from mice 24 (POD1) or 72 hours (POD3) post-surgery and from those that did not 

receive surgery. Human ascites supernatants were acquired from the Ottawa Ovarian Cancer 

Tissue Bank (Ottawa, Canada) with Research Ethics Board approval (Protocol 1999540-01H and 

20210799-01H) and informed consent and was frozen at -80°C until assay.  Human plasma was 

collected with The Ottawa Hospital Research Ethics Board approval (Protocol 20160732-01H) 

from whole blood of healthy donors (n=3) and surgical patients (n=10) prior to surgery (baseline) 

and on post-operative day 1 (POD1) (Market, 2020). Supernatant was frozen at -80°C until assay. 
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For mouse and human FGL2 ELISA (BioLegend), ascites and plasma samples were diluted 1:10 

and assayed according to manufacturer’s instructions. 

2.7. LEGENDplexTM Bead-Based Immunoassay 

 
Plasma was acquired from blood collected by cardiac puncture into heparin-coated 

capillary tubes (Microvette CB 300 Lh, Sarstedt). Ascites fluid was collected from mice, 

centrifuged at 2000 rpm for 15 minutes, and supernatant was frozen at -80°C until assay. Ascites 

supernatant and plasma samples were diluted 1:2 in assay buffer and assayed according to the 

manufacturer’s protocol for the LEGENDplex™ Mouse Cytokine Release Syndrome Panel (13-

plex) Multi-Analyte Flow Assay Kit (BioLegend). Human ascites samples were diluted 1:2 in 

Assay Buffer and assayed according to manufacturer’s protocol for serum/plasma samples with 3 

multiplex bead-based assays: LEGENDplex™ Human Cytokine Panel 2 (13-plex), Human 

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

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

FortessaTM flow cytometer and analyzed using LEGENDplex Quognit software (Biolegend). 

 

2.8. Single-cell RNA sequencing (scRNA-seq) 

 
ID8 and STOSE tumours (Rodriguez et al., 2022): 

scRNA-seq sample preparation:  Single cell suspensions were obtained as described above (under 

Flow Cytometry). Dead cells were removed from the single-cell suspension using the microbead-

based Dead Cell Removal Kit (Miltenyi Biotec) according to the manufacturer’s protocol. Briefly, 

<107 cells were centrifuged at 300xg for 10 minutes and resuspended in 100μl of Dead Cell 
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Removal MicroBeads. After 15 minutes of incubation at RT, the sample was passed through 

MACS MS columns (Miltenyi Biotec) and washed, collecting the flow-through of unlabelled live 

cells. After removal each sample had >80% viable cells.  

scRNA-seq library preparation and sequencing: Single-cell suspensions were processed using 

the 10x Genomics Single Cell 3’ RNA-seq kit (v3), loaded to target a yield of 10,000 cells per 

sample. Cell cDNA libraries were prepared according to the manufacturer’s protocol and libraries 

were assessed using the Fragment Analyzer (Agilent). Libraries were sequenced using the high-

output 75 cycle kit on the NextSeq500 (Illumina) achieving approximately 20,000-25,000 reads 

per cell. For the STOSE tumour sample, we detected a median of 10,321 UMI counts per cell and 

a median of 3,076 genes. For the ID8 sample, we detected a median of 7,216 UMI counts per cell 

and a median of 2,517 genes.  

Processing of raw sequencing reads: Raw sequencing reads were processed using CellRanger 

v3.0.2 and the mm10 build of the mouse genome. Default settings were used for both libraries.  

Data quality control and processing: Quality control was performed independently on each 

sample and all main processing steps were performed with Seurat v3.0.2(Hao et al., 2021). UMI 

count matrices from CellRanger were loaded into R and cells with fewer than 200 detected genes 

were removed. Cells with a high percentage (>25%) of mitochondria-associated transcripts were 

also removed. The expression values were then normalized with standard library size scaling and 

log transformation. The top 3000 variable genes were detected using the variance-stabilization 

transformation (vst) selection method in Seurat. Expression values were scaled, and cell cycle 

scores and the percentage of mitochondrial reads were regressed out. Principal component analysis 

was then performed on the data prior to integrating the two tumour samples using the R 

package Harmony. The integrated embedding was then used to cluster cells 



 

 37 

(FindNeighbors dims=1:40, FindClusters resolution=0.3) and to a UMAP embedding of the data 

was generated (dims=1:40). Differential gene expression was conducted by using the ‘subset’ 

function in Seurat to subset relevant populations of comparison followed by applying the 

‘FindMarkers’ function in Seurat using a MAST test comparing ID8 and STOSE tumour 

subpopulations against each other. Myeloid and lymphocyte populations were identified using an 

unsupervised reference-based method (Zilionis et al., 2019) while cancer cells (Krt14, Krt19, Msln, 

Amhr2), fibroblasts (Col1a1, Col1a2), and endothelial cells (Pecam, Flt1) were identified using 

the indicated markers. Raw sequencing files and processed scRNA-seq data are available at the 

NCBI GEO accession GSE183368. 

ID8/STOSE Cancer cell identity: Projective non-negative matrix factorization 'scPNMF' package 

(Jablonski et al., 2015) was applied to either the ID8 or STOSE cancer cell populations, and then 

filtered out non-unique amplitude matrix genes to generate a gene-set comprising the identity of 

either ID8 or STOSE cancer cells (Appendix 2). Gene-sets were validated by scoring every cancer 

cell in either ID8 or STOSE variants to show enrichment respective to the gene-set and the cancer 

cells used to generate it.  

ID8/STOSE Macrophages:  A previously published microarray dataset by Jablonski, et al. (2015) 

(Jablonski et al., 2015) that identified either M0, M1, or M2 polarized macrophages was leveraged 

to generate unique gene-sets for each macrophage subpopulation (Appendix 3). Standard 

normalization and scaling methodology was applied to the raw matrix, followed by filtering out 

genes undetected by the microarray, and then a series of t-tests corrected with FDR against the 

log2FC difference means was used to generate a gene-set of 306 unique M0 genes, 459 unique M1 

genes, and 478 M2 genes. The macrophage population was subset from either ID8 or STOSE 

sequenced tumours and scored to validate the specificity and accuracy of these gene sets by 
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enrichment. 

Human tumours: 

 scRNA-seq datasets (ovarian cancer (Geistlinger et al., 2020; Qian et al., 2020), melanoma (Jerby-

Arnon et al., 2018) , lung (Lambrechts et al., 2018; Qian et al., 2020), breast (Bassez et al., 2021; 

Qian et al., 2020), and colorectal (Lee et al., 2020; Qian et al., 2020)) were previously compiled 

and processed (Cook and Vanderhyden, 2022). Analysis scripts are available 

at https://github.com/dpcook/emp_programs/blob/main/tumour_preprocessing.Rmd.  

Human PBMCs:  

scRNA-seq datasets were previously compiled and processed from paired cryopreserved PBMC 

samples from patients at baseline and POD1 (n=6). Samples were collected with Research Ethics 

Board approval (Protocol 20160732-01H) for the PERIOP-02 clinical trial (NCT02987296) 

(Market, 2020). 

2.9. Statistical analysis 

 
All graphs were prepared in Prism 9.0 or using R (ggplot2, pheatmap, Seurat). Statistical 

analyses were performed with Prism 9.0 (GraphPad Software Inc.). Student’s t test was used to 

compare two groups and one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparisons test was used to compare more than two groups. Significance of survival data 

depicted in Kaplan–Meier plots survival plots were calculated by Log-rank (Mantel-Cox) tests. 

Results were considered statistically significant at p ≤ 0.05 (*p ≤ 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001). Data are presented as the means ± SD or SEM, as indicated.  
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Chapter 3: Results 

3.1. Characterizing the tumour immune profile of murine syngeneic ovarian cancer models 

 
These results are published in Cancer Research Communications 1 June 2022; 2 (6): 417–
433. https://doi.org/10.1158/2767-9764.CRC-22-0017. 
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3.1.1. OSE-derived STOSE tumours express MHC-I and are preferentially infiltrated by M2 

tumour-associated macrophages 

 To fully elucidate the tumour immune composition of syngeneic models, we first assessed 

how models of similar origins but different strains compare. Orthotopic tumours from OSE-

derived ID8-WT from C57BL/6 mice (Roby et al., 2000) and STOSE from FVB/N mice 

(McCloskey et al., 2014) were collected close to endpoint and pooled for scRNA-seq analysis. 

Clustering (Figure 2A) identified 5 major populations, including cancer, endothelial cells, 

fibroblasts, and myeloid and lymphocytic immune cells. Although both ID8 and STOSE cancer 

cells originated from the OSE, and both result in tumours that express markers of HGSOC such as 

WT1, overall they displayed distinct transcriptional profiles (Figures 2B and 3A, Appendix 2); 

e.g. Amhr2, Star, and Sox9 were preferentially expressed in ID8-WT and Ccl2, Il33, and Col1a3 

were expressed in STOSE (Figure 3B). There were few cells captured in the lymphoid 

compartment (including T, NK, and B cells) which prevented further analysis. The myeloid 

compartment of the two models were distinct (Figure 2C). We generated signatures of M0/M1/M2 

phenotypes and found that STOSE tumours were enriched with M2 tumour associated 

macrophages (TAMs) [F13a1 (Wang et al., 2021), Fabp5 (Hao et al., 2018), S100a4 and 

Arg1(Jablonski et al., 2015)] (Figure 4, Appendix 3) (Jablonski et al., 2015). The immunogenicity 

of the cancer cells was explored by analyzing MHC-I, -II, and PD-L1 transcripts. H2-K1 and H2-

D1 expression (MHC-I) was very low in ID8 cells but was more evident in immune and endothelial 

cell clusters (Figure 2D). In contrast, STOSE tumours had strong MHC-I expression in most 

cellular components, including cancer cells. Some ID8 cancer cells expressed low amounts of H2-

Ab1 (MHC-II), but in STOSE tumours, it was attributed only to the immune population. Cd274 

(PD-L1) was poorly expressed in the cancer cells and immune populations of both tumour types.  
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 Taken together, the scRNA-seq analysis suggests that STOSE tumours are preferentially 

infiltrated by immunosuppressive M2 TAM. Although the ID8 and STOSE share the same cellular 

origin, they have very different MHC-I expression profiles, indicating different capabilities to 

present tumour associated antigens (TAAs). These differences focused our attention on the 

immunogenicity and immune infiltration in the syngeneic models. 
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Figure 2: Single-cell RNA sequencing reveals high heterogeneity among STOSE and ID8 
cancer cells. (A) Single-cell RNA sequencing UMAP figures depicting cell clusters found in 
orthotopic ID8-WT (left) and STOSE (right) tumours at endpoint. Tumours were integrated into a 
gene expression matrix containing expression values of 17853 cells and 20091 genes, using Seurat. 
(B) UMAP plot showing enrichment of individual cancer cells for gene-sets generated for ID8 and 
STOSE cancer cell identity (Appendix 2). (C) Volcano plot showing the most differentially 
expressed genes (DGEs) between myeloid cell populations of orthotopic ID8-WT (left) and 
STOSE-WT (right) tumours beyond log2 fold-change threshold of 2. DGEs calculated using 
MAST test comparing ID8 and STOSE myeloid cells head-to-head. (D) UMAPs representing 
expression of MHC-I haplotypes H2-K1 and H2-D1, MHC-II haplotype H2-Ab1, and Cd274 in 
ID8-WT and STOSE orthotopic tumours. Heatmap displays the level of expression in each cell 
type cluster (as identified in A) in ID8-WT (blue) and STOSE (red) samples. 
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Figure 3: Differential gene expression in ID8 and STOSE tumours. (A) Volcano plot showing 
the most differentially expressed genes (DGEs) between cancer cell populations of orthotopic ID8-
WT (left) and STOSE-WT (right) tumours beyond log2 fold-change threshold of 2. DGEs 
calculated using MAST test comparing ID8 and STOSE cancer cells. P-values were assigned a 
lower bound of p=1e-324. (B) UMAPs showing expression of Amhr2, Star, Sox9, Il33, Ccl2, 
Col1a3, Wt1, Msln, Krt8, Krt18, Krt19, Krt14 in ID8-WT (upper panels) and STOSE (lower 
panels) orthotopic tumours. Heatmap displays the level of expression in cell types in ID8-WT 
(blue) and STOSE (red) samples. 
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3.1.2. ID8 models have lost MHC class I expression and do not confer anti-tumoural protection 

when administered as a cellular vaccine  

 Tumour antigen presentation is essential to activate adaptive immune responses which are 

fundamental for anti-tumoural immunity. The striking differences in MHC expression in ID8 and 

STOSE cancer cells prompted us to further investigate the immunogenicity of the syngeneic 

models. First, we screened 9 EOC cell lines, including those of oviductal origin (Eddie et al., 2015) 

bearing Trp53 mutation, PTEN suppression, and constitutive KRAS activation, and ID8-derived 

cell lines (Walton et al., 2016). Using flow cytometry, all ID8-derived cell lines displayed very 

low levels of MHC-I, MHC-II and PD-L1 expression (Figure 5A-B, upper panel), while those 

sharing the FVB/N background maintained strong MHC-I expression regardless of their genotype 

or tissue of origin (Figure 5C-D, upper panel). To determine if the low MHC-I expression in ID8 

cells was reversible, they were treated with IFN-γ for 24h. As shown in Figure 5A-B (lower 

panels), IFN-γ treatment enhanced MHC-I, PD-L1 and to a lesser extent MHC-II expression in 

ID8 derivatives, with ID8-p53-/-Brca1-/- cells displaying the highest induction of PD-L1. IFN-γ 

also increased expression of these molecules in the FVB/N cell lines (Figure 5C-D, lower panels), 

with MOE-PTEN/p53 showing the strongest induction of MHC-I expression. PD-L1 levels were 

most responsive to treatment in STOSE and MOE-PTEN/p53 cells. FVB/N-derived cell lines 

expressed 5-fold higher levels of PD-L1 compared to C57BL/6 models. qPCR analysis confirmed 

that transcript levels were consistent with protein levels (Figure 6), suggesting that the lost MHC-

I expression in the ID8-derived cell lines is reversible and may be an immune evasion mechanism 

exploited by these cells.  
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Figure 5: Ovarian cancer cell lines originating from FVB/N mice are more immunogenic. (A-
D) In vitro expression of MHC-I, MHC-II and PD-L1 on ID8 and its derivative cell lines. Flow 
cytometry on single, viable cells. Fluorescence minus one (FMOs) are depicted in grey. (A) 
Histograms represent the mean fluorescence intensity (MFI) of each marker at basal levels (upper 
panels) and after IFN-γ treatment for 24h (lower panels). (B) IFN-γ induction for the proteins of 
interest was quantified and depicted as geoMFI (n=3). Significance was determined by Kruskal-
Wallis test, a: p<0.05. (C) Histograms showing basal expression of MHC-I haplotypes, MHC-II 
and PD-L1 on STOSE and MOE cell lines, which are further induced by IFN-γ treatment. gMFI 
quantification shown in (D). (E) Survival Kaplan-Meier plots of ovarian tumour-bearing mice from 
C57BL/6 strain and treated with syngeneic cellular vaccines. 5x106 cancer cells were irradiated 
(100 Gy) and injected IP two weeks after injection of the same number of viable cells. PBS was 
injected as a control. Curves represent mice as follows: n=5 PBS for each model, n=8 ID8-WT, 
n=5 ID8-C3, n=10 ID8-p53-/-, and n=5 ID8-p53-/-Brca2-/-. (F) Survival Kaplan-Meier plots of 
FVB/N-derived ovarian cancer cell lines, treated with syngeneic cellular vaccines (irradiated at 60 
Gy) as in E. Curves represent mice as follows: n=4-10 PBS for each model, n=4 STOSE, n=4 
MOE-PTEN/KRAS, n=10 MOE-PTEN/P53. Log-rank (Mantel-Cox) a: p<0.05, b: p<0.01. 
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Figure 6: Expression of MHC-I and PD-L1 in various ovarian cancer cell lines. H2K, H2D, 
and CD274 expression under IFNγ treatment for (A) C57BL/6 and (B) FVB/N-derived cell lines. 
Fold induction was determined by RT-qPCR for each cell line relative to untreated samples and 
normalized to the housekeeping gene Rplp0. Cells were treated with 500 pg/mL IFNγ for 24 hours. 
n=3 independent replicates. Significance was determined by one-way ANOVA with Tukey’s post-
test, b: p<0.01; c: p<0.001.  
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 To test the immunogenicity of the syngeneic models in vivo, mice were injected IP with viable 

cells and 14 days later, received lethally irradiated cells IP. Mice injected with irradiated ID8 

derivatives reached endpoint at a similar time as control mice (Figure 5E), corroborating the poor 

immunogenicity of these cell lines. Conversely, inoculation of irradiated STOSE and MOE-

PTEN/p53 significantly increased median survival of tumour-bearing mice compared to the 

control groups (Figure 5F). Despite the fact that all the cell lines could significantly increase 

MHC-I, MHC-II, and PD-L1 expression under IFN-γ treatment, only the STOSE and MOE-

PTEN/p53 were immunogenic, evident by the increased survival of tumour-bearing mice when the 

cells were administered as a cellular vaccine.    

 

3.1.3. STOSE and MOE-PTEN/KRAS orthotopic tumours are preferentially infiltrated by myeloid-

like immune cells 

 To further characterize the syngeneic models, orthotopic tumours were generated by injecting 

0.15x106 cells under the ovarian bursa. Each cell line resulted in mice reaching median survival in 

a time frame that was similar to that observed when cells were injected at a higher number (5x106 

cells) into the peritoneal cavity (Table 3). MOE-PTEN and MOE-PTEN/p53 were the exceptions, 

with lower frequencies of orthotopic tumour development (6% and 15%, respectively) even after 

300 days. Comparing mouse, spleen, and tumour masses (Figure 7), we observed STOSE and 

MOE-PTEN/KRAS cells tended to generate larger orthotopic tumours (Figure 7C), while ID8-

derived models generated more extensive peritoneal disease (Figure 7D) and ID8-WT mice had 

higher ascites accumulation (Figure 7E). STOSE and MOE-PTEN/KRAS models progressed 

quickly in the last week before humane endpoint, developing extensive peritoneal metastasis and 

~4mL of ascites. Histologically, tumours consisted of very dense epithelioid cells and increased 

nuclear atypia, with the STOSE model having frequent association with adipocytes (Figure 7F). 

MOE-PTEN/KRAS tumours consistently contained multiple small areas of necrosis (Figure 7G).
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Table 3: Tumour development characteristics of murine orthotopic ovarian cancer modelsa 

     Orthotopic tumour burden at time of collectionc 

Strain Tumour model 

Median 
survival 

IP 
tumoursb 

Median 
survival IB 

tumours 
IB take rate 

(%) 

Time of 
collection 

(days) 

IB tumour Ascites Peritoneal 
metastasis 

IB 
tumours 

(%) 
(days) (days) (g) (ml) (g) 

FVB/N 

STOSE  76 74 14/14 (100%) 64 0.55 ± 0.26 3.5 ± 2.8 0.1 ± 0.06 13/14 
(92%) (63-84) 

MOE-PTENshRNA 34 44 15/15 (100%) 42 0.79 ± 0.38 1.15 ± 1.9 0.18 11/14 
(78%) KRASG12V  (40-48) (6/14) 

MOE-PTENshRNA   126 NA 1/15 (6%) NA NA NA NA 1/15 (6%) 
MOE-PTENshRNA 96 127 6/40 (15%) 120 0.11 ± 0.08 3.0 ± 2.8 0.34 ± 0.46 6/40 (15%) P53R273H  (120-129) (5/6) 

C57BL/6 

ID8-WT  67 65 18/18 (100%) 64 0.13 ± 0.09 7.35 ± 4.5 0.52 ± 0.25 15/18 
(83%) (57-72) 

ID8-C3 114 115 4/4 (100%) 110 0.12 ± 0.06 0.75 ± 1.5 0.18 ± 0.16 9/10 (90%) (CRISPR control)  (108-121) 

ID8-Tp53-/- F3  66 62 14/14 (100%) 54 0.13 ± 0.03 6.87 ± 1.4 0.32 ± 0.05 9/10 (90%) (53-70) 
 

a8-10 week old female mice were injected in the ovarian bursa with 0.15x106 cells to trigger orthotopic tumour development. For 
phenotyping, tumours, spleens and ascites were collected to characterize their immune composition by flow cytometry, IHC, and 
single cell sequencing technology.  
b5x106 cells are administered IP.          
cTime of collection was 4-5 days before theoretic median endpoint.
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Figure 7: Tumour phenotype of various murine ovarian cancer models. Mice were euthanized 
4-5 days before reaching humane endpoint and the mass of (A) mice and (B) spleen weights, (C) 
primary tumours, and (D) metastases, as well as (E) ascites volume were collected and recorded. 
Each dot represents an individual sample. Mean values with SD are shown for each tumour model. 
Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparison 
test, a: p<0.05; b: p<0.01; and c: p<0.001. (F) Representative histological sections of hematoxylin 
and eosin staining displaying overall characteristics of the tumour niche of each orthotopic tumour. 
Images are representative of ID8-WT (n=9), ID8-C3 (n=6), ID8-p53-/- (n=9), STOSE (n=12), 
MOE-PTEN/KRAS (n=6), MOE-PTEN/p53 (n=6) tumours. Scale bars = 50µm. (G) 
Representative image of MOE-PTEN/KRAS tumour with hematoxylin and eosin staining with a 
region of necrosis outlined. Scale bars = 200µm. 
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 To compare the immune cell composition, orthotopic tumours were analyzed by flow 

cytometry following the gating strategy shown in Figure 8 and, in parallel, by IHC staining. We 

performed a conventional screen for T cells, MDSCs, TAMs, monocytes, and DCs (Figure 9), as 

well as additional markers to assess their potential functional phenotype. Data were normalized 

for each main population and summarized in a heatmap with unsupervised hierarchical clustering 

(Figure 9A). The data cluster samples from each model together, highlighting the distinct TME of 

each model. Overall, MOE-PTEN/KRAS and STOSE are more infiltrated by myeloid populations, 

while the ID8-p53-/- and ID8-C3 tumours are more infiltrated by T cells (Figure 9B). Notably, the 

ID8-C3 (CRISPR control) is not equivalent to the ID8-WT. 
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Figure 8: Gating strategy for analysis of flow cytometry data. Orthotopic murine tumours, 
spleens and peritoneal fluid were collected near the endpoint and processed to be analyzed by flow 
cytometry or IHC. (A) Gating strategy used to analyze the flow cytometry data as follows: cell 
debris exclusion, singlet, live/dead exclusion, leukocytes (CD45+), CD3- (myeloid-like), CD3+ 
(T cells). Other markers included in the T cell panel were CD4, CD8, PD1, LAG3 and CD25. (B) 
In the "myeloid-like" panel, the following markers were used to further identify other immune 
subsets: CD11b, CD11c, Gr1, MHC-II-, PD-L1, F4/80, and CD206. CD11c+ includes lymphoid-
lineage DCs; CD11b+CD11c+ myeloid-lineage DCs. The subset CD11b+CD11c- was further 
gated for Gr1 high/low expression to discriminate between MDSCs (CD11b+Gr1+) and 
CD11b+Gr1-/low cell types (monocytes, macrophages). Further gating in the CD11b+Gr1- 
subpopulation allowed for the identification of TAMs (CD11b+F4/80+) and CD206+ TAMs (M2-
like macrophages) within the same population. Contour plots representative of fluorescence minus 
one (FMOs) for each analyzed marker.  
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Figure 9: ID8-C3 and ID8-p53-/- tumours recruit more T cells, while STOSE and MOE-
PTEN/KRAS are more infiltrated by TAMs. (A) Heatmap depicts normalized relative 
frequency of all the studied immune cell populations for all tumour models, determined by flow 
cytometry. White square is an omitted outlier sample. (B) Pie charts showing relative distribution 
of main immune cell populations within each tumour type based on frequency (%) in CD45+ cell 
population. Other includes CD11b-CD11c- and CD11b+F480- populations. (C) Percentage of 
CD3+ cells in leukocytes found in orthotopic tumour models as assessed by flow cytometry. Total 
frequency among leukocytes of CD11b+Gr1- (D) and MDSCs (E). (F) Immunohistochemical 
detection of CD3+ cells in tumours showing CD3 stained clusters in MOE-PTEN/KRAS samples. 
See Figure 10A-C for quantification of cells/mm2 and cluster representation at a lower 
magnification.  (G) Representative images showing CD11b+ cells for all tumour models. Sections 
were counterstained with hematoxylin (blue) and positive cells (brown) were stained with DAB. 
Scale bars = 50µm. See Figure 11B for quantification of cells/mm2. (H) Frequencies of CD206- 
TAMs and CD206+ M2 TAMs as well as (I) CD11b-CD11c+ and CD11b+CD11c+ DCs as 
determined by flow cytometry. For flow cytometry analysis, cell frequencies were determined by 
discriminating doublets, dead cells, and CD3+/- cells (see Figure 8). Each dot represents an 
orthotopic tumour. Mean values with SD are shown. Significance was determined by one-way 
ANOVA with Tukey’s post-test comparing all models, ns: not significant; a: p<0.05, b: p<0.01; c: 
p<0.001; d: p<0.0001. 
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 ID8-WT tumours possess the “coldest/immune desert” profile with very poor T cell 

recruitment, while ID8-p53-/- and ID8-C3 tumours have the highest frequencies of T cells (>10% 

of all leukocytes) (Figure 9C). Quantification of these cells by IHC supported the findings by flow 

cytometry and scRNA-seq, with ID8-WT and STOSE tumours being poorly infiltrated by CD3+ 

cells (Figures 9F and 10A), despite the fact that the STOSE model was able to confer anti-

tumoural protection when administered as a cellular vaccine (Figure 5F).  Due to frequent 

rejection of tumours in the orthotopic MOE-PTEN/p53 model, the TME was only evaluated by 

IHC, which revealed CD3+ cells in similar abundance as in MOE-PTEN/KRAS tumours, with 

slightly higher CD3+ cells/mm2 compared to STOSE (Figures 9F and 10A). Interestingly, while 

CD3+ cells were randomly distributed in most tumours, they formed distinct clusters or areas with 

intense staining in MOE-PTEN/KRAS tumours (Figures 9F and 10B), although necrotic areas 

were largely devoid of T cells. Quantification of CD3+ staining in primary vs. metastatic lesions 

revealed that ID8-WT metastases had proportionally more CD3+ cells, while metastases from 

STOSE tumours had fewer CD3+ cells (Figure 10C).  
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Figure 10: Abundance of T cells in the TME of syngeneic ovarian cancer models.  (A) 
Quantification of CD3+ cells by IHC. Cell counts (number of cells/mm2) were quantified using 
ImagePro Premier. Each dot represents a single tumour sample as follows: ID8-WT (n=8), ID8-
C3 (n=6), ID8-p53-/- (n=9), STOSE (n=8), MOE-PTEN/KRAS (n=6), MOE-PTEN/p53 (n=6). 
Mean values with SD are shown for each tumour model. Significance was determined by one-way 
ANOVA within C57BL/6 or FVB/N models with Tukey’s post-test or a two-tailed Student’s t-test 
(comparing ID8 and STOSE), a: p<0.05; b: p<0.01; c: p<0.001. (B) Representative images of IHC 
for CD3 staining of MOE-PTEN/KRAS tumour sample revealing CD3 clusters. Scale bars = 1mm 
(left panel) and 200µm (right panel). White arrowheads in left panel indicating clusters of CD3+ 
cells are further magnified in the right panel. Asterisks (*) indicate outlined necrotic areas deprived 
of cells with non-specific staining. (C)  Relative abundance of CD3+ cells in primary vs. metastatic 
tumours. Metastatic tumours were stained and quantified as with primary tumours. ID8-WT (n=9), 
ID8-C3 (n=6), ID8-p53-/- (n=10), STOSE (n=6), MOE-PTEN/KRAS (n=3), MOE-PTEN/p53 
(n=5). Significance was determined by Student’s t-test, a<0.05, b<0.01. (D)Heatmap depicting 
normalized relative frequencies of T cell subsets as determined by flow cytometry for all tumour 
models. White square is an omitted outlier sample. (E) Relative abundance of FOXP3+ cells in 
primary vs. metastatic tumours.  Metastatic tumours were stained and quantified as with primary 
tumours presented in 2E. Data representative of ID8-WT (n=10), ID8-C3 (n=5), ID8-p53-/- (n=9), 
STOSE (n=7), MOE-PTEN/KRAS (n=3), MOE-PTEN/p53 (n=5) samples. Significance was 
determined by Student’s t-test, b<0.01.  (F) Ratio of CD4/CD8 T cells. Each dot represents a single 
sample derived from the supernatant of ascites from tumour-bearing mice. Mean values with SD 
are shown for each tumour model. Significance was determined by one-way ANOVA with 
Tukey’s post-test comparing all models, b: p<0.01; d: p<0.0001. 
  



 

 62 

 Detailed analyses of the myeloid-like populations are summarized in Figures 9A, 9B and 

11A. Further analysis of the CD11b+ population with Gr1 co-expression identified MDSCs 

(CD11b+Gr1hi), a heterogeneous population of polymorphonuclear MDSCs (PMN-MDSC) and 

CD11b+Gr-/low cells including monocytes, macrophages, and DCs (Bronte et al., 2016). MOE-

PTEN/KRAS and STOSE were the most infiltrated by CD11b+ cells (CD11b+CD11c-Gr1low) 

representing more than 75% of all leukocytes (Figure 9D) and in STOSE tumours almost 1,000 

cells/mm2 (Figures 9G and 11B-C). Although the frequency of CD11b+ cells was high by flow 

in MOE-PTEN/KRAS, IHC quantification showed similar abundance of CD11b+ cells to ID8 

models, likely due to large areas of necrotic tissue with few immune cells present (Figure 7G). 

No difference was observed in the prevalence of CD11b+ cells in primary tumours vs. metastases 

(Figure 11B). MDSCs were dominant in ID8-p53-/- and MOE-PTEN/KRAS, and to a lesser extent 

in ID8-WT (>10%, ~7%, and <5% among all leukocytes) (Figure 9E).  
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Figure 11: Abundance of myeloid-like cells in the TME of various syngeneic ovarian cancer 
models.  (A) Heatmap depicting normalized relative frequency of the myeloid-like compartment 
for all tumour models, determined by flow cytometry. White squares are omitted outlier samples. 
(B) Cell counts (number of cells/mm2) were quantified using ImagePro Premier. Each dot 
represents a single tumour sample as follows: ID8-WT (n=9), ID8-C3 (n=6), ID8-p53-/- (n=8), 
STOSE (n=12), MOE-PTEN/KRAS(n=6), and MOE-PTEN/p53 (n=6). Relative abundance of 
CD11b+ cells in primary vs. metastatic tumours as determined by immunohistochemistry.  
Metastatic tumours were stained and quantified as with primary tumours. ID8-WT (n=10), ID8-
C3 (n=5), ID8-p53-/- (n=9), STOSE (n=6), MOE-PTEN/KRAS (n=3), MOE-PTEN/p53 (n=5). No 
significant difference was found by Student’s t-test. (C-E) Total frequencies in leukocytes of total 
(C) F480+ TAMs and (D) CD11b-CD11c- cells with a MHC-II+ fraction.  Each dot represents an 
orthotopic tumour. Mean values with SD are shown. Significance was determined by one-way 
ANOVA with Tukey’s post-test comparing all models, a: p<0.05, b: p<0.01; c: p<0.001; d: 
p<0.0001.     
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  Analysis of the CD11b+ population with TAM markers, showed that STOSE tumours were 

the most infiltrated by M2 CD206+ F4/80+ TAM (80% of all leukocytes) constituting the majority 

of immune cells in these tumours (Figure 9B) and confirming scRNA-seq findings (Figures 2C 

and 4). In contrast, MOE-PTEN/KRAS tumours were infiltrated predominantly by CD206- TAM 

(Figures 9B and 9H). As previously shown by Walton et al. (2016), ID8-p53-/- contained more 

TAMs (CD11b+CD11c-F4/80+) compared to ID8-C3 tumours (Figures 9H and 11C). 

Interestingly, ID8-C3 differed from all other models by the infiltration of myeloid-like cells 

composed mainly of CD11b-CD11c+ (Figure 9B, I), which could represent subsets of DCs (Yu 

et al., 2016) and CD11b-CD11c- (Figure 11D) (~3 and ~40%, respectively, of all leukocytes). All 

the other tumours contained less than 1% CD11c+ cells. Lastly, ID8-p53-/- and STOSE were 

significantly infiltrated by CD11b+CD11c+ cells, which includes conventional DC2s (cDC2) that 

are mainly recognized by the induction of CD4+ T cell immunity in cancer (Wculek et al., 2020) 

(Figure 9I). Taken together these findings suggest that STOSE and MOE-PTEN/KRAS tumours 

are preferentially infiltrated by CD11b+ myeloid-like immune cells while most of the ID8-derived 

models possess greater capability to recruit T cells.  

 

3.1.4. STOSE tumours contain T cells displaying high expression of exhaustion markers  

 To investigate the T cell compartment, we examined the activation/exhaustion markers CD25, 

PD-1, and LAG3 on CD4 and CD8 T subsets (Figure 10D) by flow cytometry, and FOXP3+ 

expression by IHC, suggestive of Tregs. ID8-C3 tumours contained the highest frequencies of 

CD4+ T cells (~10% of all tumour infiltrating leukocytes) (Figure 12A). CD4+ T cells from ID8-

p53-/- tumours displayed very poor expression of CD25, PD1 and LAG3 compared to all other 

models (Figure 12B), while STOSE and ID8-WT, the most poorly infiltrated by T cells, expressed 
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more CD25, PD-1, and LAG3. ID8-C3 and ID8-p53-/- tumours contained more FOXP3+ cells/mm2 

compared to ID8-WT (Figure 12C), corresponding to trends seen for CD3 infiltration. 

Considerable variability was found in the FOXP3+ populations in the two MOE models, largely 

due to the presence of necrotic areas with few immune cells (Figure 7G). When comparing 

primary to metastatic tumours, ID8-WT metastatic tumours had a higher abundance of FOXP3+ 

cells (Figure 10E).  
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Figure 12: STOSE tumours have greater frequency of CD4 and CD8 T cells expressing 
exhaustion markers. Flow cytometry analysis showing the frequencies of (A) CD4+ expressing 
cells and (B) CD25, PD1 and LAG3 expression among CD4+ T cells. (C) Images representative 
of FOXP3+ staining in ID8-WT (n=8), ID8-C3 (n=6), ID8-p53-/- (n=9), STOSE (n=12), MOE-
PTEN/KRAS (n=6), and MOE-PTEN/p53 (n=6) samples. Cell counts (plotted as number of 
cells/mm2) were quantified using ImagePro Premier. (D-E) Flow cytometry analysis showing the 
frequencies of (D) CD8+ T cells among leukocytes in each tumour model and (E) CD25, PD1 and 
LAG3 expression among CD8+ T cells. For flow cytometry analysis, cell frequencies were 
determined by discriminating doublets, dead cells, CD45-, and CD3+ cells (see Figure 8). Each 
dot represents an orthotopic tumour. Mean values with SD are shown. Significance was determined 
by one-way ANOVA with Tukey’s post-test comparing all models, a: p<0.05, b: p<0.01; c: 
p<0.001; d: p<0.0001. (F) Quantification (left panel) and immunohistochemical detection of 
endothelial cells by CD31 staining (right panel) in all tumour models. Data was quantified using 
Orbit Image analysis (% positive area). Each dot represents an orthotopic tumour. Mean values 
with SD are shown. Scale bars = 20µm (FOXP3) and 50µm (CD31). For IHC, sections were 
counterstained with hematoxylin (blue) and positive cells (brown) with DAB. Mean values with 
SD are shown. Significance was determined by one-way ANOVA within C57BL/6 or FVB/N 
models with Tukey’s post-test or a two-tailed Student’s t-test (comparing ID8 and STOSE), a: 
p<0.05, d: p<0.0001. 
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 CD8+ T cells comprised more than 2% of the leukocytic population only in the ID8-C3 and 

ID8-p53-/- models (Figure 12D). Remarkably, the model containing the highest CD4/CD8 T cell 

ratio was MOE-PTEN/KRAS with ~7 CD4+ T cells for each CD8+ T cell, unveiling a potential 

shift to CD4 Th2 response as an immune evasion mechanism (Figure 10F). ID8-WT tumours 

contained the highest frequency of CD25+CD8+ T cells (>40% among all CD8+ T cells) and PD-

1+CD8+ T cells (Figure 12E). ID8-C3 tumours also possessed high frequencies of PD1+CD8+ T 

cells. Interestingly, CD8+ T cells in ID8-p53-/- tumours expressed CD25 but not exhaustion 

markers, PD-1 and LAG3. STOSE and MOE-PTEN/KRAS had fewer CD25+CD8+ T cells and 

more LAG3+CD8+ T cells (>10%), while STOSE tumours contained the highest frequency of PD-

1+ CD8+ T cells (~60%).   

 To determine if tumour vasculature might be associated with differences in immune cell 

infiltration, we stained for CD31 by IHC and found less CD31+ area in ID8-WT and STOSE 

tumours compared to the other models (Figure 12F), which interestingly corresponded to tumours 

most poorly infiltrated by T cells (Figures 9C and 10A). Conversely, ID8-C3, ID8-p53-/-, MOE-

PTEN/KRAS, and MOE-PTEN/p53 tumours displayed more CD31+ area, allowing for potentially 

more immune infiltration and corresponding to greater numbers of CD3+ cells/mm2 (Figure 10A).  

 Collectively, our findings suggest that ID8-WT and STOSE tumours, having the lowest CD31 

expression, were the most poorly infiltrated by T cells, these having higher expression of 

activation/exhaustion markers which may indicate a more impaired phenotype. Moreover, ID8-

p53-/- and MOE-PTEN/KRAS tumours contained more FOXP3+ cells, potentially Tregs, but only 

the MOE-PTEN/KRAS model had a higher ratio of CD4/CD8, ~25% CD25+CD4+ T cells 

(potentially including Tregs) and low CD25+ and PD1+ expression on CD8+ T cells which 

suggests a lack of T cell activation in the TME. 
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3.1.5. Stromal cells of MOE tumours express high levels of MHC-II 

 Given that TAA presentation and response to immunotherapy are closely linked to MHC and 

PD-L1 expression (Galluzzi et al., 2018; Garrido and Aptsiauri, 2019), we next characterized their 

expression in tumours. By IF, we found ID8-derived orthotopic tumours expressed very low levels 

of MHC-I, similar to the cell lines in vitro, while STOSE and MOE-derived tumours maintained 

their positivity in vivo (Figure 13). Interestingly, comparable MHC-I expression was observed in 

the metastatic lesions for each tumour model (Figure 13). Staining for MHC-II by IHC showed 

ID8-p53-/- and ID8-C3 tumours had more MHC-II+ area compared to ID8-WT, while STOSE and 

MOE models displayed higher MHC-II+ area that was most abundant in MOE-PTEN/KRAS and 

MOE-PTEN/p53 tumours (~10% and ~25% positive area, respectively) (Figure 14A). As 

observed with CD3 staining (Figure 10B), MHC-II staining was found in clusters (Figure 15A) 

in MOE-PTEN/KRAS sections, displaying characteristics typical of immune cell clusters. 

Interestingly, metastases from ID8-WT tumours had higher MHC-II+ area compared to their 

primary tumours, while all other models were roughly equivalent between primary and metastatic 

lesions (Figure 15B). To further explore the strong MHC-II expression found in the MOE models, 

double IF staining for MHC-II and CK8+18 was performed. A lack of co-staining of MHC-II with 

epithelial cancer cells (Figure 14B) raised the question of the main source of MHC-II. Flow 

cytometry analysis showed a low frequency of MHC-II positive immune cells in the myeloid 

compartment (Figure 14C-D), and low levels of expression (Figure 15C) relative to the other 

models. Using serial sections, MHC-II staining was shown to be in excess of the staining for 

CD11b, suggesting that CD11b- cells also express MHC-II (Figure 15D). Therefore, the high 

expression of MHC-II in the TME of MOE models appears to be primarily associated with stromal 

components other than immune cells. 
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Figure 13: Primary and metastatic tumours from ID8-derived cancer cells do not express 
MHC-I in vivo, while STOSE and MOE models do. (A) Immunofluorescence depicting MHC-
I (green) and nuclei (Hoechst) on primary (upper panels) and metastatic (lower panels) tumours 
showing little to no expression of MHC-I. C57BL/6 spleen was used as a positive control. Images 
are representative of n=3 primary/metastasis for each model. Scale bars = 50µm. (B) Primary and 
metastatic tumours derived from the FVB/N models retained MHC-I expression (green) as shown 
by immunofluorescence. Scale bars = 50µm.  



 

 72 

 
  



 

 73 

Figure 14. The TME of FVB/N models is characterized by strong MHC-II expression. (A) 
Immunohistochemical detection (right panel) and quantification of MHC-II+ cells (left panel) in 
all tumour models. Sections were counterstained with hematoxylin (blue) and positive cells with 
DAB (brown). Images are representative of tumours for each model as follows: ID8-WT (n=10), 
ID8-C3 (n=6), ID8-p53-/- (n=9), STOSE (n=10), MOE-PTEN/KRAS (n=6), MOE-PTEN/p53 
(n=6) samples. Scale bars = 50µm. Percent positive MHC-II (%) areas of the tumour were 
quantified using Orbit Image analysis. (B) Immunofluorescence depicting MHC-II (green), 
Cytokeratin 8+18 (red), and nuclei (Hoechst) on primary tumours. Images are representative of 
n=3 primary tumours for each model.  Scale bars = 50µm.  (C-D) MHC-II and PD-L1 expression 
in (C) TAMs and (D) CD11b+CD11c+ subsets found in the TME, assessed by flow cytometry.  
Mean values with SEM are shown for each tumour model. Significance was determined by one-
way ANOVA with Tukey’s post-test comparing all models, ns: not significant; a: p<0.05, b: 
p<0.01; c: p<0.001; d: p<0.0001. (E) Quantification (left) and immunohistochemical detection 
(right) of PD-L1 expression in all tumour models. Sections were counterstained with hematoxylin 
(blue) and positive cells with DAB (brown). Images are representative of ID8-WT (n=9), ID8-C3 
(n=6), ID8-p53-/- (n=9), STOSE (n=12), MOE-PTEN/KRAS (n=6), MOE-PTEN/p53 (n=6) 
tumours. Scale bars = 50µm. Percent positive PD-L1 (%) areas of the tumour were quantified using 
Orbit Image analysis. Mean values with SD are shown for each tumour model. Significance was 
determined by one-way ANOVA within C57BL/6 or FVB/N models with Tukey’s post-test or a 
two-tailed Student’s t-test (comparing ID8 and STOSE). 
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Figure 15: MHC-II expression in immune and stromal compartments of orthotopic tumours 
from syngeneic ovarian cancer models. (A) Representative images of IHC for MHC-II staining 
of MOE-PTEN/KRAS tumours revealing MHC-II+ clusters.  Scale bars = 1mm (top panel) and 
200µm (bottom panel). White arrowheads in the top panel indicating clusters of MHC-II+ cells 
are further magnified in the bottom panel. Asterisks (*) indicate outlined necrotic areas deprived 
of cells with non-specific staining. Sections were counterstained with hematoxylin (blue) and 
positive cells (brown) were stained with DAB. Scale bars = 50µm.  (B) Relative abundance of 
MHC-II as detected by IHC in primary vs. metastatic tumours.  Metastatic tumours were stained 
and quantified as with primary tumours presented in 6A. ID8-WT (n=10), ID8-C3 (n=5), ID8-p53-

/- (n=9), STOSE (n=7), MOE-PTEN/KRAS (n=3), MOE-PTEN/p53 (n=5). Significance was 
determined by Student’s t-test, a<0.05.  (C)  Expression of MHC-II+ in TAMs, CD206+ M2 
CD206+ TAMS, CD11c+ and CD11b+CD11c+ cells in primary tumours as assessed by flow 
cytometry. Mean values with SEM are shown. Significance was determined by one-way ANOVA 
with Tukey’s post-test comparing all models, a: p<0.05, b: p<0.01; c: p<0.001; d: p<0.0001.(D) 
Representative IHC images of CD11b and MHC-II staining in MOE-PTEN/p53 tumours show 
MHC-II expression by CD11b negative cells. Images are from serial sections of the same tumour. 
Images representative of n=6 primary and n=5 metastatic MOE-PTEN/p53 tumours.   
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 We next examined MHC-II and PD-L1 expression in the myeloid populations found most 

frequently in tumours, TAMs and cDC2s. While MOE-PTEN/KRAS tumours had the lowest 

frequency of MHC-II+ TAMs and cDC2s, they had the highest frequency (~30%) of PD-L1+ 

TAMs and cDC2s (Figure 14C-D). Interestingly, ID8-p53-/- tumours contained the highest 

frequency of double positive MHC-II and PD-L1 TAMs and cDC2s. MHC-II expression was more 

pronounced on CD206+ M2 TAMs and DCs derived from the ID8-C3 model, and to a lesser extent 

from ID8-WT tumours (Figure 15C). TAMs and cDC2’s in STOSE and ID8-WT were largely 

MHC-II positive, but had the lowest frequency (Figure 14C-E) and expression levels (Figure 

16A) of PD-L1. Analysis of PD-L1 expression on CD45-negative cells (Figure 16B) showed that 

STOSE tumours had high levels. This was confirmed by IHC, where STOSE and MOE tumours 

had more PD-L1+ area (Figure 14E). STOSE metastases had a significantly lower percent positive 

PD-L1 expression compared to the primary tumours, while metastases from ID8-derived models 

had on average ~0.5% positive staining. The STOSE and MOE models had ~1.5% positive 

staining, but these models also had some metastatic samples with much higher staining of PD-L1, 

ranging between 5-20% (Fig 16C). 
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 Taken together, we found that ID8-derived tumours have lost their capability to express MHC-

I in vivo while STOSE and MOE-PTEN/KRAS-derived models maintained their expression. 

Moreover, the MOE-PTEN/KRAS model consists of highly immunosuppressive TAMs and cDC2 

cells with high PD-L1 expression, unique to this model. This model also has strong MHC-II 

expression in the tumour niche, similar to the MOE-PTEN/p53-/- tumour model. 

 

3.1.6. The immune profile of ascites from MOE-PTEN/KRAS mice mirrors the TME composition 

 In ovarian cancer, peritoneal ascites adds to tumour burden and plays a major role in 

influencing therapeutic outcome. We therefore determined the immune profile of the spleen and 

ascites at the time when orthotopic tumours were collected and compared the frequencies of 

immune subsets to tumour naïve tissues for each mouse strain. Splenocytes subsets were similar 

to tumour naive controls (Fig 17A) with only MOE-PTEN/KRAS showing different proportions 

of immune cells compared to FVB/N control spleens. Higher infiltration of CD11b+ cells was 

found in MOE-PTEN/KRAS (>10% from all leukocytes), and within this population, TAMs were 

the most prominent (Figure 17B).  
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 In the ascites, the immune subsets present in the ID8-C3 model were similar to the C57BL/6 

control sample, with a higher proportion of CD4+ T cells, while ID8-WT and ID8-p53-/- were more 

similar (Figure 18A), preferentially recruiting MDSCs and CD206+ M2 TAMs (~10 and >20% 

of all leukocytes, respectively) (Figure 18B). Consistent with the results from the tumours, MOE-

PTEN/KRAS ascites preferentially attracted more CD4+ T cells (Figure 18A) and MDSCs (~10% 

of all leukocytes) (Figure 18B). STOSE ascites also displayed a similar profile to the tumours 

with more infiltration by CD11b+Gr1- and CD206+ M2 TAMs, representing >40% and 25% of 

all immune cells in the ascites fluid, respectively, while CD206- TAM proportions were similar 

between models (Figure 18B). Collectively, these findings indicate that the immune profile found 

in the TME was replicated in the ascites and spleen, with higher frequencies of MDSCs and CD4+ 

T cells in the MOE-PTEN/KRAS model, and higher TAM infiltration in the STOSE model. 
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Figure 18: The ascites immune composition and chemo/cytokine network highlights the 
heterogeneity of the murine orthotopic ovarian cancer models. (A) Stacked-bars figures 
showing the relative frequencies of several immune populations found in the ascites. (B) 
Significantly different frequencies of the myeloid-like compartment present in the ascites assessed 
by flow cytometry. Age-matched tumour-naive C57BL/6 and FVB/N mice were included as 
controls. Cells were analyzed as shown in Figure 8. Each dot represents a single sample derived 
from an orthotopic tumour-bearing or control mouse. Mean values with SEM are shown for each 
tumour model. Significance was determined by one-way ANOVA with Tukey’s post-test 
comparing all models, ns: not significant; a: p<0.05, b: p<0.01; c: p<0.001; d: p<0.0001. (C) 
Stacked-bars figure showing the relative abundance of cytokines and chemokines found in the 
ascites fluid derived from orthotopic tumour-bearing mice. ID8-WT (n=7), ID8-C3 (n=3), ID8-
p53-/- (n=7), STOSE (n=4), MOE-PTEN/KRAS (n=7), MOE-PTEN/p53 (n=2). (D) IL-10 and (E) 
VEGF abundance (pg/ml) in the ascites fluid of each tumour model. Chemo/cytokines were 
measured by LEGENDplex™ Mouse Cytokine Release Syndrome Panel (13-plex) Multi-Analyte 
Flow Assay.  Each dot represents a single sample derived from the supernatant of ascites from 
tumour-bearing mice. Mean values with SD are shown for each tumour model. Significance was 
determined by one-way ANOVA with Tukey’s post-test comparing all models, a: p<0.05, b: 
p<0.01; d: p<0.0001. 
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 We next assessed whether the MHC-II and PD-L1 expression found in TAMs and cDC2s in 

the ascites reflects their abundance in the tumours. In TAMs (Figure 19A), the frequency of MHC-

II+ cells was higher only in ID8-C3 ascites while all other models had similar percentages. ID8-

p53-/- ascites differed significantly by their increased content of MHC-II+PD-L1+ TAMs. We 

observed more divergence in the proportion of PD-L1+ TAMs with more in ID8-WT, ID8-p53-/- 

and STOSE ascites. MHC-II+ cDC2s were significantly lower in MOE-PTEN/KRAS samples, 

while being higher in ID8-WT ascites, and PD-L1+ cDC2s were found at highest frequencies in 

the ID8-p53-/- ascites (Figure 19B).  Lastly, a screening of total PD-L1 expression on myeloid-

like cells in the ascites revealed high PD-L1 expression in the TAMs from ID8-p53-/- ascites and 

similarly elevated PD-L1 expression in the cDC2s in ID8-p53-/- and MOE-PTEN/KRAS ascites, 

and to a lesser extent in the CD11c+ population (Figure 19C). Analysis of other non-immune 

(CD45-) cells in the ascites found that, as observed in CD45+ populations, ID8-C3 ascites 

contained the highest MHC-II expression, in contrast to the MOE-PTEN/KRAS model which 

poorly expressed MHC-II on CD45- cells (Figure 19D, left panel). Similar analysis of PD-L1 in 

other ascites cells identified an abundance of PD-L1+ cells in both ID8-p53-/- and STOSE tumours 

(Figure 19D, right panel). In sum, the main source of PD-L1 expression in the ascitic immune 

compartment comes from TAMs and cDC2s found mainly in ID8-p53-/- and MOE-PTEN/KRAS 

samples, revealing a more highly immunosuppressive TME.  
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 Finally, to identify the chemo/cytokines associated with immune cell recruitment, we used 

multiplexed cytokine assays to determine their abundance in ascites fluid (Appendix 4) and 

plasma (Appendix 5). Chemo/cytokines were not found in great abundance in the plasma, with 

only a few individual samples containing high levels, and no significant differences were observed 

between the models nor between the tumour-bearing mice and controls (Fig 20A). In ascites, 10/13 

chemo/cytokines were significantly more abundant in the STOSE samples (Figure 18C). Many, 

such as CCL2, CCL4, CXCL9 and CXCL10, likely contributed to the infiltration and positive 

feedback signaling of TAMs and MDSCs into the tumours and ascites of this model (Rodriguez et 

al., 2018). MOE-PTEN/KRAS ascites contained the highest concentration of IL-10, supporting the 

high prevalence of potentially tolerogenic cDC2s (Figure 18D). VEGF was found at highest 

abundance in the ID8-WT model, likely explaining the poor T cell infiltration and the high ascites 

accumulation particular to this model (Figures 18E, 9C, Table 3) as observed in human ovarian 

cancers (Rodriguez et al., 2018). ID8-C3 and ID8-p53-/- ascites displayed similar levels of 

chemo/cytokines, but differed from the ID8-WT ascites for IFN-γ and CCL2 production (Figure 

20B-C), and showed similar trends for TNF-α and IL-6 production (Appendix 4). ID8-p53-/- 

ascites fluid contained the highest concentration of CXCL10 among all C57BL/6 models (Figure 

20D), which potentially can be produced by CD11c+ DCs, enabling a higher recruitment of CD8+ 

T cells to the ascites (Figure 18A). Finally, our main findings were correlated with the scRNA-

seq data from ID8-WT and STOSE orthotopic tumours, supporting Vegfa being highly expressed 

in ID8-WT tumours, and Ccl2 in STOSE tumours (Figure 21). Additionally, Il-18, Tnf, Ptgs2, 

Cd47, Cxcl1 and Csf1 were more highly expressed in STOSE tumours, including in the cancer 

cells, supporting the influence of TAMs in these tumours. Expression of Ccl4 and Il1-b found in 

immune cells was similar in ID8 and STOSE tumours. Taken together, chemokine/cytokines were 

profoundly more abundant in STOSE ascites fluid and their abundance correlated with the 

recruitment of CD206+ M2 TAMs found in the TME and peritoneal cavity of the STOSE model.  
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Figure 21: Single-cell RNA-sequencing analysis of cytokines/chemokine expression in ID8 
and STOSE tumours. (A) Single cell RNA-sequencing UMAP figures depicting cell clusters 
found in orthotopic ID8-WT (left) and STOSE (right) tumours at endpoint. (B) UMAPs showing 
expression of Vegfa, Ccl2, Ccl4, Tnf, Ptgs2, Il18, Il1b, CxCl1, Csf1, and Cd47 in ID8-WT (upper 
panels) and STOSE (lower panels) orthotopic tumours. Heatmap displays the level of expression 
in cell types (as identified in A) in ID8-WT (blue) and STOSE (red) samples. 
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3.1.7. Summary 

To better model the heterogeneity of human EOC, particularly HGSOC, we assessed 

MHC-I expression, immunogenicity, immune cell populations, and cytokine profiles of ascites, in 

6 syngeneic models of ovarian cancer. This will expand immunotherapy research to include 

syngeneic model systems from different mouse genetic backgrounds (C57BL/6 and FVB/N), to 

include a variety of mutations relevant to human disease (TP53, BRCA1, BRCA2, PTEN, KRAS), 

and to include both ovarian surface epithelial and fallopian tube derived models. We showed that 

STOSE and MOE-derived cells express MHC-I in vitro and in vivo, while ID8-WT and its 

derivatives do not and are not immunogenic. ID8-WT is the most poorly infiltrated by immune 

cells, including T cells and myeloid cells. ID8-C3 and ID8-p53-/- tumours are most highly 

infiltrated by T cells, while STOSE and MOE-PTEN/KRAS are infiltrated by CD11b+ myeloid 

cells. Specifically, STOSE is infiltrated by M2 macrophages while MOE-PTEN/KRAS tumours 

are infiltrated by CD206- TAMs. This characterization provides a valuable resource for 

immunotherapy research for EOC and for understanding the role of immunomodulatory factors in 

EOC tumour progression.  
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3.2. FGL2 promotes tumour growth by attenuating infiltration of activated anti-tumour 
Dendritic, Natural Killer and T cells 

 
FGL2 is an immunomodulatory protein associated with tumour progression and poor 

survival through angiogenesis and immunosuppression in the TME. Using our characterization of 

the TME of ovarian cancer syngeneic models, and the well-established B16F10 as a model of 

melanoma, we sought to show the role of FGL2 in tumour progression and survival, and to test a 

novel immunotherapy (a-FGL2).  

3.2.1 Cellular expression of FGL2 and its receptor in tumours 

While many previous studies have suggested FGL2 expression by cancer cells will result 

in a less favourable prognosis (Latha et al., 2019; Qin et al., 2014; Tang et al., 2017; Yan et al., 

2015, 2019), we examined publicly available and previously compiled (Cook and Vanderhyden, 

2022) scRNA-seq datasets of tumours from patients with melanoma (Jerby-Arnon et al., 2018), 

ovarian (Geistlinger et al., 2020; Qian et al., 2020),  lung (Lambrechts et al., 2018; Qian et al., 

2020), breast (Bassez et al., 2021; Qian et al., 2020), and colorectal (Lee et al., 2020; Qian et al., 

2020) cancers for expression of FGL2. Remarkably, we found that FGL2 was expressed 

predominantly in the macrophage/monocyte and DC populations with minimal expression in the 

cancer (epithelial) cell populations (Figures 22 and 23). When analyzing expression of the FGL2 

receptors, we found that FcγRIIB was primarily expressed by macrophage/monocyte and DC 

populations as well as B cells (Figure 24), and the receptor FcγRIII was primarily expressed in 

macrophage/monocyte and DC populations as well as NK cells (Figure 24B), suggesting FGL2 

has autocrine and paracrine activity in the TME. 
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Figure 22. FGL2 is primarily expressed in macrophages of human ovarian cancer and 
melanoma. (A) scRNA-seq UMAP figures from human ovarian cancer datasets (Left: (Qian et 
al., 2020, n=5) , Right: (Geistlinger et al., 2020, n=5) depicting cell clusters (top) with 
accompanying heatmap (middle) and violin plot (bottom) displaying the level of expression of 
FGL2 in each cell type cluster. (B) scRNA-seq UMAP figures from a human melanoma dataset 
(Jerby-Arnon et al., 2018, n= 33) depicting cell clusters (top) with accompanying heatmap 
(middle) and violin plot (bottom) displaying the level of expression of FGL2 in each cell type 
cluster. 
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Figure 23. Single-cell RNA sequencing data indicates FGL2 is primarily expressed in 
macrophages of human lung, breast and colorectal carcinomas. scRNA-seq UMAP figures 
from human datasets depicting cell clusters with accompanying heatmap displaying the level of 
expression of FGL2 in each cell type cluster. (A) Lung (Left: (Lambrechts et al., 2018, n=9), 
Right:(Qian et al., 2020, n=24).  (B) Breast (Left:(Bassez et al., 2021, n=62), Right: (Qian et al., 
2020, n=10).  (C) Colorectal (Left: (Qian et al., 2020, n=11), Right: (Lee et al., 2020, n=25).  
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Figure 24. Single-cell RNA sequencing data indicates that FGL2 receptors FcγRIIB and 
FcγRIII are primarily expressed in macrophages of human ovarian cancer and melanoma. 
scRNA-seq UMAP figures from human (A) ovarian cancer (Left: (Qian et al., 2020, n= 5), Right: 
(Geistlinger et al., 2020, n=5) datasets and (B) human melanoma dataset (Jerby-Arnon et al., 2018, 
n= 33) depict heatmaps displaying the level of expression of FcγRIIB (top) and FcγRIII (middle) 
in each cell type cluster. Average expression values of FGL2, FcγRIIB, and FcγRIII in each cell 
type cluster in (C) ovarian cancer (Left: (Qian et al., 2020, n= 5) , Right: (Geistlinger et al., 2020, 
n=5) datasets and (D) human melanoma dataset (Jerby-Arnon et al., 2018, n= 33).  
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To assess sFGL2 production in ovarian cancer, FGL2 concentrations were quantified in the 

ascites fluid of patients with ovarian cancer compared with ascites from non-cancer (cirrhotic) 

patients (Appendix 6). FGL2 was abundant in ascites fluid from ovarian cancer patients and at 

elevated levels when compared to non-cancer ascites (Figure 25A). An assessment of the 

concentrations of a broad range of cytokines and chemokines revealed that, other than FGL2, only 

IL-6 was elevated in ovarian cancer ascites compared to non-cancer ascites (Figure 25B, Figure 

25C). IL-6 is often elevated ovarian cancer ascites, likely due to the fact that ovarian cancer cells 

in the ascites produce IL-6, and predicts poor prognosis (Giuntoli et al., 2009; Nilsson et al., 2005; 

Offner et al., 1995). As the results indicate that FGL2 is not expressed by cancer cells in the TME, 

and FGL2 is associated with immunosuppression in human ovarian cancer, we sought to determine 

how FGL2 might promote immunosuppression in the TME and how it might influence tumour 

progression and survival.  
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role of immune/stromal cell-produced FGL2, we took advantage of Fgl2 deficient mice and 

injected them with either ovarian cancer (ID8-p53-/-Brca2-/-) or melanoma (B16F10) cells. ID8-

p53-/-Brca2-/- and B16F10 cancer cells do not express FGL2 in vitro (undetected by qPCR and 

ELISA, data not shown) nor in vivo (Appendix 7), mirroring what was found in the tumour cells 

of human ovarian and melanoma cancers (Figure 22). The absence of FGL2 did not prolong 

survival in i.p. ID8-p53-/-Brca2-/- tumour-bearing mice (Figure 26A). However, when we assessed 

tumour burden at a late timepoint (day 46, immediately prior to the day mice began reaching 

endpoint) in the orthotopic (i.b.) ID8-p53-/-Brca2-/- model, primary tumour burden was 

significantly lower in the absence of FGL2 (Figure 26B). Additionally, we found a lower 

accumulated mass of metastatic tumour burden on day 46 for i.b. ID8-p53-/-Brca2-/- tumour-

bearing mice (Figure 26C), with 4/5 of Fgl2WT mice with metastases, but only 1/6 of Fgl2-/- mice 

with metastases. To examine the possibility that genetic modification of the ID8 cell line (deleting 

Trp53, Brca2) might affect tumour progression, we similarly assessed survival of an i.p. model of 

ID8 ovarian cancer, however the absence of FGL2 did not prolong survival in this model either 

(Figure 26D). 
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In the melanoma model, the absence of FGL2 significantly prolonged survival of mice 

injected with B16F10 s.c. (Figure 27A) as well as significantly delayed tumour progression 

(Figure 27B). We next sought to determine primary tumour burden at a single timepoint, again 

immediately prior to endpoint (day 14), for s.c. B16F10 tumour-bearing mice. Primary tumour 

burden was significantly lower in the absence of FGL2 (Figure 27C).  To account for potential 

differences due to location of tumour inoculation, we injected the B16F10 cells i.p. and assessed 

survival. Similar to the s.c. model, the absence of FGL2 significantly prolonged survival (Figure 

27D). While the absence of FGL2 did not prolong survival in ID8-p53-/-Brca2-/- tumour-bearing 

mice, it did reduce tumour burden in these mice at the timepoint prior to endpoint anticipated 

survival, suggesting an impact on tumour progression.  As absence of FGL2 reduced tumour 

burden in both models, we next sought to determine whether FGL2 normally enhances tumour 

progression by inducing immune cell changes in the TME.  
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3.2.3. FGL2 is associated with lower expression of NK activation markers and fewer tumour 

infiltrating NK cells 

FGL2 has been associated with immunosuppressive immune cell populations and with 

diminished activation/maturation of T cells and DCs (Joller et al., 2014; Yan et al., 2015, 2019; 

Yang et al., 2019; Zhu et al., 2017). Therefore, we characterized immune cell infiltration in 

B16F10 and ID8-p53-/-Brca2-/- tumours implanted into Fgl2-/- mice, to determine if FGL2 favoured 

tumour progression by inhibiting anti-cancer immunity. We performed flow-cytometric analysis 

(Figure 28) of tumours and spleens collected at day 46 for i.b. ID8-p53-/-Brca2-/- tumour-bearing 

mice and day 14 for s.c. B16F10 tumour-bearing mice (both timepoints corresponding to a window 

shortly before mice reach endpoint). First, in Fgl2-/- mice we observed a higher infiltration of NK 

cells in both ID8-p53-/-Brca2-/- (Figure 29A) and B16F10 primary tumours (Figure 29B). 

Furthermore, in the absence of FGL2 the frequency of NK cells expressing DNAM-1+ (DNAX 

accessory molecule, CD226), considered to be more activated and cytotoxic (Martinet et al., 2015), 

was substantially higher (Figures 29C and 29D). While both tumour-bearing and tumour-naïve 

Fgl2-/- mice had a lower frequency of NK cells in the spleen (Figure 30 A-C), a higher frequency 

of DNAM-1+ NK cells in these mice was not only observed in the tumours, but also in the spleen 

of tumour-naïve animals (Figure 30D). We also observed higher expression of NKG2D and 

NKG2A (Figure 30E, F), suggesting that in the absence of FGL2, NK cells are more activated 

even in the absence of a pathological challenge. Interestingly, when we probed the basal expression 

of IFN-γ in resting NK cells, lack of FGL2 resulted in a small but consistent increase in cytokine 

accumulation (Figure 30G), supporting the idea that FGL2 inhibits NK cell activation (Fauriat et 

al., 2010; Martinet et al., 2015; Weigent et al., 1983; Wensveen et al., 2018). However, higher 

activation in the absence of FGL2 did not translate to an advantageous response to re-stimulation, 
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as we assessed by stimulating Fgl2WT and Fgl2-/- splenic NK cells with plate-bound antibodies or 

chemical activators in CD107 (LAMP1) degranulation, or target cells (YAC1) (Figure 31 A, B). 

In all instances, the cytotoxic response of NK cells was similar in stimulating Fgl2WT and Fgl2-/- 

NK cells, which indicates that FGL2 inhibition of NK cell activation can be overcome by acute 

stimulation, and further suggesting that FGL2 acts as a physiological checkpoint to NK cell 

activity.  

Given the higher activation of NK cells in Fgl2-/- mice, we reasoned that the survival 

advantage in these mice could be due to improved NK cell anti-cancer activity. However, depleting 

NK cells in vivo in a s.c. B16F10 model did not significantly hamper the effect of the absence 

FGL2 in prolonging survival (Figure 31C). The presence of some DX5+ NK cells remaining 

following depletion may warrant further depletion studies to fully elucidate the role of NK cells in 

vivo. Therefore, while NK cells in the absence of FGL2 have significantly higher NK activation 

markers by flow cytometry, they do not significantly contribute to prolonged survival or reduced 

tumour burden in Fgl2-/- mice, suggesting that FGL2 had some NK cell-independent effects. 
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Figure 28. Gating strategy for analysis of flow cytometry data. Gating strategy used to analyze 
the flow cytometry data from murine tumours and spleens are as follows: cell debris exclusion 
(Minus Debris), singlet, live/dead exclusion (LIVE), CD45+ (All Leukocytes), NK Cells (CD3- 
NK1.1+), T cells (CD3+ NK1.1-), CD4+ T cells (CD4+ CD8-), CD8+ T cells (CD4-CD8+), and 
DCs (CD3- CD11c+). CD25, TIGIT, DNAM-1, MHC-II, CD86, CD40 and CD31 were further 
used to phenotype immune cell populations. Contour plots show fluorescence minus one (FMOs) 
for each analyzed marker. 
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3.2.4. The absence of FGL2 is associated with more activated dendritic and T cells in the TME 

DCs play a key role in the generation of anti-tumoural responses and are key targets of 

FGL2-mediated immunosuppression (Liu et al., 2008; Yan et al., 2019; Yang et al., 2019). Next, 

we therefore sought to profile the effect of FGL2 absence on tumour-infiltrating and splenic DCs 

in B16F10 or ID8-p53-/-Brca2-/- tumours implanted into Fgl2-/- mice. First, we found fewer DCs 

in ID8-p53-/-Brca2-/- tumours in Fgl2-/- mice (Figure 32A), with a strong trend to decreased 

frequencies of co-stimulatory markers (CD80, CD40) (Figure 32B). Interestingly we obtained 

opposite results in the B16F10 tumours, where we observed a greater frequency of DCs in Fgl2-/- 

mice (Figure 32C). These DCs expressed more co-stimulatory markers (MHC-II+, CD86+, 

CD40+) and decreased frequency of the co-inhibitory marker CD31 (Figure 32D) in Fgl2-/- mice. 

While no difference was observed in total splenic DC frequencies (Figure 33A-C), we observed 

increased expression of co-stimulatory markers (MHC-II+ CD86+, CD40+) and CD31+ in ID8-

p53-/-Brca2-/- tumour-bearing mice (Figure 33B), suggesting more antigen presentation in the 

periphery. No difference was observed in the expression of co-stimulatory markers on splenic DCs 

(Figure 33D) in B16F10 tumour-bearing mice. Profiling DCs in spleens of tumour-naïve mice 

suggests that Fgl2-/- mice have greater expression of co-stimulatory markers (Figure 33F), as 

previously shown in the literature (Liu et al., 2008). In summary, B16F10 tumours are infiltrated 

by more DCs and more activated DCs, which are a characteristic of Fgl2-/- mice (Liu et al., 2008), 

and may contribute to tumour elimination and prolonged survival in this model. This was not the 

case in the ID8-p53-/-Brca2-/- model, as there were fewer DCs of Fgl2-/- tumours, and higher 

expression of co-stimulatory molecules was only found in the spleen. 
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T cells, particularly CD4+ T cells, are a downstream target of FGL2-mediated 

immunosuppression of DCs (Ai et al., 2018; Bartczak et al., 2016, 2017; Shalev et al., 2008; Wang 

et al., 2015). Given that DCs have more co-stimulatory molecules, we hypothesized that the 

absence of FGL2 would correspond to more T cell activation and therefore we next characterized 

tumour-infiltrating T cells and splenic T cells in B16F10 or ID8-p53-/-Brca2-/- tumours implanted 

into Fgl2WT and Fgl2-/- mice. In the absence of FGL2 we observed increased T cells in ID8-p53-/-

Brca2-/- tumours (Figure 34A) and the CD4+ T cells showed a trend for higher expression of 

TIGIT (Figure 34B). Conversely, we observed decreased T cells in B16F10 tumours implanted in 

Fgl2-/- mice (Figure 34C), however the CD4+ T cells were more CD25+ (Figure 34D) and 

TIGIT+ (Figure 34E), and CD8+ T cells tended to be more CD25+ (Figure 34F), which are 

markers of activated T cells (Wing et al., 2002; Yu et al., 2009).  Finally, no significant difference 

was observed in MDCSs in either tumour model, although Fgl2-/- mice with B16F10 tumours 

tended to have less infiltration of MDSCs (Figure 35). Overall, the absence of FGL2 leads to 

increased frequency of T cells in ID8-p53-/-Brca2-/- tumours and increased activated tumour-

infiltrating T cells in B16F10 tumours.  
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Figure 35. No significant differences observed in tumour infiltrating MDSCs. Fgl2WT and 
Fgl2-/- mice received bilateral i.b. injection of ID8-p53-/-Brca2-/- cells (n=5/group) or s.c. injection 
of B16F10 cells (n=7/group). Tumours were collected on day 14 or day 46 respectively and 
assessed by flow cytometry. No significant differences were observed in tumour-infiltrating 
MDSCs in (A) ID8-p53-/-Brca2-/- tumours or (B) B16F10 tumours. Gating strategy: Minus 
Debris/Singlets/Live Cells/CD45+, MDSCs (CD3- CD11b+ Gr1+). Significance determined by 
Student’s t test. 
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3.2.5. FGL2 blockage promotes activated T cells in the TME  

Given that the absence of FGL2 prolonged survival in B16F10 tumour-bearing mice, we 

next sought to therapeutically target FGL2 with a blocking antibody. Although we focused this 

study on assessing the effects of FGL2 deficiency in the context of sFGL2 action on tumour 

infiltrating lymphocytes, due to our observations of infiltration of more activated NK cells, T cells 

and DCs into the tumour, it should be noted that we did observe decreased CD31+ (endothelial) 

cells in the B16F10 tumours implanted in Fgl2-/-  mice (Figure 36A,B), suggesting the absence of 

FGL2 also decreased vascularization of the tumour. Decreased vascularization in the TME has 

previously been attributed to the function of mFGL2 (Liu et al., 2012; Rabizadeh et al., 2015). 

Therefore, we further sought to distinguish the consequences of targeting both forms of FGL2 

using a polyclonal a-FGL2 antibody (Ning et al., 2005) with the effects of an sFGL2-blocking 

monoclonal antibody (clone 6H12) (Luft et al., 2018) in B16F10 s.c. tumour-bearing mice. 

Surprisingly, neither the monoclonal nor the polyclonal antibody significantly prolonged survival 

compared to their appropriate IgG controls (Figure 36C), nor did they slow the rate of tumour 

progression (Figure 36D).  
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We next used the STOSE ovarian cancer model, as a more immunogenic model (expresses 

MHC-I) with a greater chance of responding to immunotherapy (Yu et al., 2018), and targeted 

FGL2 with the monoclonal a-FGL2 (clone 6H12), specifically blocking the sFGL2 form. In this 

model, we assessed FGL2 levels in the plasma following 7 days of treatment and in the ascites at 

endpoint by ELISA, demonstrating that the therapeutic antibody successfully targeted sFGL2 

(Figure 37A, 37B), either decreasing amounts of FGL2 or simply masking the antibody in the 

ELISA from binding.  However, blocking FGL2 did not prolong survival when compared to the 

appropriate IgG or PBS controls (Figure 37C). Despite the lack of effect on survival, we 

determined if the antibodies had any effect on the splenic immune cell populations after 7 days of 

treatment. Similar to what we observed in Fgl2-/- mice bearing B16F10 and ID8-p53-/-Brca2-/- 

tumours, the spleens of STOSE tumour-bearing mice had increased CD25+ (Figure 37D) and 

TIGIT+ (Figure 37E) CD4+ T cells, suggesting increased activation of CD4+ T cells when FGL2 

activity was blocked. No differences were observed in other immune cell populations in our 

extensive characterization by flow cytometry.  
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3.2.6. FGL2 knockout and oncolytic virotherapy synergizes to significantly prolong survival  

“Cold” tumours present a challenge for immunotherapy success, including low MHC-I 

expression, lack of TAAs, and/or poor immune cell infiltration into the tumour (Bonaventura et 

al., 2019). Considering that in the absence of FGL2, DCs in the spleens of ID8-p53-/-Brca2-/- 

tumour-bearing mice were more activated, but were excluded from the tumour, we therefore 

combined immunotherapeutic strategies in order to attempt to convert the “cold” tumour [MHC-I 

low (Figure 5), excluded activated DC] into a “hot” tumour (reviewed in McCloskey et al., 2018; 

Rodriguez et al., 2018). Oncolytic virotherapy is an immunotherapeutic strategy being used in 

several clinical trials, and has been shown to turn a “cold” tumour into a “hot” tumour 

(Bonaventura et al., 2019; Chiocca and Rabkin, 2014; Ribas et al., 2017). OVs selectively infect 

and kill cancer cells as well as induce immunogenic cell death stimulating immune cell infiltration 

and activation of antigen presenting cells (DCs and macrophages) (Achard et al., 2018; Stojdl et 

al., 2003). Therefore, we stimulated immune cell infiltration into the tumour using oncolytic 

virotherapy (VSV-M51-GFP; Stojdl et al., 2003). ID8-p53-/-Brca2-/- cancer cells were injected i.p., 

followed by treatment with 1x108 pfu of VSV-M51-GFP on days 7, 10, and 13. While neither the 

absence of FGL2 alone nor the OV alone were able to prolong survival, the combination treatment 

synergized to prolong survival (Log-Rank test, **p≤ 0.01) (Figure 38A), with two mice surviving 

past 150 days, as well as one mouse in the Fgl2-/- group that received PBS. Surviving mice were 

re-challenged with 3x106 ID8-p53-/-Brca2-/- cells on day 150, but all reached endpoint as expected 

(around 55 days post-rechallenge), suggesting no memory response resulted from the combination 

of Fgl2-/- and OV (VSV-M51-GFP) (Figure 38B). Overall, we found that blocking FGL2 alone 

was insufficient to prolong survival as a novel immunotherapy for ovarian cancer. However, when 

treating a model that was previously unresponsive to the absence of FGL2 with an OV, the 

combination significantly prolongs survival. This suggests that loss or blockage of FGL2 

combined with other immunotherapies may set the stage to enhance response to certain 

immunotherapies. 
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3.2.7. Summary 

 FGL2 is a mediator of immunosuppression in a number of different settings, including in 

the TME, leading to tumour progression and poor survival. We showed conclusively for the first 

time that FGL2 is not expressed in cancer cells in human cancers, based on publicly available 

scRNA-seq data, but rather is expressed primarily in monocytes/macrophages and DCs. We 

investigated the role of FGL2 in tumour progression in the B16F10 model of melanoma and ID8-

p53-/-Brca2-/- model of ovarian cancer, primarily focusing on the immunosuppressive functions of 

sFGL2. Tumours in Fgl2-/- mice were more infiltrated with DNAM-1+ NK cells in both models, 

and by activated DCs (CD86+, CD40+) and T cells (CD25+, TIGIT+) in the B16F10 tumours of 

mice or spleens of ID8-p53-/-Brca2-/- tumour-bearing mice, highlighting the role of FGL2 mediated 

immunosuppression. The absence of FGL2 prolonged survival in the B16F10 model. Finally, the 

absence of FGL2 did not prolong survival in ID8-p53-/-Brca2-/- model, but remarkably prolonged 

survival when combined with OV therapy.  
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3.3. FGL2 contributes to post-operative immunosuppression and increased metastatic 

disease  

FGL2 is elevated in patient plasma following sepsis (non-sterile tissue injury) (Zhou et al., 

2019), and the resulting immunosuppression plays a role in responding inflammation. We 

hypothesized that FGL2 would be similarly increased following sterile tissue injury (surgical 

stress) and that FGL2 contributes to the post-operative immunosuppression which leads to 

increased cancer metastases in a well-established experimental model of surgical stress (Tai et al., 

2013, 2018).  

3.3.1. Soluble FGL2 is elevated in response to surgical stress 

We compared FGL2 levels in plasma of patients prior to surgery (baseline) and one day 

post-surgery (POD1) with healthy donor samples as a reference.  FGL2 levels were significantly 

increased on POD1, with surgery increasing levels of FGL2 in the blood of 8/10 patients (Figure 

39A, Appendix 8). PBMCs from 6 colorectal cancer patients at baseline and POD1 previously 

showed expansion of MDSCs following surgical stress by flow cytometry and this corresponded 

to expansion of monocytic populations (CD14+ and CD16+), determined from a scRNA-seq 

dataset (Market, 2020). Querying this data, we found that FGL2 was expressed in CD14+ and 

CD16+ monocytes and DCs [subsets 1/3/5 based on novel scRNA-seq classifications (Villani et 

al., 2017)] (Figure 39B). Expression of FGL2 was not significantly higher after surgery, although 

it trended upwards in CD14+ monocytes and DCs, with increased average relative expression in 

5/6 patients (Figure 39C, D). However, the abundance of FGL2-expressing CD14+/CD16+ 

monocytes and DCs was significantly increased post-surgery (Figure 39C, D), thus suggesting a 

source for the increase in FGL2 observed in the blood. ADAM17 is a metalloproteinase which has 

been shown to cleave the membrane-bound form of FGL2 into the secreted form (Zhou et al., 

2019). In accordance, querying PBMC scRNA-seq data revealed increased expression of ADAM17 
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in 5/6 patients in the same three FGL2-expressing cell clusters (CD14+/CD16+ monocytes and 

DCs) and increased frequency of the ADAM17 expressing CD14+ and CD16+ monocytes and DCs 

(Figure 40A, B). Therefore, elevated FGL2 plasma levels following surgical stress is likely the 

result of cleavage of FGL2 by ADAM17 from an expanded myeloid population (MDSCs).  
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Figure 39. Surgical stress increases FGL2 abundance in plasma. (A) FGL2 levels in human 
plasma was determined by ELISA. Significance was determined by paired t test comparing paired 
patient samples (baseline vs. POD1). n=10, *p≤ 0.05. (B) UMAP embedding of scRNA-seq data 
from baseline and POD1 PBMC samples (n=6). Each point corresponds to an individual cell 
(baseline: 15108 cells, POD1: 15665 cells). Datasets depict cell clusters (top) with accompanying 
heatmap displaying the level of expression of FGL2 in each cell type cluster (bottom). (C) Dot-
plot depicting average relative expression level of FGL2 in each cluster from PBMC scRNA-seq 
data and average frequency of FGL2-expressing cells in major cell clusters of PBMC data in paired 
Baseline vs. POD1 PBMC patient samples (n=6). Colour of dots indicates relative expression and 
size of dots indicates frequency. (D) Relative average expression (top) and percent FGL2 
expressing cells (bottom) for each patient (n=6) at baseline and POD1, in FGL2-expressing cell 
clusters (CD14+/CD16+ monocytes and DCs 1/3/5) from PBMC scRNA-seq data. Significance 
was determined by paired t test comparing paired patient samples (baseline vs. POD1). *p ≤ 0.05, 
**p < 0.01. 



 

 122 

 
 
 

 
 
Figure 40. ADAM17 is primarily expressed in surgical stress-induced monocytes (CD14+ 
and CD16+). (A) Dot-plot depicting average relative expression level of ADAM17 in each cluster 
from PBMC scRNA-seq data and average frequency of ADAM17 expressing cells in major cell 
clusters of PBMC data in paired baseline vs. POD1 PBMC patient samples (n=6). (B) Relative 
average expression (top) and percent ADAM17 expressing cells (bottom) for each patient (n=6) at 
baseline and POD1 in FGL2 expressing cell clusters (CD14+/CD16+ monocytes and DCs 1/3/5) 
from PBMC scRNA-seq data. Significance was determined by paired t test comparing paired 
patient samples (baseline vs. POD1). *p≤ 0.05, **p< 0.01.   
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3.3.2. FGL2 is associated with increased lung metastases following surgical stress 

Given that FGL2 plays a role in immunosuppression in a number of other conditions (Ai 

et al., 2018; Joller et al., 2014; Latha et al., 2019; Liu et al., 2013; Shalev et al., 2008), we sought 

to investigate the role of FGL2 in contributing to the post-operative immunosuppression which 

leads to increased cancer metastases (Tai et al., 2013, 2018). We used a well-established 

experimental model of surgical stress (Seth et al., 2013; Tai et al., 2013, 2018), and applied it to 

both Fgl2WT and Fgl2-/- mice. These mice received an i.v. injection of 3x105 B16F10 or 

B16F10lacZ cells, with some mice undergoing the surgical stress protocol (abdominal laparotomy 

and left nephrectomy). On POD1, one cohort of mice were sacrificed, and plasma was collected 

to measure FGL2 by ELISA. Mirroring what we observed in human samples on POD1, Fgl2WT 

mice had higher levels of sFGL2 in the plasma after surgery relative to no surgery (Figure 41A). 

As expected, FGL2 was not present in the plasma of Fgl2-/- mice, with or without surgery. Blood 

was collected from a second cohort of mice 3 days post-surgery (POD3), at which time it was 

determined that sFGL2 levels in Fgl2WT mice which received surgery had returned to no surgery 

levels (Figure 41B).  

Previous studies have shown that surgical stress increases lung metastases in mouse models 

of cancer (Seth et al., 2013; Tai et al., 2013, 2018).  To examine the role of FGL2 in this process, 

Fgl2WT and Fgl2-/-mice received an i.v. injection of 3x105 B16F10lacZ cells on the day of surgery, 

and lungs were collected 3 days post-surgery and stained with X-gal to quantify lung metastases. 

To evaluate the longer-term effect of the enhanced FGL2 levels after surgery, lungs were also 

collected from mice 12-14 days post-surgery. Surgical stress increased the incidence of metastases 

at both 3 and 12 days post-surgery, but remarkably, Fgl2-/- mice did not have this increase in 

metastases (Figure 41C, D). qPCR was performed on RNA extracted from whole lungs collected 
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at 12 days post-surgery (POD12) in order to quantify lung metastatic burden in a more quantitative 

fashion. Similar to our macroscopic counts of lung metastases, quantifying the melanoma 

associated genes, TRP2 and GP100 (Sorensen et al., 2014), by qPCR, showed surgical stress 

increased metastatic burden in Fgl2WT mice but not Fgl2-/- mice (Figure 41E, F). In summary, 

Fgl2-/- mice had significantly fewer metastases following surgery compared to Fgl2WT mice and 

lower expression of melanoma associated genes (TRP2, GP100). Due to the fast progression to 

endpoint of mice with lung metastases, we were not able to observe differences in survival in mice 

with or without surgery, however irrespective of surgery, the Fgl2-/- mice survived longer (Figure 

42A, B).  
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Figure 41: FGL2 is associated with induction of metastases following surgical stress. Fgl2WT 
and Fgl2-/- mice received an i.v. injection of 3x105 B16F10 cells followed by surgical stress 
(abdominal laparotomy and hemi-nephrectomy). (A) Levels of FGL2 were assessed in the plasma 
collected 1 day after surgery and showed increased abundance in Fgl2WT mice following surgery 
relative to untreated mice, but with no detectable FGL2 in Fgl2-/- mice. (B) Plasma was collected 
3 days post-surgery and FGL2 levels assessed by ELISA, showing FGL2 levels had returned to 
baseline in Fgl2WT mice. (C)  In Fgl2WT and Fgl2-/- mice which received 3x105 B16F10lacZ cells 
i.v., with/without surgery, lungs were collected 3 days post-surgery and stained by X-gal before 
being imaged using a stereomicroscope. Number of metastases is the total from all lobes. Surgery 
increases lung metastases in Fgl2WT but not in Fgl2-/- mice.  (D) Metastases on the surface of the 
lung were counted on day 12 following cancer cell inoculation and show surgical stress increases 
metastases in Fgl2WT mice but not in Fgl2-/- mice. Number of metastases is the total from all lobes.  
RNA was extracted from whole lungs and expression of melanoma-associated genes (E) GP100 
and (F) TRP2 determined by qPCR confirmed surgical stress does not increase lung metastatic 
burden in Fgl2-/- mice. Relative quantity (RQ) was calculated as fold change over positive control 
B16F10 cells and normalized to Ppia and 36B4. Control (CTL) lungs were from tumour-naïve 
mice.  Significance was determined by one-way ANOVA, Tukey’s post-test, **p≤ 0.01, ***p ≤ 
0.001, ****p ≤ 0.0001).  
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3.3.3. FGL2 blockage prevented increase in lung metastases following surgical stress 

Given that Fgl2-/- mice did not present increased metastatic burden following surgical 

stress, we treated wild-type mice with an FGL2 blocking antibody to determine if this could 

prevent metastases. Fgl2WT mice received an i.v. injection of 3x105 B16F10, followed by induction 

of surgical stress cells as before. Mice were treated with a control IgG antibody or a-FGL2 

antibody 3 days prior and 3 days post-surgery, as well as on the day of surgery. Fgl2WT mice 

receiving an IgG control antibody showed an increase in incidence of lung metastases following 

surgical stress; however, blocking FGL2 prevented this increase, keeping the number of metastatic 

lesions at no-surgery levels (Figure 43). These results indicate that surgery increases the 

abundance of plasma FGL2 in the B16F10 mouse model of surgical stress and that corresponds to 

a higher incidence of metastases. However, knocking out or blocking FGL2 is sufficient to prevent 

that post-surgery increase in metastases, suggesting a-FGL2 immunotherapy may have potential 

as an effective treatment in the post-operative immunosuppressive window in order to reduce 

metastases and improve outcomes.  
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3.3.4. Absence of FGL2 does not alter frequency of MDSCs in response to surgical stress 

It is well-established that the population of MDSCs are expanded following surgery, an 

increase that is similarly modeled in the mouse model of surgical stress (Tai et al., 2013, 2018).  

We next sought to investigate whether FGL2 plays a role in MDSC immunosuppression during 

the post-operative period. Fgl2WT and Fgl2-/- mice received an i.v. injection of B16F10 cells with 

some mice undergoing the surgical stress protocol. On POD1, one cohort of mice was sacrificed, 

and spleens were assessed by flow cytometry to characterize immune cell populations via the 

gating strategy shown in Figure 44. We found that PMN-MDSCs (CD3-CD11b+, 

GrHighSSCInt/Ly6G+Ly6CLow) increased in frequency post-surgery, however this was true for both 

Fgl2WT and Fgl2-/- mice (Figure 45A).  We did not observe induction of M-MDSCs (CD3-

CD11b+, GrLowSSCLow/Ly6G-Ly6C+) on POD1, however Fgl2-/- mice have higher frequencies of 

M-MDSCs regardless of surgery status (Figure 45B). Similar to human PBMC data, an increase 

in the frequency of PMN-MDSCs may be responsible for the elevation in FGL2 levels in plasma 

rather than level of expression in any one cell type. Since knocking out FGL2 did not prevent this 

increase of MDSCs, we next asked whether these MDSCs may be functionally different. ARG1 is 

commonly expressed in M-MDSCs and has been identified as a mechanism for post-operative 

immunosuppression of NK cells by surgery-induced MDSCs (Angka et al., 2022; Tai et al., 2018) 

by depleting arginine (Gabrilovich and Nagaraj, 2009; Oberlies et al., 2009). However, no 

induction of ARG1 was observed in PMN-MDSCs (Figure 45C) and both frequency of ARG1+ 

M-MDSCs and expression (gMFI) of ARG1 were similarly increased in M-MDSCS of both 

Fgl2WT mice and Fgl2-/- mice after surgery (Figure 45D), suggesting that FGL2 contributes to 

surgery-induced immunosuppression via another mechanism.  
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Figure 44. Gating strategy for analysis of flow cytometry data. Gating strategy used to analyze 
the flow cytometry data from murine tumours and spleens was as follows: cell debris exclusion 
(minus debris), singlets, live/dead exclusion (LIVE), CD45+ (all leukocytes). Panel 1 (P1): CD3-
, CD11b+/MHC-II-, PMN-MDSCs (Ly6G+Ly6Clow or Gr1highSScInt) and M-MDSCs 
(Ly6C+Ly6G- or Gr1Low SScA Low), Panel 2 (P2): NK Cells (CD3- NK1.1+), T cells (CD3+ 
NK1.1-). NKG2D and DNAM-1 were further used to phenotype immune cell populations. Panel 
3 (P3). DCs (CD3- CD11c+). MHC-II and CD86 were further used to phenotype immune cell 
populations. Contour plots show fluorescence minus one (FMOs) for each analyzed marker. 
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Figure 45. Surgery increases immunosuppressive MDSCs in both Fgl2WT and Fgl2-/- mice. 
Fgl2WT and Fgl2-/- mice received 3x105 B16F10 cells i.v, with/without surgery, and flow cytometry 
was performed on splenic lymphocytes. (A) Splenic PMN-MDSCs (SSChi, CD3-

CD11b+Ly6G+Ly6CLow) were expanded post-surgery. (B) M-MDSCs (SSCLow, CD3-

CD11b+Ly6G-Ly6C+) were observed at a higher frequency in Fgl2-/- mice. Frequency (Top) and 
gMFI (bottom) of ARG1 was unchanged in (C) PMN-MDSCs and increased in (D) M-MDSCs. 
Significance was determined by one-way ANOVA, Tukey’s post-test (n=4-5 mice/group). *p≤ 
0.05, **p≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Data is representative of 3 independent 
experiments.  
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3.3.5. Absence of FGL2 is associated with higher frequency of anti-cancer immune cells 

Querying the human PBMC scRNA-seq data to identify possible cellular targets of FGL2, 

we observed expression of the FGL2 receptors FcγRIIB in CD16+ monocytes and FcγRIII in 

CD16+ monocytes, NK cells, and DCs (subsets 1/3/5) (Figure 46A).  We confirmed FcγRIIB/RIII 

expression in sorted murine NK cells and MDSCs by flow cytometry in Fgl2WT mice (Figure 

46B). We therefore investigated the role of FGL2 in promoting immunosuppression in MDSCs, 

DCs, and NK cells. Given that NK cells are a known target of surgery-induced MDSC-mediated 

immunosuppression (Lu et al., 2020; Mundy-Bosse et al., 2011; Tai et al., 2018; Urakawa et al., 

2019; Wang et al., 2017), we first assessed expression of NK activation molecules (DNAM-1 and 

NKG2D) which we previously showed to be more highly expressed in Fgl2-/- mice. Furthermore, 

markers such as NKG2D have previously been shown to be downregulated in response to surgical 

stress (Tai et al., 2013). While we did not observe downregulation of DNAM-1 or NKG2D in 

response to surgical stress, we did observe higher frequency of DNAM-1+ (Figure 47A) and 

NKG2D+ expressing (Figure 47B) NK cells in Fgl2-/- mice. These results suggest that NK cells 

from Fgl2-/- mice may be more primed to target and eliminate cancer cells (Chan et al., 2010; 

Martinet et al., 2015) more efficiently than the Fgl2WT mice, even after surgery, as evidenced by 

their prolonged survival (Figure 42).  

Given the expression of FGL2 receptors on both NK cells and MDSCS, we next assessed 

whether FGL2 could act directly on these cell populations. rFGL2 had no effect on NK 

cytotoxicity/degranulation (Figure 47C, 47D). CD155 is a ligand for DNAM-1 on MDSCs 

(Carlsten et al., 2009) and by incubating MDSCs sorted from bone marrow of tumour/surgery-

naïve mice, we found that treatment with rFGL2 increased the percentage of cells expressing 

CD155 and expression levels of CD155 on CD11b+Gr1+ cells (Figure 47E).    
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Figure 46. MDSCs, DCs, and NK cells express receptors for FGL2. (A) UMAP figures created 
from scRNA-seq data using Seurat from paired baseline and POD1 PBMC samples (n=6). Each 
point corresponds to an individual cell (baseline: 15108 cells, POD1: 15665 cells). Datasets depict 
cell clusters (top) with accompanying heatmap displaying the level of expression of receptors 
FcγRIIB (middle) and FcγRIII (bottom) in each cell type cluster. (B) NK cells and MDSCs were 
sorted from murine splenocytes and bone marrow cells respectively and assessed for CD16/CD32 
(FcγRIIB/RIII) expression by flow cytometry.  
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Figure 47. NK cells in Fgl2-/- mice are more activated. Fgl2WT and Fgl2-/- mice received 3x105 

B16F10 cells i.v, with/without surgery, and flow cytometry was performed on splenic lymphocytes 
isolated on POD1. (A) Fgl2-/- mice have more DNAM-1+ NK cells, with (B) a higher expression 
(gMFI) of NKG2D. (C) NK cells from Fgl2WT and Fgl2-/- mice were assessed for their ability to 
lyse target cells at 8:1 ratio of effector: target cells (YAC-1), incubated with rFGL2 (or PBS) for 
4 hours.  Gating strategy: Minus Debris/Singlets/NK Cells (CP450+)/lysed cells (PI+). 
Significance determined by paired Student’s t test (n=3 mice, in duplicate). (D) NK cells from 
Fgl2WT and Fgl2-/-  mice were assessed for degranulation (CD107+ (Alter et al., 2004)) by plate-
bound activation with a-NK1.1 or with PBS as an unactivated control, incubated with rFGL2 at 
the indicated doses for 5 hours (n=1 mouse, in triplicate). Gating strategy: Minus 
Debris/Singlets/Live Cells/CD45+/NK Cells (NK1.1+CD3-) and CD107+ NK cells. (E) Sorted 
CD11b+Gr1+ MDSCs (n=4 mice, in triplicate) were incubated with rFGL2 for 24 hours and 
CD155 expression was assessed by cytometry. LPS (1 µg/ml) was added to MDSCs as positive 
control. Average of triplicate samples is presented, showing increased abundance and expression 
of CD155 in CD11b+Gr1+ cells. Significance was determined by paired t test. *p≤ 0.05, **p≤ 
0.01. Data is representative of two independent experiments.  
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Finally, although less commonly studied, DCs have also been shown to be suppressed 

following surgical stress (Brivio et al., 2000; De et al., 2003; Kawasaki et al., 2006), and are a 

well-established target of FGL2 (Liu et al., 2008; Shalev et al., 2008; Yang et al., 2019). 

Interestingly, we found a reduction in DCs following surgery in the Fgl2WT mice but not the Fgl2-

/- mice (Figure 48A), further suggesting that anti-cancer immune cells in Fgl2-/- mice may be more 

resistant to suppression. CD86, a target known to be downregulated by FGL2 in DCs (Liu et al., 

2008), was significantly lower in Fgl2WT mice and higher even after surgery in Fgl2-/- mice (Figure 

48A). Thus, Fgl2-/- mice have a population of NK cells with greater expression of effector 

molecules and a more activated population of DCs after surgery, suggesting that although the 

frequency of MDSCs increased post-operatively, the anti-cancer immune cells of Fgl2-/- mice may 

be more resistant to immunosuppression and thereby prevent the increase in metastases.    
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Figure 48. DCs in Fgl2-/- mice are more resistant to immunosuppression.  Fgl2WT and Fgl2-/- 
mice received 3x105 B16F10 cells i.v, with/without surgery, and flow cytometry was performed 
on splenic lymphocytes isolated on POD1. (A) Fewer DCs were observed on POD1 in Fgl2WT 
mice with no difference observed in Fgl2-/- mice. (B) Fgl2-/- mice have a higher frequency of 
CD86+ DCs. Significance was determined by one-way ANOVA, Tukey’s post-test (n=4-5 
mice/group). *p≤ 0.05, **p≤ 0.01. Data is representative of 3 independent experiments.  
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3.3.6. Summary 

 FGL2 is elevated in human plasma following surgical stress, and is similarly elevated in a 

mouse model of surgical stress. In this mouse model, we showed that elevated FGL2 is 

accompanied by an increase in metastases, while there is no increase in surgical stress-induced 

metastasis in Fgl2-/- mice. Fgl2-/- mice have increased expression of activated NK markers 

suggesting Fgl2-/- mice are less immunosuppressed and may be more resistant to surgical stress-

induced MDSC-mediated NK cell dysfunction. Remarkably, blocking FGL2 with a novel 

immunotherapy prevented the increase in metastasis normally caused by surgical stress.  
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Chapter 4. General Discussion 

Despite recent advancements with treatment of ovarian cancer, the 5-year survival rate 

remains low, and the risk of recurrence remains high, highlighting the need to develop novel, more 

effective treatments. This thesis set out to fully characterize the TME of syngeneic models of 

ovarian cancer, and to use those models to investigate the role of the immunomodulatory protein 

FGL2 in ovarian cancer and melanoma progression, as well as in surgical stress induced 

immunosuppression.  

4.1. The tumour immune profile of murine ovarian cancer models: an essential tool for 
ovarian cancer immunotherapy research  

 
The goal of Chapter 3.1 was to characterize syngeneic models of ovarian cancer, in order 

to better model the heterogeneity of human EOC, particularly HGSOC. In this study we 

extensively characterized the immunogenicity and TME at an advanced stage of EOC using 

models derived from different cells of origin (fallopian tube and ovarian epithelium), harboring 

mutations relevant to human disease, and from different mouse genetic backgrounds (C57BL/6 

and FVB/N). Furthermore, we hoped to be able to attribute the TME characteristics to some of the 

mutational changes, which may help stratify patients or personalize medicine for human ovarian 

cancer patients when it comes to referring patients to clinical trials where they may benefit most 

from the treatment. It is anticipated that this extensive characterization of the tumour immune 

composition of six syngeneic models of EOC will expand testing of immunotherapies for EOC. 

 

4.1.1. Immunogenicity and MHC-I expression in murine syngeneic models 

In the initial characterization, cell lines and tumours from STOSE and MOE cells were 

found to be positive for MHC-I expression while all ID8-derived models expressed little to none. 
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This suggests that cancer cells from the STOSE and MOE models could be more capable of 

presenting TAAs in the TME. Indeed, STOSE and MOE-PTEN/p53-/- were able to induce anti-

tumoural protection when used as a cellular vaccine. Therefore, ID8-derived tumours provide 

researchers with models to investigate treatments capable of overcoming MHC-I loss, associated 

with poor prognosis in EOC and limited response to immunotherapy in other cancer models 

(Galluzzi et al., 2018).  

 

4.1.2. The effect of mouse strain on TME 

Despite different cellular origin, STOSE and MOE tumours had high expression of 

MHC-II and PD-L1, which may be a particularity of the FVB/N genetic background, as similar 

findings on MHC and PD-L1 expression were observed in bladder cancer (Amponsa et al., 

2019). Comparison of ID8-WT and STOSE, two unmodified cell lines of similar origin, allowed 

us to directly assess the impact of mouse strain. There are inherent differences in the immune 

response reported in these strains, where C57BL/6 mice have a Th1 bias and FVB/N, like 

BALB/c, have a Th2 bias (Kim et al., 2012; Watanabe et al., 2004). While both ID8-WT and 

STOSE derive from OSE, their tumours have distinct pathologies, with ID8-WT cells producing 

small primary tumours and large volumes of bloody ascites, whereas STOSE cells generate large 

primary tumours and viscous/mucous ascites. Screening of the T cell compartment revealed that 

ID8-WT and STOSE tumours were poorly infiltrated by T cells, mainly PD-1+. Poor T cell 

recruitment may be attributed to low CD31+ cells, highlighting the poor vascularization in the 

TME (Galluzzi et al., 2018). While ID8-WT primary tumours were poorly infiltrated, the 

metastases were abundant in CD3+ and FOXP3+ cells, and MHC-II+ areas. Chemo/cytokine 

ascites profiles were also different between the two models, potentially contributing to the 
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recruitment of more CD11b+ cells in STOSE tumours. Analysis of these tumours by scRNA-seq 

indicated that STOSE tumours are preferentially infiltrated by immunosuppressive myeloid 

populations, which was confirmed by the abundance of CD206+ M2 TAMs detected by flow 

cytometry. These M2 TAMs, along with high PD-L1 expression, may trigger high expression of 

PD-1 and LAG3 on T cells. STOSE tumours appear rich in adipocytes, which could hinder T cell 

function indirectly by perturbing T cell metabolism or directly through MHC-II expression 

acting as antigen-presenting cells and causing chronic inflammation (Rodriguez et al., 2018; 

Song and Deng, 2020). STOSE tumours are a unique, immunogenic, EOC model with a distinct 

TME that may be informative when testing the response to novel immunotherapies, especially 

those investigating TAMs. 

 

4.1.3. Effect of TP53 deletion in the ID8-derived tumour model 

Recent studies using syngeneic and genetically modified mouse models with HR-deficient 

DNA repair and P53 mutations have highlighted the heavy immune infiltration suggesting a more 

immunogenic phenotype (Iyer et al., 2020; McCool et al., 2020; Walton et al., 2016), which is 

consistent with human disease (Malekzadeh et al., 2021; McCool et al., 2020). However, neither 

ID8-p53-/- nor the derivative cells with Brca2 deletion were immunogenic as determined by MHC 

expression and their inability to induce anti-tumoural protection when administered as a cellular 

vaccine. We observed more T cell infiltration in ID8-p53-/- tumours compared to ID8-WT 

tumours, but not compared to ID8-C3 tumours. Notably, the tumour immune composition of ID8-

WT and ID8-C3 models were often different, perhaps due to clonal selection and/or Cas9 

expression, which can modulate innate/adaptive immune responses (Crudele and Chamberlain, 

2018; Mehta and Merkel, 2020). The similar immune composition in ID8-p53-/- and ID8-C3 
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tumours, as reported by Walton et al., indicates similar tumour development after i.p. and i.b. 

injection of cells (Walton et al., 2016). ID8-p53-/- tumours were highly infiltrated by T cells, 

generally lacking expression of the activation markers CD25 and PD-1, but abundant in FOXP3, 

suggesting the presence of Tregs, which are associated with poor prognosis in human ovarian 

cancer (Preston et al., 2013). This model also recruited preferentially CD11b+CD11c+ cDC2s 

which can hamper the anti-tumoural responses by producing high amounts of IL-10 (Li et al., 

2008; Wculek et al., 2020). Compared to ID8-C3, this model expressed more inhibitory ligand 

PD-L1 in macrophages and CD11c+CD11b+ tolerogenic DCs and more pro-tumour CXCL10 in 

the ascites (Pandey et al., 2021), suggesting a more immunosuppressive TME than the ID8-C3 

tumours. 

 

4.1.4. The TME of MOE-KRAS tumours 

Given that many HGSOC tumours arise from the fallopian tube, we characterized the 

MOE-PTEN/KRAS tumours. Like STOSE, MOE-PTEN/KRAS tumours were highly infiltrated 

by myeloid cells, but these TAMs were primarily CD206 negative. Although both models derive 

from the FVB/N background, there were clear differences in the TME as a consequence of cell-

intrinsic factors (cell type of origin or mutations). MOE-PTEN/KRAS tumours were highly 

infiltrated by CD4+ T cells, contained high frequencies of LAG3+ CD8+ T cells, and displayed 

significant expression of MHC-II. Double staining for MHC-II and cytokeratin 8/18 allowed the 

discrimination of cancer cells from MHC-II+ cells, suggesting other cellular sources of MHC-II 

expression in this model, such as adipocytes (Song and Deng, 2020) or cancer associated 

fibroblasts (Kerdidani et al., 2022). In colorectal cancer, KRAS mutation suppresses Th1/CTL 

immunity, reducing IFN-γ and CXCL10 production, therefore decreasing CTL infiltration (Lal et 
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al., 2018). MOE-PTEN/KRAS tumours displayed a shift towards Th2 CD4+ T cells with a high 

ratio of CD4/CD8 and produced very low amounts of CXCL10 in the ascites fluid. Overall, these 

tumours were poorly infiltrated by T cells, although we noted specific T cell accumulation in 

clusters, potentially enabling T cell activating responses. None of the other models had these T 

cell clusters, suggesting an association with KRAS activation.  

 

4.1.5. PD-L1 expression in the TME of murine ovarian cancer syngeneic models 

PD-L1 expression has been detected in 11-60% of HGSOC cases (Varga et al., 2019). In 

this study all orthotopic tumours expressed PD-L1, but in <3% of the tumour. ID8-p53-/- and 

MOE-PTEN/KRAS models showed high presence and expression of PD-L1 among the immune 

cell populations while STOSE showed high PD-L1 expression in non-immune cells. Given low 

response rates to ICIs for the treatment of ovarian cancer (Hamanishi et al., 2015, 2016b), testing 

ICIs targeting the PD-1/PD-L1 blockade, alone or in combination with other strategies, in these 

models may help to stratify those women who may respond to treatment. Studies investigating 

genetic alterations and response to ICIs have shown that PTEN loss results in resistance to PD-1 

blockade in melanoma and uterine leiomyosarcoma (George et al., 2017; Peng et al., 2016). In 

lung adenocarcinoma, TP53 and KRAS mutations are key factors affecting PD-L1 expression and 

sensitivity to PD-1 blockade (Dong et al., 2017). Future experiments treating a broad range of 

existing murine EOC models (Eddie et al., 2015; Iyer et al., 2020; McCool et al., 2020; Walton et 

al., 2017) with ICI therapy could better elucidate the specific role that these mutations play in 

response to immunotherapy.  

 

4.1.6. Limitations and future directions 
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We studied orthotopic tumours, but this approach was limited by the fact that some MOE 

models (MOE-PTEN/p53 and MOE-PTEN) did not grow well in the intrabursal cavity.  For this 

reason, while we tried to assess the effect of various mutations/deletions on the TME composition, 

we were often limited by the lack of proper controls. Because the MOE-PTENshRNA cell line did 

not grow well after i.b. injection we could not compare the TME in this model to the effect of the 

Trp53 mutation in the MOE-PTENshRNAp53R273H cell line or the KRAS mutation in the MOE-

PTENshRNAKRASG12 cell line. Furthermore, given that the parental MOE cell line is not 

tumourigenic (Eddie et al., 2015), we could not compare the TME in presence of mutations to the 

TME of a non-mutated MOE tumour. Although we observed some differences in ID8-C3 and ID8-

p53-/-, we didn’t have another pair of tumour models, with or without deletions in Trp53, to 

attribute these differences to Trp53 deletion, given that the MOE cell line also had Pten knockout. 

Furthermore, while 96% of human HGSOC have alterations in TP53 (Cancer Genome Atlas 

Research Network, 2011), only about 25% of these result in a TP53 deletion (Cole et al., 2016), 

and the majority represent p53 amplifications or gain of function mutations, which further limits 

this model to a subset of ovarian cancer patients and restricts our comparison to the MOE cell line. 

This severely limited our ability to assign TME profiles to a mutation/deletion, but rather to the 

cell line/tumour model itself.  

In this study we characterized the immune cell populations, cytokine expression, MHC 

expression, and immunogenicity of several syngeneic models, demonstrating that they possess 

unique TMEs. ID8-C3 and ID8-p53-/- models were more T cell infiltrated compared to the ID8-

WT and STOSE, while STOSE and MOE-PTEN/KRAS tumours were heavily infiltrated by 

TAMs. Finally, the scope of our study did not cover NK, NKT, and B cells, which also play 

important roles in tumour immunity. Based on our findings, immunotherapeutic approaches can 
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be proposed (Rodriguez et al., 2018) to determine their efficacy in association with the immune 

characteristics of each model (Appendix 9). For example, differences in MHC-I and -II, as well 

as PD-L1 may suggest which models will respond to ICIs. This comparative analysis provides a 

solid foundation to understand the shared and distinct features of a set of syngeneic models that 

have significant potential for future testing of novel immunotherapies for human patients with 

similar profiles in their TME. 

4.2. FGL2 promotes tumour growth by attenuating infiltration of activated anti-tumour 
Dendritic, Natural Killer and T cells 

 
FGL2 expression in cancer cells is associated with poor survival in a number of different 

cancers such as colorectal carcinoma (Qin et al., 2014), renal (Tang et al., 2017), glioblastoma 

multiforme (Latha et al., 2019; Yan et al., 2015, 2019), liver (Liu et al., 2012; Su et al., 2008), and 

prostate cancer (Rabizadeh et al., 2015), primarily through its prothrombinase function and as a 

mediator of immunosuppression. Tumour immune cell infiltration, including NK cells, DCs, and 

T cells, are indicative of better outcome and good prognosis in human cancers (Pagès et al., 2010), 

including epithelial ovarian (Santoiemma and Powell, 2015; Santoiemma et al., 2016; Zhang et 

al., 2003) and melanoma (Eggermont et al., 2014; Thomas et al., 2013). As such, some studies 

have recently suggested that FGL2 is associated with better prognosis in lung (Yuan et al., 2020a), 

breast (Feng et al., 2020), and gastrointestinal stromal tumour (Pulkka et al., 2022), given FGL2 

is expressed in many immune cell types in the TME. By querying scRNA-seq data of many human 

cancer types, including ovarian, melanoma, lung, breast and colorectal, we have shown that FGL2 

is not commonly expressed in cancer cells, but rather multiple cell types in the TME, with 

predominant expression in monocytes and macrophages. FGL2 levels are higher in ovarian cancer 

ascites than non-cancer ascites, suggesting FGL2 contributes to the immunosuppressive TME in 
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ovarian cancer. Further, we and others (Yang et al., 2019) showed that FGL2 expression in 

immune/stromal cells in the TME is associated with poor survival, with larger tumour burden and 

faster tumour progression, as well as suppression of activation markers on T cells, DCs, and NK 

cells. 

 

4.2.1. Choosing models used to investigate the role of FGL2 in tumour progression 

Based on our laboratory’s expertise in ovarian cancer, we first focused on the role of FGL2 

in EOC, which has not previously been studied. Given our studies using the B16F10 cells in the 

surgical stress model and the fact that the role of FGL2 in tumour progression has not been studied 

in melanoma, we expanded our study to use the B16F10 model to investigate the role of FGL2 in 

melanoma tumour progression. Furthermore, this gave us the opportunity to compare and contrast 

the role of immunomodulatory FGL2 in two cancer types, one which generally does not respond 

to immunotherapy in the clinic (EOC) to one that does (melanoma). 

While we did not fully characterize the ID8-p53-/-Brca2-/- cell line in Chapter 3.1, immune 

infiltration was previously characterized by IHC by Walton et al. (Walton et al., 2016).  Tumours 

derived from this cell line, while not more infiltrated by CD3, CD8, or F480+ cells, was suggested 

to be more immunogenic by the observation of tertiary lymphoid structures (Walton et al., 2016). 

HR (BRCA1, BRCA2) deficiencies in tumours, including ovarian cancer, increases presence of 

neoantigens or tumour mutational burden (TMB), increases immune infiltration, and better 

prognosis (Ciombor and Goldberg, 2018; Clarke et al., 2009; Le et al., 2017; Przybytkowski et al., 

2020; Strickland et al., 2016). A higher TMB can predict response to immunotherapy such as ICIs, 

in lung (Rizvi et al., 2015) and melanoma (Snyder et al., 2014). Although BRCA1 modifications 

are more common than BRCA2 (Cancer Genome Atlas Research Network, 2011), because the ID8-
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p53-/-Brca2-/-  tumours had been partially profiled and suggested to be more immunogenic with the 

presence of tertiary lymphoid structures, we chose to use the ID8-p53-/-Brca2-/- cell line as a 

syngeneic ovarian cancer model in Fgl2WT and Fgl2-/- mice instead of the ID8-WT cell line which 

makes very “cold” tumours. Although it was hypothesized that the ID8-p53-/-Brca2-/- cell line 

would be more immunogenic, we showed that it does not express MHC-I in vitro or in vivo and 

does not confer protection when used as an irradiated cell vaccine, and as such is a poorly 

immunogenic cell line. Future studies would be required to determine the TMB of the ID8-p53-/-

Brca2-/- cell line and to determine the presence of immunogenic antigens, as was done for the ID8-

WT cell line (Martin et al., 2016).  

For treatment with an a-FGL2 antibody we chose to use the syngeneic STOSE model 

developed in our lab (McCloskey et al., 2014). The STOSE model expressed MHC-I in vitro or in 

vivo, was immunogenic (confers protection when used as an irradiated cell vaccine), and thus may 

be more likely to respond to immunotherapy than the poorly immunogenic ID8-p53-/-Brca2-/-  or 

the B16F10 melanoma tumour models. Other studies looking at a variety of syngeneic cell lines 

and response to immunotherapy revealed that MHC-I expression predicts response (Lechner et al., 

2013; Mosely et al., 2017). Furthermore, the high infiltration of macrophages in STOSE tumours 

are CD206+, suggesting M2 polarization. Given the association between FGL2 and M2 

macrophage polarization, the STOSE tumour represents an infiltrated and immunosuppressive 

TME, which may benefit from a-FGL2 immunotherapy treatment. Blocking FGL2 was predicted 

to inhibit the function of these M2 macrophages, prolonging survival. However, treatment with a-

FGL2 antibody did not prolong survival, but did increase the presence of activated T cells in the 

spleen of a-FGL2 treated mice. Prolonging treatment is likely not necessary to prolong survival, 

given that we observed blocking of FGL2 in the ascites fluid at endpoint, suggesting a durable 
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response. However, we may consider treating at earlier timepoints. With PD-1 blockade or OV 

treatment in the ID8 model by other groups, mice were treated much earlier in tumour progression 

(7-10 days post-tumour inoculation; Gil et al., 2014; Guo et al., 2014; Nounamo et al., 2017). The 

presence of highly immunosuppressive ascites that accumulates later in disease prevents the 

effectiveness of treatment, thus treating with a-FGL2 closer to 10-25% of survival rather than the 

midpoint to predicted survival may show some prolongation in survival. Conversely, we did treat 

the B16F10 model at earlier timepoints, beginning around day 3 or 10% of survival, but survival 

was not prolonged in this model either.  

Finally, we decided to compare the poorly immunogenic models of ovarian cancer to the 

commonly used model of B16F10 melanoma (Overwijk and Restifo, 2001). B16F10 has been 

widely used for pre-clinical testing of immunotherapy such as PD-1/PD-L1 ICIs  or OVs (Chen et 

al., 2015; Lemay et al., 2012; Spranger et al., 2014) which have been translated to FDA approved 

treatments (Bommareddy et al., 2017; Hargadon et al., 2018). Although B16F10 is still considered 

poorly immunogenic with low MHC-I expression, the presence of strong antigens (GP100, TRP2) 

(Johnston et al., 1987) and the short survival make it a compelling model to investigate the role of 

immunomodulatory sFGL2.  

 

4.2.2. FGL2 and suppression of NK activation markers 

We demonstrated for the first time that Fgl2-/- mice have more DNAM-1+ NK cells and 

higher expression of NKG2D+ and NKG2A+ markers (Figure 49) and that these DNAM-1+ NK 

cells are found at higher frequencies in both ovarian (ID8-p53-/-Brca2-/-) and melanoma (B16F10) 

tumours. Ostapchuk et al. (2022) proposed that FGL2 directly contributes to suppression of NK 

cell cytotoxicity while Yu et al. (2021) suggested Fgl2 expression in NK cells is associated with a 
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subtype of NK cell with impaired cytotoxicity. In our study, tumour-naïve NK cells were not 

functionally different between Fgl2WT and Fgl2-/- mice, using CD107+ degranulation as a readout 

of NK cell activation and cytotoxicity (Alter et al., 2004), or by direct NK mediated target cell 

(YAC-1) lysis. NK cells may be functionally different via other pathways such as granzyme 

production, proliferation, or antibody-dependent cell-mediated cytotoxicity (Vivier et al., 2008) 

and may be investigated in future studies. However, depleting NK cells in vivo did not suggest NK 

cells were a driving factor to prolong survival in Fgl2-/- mice. Therefore, NK cell marker 

expression may be a downstream consequence of more activated DCs and CD4+ T cells in Fgl2-/- 

mice, producing more IL-15 and IL-2 (de Rham et al., 2007). In one study, FGL2 suppressed MCP-

1 secretion from macrophages which in turn lessened NK cell recruitment and IFN-γ production 

(Fu et al., 2020), suggesting other downstream mechanisms of FGL2 are capable of targeting NK 

cells and their decreased activation. 
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4.2.3. FGL2 and immunosuppression of DCs and T cells in the TME 

Given FGL2’s association with immunosuppressive cell populations (M2 macrophages, 

Tregs, MDSCs) (Joller et al., 2014; Pan et al., 2018; Yan et al., 2015; Zhu et al., 2017) and 

suppression of DC and T cell activation (Liu et al., 2008; Shalev et al., 2008, 2009; Yang et al., 

2019), we further explored these immune cell populations in our two model systems. There were 

more T cells in the tumours of ID8-p53-/-Brca2-/- mice and more activated T cells and DCs in the 

B16F10 tumours, similar to findings by Yang et al. (2019), who investigated the effect of FGL2 

produced by cells in the TME of hepatocellular carcinoma models. Those authors demonstrated 

that the suppression of DCs is due to reduced phosphorylation Akt, NF-κB, CREB, and p38 in 

DCs but not T cells, such that sFGL2 acts directly on DCs which then further suppress CD4+ T 

cell activation, similar to what has previously been shown by others, although not in the context 

of the TME (Liu et al., 2008; Shalev et al., 2008, 2009; Yang et al., 2019). Yang et al. (2019) 

observed a decrease in CD31+ DCs in the absence of FGL2, similar to the decrease in CD31 we 

observed on DCs in the B16F10 tumours. CD31 acts as a co-inhibitory receptor, where CD31+ 

DCs are more tolerogenic, suggesting in the absence of FGL2 DCs in B16F10 tumours are more 

activated (MHC-II+, CD86+, CD40+) and less immunosuppressive (CD31+). Conversely, we also 

observed increased expression of this immune checkpoint in Fgl2-/- tumour-naïve and ID8-p53-/-

Brca2-/- tumour-bearing mice, suggesting a negative feedback mechanism to keep the more 

activated/pro-inflammatory DCs in check in the absence of FGL2 (Clement et al., 2014). In one 

study, FcγR engagement led to the downregulation of CD31, which may prompt further studies as 

to whether sFGL2 is directly acting on DCs through the Fc receptors to downregulate CD31 

(Merchand-Reyes et al., 2019).  
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  Knocking out FGL2 or blocking the function of sFGL2 via monoclonal antibody treatment 

led to increased frequency of or expression of CD25 and TIGIT on CD4+ and CD8+ T cells. 

Although expression of these markers on CD4+ T cells suggests that the T cell population has 

become more activated (Wing et al., 2002; Yu et al., 2009), CD25+ or TIGIT+ T cells often 

represent a more immunosuppressive or regulatory T cell population (Anderson et al., 2016; Joller 

et al., 2014). In the B16F10 and STOSE models, where blocking FGL2 did not prolong survival, 

increased presence of TIGIT+ Tregs, which do express high amounts of FGL2 (Joller et al., 2014), 

may have impeded tumour elimination. Therefore, TIGIT checkpoint blockade in combination 

with FGL2 blocking antibody therapy may be more successful in prolonging survival (Anderson 

et al., 2016). Unlike other models which appear to have decreased frequencies of Tregs in the 

absence of FGL2 (Latha et al., 2019; Yan et al., 2015, 2019), we observed greater frequencies of  

CD25+, TIGIT+ T cells, suggesting an increased abundance of Tregs. Finally, in our models of 

melanoma and ovarian cancer, we did not observe differences in the abundance of MDSCs. While 

this is similar to the outcomes reported for the hepatocellular carcinoma model (Yang et al., 2019), 

it was different from the increased numbers of MDSC seen in the glioblastoma models where 

FGL2 is expressed in the cancer cells (Yan et al., 2015) or in Lewis lung carcinoma where FGL2 

was produced by the TME (Zhu et al., 2017). 

 

4.2.4. Synergy of FGL2 knockout and oncolytic virotherapy  

While FGL2 appears to be involved in numerous common immune pathways in the TME, 

the response to the absence of FGL2 is clearly model-specific. In this study, only B16F10 tumour-

bearing mice had prolonged survival in the absence of FGL2 alone, and the response to FGL2 

deficiency is therefore based on cell-intrinsic or other TME-associated characteristics. Although 
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smaller tumour burden was observed at a single timepoint for ID8-p53-/-Brca2-/- tumour-bearing 

mice, this did not translate to prolonged survival, which may be due to the development of ascites 

which happens quickly at later stages of tumour progression and drives loss of wellness at 

endpoint. Both B16F10 and ID8-p53-/-Brca2-/- cell lines express no/low MHC-I and are poorly 

immunogenic (Lechner et al., 2013; Rodriguez et al., 2022). However, B16F10 cells do express 

immunogenic antigens such as GP100 or TRP2 (Johnston et al., 1987; Matheoud et al., 2011), 

whereas the parental ID8-cell line does not express any immunogenic antigens (Martin et al., 

2016). Immunogenic antigens present in B16F10 cells may explain why the DCs and T cells in 

B16F10 tumours are more activated.  Given that DCs and T cells were in fact more activated, but 

only found in the spleen and not the tumour, the ID8-p53-/-Brca2-/- tumours may have differences 

in physical barriers such as the extracellular matrix or vascularization, or in cytokine/chemokine 

expression, thereby obstructing immune cell infiltration into the tumour (Winkler et al., 2020). As 

such, activated DCs in spleens of Fgl2-/- mice may not be trafficked into ID8-p53-/-Brca2-/- 

tumours. Therefore, it is remarkable that a poorly immunogenic cancer model that is unable to 

respond to a complete knockout in FGL2 was able to survive significantly longer with the addition 

of an OV to an FGL2-deficient background. This may suggest that the OV stimulated immune cell 

trafficking and immunogenic cell death in the primary tumours (Achard et al., 2018), allowing the 

more activated DCs found in the Fgl2-/- spleens to traffic to the tumour, thereby prolonging 

survival. In future studies, depleting DCs, CD4+, or CD8+ T cells in Fgl2WT versus Fgl2-/- mice 

will further support the involvement of the adaptive immune system and importance of a strong 

antigenic response in the role of FGL2 mediated tumour progression. 
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4.2.5. Future directions  

 While blocking FGL2 had subtle effects on altering immune cell phenotypes in the TME 

and did not prolong survival in either the B16F10 or the STOSE models, we showed that the 

absence of FGL2 can potently synergize with OV immunotherapy to successfully prolong survival 

in a model unaffected by the absence of FGL2 alone. In clinical trials to treat ovarian cancer, 

immune checkpoint inhibitors have had limited success with response rates of 5–20% (Guo et al., 

2015b; Hamanishi et al., 2015, 2016a), highlighting the need to develop novel immunotherapeutic 

strategies. While immune checkpoint blockade in melanoma has had marked success, resistance is 

still a challenge in the treatment of melanoma (Carlino et al., 2021). Although blocking FGL2 as 

a monotherapy was unsuccessful in the models studied, we propose that targeting FGL2 in the 

TME has the potential to be another useful tool to incorporate into combination immunotherapies 

for treatment of ovarian cancer and melanoma, such as with OVs or TIGIT blockade. 

 

4.3. FGL2 contributes to post-operative immunosuppression and increased metastatic 

disease 

Tissue injury induces first a pro-inflammatory phase followed by a resolving 

immunosuppressive phase. The resolution phase in the post-operative period involves expansion 

of MDSCs which suppresses NK cell cytotoxicity. This NK cell dysfunction leads to increased 

metastasis in mouse models of surgical stress (Seth et al., 2013; Tai et al., 2013, 2018). FGL2 was 

recently described to be induced during the pro-inflammatory phase during sepsis (non-sterile 

tissue injury), cleaved from expanded myeloid cells by ADAM17, and is a mediator of 
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immunosuppression (Zhou et al., 2019). In this study, we investigated the role of FGL2 in surgical 

stress, or sterile tissue injury, highlighting the role of FGL2 in resolving inflammation. 

We first show that plasma FGL2 levels were elevated following surgery.  Querying 

previously published and publicly available scRNA-seq data, we found that FGL2 was expressed 

in CD14+ and CD16+ monocytes and DCs [subsets 1/3/5 based on novel scRNA-seq 

classifications (Villani et al., 2017)]. This is in accordance with previous studies which described 

FGL2 expression in monocytes/macrophages (Marsden et al., 2003; Ning et al., 2005; Yang et al., 

2013; Zhou et al., 2019) and DCs (Yang et al., 2013). While the expression levels of FGL2 were 

not significantly increased, the frequency of FGL2 and ADAM17 expressing cells increased 

following surgical stress, similar to the expansion of monocyte/macrophage populations observed 

during sepsis (Zhou et al., 2019) and suggests plasma FGL2 is elevated due to expansion of the 

FGL2-expressing populations. In our mouse model of surgical stress-induced metastasis, plasma 

FGL2 was increased following surgery, and the absence of FGL2 prevented the increase in the 

incidence of metastasis caused by surgical stress. While elevated FGL2 plays a role in resolving 

inflammation (Zhou et al., 2019), in the case of cancer metastases, the immunosuppression leads 

to increased metastases, while the absence of FGL2 does not. 

 

4.3.1. FGL2 does not alter expansion of MDSCs following surgical stress 

Surgical stress induces MDSCs and leads to suppression of NK cells (Lu et al., 2020; 

Mundy-Bosse et al., 2011; Tai et al., 2018; Urakawa et al., 2019; Wang et al., 2017). One such 

mechanism is through elevated expression of ARG-1 (Angka et al., 2022); however. in our model, 

knocking out FGL2 did not affect the abundance of PMN-MDSCs or expression of ARG-1 

following surgery. Many mechanisms of immunosuppression by MDSCs have been described, 
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such as cytokine secretion (IL-10, TGF-b), immune-regulatory mediators such as reactive oxygen 

species, nitric oxide, PGE2, or expression of immunosuppressive immune checkpoints such as PD-

L1 (Bronte et al., 2016). In fact, we showed in this study that FGL2 can augment expression of 

CD155 on MDSCs. CD155 is a ligand for DNAM-1 and has been shown to downregulate DNAM-

1 (Carlsten et al., 2009) on NK cells, and thereby negatively impact NK cytotoxicity. Indeed Fgl2-

/- mice have higher DNAM-1 expression, even after surgical stress, suggesting these NK cells 

present a more activated/cytotoxic population (Chan et al., 2010; Martinet et al., 2015). 

Additionally, CD155 is a ligand for immunosuppressive TIGIT, meaning increased CD155 may 

cause increased immunosuppression of NK and T cells following surgical stress though the 

CD155-TIGIT interaction (Anderson et al., 2016). Furthermore, our results revealed that FGL2 is 

associated with lower expression of the cytotoxic effector molecule NKG2D on NK cells. TGF-b 

is a potent effector of MDSCs, downregulating NKG2D (Lee et al., 2004) and DNAM-1 (Cluxton 

et al., 2019) on NK cells, impairing cytotoxicity. Future studies should investigate FGL2’s role in 

TGF-b secretion by MDSCs, as we would hypothesize that FGL2 induced TGF-b, leading to 

downregulation of NKG2D and DNAM-1. Overall, we observed higher expression of NKG2D 

and DNAM-1 in NK cells of Fgl2-/- mice which may lead to more effective cancer cell surveillance 

and elimination during the post-operative immunosuppressive window. Further studies are needed 

to assess the suppression of NK cell cytotoxicity by MDSCs, treated with rFGL2, to determine if 

FGL2 increases the suppressive function of MDSCs. Additionally, depleting MDSC populations 

or CD155 blockage following surgical stress in Fgl2WT and Fgl2-/- mice could reveal the role of 

FGL2 and the involvement of these cells in preventing metastases.  

 

4.3.2. Surgical stress induced immunosuppression of dendritic cells 
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While the majority of studies on surgical stress have focused on MDSC suppression of NK 

and T cells, there is some evidence that the DC population is also suppressed in a post-operative 

window (Brivio et al., 2000; De et al., 2003; Kawasaki et al., 2006).  In the B16F10 model of 

surgical stress induced metastasis we observed a lower frequency of DCs in Fgl2WT mice after 

surgery, but no difference in DCs in Fgl2-/- mice. Furthermore, we showed that DCs in Fgl2-/- mice 

have more CD86+ DCs compared to Fgl2WT following surgery, suggesting they may be more 

resistant to immunosuppression, and may be more efficient for T cell priming and cancer cell 

elimination (Liu et al., 2008; Shalev et al., 2008, 2009; Yang et al., 2019). Further studies are 

needed, such as depleting DC populations following surgical stress in Fgl2WT and Fgl2-/- mice to 

show the role of FGL2 and the involvement of these cells in preventing metastases.  

 

4.3.3. Limitations and future directions 

Although we focused on the immunosuppressive functions of FGL2, it is important to note 

that the FGL2 knockout mice will delete the entire FGL2 gene (Shalev et al., 2008), including both 

the membrane-bound prothrombinase and the secreted immunosuppressive form. Furthermore, the 

FGL2 blocking antibody used in this study is a polyclonal antibody which will block both forms 

of FGL2. The membrane-bound prothrombinase function of FGL2 cleaves pro-thrombin to 

thrombin, independent of other coagulation functions (Chan et al., 2002; Yuwaraj et al., 2001). 

Importantly, the coagulation cascade triggered by surgical stress contributes to metastases, where 

thrombin generation leads to activated platelets and fibrin clots, preventing efficient clearance of 

cancer cells (Seth et al., 2013). Furthermore, thrombin triggers myeloid cell activation (Kaplanski 

et al., 1997) and infiltration, including monocytes and PMNs, by directly acting as a 

chemoattractant (Bar-Shavit et al., 1983; Bizios et al., 1986) or by activating endothelial cells and 
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platelets to express P-selectin and stimulate adhesion (Kaplanski et al., 1998; Sugama et al., 1992; 

Zimmerman et al., 1985). Using scRNA-seq data, we showed that surgery enhances expression of 

FGL2 in CD14+ and CD16+ monocytes and DCs and that sFGL2 is induced in plasma post-

operatively, however we did not investigate levels of the membrane-bound form specifically. In 

the case of the non-sterile tissue injury (sepsis) there were temporal shifts in the expression of 

FGL2, with mFGL2 being cleaved to sFGL2 during the first 24 hours, resulting in decreased 

mFGL2 but increased sFGL2 (Zhou et al., 2019). Nevertheless, it is important to note that the 

prothrombinase function of FGL2 may contribute to the fibrin clots by thrombin generation and 

platelet activation, thus deleting/blocking the membrane-bound form in addition to the secreted 

form, which may have contributed to blocking the coagulation cascade triggered after surgery, and 

to fewer metastases after surgical stress. Future studies using the monoclonal a-FGL2 antibody to 

block the immunosuppressive functions of FGL2 alone may help to differentiate between the role 

of mFGL2 and sFGL2 in surgical stress. 
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Given surgery is a first-line treatment strategy for a number of different cancers, including 

melanoma and ovarian cancer, we first sought to use a well-established model of surgical stress to 

show the role of FGL2 in post-operative immunosuppression prior to developing more clinically 

relevant models. Future studies could develop a resection model for ovarian cancer, similar to the 

4T1 breast cancer model of surgical stress, for a more clinically relevant model for ovarian cancer 

surgical stress. Cancer cells could be injected i.b. in Fgl2-/- mice and Fgl2WT mice, followed by 

oophorectomy around halfway to predicted endpoint, allowing for primary tumour growth, but few 

metastases or ascites. Mice could be assessed for survival or taken at a timepoint prior to endpoint 

to assess tumour burden and ascites volume. This would allow us to determine if surgical stress 

similarly induces metastasis in an ovarian cancer model, and what, if any, role FGL2 plays in 

inducing metastasis. Alternatively, mice could be treated before, on the day of, and after surgical 

resection to determine if blocking FGL2 as a novel immunotherapy could improve survival 

following surgical resection, allowing us to more closely model human disease. 

While several treatments are being tested in clinical trials to relieve post-operative 

immunosuppression or the coagulation cascade (Market et al., 2018), there is still work to be done 

in order to improve outcomes and prevent recurrence following surgical resection, as surgery is 

one of the most common treatments for many types of cancer. An FGL2 blocking antibody was 

able to prevent increased metastasis in the B16F10 model of surgical stress when used as a peri-

operative treatment.  This very positive outcome suggests that a-FGL2 immunotherapy should be 

investigated further as a potential treatment for the prevention of metastases and recurrence. 

Knowing ADAM17 is capable of cleaving FGL2 (Zhou et al., 2019), and is similarly induced 

following surgical stress, targeting ADAM17 with small molecule inhibitors, already in clinical 

trials (Calligaris et al., 2021), may be an effective alternative strategy to block the secretion of 
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FGL2 and its role in the post-operative immunosuppressive period and its association with 

increased metastases.  

In this study we showed for the first time the involvement of FGL2 in surgical stress 

induced metastasis. The absence of FGL2 is associated with NK cells expressing more/higher 

levels of effector molecules NKG2D and DNAM-1, even during surgical stress induced 

immunosuppression. Furthermore, we show that DCs are suppressed following surgical stress, but 

Fgl2-/- mice are resistant to this suppression with more CD86+ DCs following surgery in these 

mice. Blocking FGL2 may be an effective immunotherapeutic strategy to relieve 

immunosuppression of NK cells and DCs, and to prevent metastasis and recurrence. 

 

4.4. Conclusions 

 
This thesis set out to fully characterize the TME of syngeneic models of ovarian cancer, 

and to test a novel immunotherapy for the treatment of ovarian cancer and melanoma, and for the 

treatment of surgical stress induced immunosuppression. We assessed MHC-I expression, 

immunogenicity, immune cell populations, and cytokine profiles of ascites, in 6 syngeneic models 

of ovarian cancer (Chapter 3.1). This characterization provides a valuable resource for ovarian 

cancer research, to expand syngeneic model systems for immunotherapy research to include a 

variety of mutations relevant to human disease (TP53, BRCA1, BRCA2, PTEN, KRAS) and to 

include both ovarian surface epithelial and fallopian tube derived models to encompass the 

heterogeneity of human disease initiation. This study showed for the first time that FGL2 is 

primarily expressed in macrophages/monocytes in the tumour, with minimal or no expression of 

FGL2 in the cancer cells. We then described the role of FGL2 expressed from immune/stromal 

cells of the TME in ovarian cancer disease progression and showed how its deletion can synergize 
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with OV immunotherapy to prolong survival. Furthermore, we showed the importance of model 

selection for the investigation of immunomodulatory factors by including the B16F10 melanoma 

model in which the absence of FGL2 prolonged survival (Chapter 3.2). Finally, we showed that 

elevated FGL2 is associated with increased metastasis in response to surgical stress, and that Fgl2-

/- immune cells (NK and DCs) may be more resistant to post-operative immunosuppression by 

being more activated (Chapter 3.3). We report the novel discovery that, in multiple murine cancer 

models, as well as tumour-naïve mice, Fgl2-/-  NK cells are more DNAM-1+ and NKG2D+, which 

suggests that NK cells in Fgl2-/- mice may be more activated. These novel findings expand our 

knowledge of FGL2-mediated immunosuppression which typically focuses on the role of FGL2 

in DCs, macrophages, and Tregs, to include NK cells.  
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Appendix 1. Role of mFGL2 and sFGL2 in tumour progression 

Cancer Type 
mFGL2/ 
sFGL2 

Role of FGL2 Reference 

Various (colon, 
esophageal, 
gastric, breast, 
lung, cervix) 

mFGL2 

• FGL2 colocalized with fibrin deposition in a variety of tumours 
• FGL2 induced by tumour related cytokines (IFN-g and IL-2) in 

macrophage/endothelial cell lines contributes to coagulation 

(Su et al., 2008) 

HCC mFGL2 

• FGL2 colocalizes with fibrin deposition in HCC tumours 
• Elevated FGL2 in HCC cell lines is associated with lower coagulation time 

while knockdown of FGL2 is associated with decreased proliferation 
• The knockout of FGL2 in HCC cell line xenograft tumours decreased tumour 

progression and tumour volume, and decreased tumour vessel density 

(Liu et al., 2012) 

CRC mFGL2 

• FGL2 is highly expressed in tumour tissue compared to peritumour tissue in 
CRC patients. 

• High FGL2 is correlated with poor overall survival 
• Knockdown of FGL2 in CRC cell lines decreased proliferation, made cells more 

epithelial in vitro and decreased tumour growth and microvessel density (CD31 
IHC staining) in vivo 

(Qin et al., 2014) 

HCC sFGL2 
• sFGL2 is elevated in plasma of patients with liver cirrhosis and hepatocellular 

carcinoma 
• sFGL2 produced by hepatic stem cells may suppress CD8+ T cell proliferation 

and activation (IFN-g) 

(Sun et al., 2014) 

Prostate mFGL2 
• FGL2 silencing in PC-3 xenografts in immunodeficient (SCID) mice decreased 

tumour growth and vessel density (VWF IHC staining)  
• Silencing FGL2 is thought to decrease tumour angiogenesis through 

downregulated ERK1/2 phosphorylation 

(Rabizadeh et al., 2015) 

GBM sFGL2 

• High FGL2 mRNA expression in GBM TCGA data associated with poorer 
survival and correlates with immunosuppressive markers (PD-1, PD-L1, CTLA-
4, CD39, BTLA, LAG3, TGF-β1, and IL-10)  

• FGL2 is elevated in glioblastoma cell lines and tumours compared to low grade 
glioma 

(Yan et al., 2015) 
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• High FGL2 associated with better prognosis and is positively correlated with 
immune cell infiltration (B cells, CD4/CD8+ T cells, macrophages and DCs) 

HCC sFGL2 • Overexpressing FGL2 in HCC cells leads to larger tumour growth which is 
attributed to more MDSCs found in the tumour and spleen.  

(Liu et al., 2021) 

GBM sFGL2 
• FGL2 secreted from glioma stem cells binds FcγRllB on monocytes, inducing 

CXCL7 which recruits glioma stem cells and promotes proliferation and stem-
like transition 

(Yan et al., 2021) 

Gastric NA 
• FGL2 highly expressed in Subtype 3 of gastric cancer which has best prognosis 

and high prevalence of immune cells (CD4/CD8+ T cells, DCs, NK cells, 
Macrophages) 

(Cao et al., 2021) 

Gastrointestinal 
stromal NA • FGL2 associated with better recurrence free survival (Pulkka et al., 2022) 

Prostate sFGL2 • FGL2 containing media from prostate cancer cells, decreases IFN-g expression 
and CD107 degranulation in NK cells. 

(Ostapchuk et al., 2022) 

CSCC mFGL2 
• Higher expression in CSCC tumours 
• FGL2 in cancer cells promotes proliferation in vitro and tumour growth in vivo 
• FGL2 regulates ERK-dependent autophagy 

(Zeng et al., 2022) 
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Appendix 2: Hallmark gene list for ID8 and STOSE cancer cells 

 ID8 STOSE 
1 Rdh10 Sulf1 
3 Hspd1 Cfh 
4 Hspe1 Prdx6 
8 Ier5 Creg1 
9 Atf3 Wt1 

10 Hspa5 Prnp 
11 Tnfaip6 Lrrn4 
15 Tm4sf1 Cst12 
18 F3 Slpi 
19 Dnaja1 Ptgis 
21 Cd52 Pmepa1 
22 Errfi1 Rpl39 
23 Fosl2 Xist 
24 Jchain Rpl22l1 
27 Hspb1 Ecm1 
29 Hsph1 Vcam1 
30 Gm20186 Pnrc1 
31 Igkc Prdx1 
37 Fxyd3 Rspo1 
40 Bag3 Nbl1 
41 Sbno2 Akr1b3 
43 Phlda1 Cald1 
44 Tspan8 1810058I24Rik 
45 Star Tmem176b 
51 Mt1 Tmem176a 
53 Rgcc Mgst1 
54 Hspa8 Rps9 
55 Csrnp1 Ifitm3 
57 Tm4sf5 Ctsd 
58 Vmp1 Psap 
59 Krt19 Bicc1 
63 Timp2 Col6a1 
64 Klf6 Hal 
66 Rhob Cd63 
67 Ifrd1 Hmox1 
70 Hsp90aa1 Ncam1 
72 Ighm Cryab 
74 Pkhd1l1 Ppib 
75 Trib1 Gsta4 
76 Myc Eef1a1 
77 Lgals2 Trf 
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79 Maff Rpl23 
80 Krt7 Krt14 
81 Krt8 Slc9a3r1 
87 Pim1 Akr1c18 
88 H2-K1 Gas1 
89 Hspa1b Zfp36l1 
90 Ier3 Ifi27l2a 
93 Cystm1 Rpl37 
95 Chka Ndrg1 

100 Dusp5 Rpl8 
101   Pfdn5 
102   Atp5g2 
103   Msln 
104   Fau 
105   Zfand5 
106   Il33 
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Appendix 2: M0/M1/M2 gene-sets.  

First 50 genes, complete list of genes presented in supplemental Table 5 (Rodriguez et al., 2022)
M0 M1 M2 
Lifr Cxcl9 Retnla 
Ighm Il12b Flt1 
Ccr3 Slfn1 Arg1 
Rad51ap1 Ms4a4c Mgl2 
Cdca7 Ptges Tmem26 
Shcbp1 Cd38 Rnase2a 
Cenpi Susd2 Egr2 
Slc40a1 Zfp811 Tmem26 
E2f8 Cxcl10 Egr2 
P2ry1 Ppfia3 Ube2c 
Slc13a3 Nos2 Mrc1 
BB163080 Slco3a1 Gask1b 
Slc9a9 Pstpip2 Chil3 
Cacna1b Hdc Irf4 
Cd5l Ptges Il1rl1 
Stmn1 Gbp6 Socs2 
Pcp4l1 Mcemp1 Olfm1 
Cryba4 U90926 Il31ra 
Sncaip Rsad2 Ptgs1 
Rad51ap1 Ifit1bl1 Pparg 
Slc40a1 Cd200 Il31ra 
Slc46a3 Epb41l3 Lat 
Armc3 Ccrl2 Atp6v0d2 
Fcrls Plpp1 F3 
Rab3il1 Dgat2 Rbp4 
Dlgap5 Cd69 Ccnb2 
Cdc25c Irf7 Ptgs1 
Tmem176b Acsl1 Ryr1 
Cep55 Gpr18 Gask1b 
Gas6 Cx3cr1 Pole 
Sult1a1 Smpdl3b Rnase6 
Cd28 Mx1 Wwc1 
Rrm2 Clec4e Mcf2l 
Tmem176a F11r Atp6v0d2 
Stmn1 Calhm6 Matk 
Ccnd1 Ifi213 S100a4 
Rasgrp3 AY512915 Npas2 
Abcb1b Hcar2 Clec7a 
Cdca3 Ms4a6b E2f7 
Ccnd1 Tnf Nuf2 
Slc9a9 Iigp1 Dclk1 
Rrm2 Ddx60 Clec4b1 
Uhrf1 Oas3 Itgb3 
Rgs2 Irak3 Flt1 
Efr3b Procr Esco2 
Rgs2 Cmpk2 Ankrd55 
Rnf150 Dgat2 Kif23 
Slc13a3 4930518F22Rik Pclaf 
Smagp Nfkbiz Ccl17 
Mcm5 Ifi209 Pdcd1lg2 
Rgs18 Herc6 Rras2 
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Appendix 4: Average and standard deviation of concentrations of cytokines and chemokines in the ascites of syngeneic mouse 
models of ovarian cancer at endpoint. 

Cytokine/ 
Chemokine ID8-WT ID8-C3 ID8-Tp53-/- F3 STOSE MOE-PTENshRNA 

MOE-
PTENshRNA 

(pg/mL) (n=7) (n=3) (n=7) (n=4) KRASG12V p53R273H 

          (n=7) (n=2) 

IFN-γ 2.31 ± 2.40 7.33 ± 4.31 7.88 ± 2.43 454.08 ± 475.13 10.13 ± 6.72 3.24 ± 4.58 

IL-10 681 ± 247.74 488.35 ± 280.06 807.34 ± 213.35 1036.61± 374.44 2213.45 ± 648.34 258.26 ± 365.23 

CCL4 27.51 ± 13.54 34.42 ± 15.66 40.07 ± 17.07 73.7 ± 27.15 47.28 ± 10.31 23.76 ± 33.59 

IFN-α 3.45 ± 3.79 8.99 ± 8.78 6.28 ± 3.41 30.59 ± 14.44 9.31 ± 5.83 6 ± 8.48 

CXCL9 5.44 ± 9.91 11.7 ± 20.26 53.35 ± 37.65 3744.98 ± 3947.50 34.44 ± 38.70 6.21 ± 8.78 

CXCL10 756.07 ± 491.13 3143.28 ± 1447.90 8799.47 ± 6790.58 1.60E+04 ± 6912.75 648.26 ± 354.62 741.5 ± 824.06 

TNF-α 36.44 ± 20.02 66.37± 52.49 43.42 ± 10.02 451.78 ± 346.65 21.3 ± 6.12 43.72 ± 43.81 

IL-6 170.47± 103.66 439 ± 127.49 497.06 ± 415.81 1836.16 ± 1682.97 858.57 ± 257.21 513.48 ± 181.79 

VEGF 1.31E+06 ± 1.66Ε+06 3006.03 ± 932.23 5427.64 ± 2783.62 5108.65 ± 3471.08 1322.53 ± 1182.76 562.78 ± 463.18 

IL-4 1.31± 2.45 0 ± 0.00 0.63 ± 1.13 827.87 ± 798.96 1.27 ± 0.94 1.47 ± 2.08 

CCL3 53.46 ± 100.10 14.13 ± 6.63 16.85 ± 6.64 21.04 ± 40.88 17.96 ± 7.17 19.41 ± 53.46 

CCL2 935.58 ± 852.90 56.88 ± 33.32 164.97 ± 72.69 7512.37 ± 7086.16 78.28 ± 55.28 257.1 ± 935.58 

GM-CSF 23.8 ± 30.21 2.83 ± 4.9 10.63 ± 7.35 1726.23 ± 1698.54 21.21 ± 10.64 19.21 ± 23.8 
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Appendix 5: Average and standard deviation of concentrations of cytokines and chemokines in the plasma of syngeneic mouse 
models of ovarian cancer collected near endpoint. 

 

Cytokine/ 
Chemokine 

(pg/mL) 

ID8-WT   
(n=5) 

ID8-C3 
(n=5) 

ID8-Tp53-/- 
F3 (n=5) 

C57BL/6 
control  
(n=9) 

STOSE 
(n=5) 

MOE-
PTENshRNA/ 
KRASG12V  

(n=5) 

MOE-
PTENshRNA/ 

p53R273H 

(n=2) 

FVB/N 
control 
(n=6) 

IFN-γ 14.56 ±11.56 10.56 
±3.08 8.04 ± 3.42 38.60 ± 43.99 36.99 ± 

24.43 45.75 ± 47.96 1.43 ± 2.02 27.11± 33.36 

IL-10 549.2± 422.09 358.31± 
190.39 

340.97 ± 
199.04 

827.07 ± 
758.69 

995.93 ± 
485.89 924.07 ± 804.72 0.00 ± 0.00 495.5 ± 

461.68 

CCL4 61.53± 41.50 64.43 ± 
20.26 58.65 ± 33.53 93.70 ± 56.44 113.52 ± 

30.49 114.89 ± 58.52 0.00 ± 0.00 83.97 ± 36.31 

IFN-a 17.35± 14.40 6.62 ± 5.59 5.85 ± 4.16 42.87 ± 53.24 41.41 ± 
35.36 49.05 ± 60.04 0.00 ± 0.00 20.61 ± 34.52 

CXCL9 22.42± 21.46 30.22 ± 
12.06 8.34 ± 7.80 36.24 ± 26.22 17.54 ± 

13.83 24.06 ± 15.42 39.87 ± 37.56 34.64 ± 34.76 

CXCL10 605.19±263.48 471.04 ± 
255.06 

2144.39 ± 
2558.09 

418.80 ± 
157.65 

388.95 ± 
200.63 542.58 ± 83.55 456.30 ± 37.48 510.50 ± 

237.01 

TNF-α 16.67± 12.28 9.40 ± 2.93 20.27 ± 18.74 11.60 ± 8.46 30.08 ± 
15.77 22.89 ± 12.27 7.69 ± 0.06 15.17 ± 9.48 

IL-6 14.35± 10.88 3.92 ± 2.50 51.99 ± 84.20 7.45 ± 4.27 96.51 ± 
115.80 42.07 ± 42.30 1.72 ± 0.39 6.03 ± 4.84 

VEGF 6.45± 4.78 3.67 ± 2.25 43.40 ± 88.96 6.44 ± 5.44 7.22 ± 3.86 10.70 ± 5.61 0.00 ± 0.00 14.03 ± 17.14 
IL-4 5.18± 2.37 3.43 ± 0.99 3.05 ± 1.29 5.39 ± 4.10 5.24 ± 2.71 5.57 ± 3.99 0.00 ± 0.00 3.90 ± 2.85 

CCL3 91.46±133.93 14.23 ± 
7.62 22.70 ± 13.63 47.15 ± 43.88 36.81 ± 

26.80 45.99 ± 46.77 1.38 ± 1.96 90.59 ± 
127.97 

CCL2 209.6± 117.16 110.17 ± 
47.38 

164.83 ± 
185.35 

128.92 
±78.93 

148.99 ± 
36.89 225.98 ± 116.76 48.38 ± 30.90 116.11 ± 

54.66 

GM-CSF 11.22± 19.89 4.61 ± 6.32 0.00 ± 0.00 23.90 ± 23.03 39.68 ± 
23.57 34.03 ± 37.28 0.00 ± 0.00 44.91 ± 34.14 
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Appendix 6: Non-cancer and ovarian cancer ascites patient characteristics 
 Study ID Date enrolled Diagnosis M/F/O 

Non-cancer ascites 
(Protocol #: 

20210799-01H) 

ACB-002 09-Feb-22 Non cirrhotic portal hypertension (idiopathic) F 
ACB-003 11-Feb-22 Alcohol cirrhosis M 
ACB-004 14-Feb-22 Likely alcohol decompensated cirrhosis F 
ACB-005 28-Feb-22 Alcohol cirrhosis M 
ACB-006 02-Mar-22 Alcohol cirrhosis F 
ACB-007 04-Mar-22 Nonalcoholic Steatohepatitis (NASH) F 
ACB-008 04-Mar-22 Cirrhosis due to congestive hepatopathy F 

hA1 NA Cirrhosis  Unknown 
hA2 NA Cirrhosis  Unknown 

Ovarian Cancer 
Ascites (Protocol #: 

1999540-01H) 

2191 Mar.10.17 High Grade Serous F 
2261 Jul.24.18 High Grade Serous F 
2219 Sept.28.17 High Grade Serous F 
2166b Mar.2.17 High Grade Serous F 
2158 Aprl.8.16 High Grade Serous F 
1947 Jan.14.09 High Grade Serous F 
2172a Jul.8.16 High Grade Serous F 
1927 April.4.07 High Grade Serous F 
1413 June.21.06 High Grade Serous F 
1940 July.2.08 High Grade Serous F 
1359 Sept.24.04 High Grade Serous F 
2301 Feb.6.20 High Grade Serous F 
2272 Nov.16.18 High Grade Serous F 
2161 May.3.16 High Grade Serous F 
2217 Aug.20.17 High Grade Serous F 
2170a Jan.16.16 High Grade Serous F 
2166 June.2.16 High Grade Serous F 
2141 Dec.17.15 High Grade Serous F 
2162 May.6.16 High Grade Serous F 
2302 Feb.13.20 High Grade Serous F 
2177 Aug.12.16 High Grade Serous F 
2221 Sept.28.17 High Grade Serous F 
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Appendix 8. Patient characteristics and plasma FGL2 levels at baseline and POD1. 

 

       FGL2 (ng/mL) 
Patient 

ID Sex Age Cancer Type Baseline POD1 
489 M 18 Non cancer 14.19175 27.62542 
536 M 61 Thymoma 26.17614 76.73356 
490 F 75 Non cancer 9.732441 8.896321 
550 M 60 Parotid gland 25.39576 35.37347 
534 M 72 Thigh sarcoma 14.91639 32.14047 
548 M 66 Prostate 22.32999 14.19175 
508 F 30 Myxoid liposarcoma 85.98662 110.0669 
562 M 70 Lung 28.4058 44.29208 
540 M 50 Renal 51.98439 74.72687 
539 M 61 Lung and prostate 11.68339 17.14604 
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Appendix 9: Key features of syngeneic models of ovarian cancer 

 
Murine tumour 

model Key features of the TME 
Proposed immunotherapy  

(Rodriguez et al., 2018) 

1. ID8-WT 
Coldest tumour on the C57BL6 background. Immunogenic cell death inducers, oncolytic 

virotherapy Higher production of VEGF and CCL3 in the ascites fluid. 

2. ID8-C3 Necessary control for ID8 mutants, as Cas9 expression influences 
immune infiltration profile. 

Immunogenic cell death inducers, oncolytic 
virotherapy 

3. ID8-p53-/- P53 depletion influences myeloid recruitment. Immunogenic cell death inducers, TLR 
agonists, IDO inhibitors 

4. STOSE 

Higher content of M2-like macrophages.  
Macrophages reprogramming agents 
(Trabectedin)  

Tumours with high adipocyte content. 
Higher concentration of CCL2, CXCL9, GM-CSF, IFN-γ, IL-4 and TNF-
α in the ascites fluid. 

5. MOE-
PTEN/KRAS 

Immune profile similar to ID8-WT. 

Cell therapy transfer, ICI 
Tumours harbor T cell clusters. 
Lack of recruitment of M2-like macrophages. High PD-L1 expression on 
the myeloid compartment. 
High concentration of IL-10 in the ascites fluid. 

6. MOE-PTEN/p53 Higher MHC-II expression in the TME. 

Oncolytic virotherapy, 

Infected cell vaccine (deliver MHC-II 
dependent Ag to increase CD4+ T cell 
responses) 

 


