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Abstract

Breast cancer metastasis accounts for 90% of breast cancer-related deaths. Triple-
negative breast cancer (TNBC) is the most aggressive breast cancer subtype and
associated with the poorest prognosis, limited treatment options and high relapse
rates. Therefore, exploiting new targets to abrogate metastasis are required. We
show that mammary tumours from K14Cre;Brcal”";Trp53"" (KB1P) mice, a mouse of
model TBNC, have elevated expression of macrophage-stimulation protein (MSP),
the ligand of the tyrosine kinase receptor Recepteur d’orginine nantais (RON). Using
cell lines derived from KB1P mammary tumours, we observed that endogenous MSP
promotes invasiveness in vitro, which can be pharmacologically abrogated by a RON
inhibitor. The role of the cancer cell-initiated y3 T cell - IL-17 - neutrophil axis in
breast cancer metastasis has been demonstrated in a mouse model of lobular breast
cancer. We observed that this metastatic cascade is also relevant in KB1P mice. In
contrast to their IL-17 producing counterparts, IFNy y0 T cells are implied to have
anti-tumourigenic potential, but their role in breast cancer metastasis remains
elusive. We found that expression of the Vy1 variant of the T-cell receptor (TCR) is
specific to IFNy yd T cells. Successful depletion of these cells with an anti- Vy1
antibody was accompanied with a reduction of IFNy expression on CD3+ T cells. Our
long-term goal is to combine y0 T cell immunotherapy with other targeted anti-
cancer therapies. Here, we describe the RON-MSP as viable target for breast cancer
treatment and provide initial evidence for a protective anti-tumourigenic role of IFNy
v8 T cells in breast cancer metastasis by priming CD8" T cells to exert their cytotoxic

function.



Chapter I. Introduction

1.1 Molecular breast cancer subtypes
Breast cancer is the second most commonly diagnosed type of cancer worldwide and

the leading cause of cancer-related deaths in women [1]. The heterogeneity of
breast cancer is well known and arises from the transformation of different
mammary cell types. This results in a heterogeneous group of cancers with
differences in clinical implication, histopathology and a response to therapy.
Clinically, breast cancer is classified based on tumour grade, tumour stage, and
expression of the hormone receptors progesterone (PR), oestrogen (ER) and/or the
epidermal human epidermal growth factor receptor 2 (HER2), as determined by
immunohistochemistry [2]. This classification has limitations in predicting the
prognosis of cancer patients as advances in gene expression analysis have shown
that the response to cancer treatment is determined by molecular characteristics of
the cancer cells and not by anatomical pathology of the tumour [3]. Based on the
gene expression profile, at least five molecular breast cancer subtypes can be
classified: luminal A, luminal B, HER2 (ERBB2-)-amplified, normal breast-like and
basal-like [4]. This molecular classification has clinical relevance as a prognostic

marker and to identify the most effective treatment for the patient [5].

1.1.1. Luminal A/B and normal-like
The majority (~70-80%) of breast cancer tumours are of the luminal A/B subtype.

These tumours express hormone receptors PR and/or ER and are therefore sensitive
to hormone therapy using tamoxifen, the most commonly used drug for luminal
tumours [6]. Luminal A breast cancer is HER2 negative and has low levels of the cell
proliferation marker Ki-67 [7]. In contrast, luminal B breast cancer tumours are HER2

positive (20%) or negative and show higher levels of Ki-67, resulting in a slightly



worse prognosis than luminal A breast cancer tumours, which grow more slowly and
generally have a better prognosis [7, 8]. Normal-like breast tumours have not been
well defined, but show characteristics similar to luminal A, albeit with a worse

prognosis [9].

1.1.2. HER2-amplified
Of all breast cancer tumours, 10-20% show amplification of the HER2 (ERBB2)

oncogene and are negative for hormone receptors ER and PR. HER2 is a receptor
tyrosine kinase involved in signalling pathways that regulate cell growth, migration
and differentiation, apoptosis and cell motility [10]. HER2-amplified breast tumours
have a worse prognosis than luminal cancers and are highly proliferative and
aggressive. These tumours are sensitive to chemotherapy and this is the first line of
treatment in combination with targeted therapies against the HER2 protein, such as

Trastuzumab and Lapatinib [11].

1.1.3. Basal-like and/or triple-negative
Basal-like breast cancers represent 10-20% of all breast tumours. This subtype of

breast tumours is commonly referred to as triple-negative breast cancer (TNBC).
While approximately 80% of TNBC tumours show a basal-like phenotype, TNBC and
basal-like breast cancer are not synonymous and terms should not be used
interchangeably [12]. TBNCs are defined by negative immunohistochemistry staining
for PR, ER and HER2. In contrast, a clear definition of the ‘basal-like phenotype’
remains elusive (reviewed in [13]) Generally, basal-like breast cancer (BLBC) tumours
are characterised by expression of basal cytokeratins (i.e. CK5/6, CK14 and/or CK17)
and luminal cytokeratins (i.e. CK8/18 and/or CK19). Interestingly, this suggests that
basal-like tumours are not derived from a single stem cell type. It should be noted

that the most consistent expression amongst basal-like tumours was found for basal



CK5/6 and luminal CK8/18 [14, 15]. Furthermore, there are other markers that have
been assigned to the basal-like phenotype. These include, but are not limited to:
vimentin and laminin, which are both involved in maintaining the integrity of the
extracellular matrix, and p63 (reviewed in [13]). Basal-like tumours are associated
with an aggressive phenotype, highly proliferative and invasive tumours and are
insensitive to targeted therapies used for luminal and HER2-amplified tumours

because they are generally PR/ER/HER2-negative.

1.2 BRCA1-deficient breast cancer
Extensive evidence has suggested a link between sporadic basal-like breast cancer

(BLBC) and familial BRCA1-mutant tumours. Indeed, over 75% of BRCAI-mutated
breast tumours showed a basal-like phenotype [15]. Both BLBCs and BRCA1-
mutated tumours are often triple-negative and show a high frequency of mutations
in the TP53 gene [16]. Germline mutations in BRCA1 (or BRCA?2) are associated with a
significantly increased risk of breast (70-80%) and ovarian cancer (50-60%) and to a

lesser extent, other cancers [17].

1.2.1 BRCAl
Although multiple mechanisms have been suggested to explain how BRCA1

mutations cause cancer, the role of BRCA1 in DNA repair has been studied most
extensively. BRCA1 binds to multiple proteins to form protein complexes, such as
BRCA2 and RAD51, to repair double-strand DNA breaks (DSBs) by means of
homologous recombination (HR) [16]. This is a sophisticated mechanism to repair
DNA and restore the DNA sequence to its original form. When BRCA1 function is
impaired, for example when BRCA1 is mutated, HR is absent and DSBs are repaired
by non-homologous end joining (NHEJ) [18]. DNA repair by NHEJ combines the two

broken DNA strands together without a homologous DNA sequence as a guide



sequence [19]. Therefore, NHEJ is prone to the introduction of DNA mutations,
which most commonly results in DNA deletions [19]. Thus, BRCAI-mutated tumours
show extreme genomic instability. Indeed, these tumours are highly sensitive to
agents that interfere with DNA replication, such as PARP inhibitors and platinum
salts (e.g. cisplatin). These drugs exploit the impaired DNA repair by HR. More
specifically, cells either fail to repair the drug-induced DNA damage, which programs
the cell to undergo cell death (apoptosis), or the genomic instability induced by
error-prone NHEJ renders cells to become non-viable [19].

In addition to germline mutations in BRCA1, it is now widely recognised that
sporadic breast tumours with defects in genes involved in HR can show a similar
phenotype (i.e. BRCAness) to tumours with a germline BRCA1 mutation [20].
Moreover, recent studies have shown that other cancers, including prostate cancer
and pancreatic cancers can also exhibit BRCAness. This has clinical significance, as
this suggests that tumours with this phenotype may also be sensitive to PARP

inhibitors and platinum salts, such as cisplatin [21, 22].

1.3 Metastasis
Early screening and chemotherapy have significantly improved disease-free survival

of breast cancer patients. Unfortunately, there has been little improvement in
survival for breast cancer patients with metastatic disease. Metastasis accounts for
90% of breast cancer-related deaths and less than 25% of patients with metastatic
disease live beyond five years [23]. Basal-like breast cancer has the worst prognosis
of all breast cancer types. Not only are treatment options limited, patients with
basal-like breast cancer frequently show early relapse following chemotherapy due

to the highly proliferative and invasiveness of the tumours [24].



Breast cancer most commonly metastasises to the bone, lung, liver, brain and
lymph nodes [25], indicating that metastasis is not a random process. Indeed,
metastasis is a multi-step process and starts with invasion of the surrounding tissue.
In order to escape from the primary tumour site, the tumour cells must remodel
their cell-matrix and cell-cell adhesion interactions to acquire invasive properties.
Subsequently, the tumours enter the blood vessels and/or lymphatic vessels and
travel to distant organs. At the metastatic site(s) the tumours cells adhere to the
capillary beds of the organs and extravasate into the organ. Once embedded, the
tumours cells proliferate and promote angiogenesis to form the metastatic tumour
[26]. Importantly, abrogation of any step in this ‘metastatic cascade’ arrests the
metastatic process. Indeed, the rate-limiting steps for metastasis are proposed to be

tumour cell extravasation and metastatic growth [27].

1.3.1. Immune cells in the tumour microenvironment
It is now well established that the inflammatory tumour microenvironment (TME)

has a very important role in metastasis (and primary tumour growth) [28]. Although
mutations in tumour suppressor genes and/or oncogenes drive the malignancy of
cancer cells, the tumour microenvironment evolves with the cancer cells and
promotes cancer progression and metastatic disease. Immune cells, including
macrophages, neutrophils and gamma-delta T cells are recruited to the tumour
microenvironment and exhibit pro-tumourigenic functions [29, 30] to aid tumour

progression.



1.3.1.1. Macrophages

Macrophages are innate immune cells and their physiological function is to defend
against pathogens and maintain tissue homeostasis. There is strong evidence that
macrophages play a pivotal role in tumour initiation and progression and are
involved in therapy resistance seen in cancer patients [31]. Indeed, in breast cancer,
macrophages are the most abundant cells in the TME and can make up over 50% of
the total tumour mass [32]. Moreover, in humans, macrophage density in the
tumour is associated with worse prognosis and increases the likelihood of metastasis
and reoccurrence of the primary tumour [33]. Tumour-associated macrophages
(TAMs) in the breast tumour originate from resident macrophages and circulating
monocytes, which are recruited to the TME where they develop into non-polarised
macrophages. Macrophages show high levels of plasticity and can change their
phenotype depending on immune context and environmental signals (e.g.
cytokines). Classically, these TAM populations were classed into M1 and M2
macrophage subtypes [34, 35]. M1-like macrophages have anti-tumour capacity by
secreting pro-inflammatory cytokines, while M2-like macrophages have pro-tumour
characteristics. It is now well recognised that these are the two extremes on a
continuous spectrum and that monocytes can develop into different macrophage
subtypes based on the molecular markers they express [36]. TAMs in the tumour
microenvironment are closely related to the M2-like macrophage subtype and
promote tumour growth by affecting immune suppression, angiogenesis, invasion
and metastasis [37, 38]. More specifically, using an MMTV-PyMT mouse model, Lin
and Pollard have demonstrated that TAMs at the primary tumour site are important
for suppressing CD8-T cell [39] and NK cell function to protect the tumour cells from

the immune system (reviewed in [40]). Metastasis-associated macrophages, a
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population different from TAMs, prime the metastatic site (before arrival of tumour
cells) and also stimulate extravasation of the tumour cells by secretion of VEGF and
promote their survival and growth at the distant site, for example by secreting CSF-1
[40, 41]. Furthermore, several studies using breast cancer xenograft mouse models

have also suggested that TAMs induce resistance in treatment [42, 43].

1.3.1.2. Neutrophils

Neutrophils are another type of innate immune cell, which make up 50-70% of all
leukocytes and are the most abundant immune cell population in humans [44].
Patients with various cancers, including lung and breast cancer, show an increased
number of neutrophils in the blood, which is correlated to worse survival in patients
[45, 46]. While it has been known that neutrophils are present in the tumour
microenvironment, recently, they have gained more attention. Several studies have
shown that neutrophils change their phenotype to promote tumour initiation,
progression and metastasis. Moreover, neutrophils can manipulate the function of
other immune cells in the TME to facilitate cancer progression and metastasis

(reviewed in [47]).

1.3.1.390 T cells

Gamma-delta (yd) T cells are a subset of T cells and represent 0.5-5% of all T-
lymphocytes in humans. They are composed of a y chain and a d chain of the T cell
receptor (TCR) and are involved in immune responses, responses to infection and
tissue damage and are implicated in autoimmune diseases [48]. In the peripheral
blood, y8 T cells account for 5% of all CD3" T-cells. The vast majority, approximately

95%, of T cells in the peripheral blood, are af T cells, which have a TCR made up of
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a and P chains [49]. These af} T cells generally express CD4 and CD8 lineage markers
and require antigen presentation through recognition by major histocompatibility
complex (MHC) molecules [50]. Although they have a TCR, unlike aff T cells, y§ T
cells are not restricted to antigen recognition by MHC and recognise a variety of
stress-induced molecules, metabolites and pathogen-associated peptides [51, 52].
They have the ability to secrete a variety of cytokines, including but not limited to,
interferon-y (IFNy) and interleukin-17 (IL-17). Furthermore, they also express natural
killer receptors (e.g. NKG2D) and exert a rapid immune response upon stimulation in
the periphery [49, 53]. Consequently, Y& T cells are proposed to be involved the first
line of defence and considered to represent the bridge between the innate and
adaptive immune system. Y0 T cells constitute of a heterogeneous population of
cells and their function is linked with their tissue localisation [54]. Indeed, in mice, Y
T cells subsets can be categorised based on the usage of the TCR y-chain variable
region (a similar distinction can be made in humans based on the d-chain variable).
These subsets have different effector functions, such as IFNy and IL-17 production
[55]. In mice, expression of the surface marker CD27 is restricted to IFNy producing
YO8 T cells [56]. Thus, CD27 can be used to distinguish between IFNy y8 T cells and IL-
17 vd T cells. Various studies in mouse cancer models have shown that yo T cells can
promote tumourigenesis. IL-17-producing ¥ T cells are one of the major sources of
IL-17 in the tumour microenvironment [57] and can promote cancer development by
promoting angiogenesis. Furthermore, several studies have shown that yd T cells can
increase the population of myeloid derived suppressor cells (MDSCs), such as

neutrophils. These cells are involved in promoting the immunosuppressive tumour
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microenvironment and facilitate tumourigenesis in several types of cancer, including

breast cancer.

1.4 Rationale

1.4.1.y0 T cell - IL-17 - neutrophil metastatic cascade in breast cancer

Increased neutrophil abundance in breast cancer patients predicts a worsened
metastasis-specific survival. However, the role of neutrophils in metastasis remains
unclear, as both anti-metastatic and pro-metastatic functions have been described.
Coffelt and colleagues investigated the role of neutrophils in metastasis using a
conditional mouse model of lobular breast cancer [58]. This model has been
described previously [59]. Briefly, the mouse tumour model is based on the knockout
of epithelial-specific P53 combined with conditional E-cadherin mutations, as human
invasive lobular carcinomas frequently show a loss of E-cadherin, which is associated
with tumour metastasis. These K14-cre;Cdh17F:Trp537F (KEP) mice spontaneously
develop invasive and metastatic mammary carcinomas that strongly resemble the
human invasive lobular carcinomas. The role of neutrophils was also assessed using a
KEP-based spontaneous breast cancer metastasis model, as described here [60]. KEP
mice showed neutrophil expansion in various tissues, including the lungs, lymph
nodes, liver, kidney, spleen, the (primary) tumour, and the blood. Similarly to the
KEP mice, neutrophils also accumulated in these organs in the metastasis model.
Quantification of the neutrophils showed that the number of neutrophils increased
with tumour size. Moreover, removal of the primary tumour reduced neutrophil
accumulation, supporting the fact that neutrophil expansion is tumour-induced. In
order to determine whether neutrophils affected primary tumour growth and/or

metastasis, neutrophils were depleted in the metastasis model with an anti-Ly6G
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antibody. Interestingly, neutrophil depletion did not affect primary tumour growth,
but resulted in a significant decrease in lymph node and lung metastases. Select
depletion of neutrophils in the early phase (onset of the primary tumour) or late
phase (after surgical removal of the primary tumour) only showed a reduction in
metastasis in the early phase, which implies a critical role of neutrophils in the early
stage of the multi-step metastatic cascade. The circulating neutrophils were found
to express high levels of cKIT, a hematopoietic stem cell marker commonly found on
pro-metastatic myeloid cells, including immature neutrophils [58]. In order to
decipher the mechanism of neutrophil-induced promotion of metastasis, RNA
sequencing was performed. Data showed a 150-fold upregulation of Nos2 gene that
encodes inducible nitric oxide synthase (iNOS). Considering the fact that iNOS is
associated with suppression of T cells [58], it was hypothesised that neutrophils
promote metastasis by immunosuppression. When comparing the proliferation of
naive splenic CD8" T cells ex vivo in the presence of neutrophils from tumour-bearing
KEP mice or wild-type (WT) mice neutrophils, it was observed that CD3/CD28-
induced proliferation was inhibited. In order to determine whether this was
dependent on iNOS, an iNOS inhibitor was used. Interestingly, while depletion of
iNOS reversed this effect, the proportions of the CD8" T cells remained the same.
More specifically, a phenotypic change was observed; depletion of the neutrophils
by targeting iNOS enhanced the effector phenotype (expressed as CD62L CD44"
IFNy" cells). Moreover, the metastasis phenotype was restored when both
neutrophils and CD8" T cells were depleted, which further supports a link between
neutrophils and CD8" T cell activity. To elucidate the link between expansion of the
neutrophils and the mammary tumour (and its environment), cytokine profiling on

the WT mammary glands and the KEP mammary tumours was performed. GM-CSF
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and G-CSF play pivotal roles in neutrophil biology, but were not increased in the KEP
mammary tumours. In contrast, cytokines that are known to stimulate IL-17 showed
increased expression. It was hypothesised that IL-17 induced neutrophil expansion
through G-CSF. Indeed, results showed that IL-17-G-CSF signalling was required for
neutrophil expansion and their immunosuppressive phenotype. To determine the
source of IL17 and with the knowledge that T cells are known to produce IL17,a T
cell-specific gene expression array was utilised to analyse the CD3" T cells of the
spleen. Indeed, IL-17-related cytokines were increased in the splenic CD3" T cells
from KEP tumour bearing mice. To rule out the contribution of other immune cell
populations to the observed upregulated IL-17 levels, KEP mice were crossed with
Ragl'/_ mice, which lack T and B cells. The neutrophils (and their phenotype) and
serum levels of IL17A and G-CSF in KEP;Rag1+/" (control) and KEP;Ragl'/" mice were
investigated. Serum levels were lower in KEP;Ragl_/" mice. Additionally, neutrophil
counts were diminished, and their phenotype was altered. These data support that
CD3" T cells are the main source of IL-17. Moreover, KEP;Ragl'/_ mice also showed
fewer lung and lymph node metastases. In summary, not only are lymphocytes the
source of IL-17, these IL-17 producing lymphocytes also promote metastasis by
driving neutrophil expansion and altering their phenotype.

Further experiments to determine what T cell subset is producing IL-17
showed that IL-17-producing yd T cells promote neutrophil expansion and support
their immunosuppressive phenotype. These IL17-producing yo T cells were classified
as CD27'Vy4". The pro-metastatic role of this y3 T cell subset was also confirmed by
using Terd™ mice, which lack vo T cells. Lastly, the initial steps were made to
decipher the link between the mammary tumour and the y6 T cells. It was found that

IL-1P secretion from the mammary tumour activated the IL-17-producing yd T cells
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and macrophages were found to be the main source of IL-1f. In summary, these
results show that yd T cells are part of a network of immune cells in the tumour
microenvironment involved in tumour progression and metastasis. Indeed, various
clinical studies have indicated a role of neutrophils, y0 T cells, IL-17 and macrophages
in metastasis [61-63]. With these data, Coffelt and colleagues have defined a
metastatic cascade in which IL-1f stimulates IL-17-producing y0 T cells to induce
neutrophil polarisation and expansion, which suppresses CD8" T cells and therefore

promotes tumour progression and metastasis.

1.4.2 BRCA1-deficient cancer model

In this study, the role of BRCA1 in mammary tumourigenesis was investigated. To
this end, a conditional mouse model of triple negative breast cancer was used.
Similar to KEP mice, the tumour model is based on the knockout of epithelial-specific
P53 combined with epithelial-specific loss of BRCA1. The generation of this mouse
model has been described previously [64]. The K14-Cre;Brcal™;Trp537F (KB1P) and
K14-Cre; Trp53"F (KP) mice in our cohort were found to reach clinical endpoint as a
result of one or more mammary tumours after 36 or 45 weeks, respectively (figure
1A). The mammary tumours that develop in KB1P mice are predominately (90%)
pure epithelial tumours (carcinomas). Other mammary tumours are biphasic. In KP
mice, approximately 40% of the tumours are epithelial tumours, half of the tumours
classify as carcinosarcomas (50%) and the remainder are adenomyoepitheliomas
(figure 1B, C). In addition, these mice also develop skin carcinomas, showing that

P53 and BRCA1 collaborate in both skin and mammary tumourigenesis.
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Figure 1. BRCA1-deficient mammary tumour model. (A) Mammary-tumour specific survival in KB1P and
KP mice. (B-C) Histopathology of mammary tumours in (B) KB1P and (C) KP mice. Mice were sacrificed at
clinical endpoint and mammary tumour tissue sections were stained with Mayer’s haematoxylin and eosin.
Images are representative of at least 5 individual tumours from each cohort.
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1.4.3. RON-MSP axis in breast cancer metastasis

Previous results showed that the Y8 T cell - IL-17 - neutrophil cascade promotes
metastasis in breast cancer. In turn, this cascade is induced by IL-1f in the tumour
microenvironment, which is predominantly secreted by macrophages. However, the
mechanism remains elusive. Considering the fact that macrophages are key players
in tumourigenesis, any receptor that is expressed on macrophages could contribute
to their pro-tumourigenic potential. Recently, macrophage stimulating 1-receptor
(MSTR1), also referred to as Recepteur d'Origine nantais (RON), has gained more
attention. RON is a receptor tyrosine kinase (RTK) and predominantly expressed on
macrophages and epithelial cells. RTKs are transmembrane proteins consisting of an
extracellular ligand-binding domain and an intracellular tyrosine kinase domain. The
transmembrane domain holds the receptor at the cell surface and separates the
extracellular ligand-binding domain and the intracellular tyrosine kinase domain [65].
RON is part of the MET family of RTKs and shares high homology (60%) with the
oncogene c-MET in its kinase domain [66]. Similar to MET, RON is translated into a
precursor protein and undergoes further proteolytic cleavage, which results in its
mature, form, consisting of an o and 3 subunit linked by disulphide bonds. In both
normal and cancerous tissues, two RON transcripts are commonly observed as a
result of two promoter initiation sites. Moreover, these two promoter start sites are
highly conserved in different species, including human and mouse. The full-length
RON transcript stems from the classical RON promoter upstream of the initiation
site. The short form RON (SF-RON) transcript makes use of an alternative promoter,
resulting in a truncated form, which lacks the extracellular ligand-binding domain of

RON and is constitutively active [67]. Additionally, several isoforms of the RON
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protein have been reported. These isoforms can be constitutively active, oncogenic
or biologically inactive [68].

The only known ligand for RON is macrophage-stimulating protein (MSP),
which is encoded by the Mst1 gene. MSP is structurally similar to hepatocyte growth
factor, the ligand of MET. Binding of MSP to RON activates several downstream
signalling pathways, including PI3K/Akt, MAPK/ERK, -catenin and JAK/STAT, which
results in proliferation, migration, invasion and survival of cancer cells [69]. The RON
receptor is overexpressed in many human cancers, including breast, colon, lung,
thyroid, skin, bladder and pancreas cancers [70, 71]. In breast cancer, RON is
overexpressed in approximately 50%-100% of the tumours and is associated with an
aggressive phenotype and poor prognosis [70, 72, 73]. In addition to overexpression
of RON, oncogenic variants of RON and constitutive activation of downstream
signalling pathways have been found in various tumours and cancer cell lines
(reviewed in [67, 68]).

Several studies show that RON and SF-RON are involved in breast cancer
metastasis. For example, Liu et al. used MCF7 cells in vitro and also orthotopically
injected MCF7, MFC7-RON and MCF7-sfRON cells in NOD/SCID mice. They showed
that MCF7-sfRON cells increased tumour growth and metastasis through activation
of PI3K, whereas MCF7-RON cells did not have this effect on tumourigenesis [74].
Eyob et al used MMTV-PyMT mice (FVB), from which they isolated the tumours.
These MMTV-PyMT tumours were transduced to overexpress MSP (described in
[73]) and the PyMT-MSP tumour cells were then transplanted into the cleared
mammary fat pad of wild type and RON-deficient syngeneic mice. They
demonstrated that loss of RON signalling blocks metastasis to the lung, but had no

significant effect on primary tumour growth and progression [75].
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Importantly, loss of RON function promoted a more effective anti-tumour
response by CD8" T cells, indicating that the RON/MSP axis promotes tumour
metastasis by abrogating anti-tumour responses. Indeed, they crossed RON-deficient
mice with NOD/SCID mice and showed that these RON deficient, immune-
incompetent mice showed normal metastasis, whereas immune-competent RON
deficient mice were nearly free of metastases [75]. Furthermore, a decrease in
metastatic tumour growth in wild type mice was achieved using the RON inhibitor
BMS-777607, not only when the mice were pre-treated with the inhibitor, but also
after metastases had been established, which resembles the clinical setting more
closely. However, when CD8" T cells were depleted with anti-CD8" antibodies in RON-
deficient mice, metastasis could not be inhibited, suggesting that the cytotoxic T cell
response is necessary for the anti-metastatic effect of BMS-777607 [75]. Similarly,
Gurusamy et al. orthotopically transplanted prostate cancer cells (TRAMP-C2Re3)
into the prostates of wild-type and RON-deficient mice (C57BL/6) and demonstrated
that RON is involved tumour growth [76]. Moreover, they crossed LysMrce+ mice
with homozygous Ron-floxed mice to generate Ron-floxed LysMrce+, which show
deletion of RON in myeloid cells. Using the Ron-floxed LysMcre+ mice, they showed
that loss of RON was sufficient to inhibit prostate cancer growth. Furthermore, they
found that depletion of CD8" T cells, but not CD4" T cells, restores tumour growth
[76].

Thus, inhibition of RON signalling in macrophages is an interesting target to
abrogate tumourigenesis. Indeed, previous microarray results showed that BRCA1-
proficient (KP) and BRCA1-deficient (KB1P) mammary tumours have strikingly similar
expression profiles of immune-related genes [77]. Mst1, the gene that encodes for

MSP was the only immune-related gene that was overexpressed in BRCA1l-deficient
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mammary tumours, suggesting an important role of the RON-MSP axis in BRCA1-
deficient breast cancer.

1.4.4. Anti-tumour IFNy-producing yd T cells

As mentioned, neutrophil abundance is an independent prognostic factor for
metastasis and subsequent worsened metastasis-specific survival in breast cancer
patients [78]. Accumulation of y0 cells in primary tumours correlates with increased
metastasis and decreased overall survival [63]. Previous data have provided a
mechanistic explanation for these clinical observations [58]. The pro-tumourigenic
IL-17-producing v cells involved in metastasis are phenotypically and functionally
distinct from IFNy-producing ¥ T cells. IFNy-producing yd T cells are proposed to
have anti-tumourigenic properties. In skin, prostate and melanoma models, they
were found to control cancer progression [79-81]. However, their role in breast

cancer metastasis is unknown.

The purpose of this study was twofold. We used K14-Cre;Brca1™";Trp53"F (KB1P) and
K14-Cre; Trp53"F (KP) mice to elucidate the possible role of the RON-MSP axis in
BRCA1-deficient breast cancer metastasis. In addition, our interest was to study the
function of IFNy-producing yd T cells in triple negative breast cancer with the goal to
improve their anti-tumourigenic potential. We hypothesised that the anti-metastatic
properties of these IFNy-producing yd T cells are suppressed by the
immunosuppressive phenotype of neutrophils. In addition, we hypothesise that
RON-MSP signalling stimulates IL-1[3 secretion by macrophages from the mammary
tumour microenvironment in order to initiate the yo T cell - IL-17 - neutrophil

metastatic cascade. Ultimately, our long-term goal is to develop new combinatorial
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approaches targeting both cancer cells and immune cells to abrogate breast cancer

metastasis.
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Chapter Il. Materials and methods

2.1 Mice and animal experiments
The generation of characterisation of K14—Cre;Brcc11F/F;Trp53F/F (KB1P) and K14-

Cre;Trp53’F/F (KP) mice, two models of breast cancer has been described [64]. KB1P
and KP mice were backcrossed onto the FVB/N background (>8 generations).
Genotyping was outsourced to Transnetyx, Inc. Mice were monitored two times a
week for mammary tumour formation by palpation and caliper measurements from
3 months of age. Clinical endpoint was defined as any tumour with a diameter of 15
mm. Mice were sacrificed at endpoint and tissues were collected in ice-cold PBS,
10% formalin or on ice for flow cytometry, immunohistochemistry or Western blot
experiments, respectively. Blood samples were collected in heparin containing tubes
or processed for serum. Control mice were age-matched.

For pilot immune cell depletion experiments, wild-type FVB/N mice (Charles
River) were treated (IP) with anti-Vy1 (clone 2.11; BioXCell) once a day for three
consecutive days with 400 ug, followed by two doses of 200 ug. Mice were sacrificed
on the fourth day. Lymph nodes, lungs and blood were collected for analysis. To test
drug tolerance to RON/c-MET dual inhibitor BMS777607, wild-type FVB/N mice were
administered 50 mg/kg BMS777607 (dissolved in DMSO and diluted in 70% PEG-300)
or vehicle control (11% DMSO diluted in 70% PEG-300) by oral gavage once a day for
5 consecutive days per week, for a total of 12 days. Mice were sacrificed on day 13.
General animal health and weight (less than 10% weight loss at any point during
treatment) were used as a measurement of drug tolerance. Control mice received
equal amounts of isotype control antibodies or vehicle and mice were randomised

before the start of treatment.
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Animals were housed in individually ventilated open cages on a 12/12-h
light/dark cycle and fed and watered ad libitum. The mouse experiments were
performed under UK Home Office license number 70/8645. Experiments were
carried out in line with the Animals (Scientific Procedures) Act 1986 and the EU
Directive 2010 and were sanctioned by the local ethical review process (University of

Glasgow).

2.2 Generation of primary mouse breast cancer cell lines and cell culture
Primary breast cancer cell lines were established from mammary tumours grown to

endpoint in KB1P and KP mice. Tumours were collected on ice-cold PBS and digested
with 2 mg/mL collagenase A (Roche) and 100 ug/mL DNAsel in serum-free
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) using the gentleMACS® Octo
with heaters dissociation system (Miltenyi) according to manufacturer’s directions.
Subsequently, cells were dispersed through a 70 uM cell strainer. Single cell
suspensions were plated and propagated under hypoxic conditions (37°C, 5% CO,,
3% 0,) for 4 weeks. Multiple rounds of differential trypsinisation were used to select
for epithelial cells. The immortalised epithelial cells were expanded and used for
further experiments.

Individual cell lines (2 KP and 2 KB1P) were derived from independent donor
tumours and designated KP-1, KP-2, KB1P-1 and KB1P-2. Cells were grown and
maintained in DMEM, supplemented with 10% foetal bovine serum (FBS) (Gibco),
100 IU/mL penicillin (Gibco) and 100 ug/mL streptomycin (Gibco) and 2 mM L-
glutamine (Gibco) under hypoxic conditions (37°C, 5% CO,, 3% O,). All cell lines were
never split more than ten times upon receipt and tested in-house for Mycoplasma.

RON/c-MET dual inhibitor BMS-777607 (Chemietek, #CT-BMS777) was

dissolved in dimethyl sulfoxide (DMSO) and recombinant MSP (6244-MS-025; R&D
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Systems) was dissolved in PBS/0.1% BSA. Compounds were added to the culture
medium at the indicated concentrations. Equal volumes of DMSO and/or PBS/0.1%

BSA were added to the medium, as vehicle controls.

2.3 Western blotting
Mammary tumours were collected on ice and lysed in RIPA buffer, supplemented

with HALT™ protease and phosphatase inhibitor cocktail (Thermo Scientific), using
the Precellys hard tissue homogenising lysing kit (Bertin Instruments) in a Precellys
tissue homogeniser (Bertin Instruments). Harvested lysates were clarified by
centrifugation at 13,000 g for 20 min at 4°C and protein concentration of the
supernatants was determined using the Micro BCA protein kit (Thermo Scientific).
Equal amounts of proteins were separated (120V, 2 hrs) on 4-12% Bolt Bis-Tris gels
using the Bolt electrophoresis systems (Invitrogen) with Bolt MOPS SDS running
buffer (Invitrogen). Separated proteins were transferred onto nitrocellulose
membranes using the iBlot2® system (Invitrogen) according to manufacturer’s
instructions. Membranes were blocked in Odyssey PBS blocking buffer (LI-COR) and
immunostained with the protein of interest. Proteins were detected with
appropriate secondary antibodies labelled for detection in the 700 or 800 nm

channel on an Odyssey Infrared imaging System (LI-COR), respectively.

The antibodies used were as follows: Anti-MSP (#AF6244, 1:1000; R&D systems), 3-
actin (#A5316, 1:5000; Sigma), Goat-anti-rabbit-IRDye 680RD (#925-68071, 1:10000,
LICOR), Goat-anti-mouse-IRDye 800CW (#925-32210, 1:10000, LICOR) and Donkey-

anti-sheep-Alexa Fluor 680 (#A21102, 1:10000, Invitrogen). Two RON antibodies

were tested and not used in final experiments due to inconsistent or lack of staining:
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Anti-RON (#LS-C164490, LifeSpan), Anti-RON (#ab52927, Abcam). Antibodies were

diluted in Odyssey PBS blocking buffer/0.1% Tween-20 (Sigma).

2.4 Immunohistochemistry
Mammary tumours were fixed in 10% buffered formalin and embedded in paraffin

wax. Tissue sections were stained with Mayer’s haematoxylin and eosin (H&E)
according to routine procedures. For antibody staining, tissue sections were
deparaffinised and rehydrated by immersion in Xylene, ethanol and water and
incubated with citrate buffer (DAKO). Slides were blocked with goat serum (Vector
labs)/2.5% BSA in TBS/0.05% Tween-20 for 30 min at RT. Primary antibodies were
diluted in antibody diluent (DAKO) and incubated ON at 4°C. Endogenous peroxidase
was quenched using peroxidase block (DAKO) and slides were stained with the
appropriate secondary HRP-conjugated antibody. Staining was visualised by DAB
staining, and slides were counterstained with haematoxylin and mounted in DPX
according to routine procedures. The antibodies used were as follows: anti-MSP
(#MAB6244, 1:20, R&D systems), anti-rabbit-HRP (DAKO), anti-rat-HRP (Vector labs).
Images were captured on an Axio Imager A2 Bio upright microscope (Zeiss) using

ZENPRO 2012 software (Zeiss).

2.5 ELISA
Blood from mice was collected at endpoint and processed to obtain serum. Serum

was diluted 1:400 and MSP concentration was determined using the Quantikine
ELISA mouse MSP/MST1 kit according to manufacturer’s directions. Absorbance was
measured at 450 nm and 540 nm. Readings at 540 nm were substracted from 450

nm readings.
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2.6 Cell viability assay - crystal violet
10,000 KP or KB1P cells were plated in 24-well plates (Corning) in growth medium.

Cells were allowed to attach overnight and washed with PBS and grown under the
indicated conditions in DMEM, supplemented with 0.2% FBS, 100 IU/mL penicillin,
and 100 ug/mL streptomycin. After 72 hours, cells were washed in PBS and adherent
cells were fixed in 4% formaldehyde solution (Sigma) and stained with 0.1% crystal
violet solution (Sigma). Stained cells were imaged using a desktop scanner (Epson).
Crystal violet dye was dissolved in 10% acetic acid (Fisher chemical) and quantified at

590 nm in a multimode microplate reader (Tecan).

2.7 Flow cytometry - surface and intracellular staining
Tissues were collected in ice-cold PBS. Lungs and tumours were digested in serum-

free DMEM supplemented with 1 mg/ml collagenase D (Roche) and 25 ug/mL DNAse
| (Roche), or 2 mg/mL collagenase A (Roche) and 100 ug/mL DNAsel, respectively.
Tissues were processed using the gentleMACS® with heaters dissociation system
(Miltenyi) according to manufacturer’s directions. Cells were filtered through a 70
uM cell strainer and 10% cold FCS was added to neutralise the enzyme reaction.
Lymph nodes and liver were mashed through a 70 uM cell strainer in PBS/0.5% BSA.
All cell suspensions were treated with red blood cell (RBC) lysis buffer (eBioscience)

and then re-suspended in PBS/0.5% BSA.

For lungs and tumour tissues, 4x10° cells were plated and 2x10° cells were used for
lymph nodes and liver tissues. To increase labelling specificity, Fc receptors were
blocked before surface staining using TruStain FcX™ (anti-mouse CD16/32) antibody
(Biolegend) according to manufacturer’s instructions. Cells were stained for surface

proteins with directly conjugated antibodies in BD Brilliant™ stain buffer (BD
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biosciences) for 30 min at 4°C, in the dark. After surface staining, fixable viability
dyes Zombie NIR (APC-eFluor780) or Zombie green (FITC) (Biolegend) were added for
20 min at 4°C in the dark to exclude dead cells. For intracellular staining, cells were
first stimulated for 3 hours at 37°C with 2 ul/mL cell stimulation cocktail plus protein
transport inhibitors (PMA, lonomycin, Brefaldin A and Monensin) (eBioscience) in
IMDM containing 8% FBS, 100 IU/mL penicillin, 100 ug/mL streptomycin,
supplemented with 0.5% B-mercaptoethanol. Surface proteins were stained after
cell stimulation. Subsequently, cells were fixed and permeabilised using the
intracellular fixation and permeabilisation kit (eBioscience), followed by intracellular
staining in permeabilisation buffer for 30 min at 4°C, in the dark. Cells were analysed
using a BD LSRFortessa™ flow cytometer using Diva software (BD biosciences).

Results were analysed using FlowJo Software, version 9.9.6. (Treestar).

The antibodies were purchased from eBioscience (CD45, CD11c, MHCII, CD80, Anti-
rabbit, PCDA-1/CD317, EpCAM/CD326, TER-119, CD3, CD19-FITC, CD19-APC-
eFluor780, yd TCR, CD11b-APC-eFluor780, VY4, IFNy-PE-Cy7, IFNy-eFluor4d50, IL-17A-
PE and IL-17A-APC), Biolegend (CD11b, F480, Ly6C, CD103, Rabbit isotype control,
CD27, CD3, CD4-BV605, CD44, NKp46, CD69, VY1, Granzyme B) or BD (Ly6G, CD4-
BUV563, CD8-BUV395, CD8-BUV805), apart from the RON antibody, which was
purchased from Abcam (#ab52927). All antibodies were titrated and three different
multicolour flow cytometry panels were designed and optimised. The RON antibody
and rabbit isotype control were excluded from the optimised panel designs, as
antibody showed inconsistent results and was rendered incompatible with flow
cytometry applications. The optimised panels were composed of the following
antibodies:
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Myeloid panel - CD45-eVolve605 (1:100, clone 30-F11), CD11b-BV785 (1:400, clone
M1/70), F480-BV650 (1:50, clone BM8), CD11c-PE-Cy5 (1:200, clone N418), Ly6G-
BUV395 (1:50, clone 1A8), Ly6C-PE/Dazzle594 (1:200, clone HK1.4), MHCII-PerCP-
eFluor710(1:100, cloneM5/114.15.2),CD103-BV421(1:200, clone 2E7), CD80-APC
(1:50 clone 16-10A1), PDCA-1/CD317-PE-Cy7 (1:400, clone eBio927), EpCAM/CD326-
APC-eFluor78- (1:50, clone G8.8), TER-119-FITC (1:100, clone TER-119), CD3-FITC
(1:100, clone 145-2C11), CD19-FITC (1:800, clone eBio1D3), fixable viability dye-FITC

(Zombie Green).

T cell activation panel - CD27-PE/Dazzle594 (1:400,clone 1D3), CD3-BV650 (1:100,
clone 17A2), yd TCR-FITC (1:200, clone GL3), CD4-BV605 (1:100, clone GK1.5),CD8-
BUV395 (1:100, clone 53-6.7), CD44-PerCP-Cy5.5 (1:100, clone IM7), NKp46-BV421
(1:100, clone 29A1.4), CD69-BV510 (1:50, clone H1.2F3), CD11b-BV785 (1:800, clone
M1/70). CD19-APC-eFluor780 (1:400, clone 1D3), EpCAM/CD326 (1:100 clone G8.8)
IFNy-PE-Cy7 (1:200, clone XMG1.2), IL-17A-PE (1:100, clone eBio17B7), Granzyme B-

AlexaFluor-647 (1:50, clone GB11), fixable viability dye-APC-eFluor 780 (Zombie NIR).

Vy1/Vy4 TCR usage panel - CD27-PE/Dazzle594 (1:400,clone 1D3), CD3-BV650 (1:100,
clone 17A2), yd TCR-FITC (1:200, clone GL3), CD4-BUV563 (1:100, clone GK1.5), CD8-
BUVS8O0S5 (1:50, clone 53-6.7), Vy1-PE (1:200, clone 2.11), Vy4-PE-Cy7 (1:100, clone
UC3-10A6), IFNy-eFluor450 (1:200, clone XMG1.2), IL-17A-APC (1:100, clone
eBio17B7), CD11b-APC-eFluor780 (1:800, clone M1/70), CD19-APC-eFluor780 (1:400,

clone 1D3), EpCAM/CD326 (1:100, clone G8.8), IFNy-eFluor450 (1:200, clone
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XMG1.2), IL-17A-APC (1:100, clone eBio17B7), Fixable Viability dye-APC-eFluor 780

(Zombie NIR).

2.8 Real-time cytotoxicity assay
10,000 KP or KB1P cells were plated in 24-well plates (Corning) in growth medium.

Cells were allowed to attach overnight and washed with PBS and grown under the
indicated conditions in DMEM, supplemented with 0.2% FBS, 100 IU/mL penicillin,
100 ug/mL streptomycin and 30 nM Sytox green (Invitrogen). Every well was imaged
(phase-contrast, green fluorescence) for 48 hours, with a 2 hr interval using an
IncuCyte ZOOM life cell imaging system (Essen BioScience). The change in green
fluorescence was used to determine the cytotoxicity curves as a measurement of cell

death.

2.9 Invasion assay
96-well Imagelock® plates (Essen BioScience) were coated with growth factor

reduced matrigel (Corning) at 100 ug/ml in growth medium overnight at 37°C.
Matrigel was removed and 30,000 KB1P cells were plated in growth medium and
incubated for 4 hours at 37°C to form a monolayer. Cells were wounded with a
WoundMaker™ 96 (Essen BioScience). Wounds were cleared of debris by washing
with DMEM, supplemented with 0.2% FBS, 100 IU/mL penicillin, 100 ug/mL
streptomycin. 25% matrigel in DMEM, containing the indicated drug compounds
was added to each invasion well. Matrigel was allowed to set at 37°C for 1 hr and
medium containing the same drug compounds was added on top of the matrigel.
Cells were imaged every hour using an IncuCyte S3 life cell imaging system (Essen
BioScience). The change in relative wound density (RWD) over time measured by the

IncuCyte software was used as a measurement for invasion.
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2.10 Statistical analysis
The nonparametric Mann-Whitney U-test was used when comparing two groups.

The Kruskal-Wallis H-test was used when comparing three or more groups. Analyses
were performed using Graphpad PRISM (version 7; GraphPad). P values < 0.05 were

considered significant.
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Chapter lll. Results

3.1 BRCA1-deficient mice show neutrophilia and IL-17-producing Y6 T cells
are increased in BRCA1-deficient mice

Previous data using a mouse model of lobular breast cancer have indicated that IL-
17-producing yd T cells promote metastasis by stimulating the immunosuppressive
phenotype of neutrophils. We asked the question whether this yd T cell-IL-17-
neutrophils axis also has importance in BRCA1-deficient (i.e. triple negative) breast
cancer. To this end, we assessed neutrophil expansion in the blood and the presence
of IL-17-producing yd T cells in lymph nodes and lungs of wild-type mice and tumour-
bearing KB1P mice. Blood, lymph nodes and lungs were taken from KB1P mice at
clinical endpoint. Wild type tumour free littermates were used as control mice. Lung
and lymph nodes were processed, and both surface staining and intracellular
staining was performed using the T cell activation flow cytometry panel. Staining of
cytokines IFNy and IL-17A on the y8 T cells (CD3* CD4 CD8 y8 TCR") shows two
distinct y0 T cell subpopulations (figure 2A). More specifically, the results expectedly
show that IFNy and IL-17A expression on y0 T cells is mutually exclusive, supporting
the fact that IFNy and IL-17A-producing yd T cells are phenotypically different from
one another. The number of IL-17-producing Y0 T cells in the total YO T cell
population was increased in tumour-bearing KB1P mice. In the lymph nodes of KB1P
and wild-type mice, 5% and 8% of the yd T cell population was composed of IL-17-
producing YO T cells, respectively (figure 2B). This increase was more pronounced in
the lung of KB1P mice, in which nearly 50% of the yd T cells were IL-17-producing yd
T cells compared to 25% in wild-type mice (figure 2B). Blood analysis showed that

neutrophils made up 15% of the immune cell composition in wild type tumour free
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mice. In contrast, tumour-bearing KB1P mice showed neutrophilia, with neutrophils
making up 40% of the immune cell composition in the blood (figure 2C). These data
indicate that the Y3 T cell-IL-17-neutrophils axis is also important in metastasis
formation in other mammary tumour models, including BRCA1-deficient breast

cancer.
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Figure 2.yd T cells and neutrophils in wild type and BRCA1-deficient mice. (A) Representative images
of IFNy-IL-17A flow gate from y0 T cell parent gate. B) IL-17-producing yd T cells in wild type and KB1P mice
(LN:n=8 WT, n =5 KB1P; Lung: n =7 WT, n = 6; Mann-Whitney test). (C) Neutrophils in blood of wild type
(n=6) and KB1P mice (n = 5). Lungs, lymph nodes and blood were collected from mice at clinical endpoint.
Lungs were digested with collegenase D and red blood cells were lysed. Remaining cells were collected and
incubated with antibodies using a 10-colour T cell flow cytometry panel. B-lymphocytes (CD19) and
epithelial cells (EpCAM) were gated out by means of a dump channel (APC-eFluor780). The percentages
shown represent the frequency of cells relative to the parent gate. Immune cell populations are shown as
proportion of the total amount of yd T cells. Blood was analysed on an Idexx ProCyte Dx Hematology
Analyzer. All data are mean (SD).
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3.2 MSP expression, but not RON expression is increased in mammary
tumours of BRCA1-deficient mice
The observed neutrophilia and increase of IL-17-producing Y8 T cells in KB1P

mammary tumours suggests an importance of the IL-17-neutrophils axis in BRCA1-
deficient breast cancer. However, the process by which cancer cells drive this
metastatic cascade remains elusive. Considering the fact that previous microarray
data show an increase in Mst1 in KB1P mammary tumours, but not in KP mammary
tumours [77], we wondered whether MSP was overexpressed in the mammary
tumours of KB1P mice. QPCR data (QPCR performed by other members of the lab)
show an increase in Mst1 expression in the mammary tumours of KB1P mice,
compared to KP mice (figure 3A). The expression of Mst1r, the gene encoding for the
receptor RON, was also assessed. Interestingly, RNA expression of Mst1r was similar
in the mammary tumours of KB1P and KP mice (figure 3B). In order to determine
whether the increase in RNA expression had an effect on translation, MSP protein
expression was assessed. To this end, mammary tumours of KB1P and KP mice at
clinical endpoint were analysed by Western blot. Lung tissue from wild type tumour-
free mice was used as a negative control. Western blot analysis shows that MSP
protein expression reflects mRNA levels and is increased in KB1P-derived mammary
tumours compared to KP-derived mammary tumours (figure 3C). These data suggest
that activation of RON-MSP axis through overexpression of MSP could play a role in

metastasis in BRCA1-deficient mice.
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Figure 3. RON and MSP expression in BRCA1-deficient (KB1P) and BRCA1-proficient (KP) mammary
tumours.. (A) Real-time PCR of Mst1 and Mst1r mRNA expression (n = 5 KB1P, n = 5 KP; Mann-Whitney
test). (B) Western blot analysis of MSP expression in KB1P and KP tumours (n =5 KB1P,n =5 KP, n=1 WT
lung). Image is a representation of at least three independent experiments. Mammary tumours were
collected from mice at clinical endpoint. Lung tissue for negative control was from age matched wild type
mice.
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3.3 MSP overexpression does not alter macrophage polarisation in BRCA1-
deficient mice and neutrophil infiltration is absent in BRCA1-deficient
mammary tumours

Our results showed that MSP is overexpressed in mammary tumours derived from
BRCA1-deficient KB1P mice. Since cancer cells manipulate the immune cells in the
tumour microenvironment to drive metastasis formation, we hypothesised that the
immune cell composition in KB1P and KP mammary tumours would be different as a
result of MSP overexpression. Moreover, considering the fact that macrophages in
the tumour microenvironment were the main source of IL-1f facilitating the IL-17-
neutrophil axis, we hypothesised that macrophage composition would be different
between the mammary tumours. Mammary tumours were collected at clinical
endpoint. Tissue was processed and surface staining was performed using the
myeloid flow cytometry panel. We observed a significant different in myeloid
(CD11b") cell abundance between BRCA1-proficient KP and BRCA1-deficient KB1P
tumours. In KP tumours, 70% of the total immune cell population is composed of
myeloid cells, compared to only 20% in KB1P tumours (figure 4A). Interestingly, KP
tumours showed an increase in conventional antigen presenting dendritic cells
(figure 4B), but not in other dendritic subsets (figure 4D, F). The most striking
observation was the difference in neutrophil infiltration in the mammary tumours.
Neutrophil infiltration seems absent in KB1P tumours, whereas there is significant
infiltration of neutrophils in KP tumours (figure 4E). Unexpectedly, we observed that
macrophage abundance was similar between the mammary tumours (figure 4C). We
also tried to assess the expression of RON on the macrophages and other immune
cell populations. Unfortunately, the results generated with the RON antibody were

inconsistent and our isotype control antibody was non-specific so no conclusions

could be drawn (data not shown). Although macrophage abundance was unaltered,
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MSP could have an effect on macrophage polarisation, without changing
macrophage infiltration into the mammary tumours. Previous data have suggested
that MHCII expression can be used to define two distinct macrophage populations in
tumours. Low MHCII expression is associated with poor antigen-presenting (i.e. pro-
tumourigenic) macrophages, whereas good antigen-presenting (i.e. anti-
tumourigenic) macrophages have high MHCII expression [82]. Indeed, we could
distinguish two macrophage populations based on their MHCII expression. However,
we found that macrophage polarisation was similar in the mammary tumours (figure
4G, 4H). In summary, mammary tumours derived from BRCA1-proficient KP mice
show an increase in myeloid cells compared to BRCA1-deficient KB1P mice.
Unexpectedly, this expansion of the myeloid cell population could not be explained
by an increase in macrophage abundance, but is a result of the neutrophil infiltration
in these tumours. Furthermore, based on MHCII expression, the macrophages in
BRCA1-deficient mammary tumours were not skewed towards a more pro-

tumourigenic phenotype.
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Figure 4. Inmune cell composition in mammary tumours of BRCA1-deficient (KB1P) and BRCA1-proficient (KP) mice.
Mammary tumours (n = 6 KB1P, n = 7 KP; Mann-Whitney test) were collected from mice at clinical endpoint. Tumours were
digested with collegenase A and red blood cells were lysed. Remaining cells were collected and incubated with antibodies using a
12-colour myeloid flow cytometry panel. B-lymphocytes (CD19), T-lymphocytes (CD3) and any remaining blood cells (TER-119)
were gated out by means of a dump channel (FITC). The percentages shown represent the frequency of cells relative to the parent
gate. Immune cell populations are shown as proportion of the total amount of live cells. All data are mean (SD).
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3.4 BRCA1-deficient tumour cells secrete MSP to activate the RON-MSP axis
Surprisingly, the data implicated that MSP overexpression in BRCA1-deficient KB1P

mammary tumours does not have a direct effect on the macrophage population in
the tumour microenvironment. Therefore, we wondered whether the cancer cells
require the RON-MSP axis for their own tumourigenic potential. We hypothesised
that the cancer cells secrete MSP to activate the RON-MSP axis. To test this
hypothesis, immunohistochemistry was performed to get insight where the MSP
protein is located in the tumour microenvironment. Paraffin embedded tumour
tissue sections from mice taken at clinical endpoint were stained for MSP. Similar to
previous findings, we observed an increased in MSP expression in KB1P mammary
tumours (figure 5A) compared to KP mammary tumours (figure 5B). Interestingly,
MSP staining was predominantly found around the cancer cells and not in the
stromal areas of the mammary tumours (figure 5A, B). Next, with this knowledge and
to further elucidate our hypothesis, we assessed the serum levels of MSP in KB1P
and KP mice. Serum was collected from wild type tumour-free, KB1P and KP mice at
clinical endpoint and the serum levels of MSP were assessed by ELISA. We observed
an increase of MSP in the serum of tumour-bearing KB1P mice and KP mice
compared to wild type mice. Interestingly, MSP serum levels in KB1P mice were not
significantly increased compared to KP mice (figure 5C). These results suggest that

the cancer cells possibly secrete MSP in a process of autocrine stimulation.
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Figure 5. MSP expression and serum levels are increased in KB1P mice. (A) Immunohistochemistry
staining of MSP on formalin-fixed paraffin-embedded KB1P and KP tumour sections (heat-antigen retrieval,
40x magnification). (B) MSP serum levels in wild type and tumour bearing KB1P and KP mice (n = 5 wild
type, n = 6 KB1P, n = 6 KP; Mann-Whitney U test). * P < 0.05. Mammary tumours and sera were collected
from mice at clinical endpoint. Immunohistochemistry images are a representation of at least three
independent experiments (n = 8 KB1P, n = 8 KP).
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3.5 Inhibition of RON by BMS-777607 does not reduce cell viability in BRCA1-
deficient cancer cell lines
To further elucidate the mechanism by which the cancer cells use the RON-MSP axis

to facilitate metastasis, we made tumour cell lines from KB1P and KP mammary
tumours. Western blot and QPCR analysis performed by other members of the lab
confirmed that the tumour cell lines maintained expression of RON after
transformation in vitro (data not shown). We took a pharmacological approach to
target the RON-MSP axis. We hypothesised that if the tumour cell lines require this
axis for their tumourigenic potential, the tumour cell lines would be sensitive to
treatment with dual MET/RON inhibitor BMS-777607. To this end, we treated 2 KB1P
and 2 KP mammary tumour derived cell lines for 72 hours with BMS-777607 or
DMSO vehicle in low serum conditions (0.2% FBS). On the fourth day, adherent cells
were stained with crystal violet and cell viability was assessed by quantification of
crystal violet staining. Treatment with BMS-777607 resulted in reduced cell viability
in both KP-1 and KP-2 cell lines (figure 6A). However, treatment with BMS-777607 in
the KB1P cell lines had no effect on cell viability (figure 6A). Considering the fact that
a reduction in cell viability could be the result of either a reduction in cell
proliferation or an increase in cell death, we wondered whether treatment with
BMS-777607 induces cell death in KP cell lines. To this end, we performed a real-time
cytotoxicity assay using Sytox® green. Similar to the experimental setup of the cell
viability assay, cells were treated for 72 hours with (increasing concentrations of)
BMS-777607 or DMSO vehicle in low serum conditions (0.2% FBS) and green
fluorescence was measured at a 1-hour interval. Treatment with BMS-777607
induces cytotoxicity in the KP-2 cell line (figure 6B). Moreover, this cytotoxicity was
dose-dependent and became apparent within 24 hours (figure 6C). Since we did not
observe reduced cell viability in KB1P tumour cell lines (figure 6A), we hypothesised
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that we would not see cytotoxicity in these cells when treated with BMS777607. To
test our hypothesis, we treated the KB1P-2 cell line with 2.5 uM BMS777607. After
24 hours, we observed no increased cytotoxicity in the treated cells versus the

control cells, supporting our previous findings that BMS777607 has no effect on cell

viability in BRCA1-deficient mammary tumour cell lines (figure 6D).
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Figure 6. BMS-777607 induces cell death in BRCA1-proficient (KP) tumour cell lines. (A) Cell viability
in KB1P (n = 2) and KP (n = 2) cell lines. (B) Representative images of Sytox® green staining in KP-2 cell
line in DMSO control and BMS-777607 treated cells. (C) Sytox® green staining in KP-2 cell line treated with
BMS-777607. (D) Sytox® green staining in KB1P cell line treated with BMS-777607. Cells were plated and
allowed to attach overnight. The next day, cells were treated with DMSO or BMS-777607 at the indicated
concentration in low serum conditions (0.2% FBS) for 24 or 72 hours, respectively. Results are
representative of at least three independent experiments.
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3.6 The RON-MSP axis plays a role in the invasiveness of BRCAl-deficient
tumour cells

Our data showed that pharmacological inhibition of the RON-MSP axis had no effect
on the cell viability of KB1P cell lines and did not induce cell death. With the
knowledge that previous studies have suggested a role of the RON-MSP in breast
cancer metastasis and the aggressive phenotype associated with triple negative
breast cancer, we wondered whether the RON-MSP axis might contribute to the
invasive phenotype of BRCA1-deficient tumour cells. To this end, we performed an
invasion/wound-healing assay. We plated KB1P tumour cells and allowed cellular
monolayers to form. Next, the cells were wounded and treated with BMS-777607,
MSP or the combination at the indicated concentrations in low serum conditions
(0.2% FBS). Cells were imaged every hour and the wound density was measured. The
change in relative wound density (RWD) over time was used as a measurement for
invasion (figure 7C). In order to be able to compare independent experiments, we
needed a measurement that does not depend on slight experimental variables (e.g.
time). Therefore, we determined RWD Tax ¥ for each experiment, and used these
values for analysis (figure 7A, B). RWD T,ax % is the time at which the RWD of the
DMSO control was at 50% RWD. Next, all data was normalised against the DMSO
control. Treatment with MSP had no additive effect on the invasiveness of the cell
line KB1P-2. We observed a striking reduction (50%) in RWD in KB1P tumour cells
treated with BMS777607 and MSP was not able to reverse this effect of BMS-777607
(figure 7C). Initial steps to perform in vivo experiments were also taken. To conclude,
these data suggest that BRCA1-deficient cancer cells require the RON-MSP axis for

their invasive phenotype.
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Figure 7. Inhibition of the RON-MSP axis reduces invasiveness in KB1P cells in vitro. (A) Representative image of relative
wound density (RWD Tmax1/2) in KB1P tumour cell line. (B) RWD Tmax1/2 in KB1P cell line, DMSO control normalised. (C) RWD
over time in KB1P cell line (Mann-Whitney test). Cells were allowed to attached overnight to form monolayers. Next, cells were
wounded and treated with BMS-777607 (in DMSO), MSP (in PBS/0.1% BSA) or a combination, at the indication concentrations in
low serum (0.2% FBS) conditions. Images are representative of at least three independent experiments.

46



3.7 The Vy1y0 T cell subset is restricted to IFNy-producing y0 T cells and Vy4

vd T cells expand in the presence of a mammary tumour
In the first part of this study we focused on the mammary tumour and aimed to

elucidate the role of the RON-MSP axis in triple negative breast cancer metastasis.
Next, we shifted our focus to the immune cells in the tumour microenvironment.
We had assessed the importance of the y0 T cell-IL-17-neutrophils axis in the KB1P
and KP mammary tumour models. Moving forward, we aimed to elucidate the role
of the IFNy-producing yd T cells in breast cancer metastasis. To this end, we first
evaluated their expression in wild type and tumour bearing mice. We collected lung
and lymph nodes from KB1P mice at clinical endpoint and age matched the wild type
control mice. We observed similar levels of IFNy-producing yd T cells in KB1P and
wild-type mice in the lung (figure 2A, 8) and the lymph nodes (figure 2A, 8). Next, we
asked the question whether IFNy-producing ¥ T cells have a T cell receptor chain
(TCR) usage profile different from IL17-producing yd T cells with the aim of finding a
target to specifically deplete the former. While these two subsets can be
distinguished based on their CD27 expression [83], CD27 is also expressed on other T
cells, rendering an anti-CD27 antibody unsuitable for this purpose. The data show a
striking difference in expression of the Vy-chain of the T cell receptor between the
two yd T cell subsets (figure 9A, 9B). IFNy-producing yd T cells and yd T cells that do
not express IFNy or IL-17 predominantly express the Vy1 variant of the TCR, at over
50%. In contrast, only 5% of the IL-17-producing yd T cells express Vy1. The majority
(80%) of IL-17-producing y0 T cells express neither Vy1 or Vy4.The yd T cells in wild
type mice had a similar TCR profile, implying that the presence of a mammary
tumour does not change the yd T cell repertoire. Interestingly, in tumour bearing

KB1P mice we observed overall expansion of Vy4 yd T cells for all yd T cell subsets. To
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conclude, the data demonstrate that expression of the Vy1 chain is selective for
IFNy-producing y0 T cells and is a promising target to the study the function of these

cells.

3.8 Anti-Vy1 antibody selectively depletes IFNy-producing yd T cells and
decreases IFNy production on CD3" T cells
To test this hypothesis and to validate whether we could specifically deplete IFNy-

producing yO T cells, we used an anti-Vy1 antibody. Preliminary data in wild type
mice show a reduction of ~¥50% in (CD27+) IFNy-producing Y8 T cells which is in line
with previous findings that approximately 50% of the cells express Vy1, which
demonstrates high selectivity and effectiveness of the antibody. Surprisingly, we also
observed a decrease in IFNy production by CD3" T cells. Thus, the data demonstrate
that an anti-Vy1 antibody is suitable to deplete IFNy-producing yd T cells and that
these cells may prime CD3" T cells (i.e. CD8" T cells) for their IFNy production and
their subsequent cytotoxic anti-tumour activity. For future experiments the drug
tolerance of the mice to BMS-777607 was tested. Mice were treated for 5
consecutive days per week, for a total of 12 days. 100% of the mouse cohort
tolerated the drug and no signs of a worsened animal health (e.g. 10% weight loss)

were observed (data not shown).
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Figure 8. IFNy-producing yd T cells in WT and KB1P mice. (A) IFNy yd T cells in wild type and KB1P mice
(LN:n=7 WT, n = 6 KB1P; Lung: n =8 WT, n = 5 KB1P; Mann-Whitney test). Lungs and lymph nodes were
collected from mice at clinical endpoint. Lungs were digested with collegenase D and red blood cells were
lysed. Remaining cells were collected and incubated with antibodies using a 10-colour T cell flow cytometry
panel. B-lymphocytes (CD19) and epithelial cells (EpCAM) were gated out by means of a dump channel
(APC-eFluor780). The percentages shown represent the frequency of cells relative to the parent gate.
Immune cell populations are shown as proportion of the total amount of yd T cells. All data are mean (SD).
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Figure 9.ydT cell repertoire in lungs of wild type and BRCA1-deficient mice. (A) Representative images of Vy1-Vy4 flow gate from IFNy-yd T cel
and IL-17Ayd T cell parent gates, respectively. (B) Vy chain TCR usage of IFNy-producing yd T cells, IL-17A producing y0 T cells and IFNy- IL-17A-yd
cells (IFNy: KB1P,n =5, WT, n = 4; IL-17A: KB1P, n =4 WT, n = 4). Lungs were collected from mice at clinical endpoint. Lungs were digested with
collegenase D and red blood cells were lysed. Remaining cells were collected and incubated with antibodies using a 10-colour T cell flow cytometry
panel. B-lymphocytes (CD19) and epithelial cells (EpCAM) were gated out by means of a dump channel (APC-eFluor780). The percentages shown
represent the frequency of cells relative to the parent gate.
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Figure 10. Depletion of IFNy-producing yd T cells reduces IFNy expression on CD3+ T cells in lungs of
wild type mice. (A) CD27+ expression on yd T cells. (B) IFNy* expression on CD3+ T cells. Wild type mice
were treated (IP) with anti-Vy1 once a day for three consecutive days and sacrificed on the fourth day.
Lungs were collected and digested with collegenase D and red blood cells were lysed. Remaining cells were
collected and incubated with antibodies using a 10-colour T cell flow cytometry panel. B-lymphocytes
(CD19) and epithelial cells (EpCAM) were gated out by means of a dump channel (APC-eFluor780). The
percentages shown represent the frequency of cells relative to the parent gate.
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Chapter IV. Discussion

Results from previous studies showed the importance of the yd T cell - IL-17 -
neutrophil cascade in metastasis in a mouse model of lobular breast cancer (KEP). In
this study, we show that this metastatic cascade is also important in KB1P mice, a
mouse model of triple negative breast cancer. KB1P mice show an increase in IL-17-
producing y0 T cells and neutrophilia, suggesting that different types of breast cancer
may have a similar mechanism involved in metastasis. The y0 T cell - IL-17 -
neutrophil cascade is induced by macrophage-mediated IL-1f3 secretion from the
mammary tumour microenvironment [58]. Thus, we were interested in the
mechanism used by the macrophages to secrete IL-1f to facilitate metastasis. More
specifically, we investigated the RON-MSP axis and found that MSP is upregulated in
KB1P mice. Interestingly, this does not correspond to a change in the phenotype of
the macrophages in KB1P mammary tumours, nor an increase in macrophage
abundance. A similar phenomenon was observed in a mouse model of liver disease
(NASH). LdIr” mice treated with MSP showed an increase in proinflammatory
cytokines, including IL-13, without a change in macrophage infiltration [84].
However, we cannot rule out that a deeper analysis, such as RNA-Seq, could show a
macrophage phenotype specific to KB1P mice, as we characterised the macrophage
population based on their MHClI-expression. However, as a result of our findings, we
shifted our focus to the mammary tumour. Serum levels and immunohistochemistry
data implied a dependence of the KB1P mammary tumour on the RON-MSP axis.
Furthermore, other studies have shown that tumour cells can facilitate IL-

1B production in tumour-associated macrophages. For example, Jang et al used

murine triple negative breast cancer line 4T1 and observed macrophage-mediated
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IL-1p production through CD44 in vitro. Moreover, orthotropic transplantation of
4T1 cells in mice resulted in tumour growth and lung metastases [85]. Thus, we
made KB1P (and KP) primary tumour cells lines and took a pharmacological approach
to elucidate the role of the RON-MSP axis in vitro. KB1P tumour cells were insensitive
to treatment with BMS-777607. In contrast, BRCA1-positive KP tumour cells showed
a significant reduction in cell viability and subsequent increased apoptosis upon
treatment with BMS-777607. Given the knowledge that the KP mouse model shows
an overexpression of cMET [77], this observation could be explained by the fact that
treatment with the cMET/RON dual inhibitor BMS-777607, has a synergistic effect in
the KP cell lines. Reduced invasiveness of KB1P tumour cells, not reversible by MSP,
upon treatment with BMS-777607 implies the requirement of RON-MSP axis for the
tumourigenic potential of the cancer cells. Other members of the lab have followed
up on these findings and the data have given insight into the role of the RON-MSP
axis in tumourigenesis in vivo. FVB/n mice transplanted with KB1P tumour fragments
into the mammary gland showed a delay in primary tumour growth upon treatment
with BMS-777607 as a result of a decrease in cell proliferation [86].

In addition to the RON-MSP axis, we investigated the role of IFNy yd T cells in
breast cancer metastasis. Although these cells are proposed to have anti-
tumourigenic potential, their role in breast cancer metastasis remains elusive. Our
results show a striking difference in the T-cell receptor repertoire in these IFNy y0 T
cells compared to their IL-17-producing counterparts. The Vy1 variant of the TCR is
selective for the IFNy-producing yd T cells, independently of the presence of a
mammary tumour. Overall expansion of Vy4 yd T cells in the mammary tumour

microenvironment suggests that these may be favoured in the tumour
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microenvironment, although this hypothesis will need to be investigated. We show
that depletion with an anti-Vy1 antibody selectively targets IFNy-producing y0 T cells.
Additionally, the interesting observation that this also resulted in IFNy production on
CD3" T cells implies that other T cells (i.e. CD8+ T cells) may require priming from
IFNy-producing y0 T cells for their cytotoxic tumour-killing abilities. Consequently, we
reason that neutrophils (through the y0 T cell - IL-17 - neutrophil cascade) suppress
IFNy-producing yd T cells and that the mammary tumour activates this metastatic
cascade through the RON-MSP axis, which it also requires for its own oncogenic
potential.

Future experiments will focus on testing our hypotheses and metastatic
cascade-working model in tumour-bearing mice (figure 11). Although several studies
have suggested a role of the RON-MSP axis in metastasis, it is important to not that
these studies were performed in MSP overexpressing cell lines derived from the
MMTV-PyMT model or MMTV-driven Mst1r overexpressing genetically engineered
mouse models. Compared to our KB1P model, the tumours of these models show
less resemblance to human TBNC tumours on a histological level. Furthermore, the
KB1P mice have increased endogenous levels of MSP, allowing for less artificial
manipulation to perform in vivo experiments and a more representative simulation
of TBNC progression as seen in patients.

We will use the metastasis model (as described in [60]) and use both a
pharmacological approach and use various genetically engineered mouse models.
For the pharmacological approach, KB1P tumour fragments will be transplanted in
wild type syngeneic FVB/N mice. Next, using anti-Ly6G and anti-Vy1 antibodies,

and/or BMS777607, neutrophils, IFNy yd T cells and the RON-MSP axis will be
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inhibited, respectively, to study the function of each target in the metastatic
cascade. Another way to study the RON-MSP axis would be to cross K14-Cre mice
with homozygous Ron-floxed mice to generate mice with deletion of RON in
epithelial cells and to transplant KB1P tumour fragments in these mice. We
hypothesise that inhibition of RON will result in a decreased number of (lung)
metastases and prolong survival after removal of the primary tumour. Using the
same approach (i.e. transplanting KB1P tumour fragments), CD3DH mice can be used
to determine whether IFNy-producing v8 T cells are required for CD8" T cell
activation. The phenotype of these mice has been thoroughly described [87]. Briefly,
these mice lack IFNy-producing yd T cells and show impairment in differentiation of
Vy6, but not Vy4 IL-177 y8 T cells. In contrast, they exhibit normal numbers and
phenotype of af T cells (e.g. CD8" T cells). Thus, we hypothesise that more lung
metastases will be found in these CD3DH mice compared to control mice, as a result
of the lack of CD8" T cell activation by IFNy-producing y8 T cells. Additionally, using
this model we can also investigate the role of Vy4 IL-17+v3 T cells, as the impact of
the expansion of this yd T cell subset in the tumour microenvironment is still unclear.
To conclude, using both pharmacological methods and exploit various
genetically engineered mouse models to perform metastasis studies, we hope to be
able to get more insight into the mechanism of breast cancer metastasis, focusing on
both the mammary tumour and anti-tumourigenic IFNy yd T cells in the tumour
microenvironment. Ultimately, with this knowledge, the aim is to develop new
combinatorial approaches targeting both cancer cells and immune cells to abrogate

breast cancer metastasis.
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igure 11. Working model metastatic cascade. MSP is used by the mammary tumour for its oncogenic potential. In addition, through MSP, the
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