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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-p537~ 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-p537 Brca2”- model of ovarian cancer.

v



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 (Riiegg 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



activity, directly cleaving prothrombin to thrombin (Levy et al., 2000; Yuwaraj et al., 2001). The
secreted form of the protein has immunomodulatory functions (Riiegg and Pytela, 1995; Shalev et
al., 2008). FGL2 is 439 amino acids (aa) long with a hydrophobic transmembrane domain (aal-
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 Fcy 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 Fcy 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 sSFGL2 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 sSFGL2 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-4661 increased both sFGL2 and mFGL2 expression in

monocytes/macrophages, while treatment with ADAMI0 and ADAMI17 metalloproteinase



inhibitors reduced sFGL2 secretion and increased mFGL2 expression, suggesting ADAM17 is
capable of cleaving sSFGL2 (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-y) and tumour necrosis factor alpha (TNF-a) (Chan et al., 2003; Marazzi et al., 1998; Riiegg
and Pytela, 1995), miR-4661 (Zhou et al., 2019), virus infection [murine hepatitis virus (MHV-3),
hepatitis ¢ 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-/RI”~ 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-y,TNF-o) 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-y 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).



1.1.1 mFGL?2 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 (EI-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



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 sSFGL2 (Figure 1).

sFGL2 acts via its receptors FcyRIIB and FcyRIII expressed on the surface of macrophages
and DCs (both FcyRIIB and FcyRIIT) as well as B cells (FcyRIIB 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 FcyRIIB on macrophages suppressed
MCP-1 expression through JNK activation, leading to reduced recruitment of IFN-y producing NK
and NKT cells (Fu et al., 2020). sFGL2 also directly induces B cell apoptosis upon binding to the
FcyRIIB receptor (Liu et al., 2008; Shalev et al., 2008).

There has been increasing evidence in several disease systems that an abundance of sSFGL2
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 sSFGL2 binding FcyRIIB receptors to promote M2 macrophage polarization, including



increased CD206 expression, secretion of transforming growth factor beta (TGF-f) and IL-10, and
expression of immunosuppressive genes such as Arginase-1 (ARGI) (Hou et al., 2021).
Conversely, FGL2 deletion has been associated with M2 polarization in intrauterine inflammation
(Zhan et al., 2021) and renal fibrosis (Wu 