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Abstract
Tumours are often associated with defects in hematopoiesis and DC function. Leukocytosis,
anemia, development of immunosuppressive cells such as MDSCs and tolerogenic DCs are
all part of tumour development. In breast cancer, although these hematopoietic and DC defects may serve as prognostic indicators, little is known about their origin. Our studies show
that mammary tumours affect the hematopoietic system leading to myeloproliferative-like
disease characterized by neutrophilia, anemia, and defects in the HSPC compartment. These
defects were associated with changes in global epigenetic regulation, and specifically in the
upregulation and histone methylation status of Hoxa genes, most notably Hoxa9, a gene that
critically controls HSPC differentiation. These changes in gene regulation and HSPC defects
were found to be driven by tumour-secreted G-CSF. Additionally, our research shows that
the generation of immunosuppressive DCs in mammary tumour bearing mice was associated
with impaired DC differentiation, where DCs that develop in the presence of mammary tumours and their factors acquire immunosuppressive features. G-CSF played an important role
in the suppression of DC development. Tumour derived factors induced FLT3L and GMCSF DCs to expression Arginase-I, an enzyme known to suppress T cell proliferation and
induce tolerance. Our data revealed the expression of Arg1 in these DCs was associated with
enabling histone modifications in the Arg1 locus. Targeting of G-CSF may alleviate tumourinduced symptoms of anemia, leukocytosis, and DC defects, resulting in better patient survival and preventing DC immunosuppression.
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changes and Hox gene expression in hematopoietic cells”, and “Impaired DC development
and functionality in mammary tumour-bearing mice”, respectively.
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Section 1 Introduction
1.1

1.1.1

Cancer and hematopoiesis

Hematologic abnormalities in neoplastic disease

Hematopoietic system abnormalities are commonly observed in cancer patients. In particular,
anemia and proliferation of immature myeloid cells have been reported to be risk factors in
cancer patients (Qiu et al., 2010a; Wilcox, 2010). Although anemia has been recognized in
cancer patients for several decades, it is not known whether the induction of anemia is important in the development of cancer, or whether it is a side-effect of the presence of cancer
in patients. Similarly, the expansion of white blood cells of the myeloid lineage (leukemoid
reaction) has long been associated with neoplastic disease. In recent years, this expansion of
leukocytes has been linked to higher mortality rates and poor prognosis in malignancy, and
has been described as a mechanism by which tumours suppress immunosurveillance, rejection of malignant tissues and hamper immunotherapeutic efforts (Wilcox, 2010).

Despite the diverse functions of red blood cells and leukocytes of the myeloid lineage, these
cell types originate from a common hematopoietic progenitor, the common myeloid progenitor (CMP). Due to the critical associations between leukocytosis or anemia with cancer patient prognosis, and their common lineage, it is not unreasonable to speculate that the cancerassociated changes in myelopoiesis and erythropoiesis may be linked by a common pathway.
Therefore, it is critical to understand the mechanism of how tumour cells influence hematopoietic cell differentiation to determine the etiology of these hematopoietic aberrations. The
elucidation of these mechanisms may lead to the discovery of therapeutic targets that function to block cancer-induced aberrant myelopoiesis and erythropoiesis.
1.1.1.1

Anemia in neoplasia

The quality of life of anemic cancer patients is rated lower than that of non-anemic patients
(Leonard et al., 2005). Notably, pre-existing anemia in patients that have not undergone
treatment is a phenotype that is negatively associated with the survival rate of breast, among
other, cancer patients (Gislason and Nou, 1985; Metindir and Bilir Dilek, 2009; Qiu et al.,
1

2010a; Qiu et al., 2010b). In one study, overall anemia among breast cancer patients was
found to be higher than a control group with benign diseases (10.1% to 6.0%), while breast
cancer patients with anemia had a lower 3-year survival rate compared to those without anemia (84.0% vs 92.2%) (Qiu et al., 2010a). In addition, anemia was shown to be an independent prognostic factor in breast cancer patients (Qiu et al., 2010a). In a separate study, 44% of
pre-treatment breast cancer patients were anemic, revealing that the rate of anemia among
different populations of breast cancer patients vary widely, and that a high occurrence of
anemia among breast cancer patients may be more evident in certain groups of patients compared to others (Tas et al., 2002). Nevertheless, anemia is a prevalent phenomenon among
breast cancer patients, with possible prognostic value in determining patient survival rates.
1.1.1.2

Leukocytosis in neoplasia

The cancer associated expansion of leukocytes, and in particular a subset of cells broadly
termed myeloid derived suppressor cells (MDSCs) from the myeloid lineage, is associated
with poor prognoses in cancer patients (Diaz-Montero et al., 2009; Gabitass et al., 2011; Qiu
et al., 2010a). A large body of literature has shown that MDSCs are important for the survival of tumours. Multiple studies have demonstrated the ability of MDSCs to suppress activation of helper and cytotoxic T cells, to secrete factors that can suppress antigen presenting
cells, and to directly prevent T cell activation through mechanisms such as the production of
Arginase-I (Arg1) (Gabrilovich, 2004; Gabrilovich et al., 2012). MDSC infiltration of tumours also increases angiogenesis of tumour vasculature, thereby aiding tumour growth and
establishment of a pre-metastatic niche (Shojaei et al., 2008; Wilcox, 2010). The expansion
of these MDSCs has been linked to several immunologically relevant cytokines secreted by
tumour cells, including IL-6, G-CSF, M-CSF and GM-CSF (Gabrilovich and Nagaraj, 2009).
Results from recent studies indicate that the ability of certain chemotherapeutic treatments,
such as gemcitabine and 5-fluorouracil, to contain tumour growth may be due to their ability
to deplete or prevent MDSC expansion (Suzuki et al., 2005; Vincent et al., 2010; Wilcox,
2010). Due to the importance of MDSCs in mediating tumour survival by suppressing various functions of the immune system, these results provide a new link between chemotherapeutic suppression of tumour growth and immunological surveillance.
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1.1.2

Disruption of hematopoiesis in tumour-bearing hosts

Hematopoiesis involves the differentiation of bone marrow (BM) hematopoietic stem and
progenitor cells (HSPCs) into more committed lineages of blood cells (Fig. 1.1). This process
is governed by DNA-binding transcription factors and epigenetic modifications of chromatin
that regulate cell fate decisions, maintenance of stem cell identity and self-renewal capacity
(Cedar and Bergman, 2011). Recent studies have focused on studying the effects of tumourdevelopment on leukocyte expansion, and, in turn, how these leukocytes, such as MDSCs,
affect tumour growth. However, little is known about how tumours affect leukocyte development, the stage at which hematopoiesis is affected, and what types of cytokines are most
relevant in tumour-induced hematopoietic abnormalities. Tumour-induced hematopoietic
changes and their relationship with tumour growth and development need to be elucidated to
determine their importance in cancer related symptoms, such as leukocytosis and anemia.
1.1.2.1

Hox gene regulation of hematopoiesis

Key proteins involved in the process of hematopoietic differentiation and maintenance of
hematopoietic stem cells (HSCs) include the Hox genes, and in particular, genes in the Hoxa
cluster such as Hoxa9 (Argiropoulos and Humphries, 2007). Loss-of-function mutations in
Hoxa9 lead to reduced stem cell repopulating and self-renewal capacity, whereas gain-offunction mutations in Hoxa9 lead to increased stem cell repopulating capacity with concurrent inability to differentiate into more restricted cell types (Argiropoulos and Humphries,
2007; Thorsteinsdottir et al., 2002). Hoxa9 gain-of-function in the HSC compartment has also been shown to lead to the development of myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML). MDS or AML involve the replacement of normal BM cells with rapidly dividing, undifferentiated cells of the myeloid lineage, and often occur together with
anemia and impaired erythropoiesis (Argiropoulos and Humphries, 2007; Tefferi and
Vardiman, 2009). These changes in patients with MDS or AML are reminiscent of the leukocyte expansion and anemia observed in solid tumour patients.

3

Figure 1.1 Hematopoietic stem cell differentiation.
LT-HSC, long term hematopoietic stem cell; ST-HSC, short term hematopoietic stem cell; MPP, multi-potent
progenitor; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; MEP, megakaryocyte
erythrocyte progenitor; GMP, granulocyte macrophage progenitor; MDP, monocyte dendritic cell progenitor;
cDC, conventional dendritic cell; pDC, plasmacytoid dendritic cell.
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Although no studies have shown an association between the development of solid tumours
and the dysregulation of HSPCs through aberrant expression of Hoxa genes, it is tempting to
speculate that the phenotypic similarities between patients with MDS/AML and patients with
solid tumours, including the expansion of leukocytes and induction of anemia, may be linked
through the Hoxa gene cluster. This link may provide the rationale for use of therapies directed at MDS/AML as an adjuvant therapy to alleviate symptoms observed in solid tumour
patients and increase patient survival.
1.1.2.2

The role of histone methylation in the regulation of Hox gene expression

HSPC differentiation is governed by epigenetic regulation through the Polycomb Group
(PcG) and Trithorax Group (TrxG) complexes, which modulate chromatin remodelling
through progressive histone methylation (Fig. 1.2) (Zardo et al., 2008). The components
SUZ12, Eed and EZH2 make up the epigenetic silencing Polycomb Repressive Complex 2
(PRC2). PRC2 is part of the PcG complexes and is important in the determination of cell fate
in hematopoietic progenitor cells through its ability to tri-methylate histone 3 lysine 27
(H3K27), which silences gene transcription (Zardo et al., 2008). In opposition to the methyltransferase activity of PRC2, histone demethylases such as JMJD3 have been shown to be
important in Hox gene regulation, and their activity is associated with stem cell differentiation and rapid reduction in H3K27 methylation (Agger et al., 2007). In another mechanism
indirectly opposing the activity of PRC2, the TrxG complexes such as MLL1-5 are important
in the regulation of early hematopoietic progenitor cell fate through the tri-methylation of
histone 3 lysine 4 (H3K4), which opens chromatin for permissive gene transcription (Zardo
et al., 2008). The Menin protein, encoded by Men1, interacts with MLL for leukemic transformation of hematopoietic progenitors, and it has an essential role in hematopoiesis, whereby loss of Menin results in reduced fitness and repopulating capacity of HSCs under hematopoietic stress (Maillard et al., 2009).
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Figure 1.2 Regulation of gene transcription by H3K4 and H3K27 methylation.
Tri-methylation of Histone 3 at lysine position 4 by MLL and other core components WDR5, RbBPS and Ash2L promotes gene transcription (left), while di- or
tri-methylation of Histone 3 at lysine position 27 by EZH2, EED and SUZ12 prohibits gene transcription (right). Adapted from Wen H, Schaller MA, Dou Y,
Hogaboam CM, Kunkel SL. Dendritic cells at the interface of innate and acquired immunity: the role for epigenetic changes. J Leukoc Biol. 2008;83:439-46.
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Hoxa9 expression is regulated by PcG and TrxG complexes, linking epigenetic regulation of
Hoxa9 with HSPC homeostasis and leukemic transformation (Cao et al., 2002; Cao and
Zhang, 2004; Yan et al., 2006). In a mouse model where HSCs were sensitized to genetic
mutations that change HSC function (c-Mpl background), the loss of the individual components of PRC2 – EZH2, SUZ12 and Eed – resulted in increased HSC activity, suggesting that
PRC2 regulates HSC homeostasis through its restriction of HSC activity (Majewski et al.,
2008; Majewski et al., 2010). An analysis of the genes affected by loss of SUZ12 showed
that Hoxa9 was upregulated in HSC/ progenitors, linking the upregulation of Hoxa9 due to
loss of PRC2 activity with increased HSC activity (Majewski et al., 2010). Loss of Eed in
one study led to myeloproliferative defects in mice, resulting in an increase in primitive myeloid progenitors, whereas overexpression of Ezh2 in a retroviral transfection model in HSCs
reinforced long-term repopulating capacity (Kamminga et al., 2006; Lessard et al., 1999).
Therefore, it is clear that PRC2 restricts HSC activity through its ability to repress the transcription of genes important in regulating hematopoiesis, such as Hoxa9.

Conversely, translocations of Mll with various fusion partners increased H3K4me3 in the
Hoxa9 locus, which led to increased Hoxa9 expression and maintenance of cellular proliferation and stem cell identity in leukemic cells (Chen et al., 2006; Faber et al., 2009; Hess,
2004; Horton and Huntly, 2012). Additionally, MLL is necessary for HSC development and
the transition from HSC to multipotent progenitors due to its role in activating Hox gene
transcription, indicating its importance in HSC biology (Ernst et al., 2004a; Ernst et al.,
2004b). Thus, the activity of MLL opposes that of the PRC2 complex by tri-methylating
H3K4me3 and allowing active gene transcription, especially in the Hox gene locus, thereby
maintaining stem cell identity and HSC differentiation potential. Menin is also important in
leukemic transformation and maintenance of HSC activity through its interactions with MLL,
since the Menin/MLL interaction is required for the increased expression of Hoxa9 (Chen et
al., 2006; Yokoyama et al., 2005). Deletion of Men1 in conditional Men1 knockout mice revealed reduced Hoxa9 expression and hematopoietic progenitor colony formation, while peripheral blood leukocytes were also reduced (Chen et al., 2006). In leukemic cells, disruption
of the Menin/MLL interaction reduces Hoxa9 expression and proliferation in MLL fusion
7

protein-transformed bone marrow cells, in addition to inducing cellular differentiation, a sign
of loss of leukemic activity (Grembecka et al., 2012). In summary, the opposing effects of
PRC2 and Menin/MLL appear to counteract the actions of one another, and aberrant expression of each component of these complexes leads to hematologic abnormalities through their
modulation of Hoxa9 expression.

Due to the central role of Hoxa genes in hematopoiesis and leukemogenesis, and the capacity
of tumours to induce leukocytosis and anemia in cancer patients, we hypothesize that dysregulation of the Hoxa gene cluster through enabling histone methylations could be important in
the development of these hematologic changes in cancer patients.

1.1.3

G-CSF and its role in hematopoiesis

Discovered in the 1980’s, G-CSF is a hematopoietic cytokine that has a variety of functions
important in hematopoiesis, including mobilization of hematopoietic stem cells and maintenance of the pool of neutrophils under steady-state and stress conditions (Lieschke et al.,
1994; Liu et al., 1996; Panopoulos and Watowich, 2008). Individuals with neutropenia, either
through congenital or acquired disorders, are highly immunodeficient and susceptible to bacterial infections (Zeidler et al., 2003). G-CSF and G-CSFR knockout mice have a reduced
neutrophil count and are much less able to fight off infection from Listeria monocytogenes
(Lieschke et al., 1994; Zhan et al., 1998), Pseudomonas aeruginosa (Gregory et al., 2007),
and Candida albicans (Basu et al., 2000). In addition to its role in regulating granulopoiesis,
G-CSF directly increases neutrophil phagocytosis, mobilization and survival, thereby contributing to the functional aspects of neutrophilic granulocytes (Eyles et al., 2006).

Another way in which G-CSF controls hematopoiesis is its ability to induce hematopoietic
stem cell mobilization. Injecting G-CSF alone, or G-CSF in combination with FLT3L, another cytokine important in controlling hematopoietic stem cell maintenance as well as dendritic
cell (DC) differentiation, into healthy individuals or primates can induce the expansion and
mobilization of HSPCs into the peripheral blood (Brasel et al., 1997; Papayannopoulou et al.,
1997). The administration of G-CSF as a method of stem cell mobilization has been exploit8

ed as a means of collecting high levels of HSPCs from the peripheral blood of donors for
stem cell transplantation in humans.

Studies on the role of G-CSF in HSC homeostasis are rare (Alexander, 2000). However, due
to the broad expression of the G-CSFR on HSCs, it has been hypothesized that HSC homeostasis is controlled by the level of G-CSF (Liu et al., 2000). In addition, the repopulation capacity of HSCs from G-CSFR-/- mice are 5 times less efficient than that of wild type mice in
irradiated recipients, indicating that G-CSF may be important in regulating physiological
HSC function (Liu et al., 2000).
1.1.3.1

The role of G-CSF in cancer

Tumours are known to hi-jack the immune system of the tumour-bearing host for immuneevasion and tumour promoting angiogenesis (Gabrilovich and Nagaraj, 2009; Gabrilovich et
al., 2012). Due to the importance of G-CSF in hematopoiesis, it is not surprising that certain
tumour types have been shown to upregulate the production of G-CSF, especially breast tumours (Lawicki et al., 2007; Lawicki et al., 2009). In particular, breast cancer patients have
increased levels of G-CSF in tumour tissues compared to surrounding normal tissues (Park et
al., 2011), in tumour tissues compared to tissues from control individuals (Chavey et al.,
2007), and in the serum compared to control individuals (Park et al., 2011). Indeed, higher
levels of G-CSF are associated with a poorer prognosis, increased tumour grade, and level of
lymph node infiltration in breast cancer patients (Dehqanzada et al., 2007; Lawicki et al.,
2007; Lawicki et al., 2009). Additionally, high levels of G-CSF administered to mice have
been shown to impair BM erythropoiesis (de Haan et al., 1994; de Haan et al., 1992; Nijhof
et al., 1994). Due the association between patient anemia and poor prognosis in many types
of cancer, including breast cancer, and G-CSF’s ability to impair erythropoiesis, tumour production of G-CSF may affect patient outcome by impairing erythropoiesis, thus contributing
to patient anemia.
Several studies have pointed to G-CSF’s ability to induce MDSCs as a means of suppressing
the tumour-bearing host’s immune system and immunosurveillance, leading to enhanced tumour growth and survival. Thus, induction of MDSCs by tumour produced G-CSF provides
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a possible mechanistic link between increased levels of G-CSF and increased risk of death. A
study using the 4T1 mammary tumour model of breast cancer showed that these tumours, as
well as metastases in the liver and lung, were highly infiltrated by MDSCs, implicating their
involvement in tumour development and metastases (DuPre et al., 2007). These tumours also
constitutively expressed g-csf, gm-csf and m-csf mRNA transcripts, and high levels of G-CSF
were detected in the serum of 4T1 tumour-bearing mice (DuPre and Hunter, 2007). In another study, depletion of G-CSF using an anti-G-CSF antibody reduced the load of MDSCs and
tumour growth, while delivery of exogenous G-CSF reduced tumour responsiveness to antiVEGF treatment (Shojaei et al., 2009). These studies clearly show that G-CSF expands
MDSCs (leukemoid reaction) in certain tumour types, which have a direct effect on aiding
tumour development. In this way, G-CSF may also contribute to negative breast cancer patient outcome.

In addition to its possible role in affecting survival of cancer patients and the expansion of
MDSCs, G-CSF may also be pivotal in leukemic transformation (Beekman and Touw, 2010).
Recent studies on the use of G-CSF as an adjuvant therapy to boost white blood cell production in breast cancer patients with severe neutropenia have shown a correlation between GCSF administration and increased risk of developing MDS/AML (Citron et al., 2003; Cole
and Strair, 2010; Hershman et al., 2007). Although the use of G-CSF increases the overall
survival of breast cancer patients with severe neutropenia, the increased risk of leukemic
transformation is evident.

These observations and reports support the idea that G-CSF, whether given as an adjuvant
therapy or produced by tumours, affect hematopoiesis, myelopoiesis, erythropoiesis and leukemic transformation of myeloid cells resulting in reduced patient survival.

1.2

1.2.1

Cancer and the DC lineage

The DC lineage

In 1973, Steinman and Cohn discovered cells in the peripheral lymphoid organs of mice that
had never been observed before, and named these cells dendritic cells (DCs) for their den10

drite-like appendages (Steinman and Cohn, 1973). Subsequent analyzes on DCs showed that
they are a population of cells that have a much higher capacity for induction of the mixed
leukocyte reaction than any other known cell type at the time, and thus were powerful inducers of naïve T cell responses (Steinman and Witmer, 1978). DCs have now been shown to
consist of multiple subtypes with specialized functions that can orchestrate innate and adaptive immunity in ways not seen with any other type of cell.
1.2.1.1

DC subsets

Although different organs and lymphoid tissues harbor different types of DCs, the splenic
DC subsets harbor functionally equivalent subtypes to those that are present in other lymphoid tissues. In the spleen, DCs are subdivided into three broad categories based on cell surface marker expression and function. These subsets include the CD8+, CD4+ and plasmacytoid DCs (pDCs). It is well established that CD8+ DCs have a high capacity for crosspresentation of antigen on MHCI that is necessary for the induction of CD8+ T cell responses, whereas CD4+ DCs can phagocytosis and present exogenous antigens which is important
in determining the type of CD4+ T cell responses (Coquerelle and Moser, 2010; Shortman
and Heath, 2010). On the other hand, the pDC subset has been shown to be important in antiviral responses (Coquerelle and Moser, 2010). Lastly, there are subsets of DCs that only arise
after the occurrence of an insult as in the case of L. monocytogenes infections, and are thus
termed inflammatory DCs (Coquerelle and Moser, 2010). These DCs arise from monocytic
precursors. The specialized functions of each DC subset allows for a coordinated and specifically catered response to an immunological insult, thereby orchestrating the optimal response
from effector cells.
1.2.1.2

DC function

In order to activate appropriate effector functions, DCs must detect the presence of foreign or
non-self antigens prior to initiation of an immune response. Danger signals that belong to
tumours, pathogens, and other non-self entities signal through pattern recognition receptors
(PRRs) to activate inflammatory responses. DCs that encounter these molecular patterns become activated, resulting in 1. migration of DCs from peripheral tissues to secondary lymphoid organs, 2. induction of the antigen presentation program, 3. reduction in phagocytosis
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and processing of extracellular antigens, 4. upregulation of co-stimulatory molecules, and 5.
secretion of pro-inflammatory cytokines (Banchereau et al., 2000; Coquerelle and Moser,
2010). This activation empowers the DC to potently stimulate T cell responses by engaging T
cell receptors with MHCI- and MHCII-bound peptides and co-stimulatory molecules including CD80, CD86 and CD40L, as well as determining T cell fate through secretion of cytokines such as IL-12, TNF-α, IL-6 and IL-10 (Steinman and Idoyaga, 2010). Additionally, activated DCs are important in priming natural killer cells (NK cells) due to their secretion of
IL-2 and trans-presentation of IL-15 through the IL-15Rα, as well as their production of type
I interferons (Lucas et al., 2007).

Each DC subset has specialized functions based on their unique capacities to process antigen
and detect danger signals. CD8+ DCs’ ability to phagocytose and cross-present extracellular
antigen on MHCI allows for the induction of CD8+ T cell responses against foreign peptides
from intracellular pathogens and tumour cells, while its superior ability to secrete IL-12 is
thought to skew CD4+ T cells towards a Th1 phenotype (Kronin et al., 2001; Pooley et al.,
2001; Pulendran, 2005; Schnorrer et al., 2006; Shortman and Heath, 2010). Conversely,
CD4+ DCs can activate and skew CD4+ T cells towards Th2 responses, due to their ability to
efficiently present peptide antigen on MHCII and secrete IL-10 (Pooley et al., 2001;
Pulendran, 2005). For pDCs, activation of anti-viral responses and recruitment of other immune cells occurs through their secretion of type I interferons (Jegalian et al., 2009). On the
other hand, inflammatory DCs express iNOS and produce TNF-α, which have direct roles in
killing bacteria, recruiting neutrophils and mediating inflammation (Serbina et al., 2003).
Therefore, DC subsets are thought to be effective and specific in their responses to immunological stimuli by their pre-determined capabilities. In this manner, the numbers and balance
of DCs may also influence the type of immune response evoked (Reis e Sousa, 2006).

In addition to the activation of immunity, research in the past decade has shown that DCs are
powerful inducers of tolerance through their expression of immunosuppressive enzymes and
ability to activate regulatory T cells (Tregs). The expression of the immunosuppressive enzyme Arg1 by DCs can metabolize and deplete L-arginine from the extracellular environment, resulting in the suppression of T cell activation/ proliferation (Munder, 2009). On the
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other hand, induction of Tregs by DCs can occur through the presentation of antigen without
the concomitant expression of activating co-stimulatory molecules, as in the case of administration of sterile antigen without a danger signal (Maldonado and von Andrian, 2010). Additional expression of tolerogenic receptors such as PD-L1 may mediate or enhance Treg induction by tolerogenic DCs (Francisco et al., 2009). In turn, Tregs suppress T helper (Th)
cell functions in an antigen-specific manner, through the expression of immunosuppressive
cytokines such as IL-10 and TGF-β, killing effector T cells by secretion of cytolytic enzymes, disruption of T cell metabolism, and inducing tolerance in DCs in a positive feedback
loop (Vignali et al., 2008).
1.2.1.3

DC development

Due to the prominent role of DCs in immune responses, much recent research has been focused on understanding DC ontogeny. In mice, DC development begins in the BM (Fig. 1.3).
The LT-HSC at the top of the hierarchy gives rise to cells of the myeloid lineage. The monocyte dendritic cell progenitor (MDP) arises from the LT-HSC through a number of intermediate progenitors, and the MDP is the precursor that produces monocytes and DCs (Liu et al.,
2009). The common dendritic cell progenitor (CDP), derived from the MDP, is the main progenitor responsible for the production of most DC subsets at steady-state (Naik et al., 2007;
Onai et al., 2007). These subsets include conventional DCs (including CD8+ and CD4+ DCs)
through an intermediate precursor called the preDC, and pDCs (Fig. 1.3).

The successful development and differentiation of DC subsets is critically dependent on the
expression of appropriate transcription factors that dictate lineage commitment. IRF-4, IRF8, and E2-2 are transcription factors with important roles in the development of specific DC
subsets. IRF-4 has been shown to be critical in the development of the CD4+ DC subset.
CD4+ DCs have a high expression of IRF-4 compared to CD8+ DCs, and loss-of-function
mutations in mice for IRF-4 have a significant impact on the numbers of CD4+ DCs whereas
CD8+ DCs are unaffected (Tamura et al., 2005). Similarly, CD8+ DC development critically
depends on the expression of IRF-8. IRF-8 is expressed in CD8+ DCs but not CD4+ DCs, and
a deficiency in IRF-8 in hematopoietic cells result in impaired CD8+ DC differentiation in the
lymphoid organs of mice (Aliberti et al., 2003; Schiavoni et al., 2002). Lastly, pDCs are de13

pendent on the expression of IRF-4, IRF-8 and E2-2, and knockout of IRF-8 and E2-2 in
mice shows the most severe phenotype in losing almost all pDCs, while IRF-4 knockout
mice show modestly reduced numbers of pDCs (Cisse et al., 2008; Geissmann et al., 2010;
Schiavoni et al., 2002; Steinman and Idoyaga, 2010; Tsujimura et al., 2003). The importance
of the transcription factors IRF-4, IRF-8 and E2-2 in determining DC differentiation and
maintenance of steady-state DCs make them valuable targets for studying DC development.
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Figure 1.3 DC differentiation.
LT-HSC, long term hematopoietic stem cell; MDP, monocyte dendritic cell progenitor; CDP, common dendritic
cell progenitor; pDC, plasmacytoid dendritic cell; preDC, dendritic cell precursor.
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1.2.2

The role of DCs in neoplasia

DCs play a multifaceted and critical role in immunity. The process by which DCs recognize,
acquire, process and present antigens to lymphocytes to destroy pre-malignant cells is known
as immunosurveillance, and is now thought to prevent most neoplasia from turning into fullblown cancerous tumours (Dunn et al., 2002; Dunn et al., 2004; Schreiber et al., 2011). It is
therefore not unexpected that tumours either co-opt DCs to mediate immunosuppression
and/or suppress the activation of DCs to escape immune recognition (Gabrilovich, 2004).
This can occur through two mechanisms: reducing the numbers of mature DCs (suppressing
immune activation) and skewing the balance of DCs to increase those with an immature/inhibitory phenotype (inducing immunosuppression).
1.2.2.1

DC localization, numbers and phenotype in neoplasia

DCs are often physically associated with solid tumours. In particular for breast cancer, one
study has shown that over 90% of breast cancer patients had tumours that were penetrated by
DCs of an immature phenotype, whereas 60% of patients had mature dendritic cells that were
sequestered in the peritumoural areas (Bell et al., 1999). Sequestration of mature DCs from
tumours may function to prevent DCs from inducing a robust T cell response by preventing
the acquisition of tumour antigen. In addition to the high density of immature DCs associated with tumour tissues, another study has shown that the numbers of mature DCs in the peripheral blood of breast cancer patients was severely reduced while immature DCs became
more abundant, suggesting a systemic dysfunction in DC differentiation (Pinzon-Charry et
al., 2005). This increase in immature DCs, which were shown to be functionally poor stimulators of T cell proliferation and IFN-γ production, was associated with breast cancer metastasis (Pinzon-Charry et al., 2005). Other studies have revealed that the overall level of peripheral blood DCs in breast, head and neck, and lung cancer patients was much lower compared to healthy controls (Almand et al., 2000; Della Bella et al., 2003). These breast cancerinduced abnormalities in DC localization and maturation are important mechanisms through
which tumours prevent immune cell activation.

Aside from aberrations in localization and numbers, the phenotype of tumour-associated DCs
is generally immunosuppressive or Th2 prone. These DCs cannot induce a robust T cell re16

sponse against tumour cells, and may even induce immunosuppression themselves. Experiments using a rat colon carcinoma tumour model showed that DCs that had infiltrated the
tumours express little CD80/CD86, and were poor stimulators of allogeneic T cell proliferation (Chaux et al., 1997). Syngeneic melanoma tumours in murine hosts directly converted
DCs into tolerogenic cells that secreted TGF-β, which induced the polarization of CD4+ T
cells into Tregs (Ghiringhelli et al., 2005). DCs derived from the peripheral blood of breast
cancer patients were poor stimulators of the mixed leukocyte reaction and autologous T cell
proliferation, compared to DCs from healthy individuals (Satthaporn et al., 2004). Other
studies demonstrated that tumours tended to induce a Th2-prone response in a DC-dependent
manner, which promoted cancer progression (Ochi et al., 2012; Olkhanud et al., 2011;
Pedroza-Gonzalez et al., 2011). In the 4T1 breast cancer model, tumour-infiltrating CD4+ T
cells that secreted Th2 cytokines increased primary tumour progression, and this tumour progression was enhanced by the co-transfer of BM-derived DCs (Olkhanud et al., 2011). In another model of breast cancer using human-derived cancer cells, DCs responded to tumourderived TSLP by inducing the expression of OX40L that mediated the development of Th2
cells (Pedroza-Gonzalez et al., 2011). Neutralization of either TSLP or OX40L reduced the
production of the Th2 cytokines IL-4 and IL-13, while suppressing tumour development in
vivo (Pedroza-Gonzalez et al., 2011). Therefore, sequestration of DCs away from tumour antigens, systemic depletion of DCs, and induction of immunosuppressive/Th2 prone DCs may
all contribute to tumour-induced immune escape.
1.2.2.2

DC developmental defects in neoplasia

Although the ability of DCs to mount an anti-tumour response and the numbers of DCs is
clearly affected by tumour burdens in both mouse models and human cancer patients, little is
known about the changes in DC progenitors in cancer. Evidence suggests that DC development may be impaired and/or inappropriately shifted towards an immunosuppressive phenotype, although no clear link has been established between tumour-induced DC developmental
changes and their effects on DC functions (Gabrilovich, 2004). The recent body of work on
dissecting the DC developmental pathway has paved the way for studying tumour-induced
changes in DC development. One study demonstrated that tumour infiltrating preDCs were
not functionally different compared to splenic preDCs in melanoma tumour bearing mice.
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Adoptively transferred preDCs from control mice into tumour bearing mice differentiated
into cDCs in the spleen and tumour to a similar degree (Diao et al., 2010). There was no difference between tumour cDCs and splenic cDCs’ ability to induce OT-II cell proliferation,
upregulate co-stimulatory molecules, or induce a mixed leukocyte reaction, suggesting that
there were no functional differences between splenic and tumour preDC-derived cDCs (Diao
et al., 2010). It is worth noting that the comparisons in preDC differentiation and cDC function were made between cDCs from the spleen and tumour of the same tumour-bearing
mouse. Systemic defects in DC development induced by tumours may not be detected in this
system, in contrast to a system testing preDC and cDC function between tumour and control
mice. In addition, since only preDC differentiation was assessed in this study, the effects of
tumour development on more primitive DC progenitor development upstream of preDCs
may not have been revealed. Analysis of mice with larger tumour sizes may also reveal a
more severe impairment in DC development. Diao et al. only analyzed mice carrying small
(<0.5cm) tumour burdens (Diao et al., 2010). Therefore, many questions remain in regards to
whether and how DC development is negatively impacted by tumour burdens, and the consequences of these changes in promoting tumor development.

1.3

Research objectives

Hypothesis 1: Mammary tumours induce epigenetic dysregulation of the hematopoietic system leading to anemia, aberrant myelopoiesis and abnormalities in HSPC numbers and localization.
Objectives for hypothesis 1:
Aim A: To describe the myeloid, erythroid and other hematopoietic abnormalities in mammary tumour bearing mice
Aim B: To investigate mammary tumour-induced impairment of hematopoiesis by thorough
analysis of hematopoietic stem/progenitor function, localization and subset composition
Aim C: To investigate tumour-induced changes in hematopoietic differentiation using an in
vitro system of hematopoietic differentiation
Aim D: To determine the factor(s) in mammary tumour conditioned media responsible for
dysregulation of hematopoiesis in vivo and in vitro
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Aim E: To determine the factor(s) responsible for mammary tumour-mediated impairment of
hematopoietic differentiation
Aim F: To describe the mammary tumour mediated changes in the epigenetic regulation of
hematopoietic transcription factors in hematopoietic stem/ progenitor cells
Aim G: To test the role of mammary tumour conditioned media induced elevation of activating histone modifications in impairing hematopoietic cell differentiation

Hypothesis 2: Mammary tumour-derived factors modify DC development to preferentially
give rise to DCs that potentiate immunosuppression/ suppress immune activation
Objectives for hypothesis 2:
Aim A: To characterize mammary tumour induced changes in DC development and maturation
Aim B: To determine the effects of mammary tumour secreted factors on DC development
Aim C: To investigate the mammary tumour derived factors responsible for suppression of
DC development
Aim D: To describe the functional impact of mammary tumours on DC function
Aim E: To determine the relationship between mammary tumour induction of immunosuppressive enzymes in DCs and corresponding histone modifications
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Section 2 Materials and methods
2.1

Tumour cells.

NOP cell lines were derived from spontaneous tumours in mice expressing neu linked to the
OVAOTI/OTII peptide sequences and a dominant-negative p53 transgene (Wall et al., 2007;
Yang et al., 2009). NOP cells were maintained in NOP medium (RPMI 1640 (Invitrogen)
supplemented with 10% heat inactivated (HI)-FBS, 100U/mL penicillin-G, 100g/mL streptomycin, 2mM glutaMAX, 10µM 2-mercaptoethanol and insulin/transferrin/selenium (Lonza)). NOP12, 18, 21, 23 cell lines are referred to as mammary tumour (MT) -1, 2, 3, 4, respectively. CMT93, 4T1, and B16 cell lines were maintained in DMEM with 10% HI-FBS.
Tumour-conditioned media (T-CM) was produced by culturing cells at 5×106cells/25mL for
4 days. Cellular debris was removed by centrifugation and T-CM was stored at -80°C.

2.2

General reagents.

GM-CSF and FLT3L were produced and standardized in our laboratory. Menin inhibitors
(MI-2/MI-3) and control inhibitor (MI-nc) have been previously described (Grembecka et al.,
2012). Methocult GF 3534 was purchased from StemCell Technologies. Recombinant cytokines used in in vitro assays were purchased from Peprotech, eBioscience and R&D Systems,
including IL-3, IL-6, IL-10, VEGF, G-CSF, M-CSF, GM-CSF, TPO, TSLP and SCF. Neutralizing antibodies against G-CSF (9B4CSF) and IL-6 (MP5-20F3) and isotype control Abs
were purchased from eBioscience. The Proteome Profiler Mouse Cytokine Array Kit, Panel
A, used to determine MT-1 cytokine levels was purchased from R&D Systems.

2.3

Flow cytometry antibodies (Abs).

Antibodies were from eBioscience, BD biosciences, Beckman Coulter or produced in-house
(Biomedical Research Centre): CD11c (N418), CD11b (M1/70), Gr-1 (RB6-8C5), CD115
(AFS98), MHC class II (I-A/I-E), CD19 (eBio1D3), DX5 (DX5), Ter119 (TER119), CD71
(R17217), c-kit (2B8), Flt3 (A2F10), CD45.1 (A20), CD45.2 (104), Sca-1 (D7), FcγRII/III
(2.4G2), CD34 (RAM34), CD24 (M1/69), SIRPα (P84), CD8α (53-6.7), CD4 (RM4-5),
CD40 (HM40-3), CD80 (16-10A1), CD86 (GL-1), PD-L1 (M1H5), Ly6c (AL-21), B220
(RA3-6B2), CD44 (IM7), Thy1.2 (53-2.1), NK1.1 (PK136), IL7Rα (A7R34). The lineage
cocktail for HSC analysis contained Abs recognizing Gr-1, CD3, CD11b, CD19, Ter119,
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DX5, MHCII, CD11c, ± FceR1. The lineage cocktail for DC progenitor analysis contained
Abs recognizing Gr-1, CD3, CD11b, CD19, Ter119, DX5, MHCII, IL7Rα.

2.4

Competitive reconstitution and CFU-S12 assays.

Recipient congenic BoyJ (CD45.1+) mice were subjected to lethal irradiation (650rads, 2
doses, 4hr apart) and injected IV with 5×106 BM cells or splenocytes from control or tumour
bearing mice (CD45.2+) the following day. For reconstitution with in vitro cultured cells, BM
cells from CD45.2+ UBC-GFP mice were cultured in vitro as described for 8-10 days in the
presence of FLT3L and MT-CM. FACS sorted lineage-Sca-1+c-kit+ (LSK) cells, or unfractionated cells from in vitro BM cultures, were injected into sublethally irradiated RAG1-/(500rads, 1 dose) or lethally irradiated BoyJ (650rads, 2 doses, 4hr apart) mice. Competitive
repopulation experiments used 5×106 CD45.1+CD45.2+ BM carrier cells. Donor cells were
distinguished by expression of CD45.2 and/or GFP expression. For peripheral blood analysis
to assess hematopoietic reconstitution, RBCs were lysed and blood was analyzed by flow cytometry at the indicated times. For the CFU-S12 assay, 5×105 BM cells or splenocytes from
control or tumour bearing mice were injected IV into lethally irradiated (900rads, 1 dose) recipient C57BL/6 mice. Recipients were euthanized 12 days post-transfer and spleens were
collected and fixed in Carnoy’s solution (60% ethanol, 30% chloroform and 10% glacial acetic acid) for colony enumeration.

2.5

qPCR.

Total RNA was isolated using the RNeasy kit (Qiagen) or TRI Reagent (Invitrogen). Reverse
transcription was performed using the iScript cDNA Synthesis Kit (BioRad). Blood collected from control and tumour bearing mice via cardiac punctures was lysed in TRI Reagent
(Invitrogen) after red cell lysis. qPCR was performed using the SsoFast EvaGreen real-time
PCR mix (BioRad) on a Bio-Rad CFX96 instrument, and analyzed using CFX Manager
software. Target genes were normalized to GAPDH or Rps29. For statistical analyses, error
bars indicate SEM within a sample. For primers, see appendix A1.
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2.6

Chromatin immunoprecipitation (ChIP).

107 cells were suspended in 5mL medium and cross-linked by adding formaldehyde 37% to
1% final for 10min at room temperature. Glycine was added to a final concentration of
125mM for 5min to stop the cross-linking reaction. Cells were rinsed and lysed at 4×107
cells/mL in SDS lysis buffer (1% SDS, 10mM EDTA, 50mM Tris pH 8.1, protease inhibitor
cocktail (Roche)). Lysate was diluted with 3 volumes of ChIP dilution buffer (0.01% SDS,
1.1% Triton-X 100, 1.2mM EDTA, 16.7mM Tris-HCl, 167mM NaCl, protease inhibitor
cocktail (Roche)), incubated on ice 15min, transferred to 15mL polystyrene tubes (BD Biosciences) and sonicated 10-15min using a Bioruptor (Diagenode), high setting, 30sec on
30sec off pulse. To prepare “Input” DNA, 50µL sonicated lysate was mixed with 350µL elution buffer (1% SDS, 100mM NaHCO3) containing 25µg proteinase K (Invitrogen) and incubated at 65ºC for 4-5hr to reverse cross-links. DNA was purified using the phenol chloroform
method and DNA concentration was determined. For ChIP, lysates were further diluted 2fold with ChIP dilution buffer. Lysates containing 12.5µg DNA were precleared on 40µL
protein A Sepharose (PAS) beads. Lysates were transferred to new tubes and incubated with
precipitating Abs overnight at 4ºC with rocking. Precipitates were collected for 1.5hr with
40µL PAS beads coated with sheared salmon sperm DNA (75ng/µL beads) and BSA
(0.1mg/µL beads). Precipitates were washed 3X with low salt wash buffer (20mM Tris HCl
pH 8, 2mM EDTA, 1% Triton X-100, 0.1% SDS, 150mM NaCl, protease inhibitor cocktail)
and 1X with 1mL high salt buffer (20mM Tris HCl pH 8, 2mM EDTA, 1% Triton X-100,
0.1% SDS, 500mM NaCl, protease inhibitor cocktail). DNA was eluted in 400µL elution
buffer by incubating at 30ºC for 15min. Eluate was transferred to new tubes and incubated
with 25µg proteinase K at 65ºC for 4-5hr. DNA was purified using the phenol chloroform
method and analyzed by qPCR. Antibodies used: H3K4me3 (Cell Signalling, #9571),
H3K27me3 (Millipore, #07-449). For primers, see appendix A2.

2.7

Methylcellulose assays.

The methylcellulose assay was carried out according to manufacturer’s instructions (Stemcell
Technologies). Briefly, cell samples were resuspended in 2% HI-HBS, IMDM, and a 1:10v/v
ratio of cells to Methocult were mixed and plated in 3cm plates. CFCs were typed and enumerated 12 days later.
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2.8

Western blot.

Abs used: H3K27me3 (Millipore, #07-449), H3K4me3 (Cell Signaling #9751S), histone H3
(Cell Signalling, #9715), Arg1 (BD Biosciences, #610709).

2.9

Mice.

MMTVneuOTI/OTII mice were previously described (Wall et al., 2007; Yang et al., 2009).
Mice were C57BL/6 genetic background (>10 generations). Animal experiments were performed in accordance with Canadian Council for Animal Care and the University of British
Columbia Animal Care Committee guidelines. Mice were age/sex-matched and analyzed between 9-14 wks of age.

2.10 In vitro BM analysis and DC culture.
BM was cultured in NOP medium without insulin/transferrin/selenium in the presence of cytokines at 1×106cells/mL for 3-8 days. For GM-CSF experiments, BM was cultured at
2×105cells/mL unless otherwise indicated. For T-CM treatments, BM cultures were supplemented with 25% T-CM unless otherwise indicated.

2.11 Tumour injection and tissue processing.
Mice were injected with 1-5×106 MT cells subcutaneously (SQ) in the left flank or mammary
fat-pad (MFP), or 7.5×105 B16 cells (SQ). Spleens, femurs and blood were analyzed once
tumours reached 1cm3. Blood (cardiac punctures) was analyzed on the scil Vet abc hematology analyzer (scil animal care company) or treated with ammonium chloride before flow cytometry.

2.12 Flow cytometry and FACS.
Cells were incubated with 2.4G2 mAb (Fc block) and stained with fluorochrome-labelled
antibodies (Abs). Data was acquired on an LSRII (BD Biosciences) using FACS Diva software and analyzed with FlowJo software (TreeStar). Dead cells were excluded based on
propidium iodide (PI) or 4',6-diamidino-2-phenylindole (DAPI) uptake, red cells were excluded by lysis and size.
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2.13 Menin inhibitor treatment of BM cultures.
BM cells were treated with Menin inhibitors, MI-2/MI-3, on day 1 of culture and analyzed on
day 3 for CFCs. Alternatively, inhibitors were added on day 3 and cells were analyzed on
day 8 by flow cytometry/qPCR.

2.14 DC functional assays
FLT3L or GM-CSF DCs were cultured for 8-10 days. For phagocytosis assays, GM-CSF
DCs were co-cultured with doxorubicin treated CFSE (carboxyfluorescein succinimidyl ester) labelled tumour cells (B16-OVA or MT-1) for 16 hr. Cells were analyzed by flow cytometry. For DC:T cell co-culture experiments, GM-CSF or FLT3L DCs (control or 25%
MT-1-CM treated) were incubated with SIINFEKL peptide, ovalbumin (OVA) protein, or
doxorubicin-treated B16-OVA or MT-1 cells for 16 hr, then co-cultured with OTI, OTII or
B3Z cells for 2-3 days. Supernatant was collected and analyzed for cytokine content by ELISA. To measure T cell proliferation in DC:T cell co-culture experiments, OTI or OTII cells
were labelled with CFSE prior to co-culture with DCs, and proliferation was measured by
CFSE dilution. For T cell suppression assays, GM-CSF or FLT3L DCs (control, 25% MT-1CM treated, or 20ng/mL G-CSF treated) were co-cultured with OTI or OTII splenocytes in
the presence of OVA protein for 2-3 days. T cell proliferation was measured by flow cytometry analysis of CFSE dilution. For NK cell functional assays, mice were injected with LPS
for 16 hr, and splenocytes were extracted and analyzed by flow cytometry for IFN- and
granzyme B (GrB) expression. For cytokine expression, GM-CSF DCs were stimulated with
LPS for 16 hr, supernatant was collected and analyzed for cytokine content by ELISA.

2.15 Statistical analysis.
Statistical comparisons were performed using unpaired t-test. Error bars and ± symbols represent SEM. *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001.
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Section 3 Mammary cancer-induced abnormalities in hematopoiesis and
dendritic cell development
3.1

Mammary cancer induces epigenetic changes in the hematopoietic system and

defects in myelopoiesis and erythropoiesis

3.1.1

Peripheral blood parameters of mammary tumour bearing mice

Due to the presence of hematologic abnormalities in cancer patients, the blood compartment
of mammary tumour bearing mice was analyzed for evidence of anemia and leukocytosis.
Automated analysis of hematologic parameters was performed on the peripheral blood of
MT-1 bearing mice on RAG1-/- (immunodeficient) or MMTVneu (immunosufficient) backgrounds. MT-1 tumours induced a ~10 fold expansion of granulocytes and significant reduction in red blood cells and platelets compared to control mice (Table 3.1). Therefore, leukocytosis (abnormal expansion of white blood cells), anemia and thrombocytopenia (abnormal
reduction in platelets) were evident in MT-1 bearing mice, similar to phenotypes observed in
cancer patients. The changes in multiple mature hematopoietic lineages suggested that MT-1
tumours were impairing the functions of cells in the primitive hematopoietic stem/progenitor
compartment that give rise to red blood cells, platelets and leukocytes. Notably, lymphocyte
numbers remained normal in MT-1 bearing mice on the MMTVneu background, suggesting
that lymphocyte differentiation was not affected by the presence of the MT-1 tumour.
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Table 3.1

Hematologic analyzes of MT-1 bearing mice
RAG1-/-

control
WBC, 103/µL
3.7 ± 0.5
RBC, 106/µL
9.9 ± 0.1
HGB, g/dL
14.9 ± 0.1
HCT, %
46.4 ± 0.6
PLT, 103/µL) 1103 ± 59
LYM, 103/µL
0.8 ± 0.2
3
MON, 10 /µL
0.3 ± 0.0
3
GRA, 10 /µL
2.5 ± 0.3

19.8
8.3
12.6
39.1
884
0.7
0.7
18.3

MMTVneu
MT-1
± 2.6****
± 0.4***
± 0.5***
± 1.6***
± 57*
± 0.1
± 0.1***
± 2.5****

control
7.9 ± 0.9
10.3 ± 0.1
15.0 ± 0.2
46.6 ± 1.1
1119 ± 30
4.7 ± 0.6
0.8 ± 0.1
2.4 ± 0.2

30.8
9.2
13.5
41.7
866
5.5
1.5
23.9

MT-1
± 6.8*
± 0.4*
± 0.5*
± 1.7
± 46**
± 0.8
± 0.2*
± 6.1*

RAG1-/-: Control n=13, MT-1 n=12; MMTVneu: Control n=4, MT-1 n=4. Blood was obtained from cardiac puncture and analyzed on a scil Vet abc hematology analyzer, scil animal care company, Gurnee, IL. *, P < .05; **, P < .01; **, P < .001; ****, P < .0001.
WBC indicates white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; PLT, platelet; LYM, lymphocyte; MON, monocyte; GRA, granulocyte.
3.1.2

Leukemoid reaction in mammary tumour bearing mice

To fully characterize the changes observed in the leukocyte compartment of MT-1 bearing
mice, flow cytometry analysis of the myeloid compartment, including monocytes
(CD11b+CD115+) and granulocytes (CD11b+Gr-1+) was performed. Analyzes on the spleen,
BM and blood compartments revealed that MT-1 bearing mice showed an expansion of
granulocytes in all three organs (Fig. 3.1A). Notably, in a comparison between control, MT-1
or B16 (melanoma) tumour bearing mice, the elevation of the CD11b+Gr-1+ granulocytic
population was only observed in the MT-1 bearing mice (Fig. 3.1A). Total BM cellularity in
MT-1 bearing mice was reduced along with CD11b+CD115+ monocytes (Fig. 3.1B), while
total splenocytes, splenic monocytes and granulocytes were expanded. This data shows that
MT-1 induced BM hypocellularity and splenic hypercellularity in tumour bearing mice, with
the overall expansion of the CD11b+Gr-1+ granulocyte population. This expansion of the
CD11b+Gr-1+ population correlated with the leukocytosis detected by automated hematologic
analyzes.
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Figure 3.1 Mammary tumours induce changes in granulocyte and monocyte numbers in mice.
(A) Frequencies of CD11b+Gr-1hi and CD11b+Gr-1int cells in BM, blood and spleen of control, MT-1 and B16
tumour-bearing mice. Mouse genetic backgrounds include MMTVneu (MT-1), C57BL/6 (B16) for immunosufficient models, and RAG1-/- (MT-1 and B16) for immunodeficient models. (B) Absolute numbers of unfractionated cells, monocytes (gated as CD115hiCD11b+Gr-1low/neg) and granulocytes (gated as CD115low/negCD11b+Gr1hi) in spleen and BM of control and MT-1 bearing mice. Data are representative of a minimum of three independent experiments, n=3.
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3.1.3

Impaired erythropoiesis in mammary tumour bearing mice

The occurrence of anemia in MT-1 bearing mice warranted further examination of the BM
and splenic erythroid compartment to determine whether the reduction in RBCs was due to
impaired erythropoiesis. Macroscopic and histological analysis (H&E) of femurs and BM
sections of MT-1 bearing mice showed pale bones and a reduction of red blood cells, respectively (Fig. 3.2A). Normal BM cells were replaced with cells that resembled granulocytes
and cells with a blast-like morphology (Fig. 3.2A). The BM erythrocyte compartment in MT1 bearing mice showed a reduction in the frequencies and absolute numbers of
CD71+Ter119+ and CD71-Ter119+ immature erythroid cells, whereas no changes in the absolute numbers of CD71+Ter119- cells was observed, suggesting impaired erythrocyte production (Fig. 3.2B,3.3A,B). In contrast, CD71+Ter119+, CD71-Ter119+ and CD71+Ter119splenic subsets of erythrocyte progenitors were significantly higher in MT-1 bearing mice
compared to controls (Fig. 3.2C,3.3C). This data indicates that MT-1 growth increased erythropoiesis the spleen, and impaired erythropoiesis in the BM. Interestingly, elevated splenic
erythropoiesis did not fully compensate for decreased BM RBC production, as demonstrated
by the anemia in MT-1 bearing mice (Table 3.1). In comparison, B16 tumours did not induce
changes in erythroid progenitors in the BM, although there was a variable increase in
erythroid progenitors in the spleen of RAG1-/- B16 tumour bearing mice (Fig. 3.3C, 3.4).
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Figure 3.2 Mammary tumour development is associated with impaired BM erythropoiesis and heightened splenic erythropoiesis.
(A) Femurs from control and MT-1 bearing mice (left), H&E stained BM sections imaged at ×10 (middle) and
×40 (right) original magnification. (B) Frequencies of CD71 +Ter119-, CD71+Ter119+ and CD71-Ter119+
erythroid populations in the BM of control and MT-1 bearing mice. SQ, subcutaneous; MFP, mammary fat-pad.
(C) Frequencies of splenic CD71+Ter119-, CD71+Ter119+ and CD71-Ter119+ erythroid populations in control
and MT-1 bearing RAG1-/- and MMTVneu mice. Data are representative of three independent experiments,
n=3-4.
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Figure 3.3 Mammary tumour development is associated with reduced numbers of BM erythrocytes and
increased numbers of splenic erythrocytes.
(A) Absolute numbers of erythroid populations in the BM of RAG1 -/- mice, or (B) MMTVneu mice. (C) Absolute numbers of CD71+Ter119-, CD71+Ter119+ and CD71-Ter119+ erythroid populations in the spleens of control and MT-1 (MMTV, RAG1-/-), or control and B16 tumour-bearing (C57BL/6, RAG1-/-) mice. SQ, subcutaneous; MFP, mammary fat-pad. Data are representative of three independent experiments, n=3-4.
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Figure 3.4 Melanoma tumour development is not associated with impaired BM erythropoiesis.
Absolute numbers of CD71+Ter119-, CD71+Ter119+ and CD71-Ter119+ erythroid populations in the BM of
C57BL/6 or RAG1-/- mice with B16 tumours. Data are representative of three independent experiments, n=3.

3.1.4

Defective hematopoietic stem/ progenitor cell numbers and localization in

mammary tumour bearing mice
The changes in hematopoiesis observed in MT-1 bearing mice led us to examine the HSPC
compartment in the BM and spleen by flow cytometry to determine whether the changes in
erythropoiesis and myelopoiesis originated in the stem/progenitor cell compartments. In order to study HSPCs, an antibody cocktail to identify differentiated cells was used (lineage:
CD3+CD19+CD11b+CD11c+DX5+Gr-1+Ter119+MHCII+FcεRI+). LSKs (lineage-Sca-1+c-kit+)
were increased in the BM of MT-1 bearing mice, whereas LKs (lineage-Sca-1-c-kit+) were
reduced on RAG1-/- or MMTVneu backgrounds (Fig. 3.5, 3.6A). Further dissection of the
subpopulations of BM HSPCs showed that the increase in LSKs was due to increases in
short-term hematopoietic stem cells (ST-HSCs; LSK, CD34+Flt3-) and multi-potent progenitors (MPP; LSK, CD34+Flt3+), whereas long-term hematopoietic stem cells (LT-HSC; LSK,
CD34-Flt3-) were unchanged or reduced, depending on the strain of mice analyzed (Fig. 3.5,
3.6A). BM LKs were reduced overall due to a reduction in lineage- cells, and this loss of LKs
was mainly due to a reduction in the numbers of megakaryocyte erythrocyte progenitors
(MEPs; LK, FcγRII/III-CD34lo) (Fig. 3.6A). The numbers of granulocyte macrophage progenitors (GMP; LK, FcγRII/IIIhiCD34+) were unchanged (RAG1-/-) or reduced (MMTVneu),
while common myeloid progenitors (CMP; LK, FcγRII/IIIintCD34+) were unchanged (Fig.
3.6A). In contrast, total splenocytes and all splenic HSPC subsets were increased in MT-1
bearing mice (Fig. 3.6B), suggesting that hematopoiesis had been shifted from the BM to the
spleen. These results may also indicate that the spleen was compensating for the production
of RBCs through extramedullary hematopoiesis, since there was a large increase in the num31

bers of MEPs in the spleen of MT-1 bearing mice (Fig. 3.6B), corresponding to the increase
in more differentiated erythroblast populations (Fig. 3.2C, 3.3C). A comparison of B16 melanoma tumour bearing mice showed that these hematopoietic abnormalities in MT-1 bearing
mice may be specific to mammary tumours, as B16 tumour mice did not display similar
changes in BM HSPCs (Fig. 3.7).

Figure 3.5 Perturbations in hematopoietic stem/progenitor cell frequency in mammary tumour-bearing
mice.
Gating scheme for classification of HSPCs. BM from control and MT-1 or B16 tumour-bearing RAG1-/- mice
was stained with antibodies recognizing lineage-specific antigens (lineage-), as well as Sca-1, c-kit, CD34,
FcγRII/III, and Flt3, and analyzed by flow cytometry. Lineage-DAPI- cells were analyzed.
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Figure 3.6 Perturbations in hematopoietic stem/progenitor cell numbers and location in mammary tumour-bearing mice.
(A) BM total cell numbers and numbers of the HSPC subsets; LSK (lineage-Sca-1+c-kit+), LK (lineage-Sca-1-ckit+), LT-HSC (LSK, Flt3-CD34-), ST-HSC (LSK, Flt3+CD34-), MPP (LSK, Flt3+CD34+), CMP (LK,
FcγRII/IIIintCD34+), GMP (LK, FcγRII/IIIhiCD34+), and MEP (LK, FcγRII/IIIloCD34-). (B) Splenic total cell
numbers and stem/progenitors were identified and enumerated as in A. Data are representative of a minimum
of three independent experiments, n=3.
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Figure 3.7 Melanoma tumour development does not disrupt the BM hematopoietic stem/progenitor
compartment.
Total BM cellularity and absolute numbers of the following stem/progenitor cell subsets in B16 tumour-bearing
mice: LSK (lineage-Sca-1+c-kit+), LK (lineage-Sca-1-c-kit+), LT-HSC (LSK, Flt3-CD34-), ST-HSC (LSK, Flt3CD34+), MPP (LSK, Flt3+CD34+), CMP (LK, FcγRII/IIIintCD34+), GMP (LK, FcγRII/IIIhiCD34+), and MEP
(LK, FcγRII/IIIloCD34-). Data are representative of two independent experiments, n=3.

3.1.5

Defects in bone marrow HSPC numbers and localization are not due to metas-

tasis of MT-1 cells
The changes in HSPCs, myeloid and RBC numbers in the BM of MT-1 bearing mice suggested the possibility that metastasis of MT-1 cells to the BM had occurred, and MT-1 cells
were directly interacting with the BM through the establishment of a metastatic niche. However, due to the lack of observed tumour cells in the H&E BM sections of MT-1 bearing
mice, and the absence of the neu transgene (uniquely expressed in the MT-1 cell line) upon
PCR amplification of BM cells extracted from MT-1 bearing mice, we concluded that the
observed abnormalities in the BM of tumour-bearing mice were not due to metastasis of tumour cells to the BM, but to tumour-secreted factors acting on sites distant to the tumour
(Fig. 3.2A, data not shown).

3.1.6

Functional defects in the hematopoietic stem/ progenitor cell compartment in

mammary tumour bearing mice
In order to determine whether mammary tumours impacted HSPC function in tumour bearing
mice, multiple assays were employed to analyze the colony forming potential and reconstitu34

tion capabilities of the HSPCs. Splenocytes or BM cells from MT-1 bearing mice were analyzed by the methylcellulose colony forming assay to assess myeloid progenitor colony forming units (CFU-G, granulocytic colony; CFU-M, macrophage colony; CFU-GM, granulocyte-macrophage colony). Myeloid progenitors were largely unchanged in the BM of MT-1
bearing mice, with the exception of a <2 fold increase in CFU-M (Fig. 3.8A). Conversely,
splenic CFU’s were significantly elevated in MT-1 bearing mice (Fig. 3.8A). In contrast, the
CFU-S12 assay, which identifies primitive progenitors able to form colonies on the spleens of
irradiated recipients, showed that MT-1 bearing mice had a reduction in primitive progenitors
in the BM correlating with the reduction in LKs (Fig. 3.6A, 3.8B), but an increase of these
progenitors in the spleen correlating with the overall increase in LKs (Fig. 3.6B, 3.8B). Lethal reconstitution assays were performed using 1:1 ratios of CD45.2+ BM or splenocytes
from control or MT-1 bearing mice to CD45.1+ control BM or splenocytes, respectively. Our
results revealed no differences in the reconstitution capability of BM harvested from MT-1
bearing mice compared to BM from control mice at 3, 8, and 20 weeks post-transfer (Fig.
3.8C, data not shown). As expected, splenocytes from control mice were unable to reconstitute the hematopoietic system long term (Fig. 3.8C). In contrast, splenocytes from MT-1
bearing mice were much more capable of lethal reconstitution at 3, 8 and 20 weeks, correlating with the increased LT-HSC numbers in the spleen of MT-1 bearing mice (Fig. 3.6B,
3.8C, data not shown).
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Figure 3.8 Mammary tumour growth is associated with significant functional changes in the
stem/progenitor compartments in BM and spleen.
(A) Total numbers of colony-forming cells (CFU-G/M or CFU-GM) in spleen (left) and BM (right) of control
and MT-1 bearing MMTVneu mice were determined by methylcellulose assay. (B) Numbers of primitive multipotent colony forming cells in the BM and spleen of control and MT-1 bearing RAG1-/- mice were determined
by CFU-S12 assay. (C) CD45.2+ splenocytes or BM cells from MMTVneu control or MT-1 bearing mice were
transplanted into lethally-irradiated CD45.1+ recipients at a 1:1 ratio together with CD45.1 + carrier cells. Engraftment efficiency was determined by assessing the relative frequency of CD45.2 + versus CD45.1+ cells in the
blood at 3 and 8 weeks by flow cytometry. Percentages of CD45.2 + nucleated PI- cells are shown. Data represent a minimum of two independent experiments, n=3-5.

3.1.7

In vitro differentiation of hematopoietic stem/ progenitor cells is impaired by

mammary tumour secreted factors
In order to investigate the mechanism behind MT-1 induced hematopoietic abnormalities, an
in vitro BM culture system using hematopoietic cytokines was developed to determine the
effects of MT-1 conditioned media (MT-1-CM) on progenitor content. Culture of BM with
FLT3L or GM-CSF, but not other cytokines, in combination with MT-1-CM after 9 days expanded total cellularity (Fig. 3.9A, 3.10A). LSKs were also increased in FLT3L cultures at
day 9, while the increase in LSKs in GM-CSF cultures peaked at day 3 (Fig. 3.9A, 3.10A,
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3.11). An assessment of an assortment of tumour conditioned media (T-CM) showed that 5
different MT cell lines increased total cellularity and LSK content when cultured with BM
supplemented with FLT3L, while B16 melanoma and CMT93 colon cancer T-CM were
without effect (Fig. 3.9B).

To investigate possible cytokine constituents in MT-1-CM that were able to synergize with
FLT3L to increase progenitor content, BM supplemented with FLT3L was treated with different cytokines known to be important in tumour physiology, including IL-3, IL-6, TGF-β,
VEGF, IL-10, M-CSF, G-CSF, GM-CSF, TPO and TSLP (DeNardo and Coussens, 2007;
Korkaya et al., 2011). Out of the cytokines tested, only IL-6 and G-CSF treatment of BM cultures supplemented with FLT3L increased total cellularity and LSKs to the extent observed
with MT-1-CM (Fig. 3.9C). A cytokine array performed on MT-1-CM revealed an abundance of G-CSF, but not IL-6, indicating that G-CSF (and possibly other chemokines/cytokines such as CXCL1, M-CSF, MIP-2, MIG, TNFα and CXCL10) may be responsible for or contribute to the increase in progenitors in vitro (Fig. 3.12).

The myeloid progenitor content of MT-1-CM treated FLT3L BM cultures was assessed to
determine their functional activity. Methylcellulose assays of day 9 FLT3L BM cultures
treated with MT-1-CM revealed a large enrichment/expansion of CFU-G/M/GM compared to
untreated FLT3L BM control cultures, or an equivalent number of freshly harvested BM cells
(Fig. 3.9D). Methylcellulose assays of day 3 GM-CSF BM cultures treated with MT-1-CM
showed a similar, though less dramatic, enrichment of CFU’s (Fig. 3.9D). An assessment of
progenitor content by flow cytometry revealed that MT-1-CM treatment of FLT3L BM cultures showed an increase in total cells and numbers of LSKs, LKs, CMPs and GMPs that was
evident by day 3 (Fig. 3.10A). There was also an increase in myeloid cells, as indicated by
the increase in CD11b+CD115hi cells and a transient (day 3) increase in CD11b+Gr-1hi cells
(Fig. 3.10A). GM-CSF BM cultures supplemented with MT-1-CM showed a similar trend,
although most progenitors including LSKs, LT-HSCs, ST-HSCs, and GMPs peaked at day 3,
while CD11b+CD115hi and CD11b+Gr-1hi cells did not change compared to control GM-CSF
BM cultures (Fig. 3.11).
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Figure 3.9 Mammary tumour conditioned media expands hematopoietic progenitors in in vitro BM cultures supplemented with FLT3L or GM-CSF.
(A) Total cells (left) and LSKs (right) in BM cultured in media containing the indicated cytokines, at a plated
density of 1×106cells/mL, supplemented ± MT-1-CM (designated as MT-1). (B) BM was cultured in the presence of FLT3L supplemented with conditioned media from the indicated tumour cell lines, and total cellularity
and LSK numbers were determined. (C) As in A, except that BM was cultured with FLT3L in combination with
the indicated cytokines or MT-1-CM. (D) Total CFCs in FLT3L or GM-CSF BM cultures treated ± MT-1-CM.
BM cells were plated in methylcellulose after 8 days (FLT3L) or 3 days (GM-CSF) of culture, and colonies
were scored 12 days later. Freshly isolated BM was also plated to compare relative CFCs in the cultures and
equivalent numbers of plated uncultured BM. Data are representative of a minimum of three independent experiments.
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Figure 3.10 Mammary tumour conditioned media expands hematopoietic progenitors in in vitro BM
cultures supplemented with FLT3L, while G-CSF neutralization suppresses mammary tumour conditioned media expansion of hematopoietic progenitors.
(A) Total cells and absolute numbers of HSPCs (LSK, LK, CMP, GMP) in FLT3L BM cultures treated with
MT-1-CM over a period of 9 days. Numbers of CD11b +CD115hi and CD11b+Gr-1hi cells in the cultures are also
shown. (B) Total cells and numbers of LSKs and LKs in FLT3L BM cultures supplemented with a reduced dose
(1.6%) of MT-1-CM, treated with G-CSF or IL-6 neutralizing Abs (or isotype control Abs, iso). (C) Numbers of
CFCs were enumerated in control and G-CSF or IL-6 neutralizing Ab treated FLT3L BM cultures treated ±
1.6% MT-1-CM. BM cells were plated in methylcellulose after 8 days of culture, and colonies were scored 12
days later. Data are representative of a minimum of three independent experiments.
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Figure 3.11 Mammary tumour conditioned media expands hematopoietic progenitors in BM cultures
supplemented with GM-CSF.
Total cells and absolute numbers of HPSCs and myeloid cells in GM-CSF BM cultures treated with MT-1-CM
over a period of 9 days. Data are representative of two independent experiments.
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Figure 3.12 Identification of cytokines produced by MT-1 cells.
A mouse cytokine array containing a panel of 40 different cytokines/chemokines was used to detect cytokine/chemokine expression by MT-1 cells. Top panel, control medium; bottom panel, MT-1-CM. For this experiment, all medium contained 0.5% serum. Duplicate spots at the upper and lower left, and upper right, are
positive controls. Factors showing differential expression are boxed. The position of IL-6 on the array is also
shown although no expression was detected.

Secretion of G-CSF by tumour cells has been associated with the expansion of leukocytes in
tumour bearing hosts, while G-CSF administration alone or with FLT3L has been shown to
mobilize HSPCs from the BM as well as impair erythropoiesis (Brasel et al., 1997; de Haan
et al., 1994; de Haan et al., 1992; Gabrilovich, 2004; Nijhof et al., 1994). Therefore, to understand the contribution of G-CSF in the ability of MT-1-CM to increase progenitor content,
antibody neutralization of G-CSF was carried out. Neutralizing antibodies against G-CSF and
IL-6 were added to in vitro FLT3L BM cultures supplemented with MT-1-CM. Neutralizing
G-CSF, but not IL6, reduced culture cellularity, LKs and LSKs in in vitro FLT3L BM cultures (Fig. 3.10B). Assessment of progenitor content in FLT3L BM cultures supplemented
with MT-1-CM by the methylcellulose assay revealed that total CFUs were also reduced up41

on G-CSF neutralization, showing that MT-1-CM derived G-CSF is necessary for the increase in total cellularity and progenitor content in FLT3L BM cultures (Fig. 3.10C).

3.1.8

Regulation of Hox gene expression and histone modifications at the Hoxa9 locus

by mammary tumour secreted factors
The HSPC abnormalities detected in MT-1 bearing mice, the increase in progenitor content
in FLT3L and GM-CSF BM cultures treated with MT-1-CM, and the associated leukocytosis
and anemia in MT-1 bearing mice, warranted further analysis into the genetic regulation of
hematopoiesis and Hoxa gene expression. qPCR analysis of the mRNA expression of Hoxa
locus genes in FLT3L and GM-CSF BM cultures supplemented with MT-1-CM showed an
increase in Hoxa7, Hoxa9 and Hoxa10 mRNA levels (Fig. 3.13A). A corresponding reduction in Ezh2 message, the catalytic component of the PRC2 epigenetic silencing complex,
suggested that MT-1-CM might be regulating the expression levels of Hoxa genes through
histone modifications at the Hoxa locus. mRNA expression levels of Jmjd3, which counteracts PRC2 by demethylating H3K27me3, and Mll1, an H3K4 methyl-transferase, did not differ between control or MT-CM treated cells (Fig. 3.13A, data not shown). Importantly, qPCR
analysis of sorted lineage- BM progenitors from MT-1 bearing mice revealed a similar increase in Hoxa9 and reduction in Ezh2, thereby providing a mechanistic link between the
changes in HPSC composition and function in MT-1 bearing mice and MT-1-CM treated
FLT3L/ GM-CSF BM cultures (Fig. 3.13B).
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Figure 3.13 Mammary tumour growth is associated with enhanced Hoxa gene expression and changes
in histone methylation.
(A) Expression of Ezh2, Jmjd3, Hoxa7, Hoxa9 and Hoxa10 mRNA in FLT3L and GM-CSF BM cultures treated
± MT-1-CM. (B) Expression of Hoxa9 and Ezh2 mRNA in FACS sorted lineage- BM cells from control and
MT-1 bearing mice. (C) Expression of Hoxa9 and Ezh2 mRNA in FLT3L BM cultures treated with a reduced
dose of MT-1-CM (1.6%) together with isotype control Abs (iso) or neutralizing Abs against G-CSF. (D) Lysates from GM-CSF BM cells treated with an increasing dose of MT-1-CM were analyzed by Western blot for
H3K27me3, histone H3 and β-actin (loading control). Data represents a minimum of three independent experiments.
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To determine how G-CSF contributes to the MT-1-CM-mediated induction of Hoxa9 expression in BM cultures, G-CSF was neutralized with anti-G-CSF antibodies, and the level of
Hoxa9 and Ezh2 expression was assessed through qPCR. Neutralization of G-CSF from
FLT3L BM cultures supplemented with MT-1-CM showed that Ezh2 levels could be partially restored, while Hoxa9 expression was reduced to control levels (Fig. 3.13C). The dysregulation of Ezh2 mRNA levels suggested that MT-1-CM modified the histone methylation status of FLT3L and GM-CSF BM culture in a genome-wide manner. Western blot analysis of
the levels of global H3K27me3 showed that it was reduced in a dose-dependent manner
when GM-CSF BM cultures were treated with an increasing dose of MT-1-CM from 6% to
25% (Fig. 3.13D).

To further understand the mechanism regulating Hoxa9 expression, we used ChIP to assess
the levels of H3K4me3 and H3K27me3 associated with the Hoxa9 locus (Fig. 3.14A). MT-1CM treatment of FLT3L or GM-CSF BM cultures showed reduced H3K27me3 (inhibitory)
modifications of the Hoxa9 locus (amplicon A), and elevated H3K4me3 (activating) modifications of the Hoxa9 locus (amplicon B-E) (Fig. 3.14B). These results correlate with the increased expression of Hoxa9 induced by MT-1-CM treatment of FLT3L and GM-CSF BM
cultures, indicating that MT-1-CM may regulate Hoxa9 expression by enriching enabling histone modifications in the Hoxa9 locus (Fig. 3.13A, 3.14)
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Figure 3.14 Mammary tumour conditioned media treatment of bone marrow cultures is associated with
enabling changes in histone methylation at the Hoxa9 locus.
(A) Depiction of the location of amplicons in the Hoxa9 locus used for ChIP analysis. (B) Repressive
(H3K27me3-amplicon A) and activating (H3K4me3-amplicons B-E) histone modifications were investigated
by ChIP of chromatin isolated from FLT3L or GM-CSF BM cultured ± MT-1-CM. Chromatin was immunoprecipitated using anti-H3K27me3, anti-H3K4me3 or IgG control antibodies and amplicons A-E were analyzed by
qPCR. Data represents a minimum of three independent experiments.
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3.1.9

The contribution of G-CSF in mammary tumour secreted factor suppression of

hematopoietic stem/ progenitor cell differentiation
Neutralization of G-CSF in MT-1-CM reduced progenitor content and restored Hoxa9 expression to levels comparable to control BM cells. Experiments were performed to better understand how G-CSF contributes to MT-1-CM mediated dysregulation of progenitor expansion, and whether G-CSF alone could induce the expression of Hoxa9, and increase progenitor content. FLT3L and GM-CSF BM cultures were supplemented with G-CSF and analyzed
by qPCR for Hoxa9 expression and methylcellulose assay for the expansion of myeloid progenitors. Addition of G-CSF to FLT3L and GM-CSF BM cultures upregulated Hoxa9, and
increased total CFCs to levels similar to MT-1-CM in a dose-dependent manner similar to
MT-1-CM (Fig. 3.15A,B). Therefore, G-CSF in MT-1-CM mediated dysregulation of hematopoietic cell differentiation in vitro.

3.1.10 Role of global H3K4me3 in mammary tumour secreted factor-mediated suppression of HSPC defects
Menin and MLL are part of the TrxG complex that catalyzes the tri-methylation of H3K4,
which is an epigenetic activating mark for permissive gene expression. We employed the recently created Menin inhibitors to prevent the interaction between Menin and MLL, which
were shown to inhibit Hoxa9 expression and prevent leukemic transformation (Grembecka et
al., 2012). Menin inhibitor treatment (MI-2 and MI-3) of FLT3L BM cultures supplemented
with MT-1-CM reduced total cellularity, LSKs and LKs compared to cells treated with the
control drug, MI-nc (Fig. 3.15C-E). Assessment of myeloid progenitors by enumerating
CFCs through the methylcellulose assay indicated a corresponding reduction in progenitor
content induced by MI-2 and MI-3 in day 3 GM-CSF BM cultures supplemented with MT-1CM (Fig. 3.15F). These results link the expansion of progenitor content by MT-1-CM with
the increase in H3K4me3 activating marks in the Hoxa9 locus. Additionally, reduced LSKs,
LKs and CFCs in the methylcellulose assay by Menin inhibitors in MT-1-CM treated FLT3L
and GM-CSF BM cultures resembled neutralization of G-CSF in MT-1-CM. Taken together,
these results link G-CSF with the enrichment of H3K4me3 activating marks in BM progenitor cells, culminating in enhanced Hoxa9 expression and increased progenitor content.
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Figure 3.15 G-CSF enhances Hoxa9 expression and CFC numbers, while Menin inhibitors reverse
mammary tumour conditioned media induced expansion of LSKs, LKs and CFCs in in vitro BM cultures.
(A-B) Expression of Hoxa9 mRNA in FLT3L and GM-CSF BM cultures treated with MT-1-CM or G-CSF (1, 5
or 20ng/mL), and total numbers of CFCs from FLT3L and GM-CSF BM cultures treated with MT-1-CM or
20ng/mL G-CSF. (C-E) Total cells and absolute numbers of LSKs and LKs in BM cultures supplemented with
FLT3L and MT-1-CM, and treated with Menin inhibitors MI-2 or MI-3 or control drug (MI-nc) (3.1µM,
6.3µM, or 12.5µM). (F) Total CFCs in BM cultures supplemented with GM-CSF and MT-1-CM and treated
with 3.1µM or 6.3µM of control drug (MI-nc) or Menin inhibitors (MI-2 or MI-3). Data represent a minimum
of three independent experiments.
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3.2

3.2.1

Mammary cancer induces changes in DC development, function and phenotype

Suppression of DC development and maturation by mammary tumours

Tumour-bearing hosts have skewed numbers and subsets of DCs. We set out to determine
whether these defects were associated with aberrant DC development. Using lineage specific
markers that excluded differentiated cell types (lineage: CD3+CD19+CD11b+ DX5+Gr1+Ter119+MHCII+IL7Rα+), we analyzed the BM and splenic compartments of MT-1 bearing
mice for MDPs (lineage-CD11c-c-kithiCD115+Flt3+), CDPs (lineage-CD11c-ckitintCD115+Flt3+) and preDCs (lineage-CD11c+c-kitloCD115+Flt3+) by flow cytometry (Fig.
1.3, 3.16). This was performed with control and tumour-bearing immunodeficient (RAG1-/-)
and immunosufficient (MMTVneu) background mice. We found changes in DC progenitor
numbers in MT-1 bearing mice, with a marked reduction in preDCs in the BM, and an increase of MDP, CDP and preDC progenitor subsets in the spleen (Fig. 3.17). This phenomenon was observed in both RAG1-/- and MMTVneu genetic backgrounds. A significant reduction in BM MDPs and CDPs was observed on the RAG1-/- background only, which suggested
that the absence of lymphocytes contributed to the tumour-induced detrimental effects on DC
development in MT-1 bearing mice (Fig. 3.17). Our data shows that the MT-1 tumour can
impair the DC developmental arm of hematopoiesis in the BM, while increasing total DC
progenitors in the spleen.

Figure 3.16 DC progenitor gating scheme.
Gating scheme for classification of DC progenitors. BM from control mice were stained with antibodies recognizing lineage-specific antigens, MHCII, CD11c, c-kit, CD115, and Flt3, and analyzed by flow cytometry. Lineage-PI- cells were analyzed. MDP, monocyte dendritic cell progenitor; CDP, common dendritic cell progenitor;
preDC, DC precursor.
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Figure 3.17 Perturbations in DC progenitor numbers and location in mammary tumour bearing mice.
BM and splenic numbers of DC progenitor subsets in control or MT-1 bearing mice; MDP (lineage-CD11c-ckithiCD115+Flt3+), CDP (lineage-CD11c-c-kitintCD115+Flt3+) and preDC (lineage-CD11c+c-kitloCD115+Flt3+).
Data are representative of a minimum of two independent experiments, n=3.

Since pDCs fully differentiate in the BM prior to extravasation and migration into the blood
(Liu et al., 2007; Naik et al., 2007; Onai et al., 2007), we first investigated the correlation between reduced BM DC progenitors and pDCs using flow cytometry. We found a reduction in
the frequency and numbers of pDCs (CD11c+CD45RA+) in the BM of MT-1 bearing mice,
regardless of the site of tumour development (SQ or MFP) (Fig. 3.18A, 3.19). The reduced
numbers of pDCs corresponded to the reduced numbers of CDPs from which pDCs are derived (Liu et al., 2009; Naik et al., 2007; Onai et al., 2007) (Fig. 1.3, 3.17). The observed enhancement in splenic DC progenitors of MT-1 bearing mice suggested that the presence of
the tumour increased peripheral DC development. Surprisingly, we found a reduction in the
splenic frequencies of total CD11c+MHCII+ cDCs and pDCs in MT-1 bearing mice (Fig.
3.18B). A corresponding reduction in the absolute numbers of CD4+ DCs (CD11c+CD4+) and
pDCs was clear, whereas CD8+ DCs (CD11c+CD8+) were reduced but did not reach significance (Fig. 3.19). A 3 and 5-fold increase in total splenic cellularity (splenomegaly) in
MMTVneu and RAG1-/- MT-1 bearing mice offset the reduced frequencies of the CD8+ DCs
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(Fig. 3.1B). We also found a high percentage of CD11c+MHCII+ cells that did not express
CD4 or CD8 in the tumour of MT-1 bearing mice (Fig. 3.18B). PreDCs not expressing CD4
or CD8 are precursors to CD4+ and CD8+ DCs, therefore, the tumour infiltrating
CD11c+MHC+ cells that were CD4-CD8- may represent DCs that were not fully mature (Naik
et al., 2006). Alternatively, these CD11c+MHCII+ cells may represent CD4-CD8- DCs which
have been shown to be similar in function to CD4+CD8- DCs, and thus may constitute DCs
that have been skewed towards inducing a Th2 response (Proietto et al., 2004; Sathe and Wu,
2011).
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Figure 3.18 Perturbations in DC frequency in mammary tumour bearing mice.
(A) Frequencies of CD11c+CD45RA+ cells in the BM of control and MT-1 tumour bearing mice. (B) Frequencies of CD11c+MHCII+, CD11c+CD4+, CD11c+CD8+, CD11c+CD45RA+ cells in the spleen and tumour of control and MT-1 bearing mice. SQ, subcutaneous; MFP, mammary fat pad. Data was acquired on the RAG1 -/background. Data are representative of a minimum of three independent experiments, n=3.
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Figure 3.19 Perturbations in DC numbers in mammary tumour bearing mice.
Absolute numbers of pDCs in the BM, and CD11c+MHCII+, CD11c+ CD8+, CD11c+ CD4+ and pDCs in the
spleen of control and MT-1 bearing mice on RAG1-/- background. Data are representative of a minimum of
three independent experiments, n=3.

Our results indicate that the presence of mammary tumours impaired DC development in the
BM, which resulted in a shift of DC progenitors from the BM to the spleen, ultimately culminating in reduced mature DC subset frequency (pDCs, CD8+ DCs, CD4+ DCs) and numbers (CD4+ DCs, pDCs). The lower numbers of DCs in the spleen of MT-1 bearing mice
compared to control mice revealed that DC development in the spleen was also compromised, despite the increase in splenic DC progenitors. Therefore, our evidence suggests that
mammary tumours suppress the immune system by reducing the total numbers of DCs via
suppression of DC progenitor differentiation.

3.2.2

The role of mammary tumour secreted factors in suppressing DC development

in vitro – FLT3L
To elucidate the molecular mechanism behind mammary tumour-mediated impairment of DC
development, we used an in vitro method of DC culture using FLT3L, a cytokine that induces the differentiation of CD8+-like, CD4+-like and pDCs from BM cells that resemble in vivo
splenic DCs (Naik et al., 2005; Naik et al., 2007; Onai et al., 2007). Our previous results
showed that soluble, mammary tumour-derived factors increased in vitro HSPC progenitor
content (Fig. 3.9). This led us to treat FLT3L DC cultures with T-CM from a variety of tumour cells to investigate the effects of tumour derived factors on DC development. We supplemented FLT3L DC cultures with T-CM from multiple mammary tumour cell lines includ52

ing MT-1-4 and 4T1, as well as T-CM from B16 melanoma cells and CMT93 colon carcinoma cells, and analyzed DC subsets using flow cytometry (Fig. 3.20A, data not shown). Interestingly, all mammary tumour derived T-CM impaired the differentiation of pDCs and
cDCs including CD8+-like (CD45RA-CD11c+CD24+SIRPα-) and CD4+-like (CD45RACD11c+CD24-SIRPα+) DCs into a CD24intSIRPαint/hi subset of cells, whereas B16 and
CMT93 T-CM had no effect (Fig. 3.20A).

Figure 3.20 Mammary tumour conditioned media impairs DC differentiation in in vitro FLT3L DC
cultures.
(A) Frequencies of pDCs (CD11c+CD45RA+), cDCs (CD11c+CD45RA-), CD8+-like (CD11c+CD45RACD24+SIRPα-), CD4+-like (CD11c+CD45RA-CD24-SIRPα+) DCs from FLT3L DC cultures treated with T-CM
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from MT-1, 4T1, B16, and CMT93 cell lines. (B) Frequencies of pDCs, cDCs, CD8+-like, CD4+-like DCs from
FLT3L DC cultures treated with MT-1-CM for different periods of time (day 0-9, 3-9, 6-9, 8-9). Data are representative of three independent experiments.

The suppression of DC differentiation by mammary tumour conditioned media prompted further investigation of the effects of MT-1-CM on FLT3L DCs at different stages of development. Addition of MT-1-CM from day 0-9 or day 3-9 of FLT3L DC cultures led to impaired
DC differentiation, whereas addition of MT-1-CM from day 6-9 and 8-9 had no effect (Fig.
3.20B), which suggested that MT-1-CM predominantly impacted the differentiation of early
DC progenitors into mature DCs. Additionally, DC activation was impaired by early treatment with MT-1-CM in the form of reduced baseline and lipopolysaccharide (LPS) -induced
expression of antigen presenting and co-stimulatory molecules including MHCII, CD80,
CD86 and CD40 in the cDC population of FLT3L DC cultures (Fig. 3.21A,B). Notably, MT1-CM treated FLT3L DCs were still responsive to TLR stimulation, as these cells upregulated PD-L1 upon LPS stimulation (Fig. 3.21B).
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Figure 3.21 Mammary tumour conditioned media impairs DC expression of MHCII and co-stimulatory
receptors in in vitro FLT3L DC cultures.
(A) Proportion of CD11c+CD45RA- cells expressing low, intermediate and high levels of MHCII in FLT3L DC
cultures treated with MT-1-CM for different periods of time (day 0-9, 3-9, 6-9, 8-9). Cells were stimulated with
(+) or without (-) LPS. Numbers below graphs represent frequencies of cells in each sector. (B) Frequency of
cells expressing CD80, CD86, CD40, PD-L1, and CD8 in FLT3L DC cultures treated with MT-1-CM for different periods of time (day 0-9, 3-9, 6-9, 8-9). Cells were stimulated with (black bars) or without (white bars)
LPS. Data are representative of two experiments.
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DC progenitors in FLT3L DC cultures treated with MT-1-CM were analyzed by flow cytometry to determine whether MT-1-CM impaired DC progenitor production. Total cellularity
was increased in FLT3L DC cultures treated with MT-1-CM, mimicking the splenomegaly
observed in MT-1 bearing mice (Fig. 3.22A). Analysis of DC progenitor subsets showed a
sustained increase in MDPs and CDPs over 9 days by MT-1-CM treatment of FLT3L DCs
(Fig. 3.22A). Surprisingly, total preDCs were either equal or lower in MT-1-CM treated DC
cultures compared to untreated controls (Fig. 3.22A). These results showed that in vitro MT1-CM treated FLT3L DC cultures mimicked a similar block in preDC development in the
BM of MT-1 bearing mice (Fig. 3.17). This suggests that the impairment in DC differentiation of FLT3L DC cultures treated with MT-1-CM was due to impaired transition from CDPs
to pDCs and preDCs.

To investigate the molecular nature of impaired DC development by MT-1-CM, we measured the mRNA levels of transcription factors necessary for DC development by qPCR.
There was a strong inhibition of DC transcription factor expression in FLT3L DCs treated
with MT-1-CM from day 0-9, 3-9 and 6-9 for Irf4 and E2-2, whereas Irf8 mRNA expression
was reduced after all treatment periods (Fig. 3.22B). These results indicate that MT-1-CM
suppressed the expression of transcription factors necessary for the development of the
CD8+, CD4+ and pDC subsets, which correlates with the impaired differentiation of mature
DC subsets in FLT3L cultures.

Our results show that MT-1-CM treatment of FLT3L DC cultures led to a defect in DC differentiation, impairment in DC development and accumulation of MDPs and CDPs, and a
reduction in the expression of essential transcription factors required for the differentiation of
the CD8+, CD4+ and pDC subsets.
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Figure 3.22 Mammary tumour conditioned media enhances DC progenitor generation and impairs essential DC transcription factor mRNA expression in in vitro FLT3L DC cultures.
(A) Absolute numbers of total cells, MDPs, CDPs, and preDCs in FLT3L DC cultures treated with MT-1-CM
over a period of 9 days. (B) Expression of transcription factors Irf4, Irf8 and E2-2 in FLT3L DC cultures treated
with MT-1-CM over different periods of time (day 0-9, 3-9, 6-9, 8-9). Expression was analyzed by qPCR. Data
are representative of two independent experiments.
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3.2.3

The role of mammary tumour secreted factors in suppressing DC development

in vitro – GM-CSF
GM-CSF is a classical cytokine used to culture in vitro DCs (Inaba et al., 1992). We tested
the effects of T-CM on GM-CSF DC cultures. Similar to FLT3L DCs, flow cytometry analysis revealed that T-CM from mammary tumour cell lines (MT-1-4, 4T1) impaired expression
of MHCII in GM-CSF DC cultures at baseline and after LPS stimulation, whereas T-CM
from B16 and CMT93 cell lines had no effect (Fig. 3.23A,B). Further analysis of the effects
of MT-1-CM on MHCII expression revealed that increasing the dose of MT-1-CM (6.25% to
25%) inhibited MHCII, CD80, CD86 and CD40 expression (Fig. 3.24A, data not shown).
Additionally, treatment of GM-CSF DC cultures with MT-1-CM at earlier time points (day
0-9, 3-9, 6-9) led to a greater reduction in MHCII expression at baseline and post-LPS stimulation compared to later time points (day 8-9) (Fig. 3.24B).
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Figure 3.23 Mammary tumour conditioned media impairs DC differentiation in in vitro GM-CSF DC
cultures.
(A) Frequencies of CD11c+MHCII+ DCs in GM-CSF DC cultures treated with T-CM from MT-1, CMT-93,
4T1, and B16 cell lines. Cells were stimulated ± LPS. (B) Frequencies of CD11c+MHCII+ DCs in GM-CSF DC
cultures treated with T-CM from MT-1, 2, 3, 4. Cells were stimulated ± LPS. Data are representative of a minimum of two independent experiments.

59

Figure 3.24 Mammary tumour conditioned media impairs DC differentiation in in vitro GM-CSF DC
cultures at different concentrations and treated for different periods of time.
(A) Frequencies of CD11c+MHCII+ DCs in GM-CSF DC cultures treated with MT-1-CM at concentrations of
6.25%, 12.5% and 25%. Cells were stimulated ± LPS. (B) Frequencies of CD11c+MHCII+ DCs in GM-CSF DC
cultures treated with MT-1-CM for different periods of time (day 0-9, 3-9, 6-9, 8-9). Cells were stimulated ±
LPS. Data are representative of a minimum of two independent experiments.
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Pathogen associated molecular pattern (PAMP) stimulation of PRRs, such as the TLRs, on
DCs can induce the production of important cytokines for T cell activation and polarization,
including IL-12, IL-10, IL-6 and TNFα (Steinman and Idoyaga, 2010). T-CM from MT-1 to
4 cell lines impaired LPS-induced IL-12 production in GM-CSF DC cultures compared to
LPS-stimulated control cultures without T-CM, while IL-10 production was increased by TCM from MT-1 and 2, but not MT-3 and 4, after LPS stimulation (Fig. 3.25). No changes in
IL-6 and TNFα production were detected in MT-CM treated GM-CSF DCs (data not shown).
The higher expression in IL-10 and lower expression in IL-12 induced by 2 of 4 MT-CM revealed that GM-CSF DCs were skewed towards an immunosuppressive or Th2 prone phenotype by MT-CM.

Figure 3.25 Mammary tumour conditioned media impairs cytokine secretion in in vitro GM-CSF DC
cultures.
Expression of IL-12 and IL-10 in GM-CSF DC cultures treated with T-CM from MT-1, 2, 3, 4. Cytokine levels
were measured by ELISA. Cells were stimulated ± LPS. Data are representative of two independent experiments.
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In summary, T-CM from mammary tumours prevents DC maturation, activation and inflammatory cytokine production, even following PAMP stimulation. This suppression of DC activation by T-CM from mammary tumours suggests that mammary tumours possess an enhanced ability to impair host immunity compared to the other tumour types tested.

3.2.4

Mammary tumour derived G-CSF is responsible for DC developmental im-

pairment
Our studies on the hematopoietic changes induced by mammary tumours showed that these
changes were predominantly driven by tumour-secreted G-CSF. Mammary tumour-derived
G-CSF impaired hematopoietic stem cell differentiation and maintenance and increased progenitor content. In relation to DCs, G-CSF treatment of healthy individuals skews DC differentiation towards a DC2 phenotype, with subsequent induction of Th2 skewed immune responses (Klangsinsirikul and Russell, 2002). However, the effects of G-CSF on DC development have not been investigated. To determine whether mammary tumour derived G-CSF
blocked FLT3L DC differentiation, antibody-mediated neutralization of G-CSF was performed. A reduced dose of MT-1-CM (1.6%) was used to treat FLT3L DC cultures to facilitate complete G-CSF neutralization upon addition of anti-G-CSF neutralizing antibody. GCSF neutralization partially restored the frequency of pDCs and cDCs in FLT3L DC cultures
compared to cultures treated with isotype control antibodies (Fig. 3.26A). Neutralization of
G-CSF in MT-1-CM also partially restored MHCII expression on FLT3L DC cultures (Fig.
3.26A). Therefore, MT-1 derived G-CSF is responsible for some of the effects in the impairment of DC differentiation in FLT3L cultures, as well as the reduction in PAMP-induced
DC maturation/activation.
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Figure 3.26 Mammary tumour conditioned media derived G-CSF impairs DC development in in vitro
FLT3L and GM-CSF DC cultures.
(A) Frequencies of pDCs and cDCs (left) and expression levels of MHCII in cDCs (right) from FLT3L DC cultures treated with 1.6% MT-1-CM for 9 days. Cultures were treated with neutralizing G-CSF Abs (G-CSF) or
isotype control Abs (iso). (B) Frequencies of pDCs and cDCs (left) and expression levels of MHCII in cDCs
(right) from FLT3L DC cultures treated with MT-1-CM or G-CSF (1, 5, or 20 ng/mL) for 9 days. (C) Frequencies of CD11c+MHCII+ cells (left) and expression levels of MHCII in CD11c + cells (right) from GM-CSF DC
cultures treated with MT-1-CM or G-CSF (1, 5, 20 ng/mL) for 9 days. (D) Numbers of MDPs, CDPs, and
preDCs from FLT3L DC cultures treated with MT-1-CM or G-CSF (1, 5, 20 ng/mL) for 9 days. Data are representative of two independent experiments.
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Next, we examined whether addition of G-CSF alone was sufficient to impair DC differentiation. G-CSF was added to FLT3L or GM-CSF DC cultures, and cultures were analyzed for
pDCs and cDCs or CD11c+MHCII+ populations, respectively, by flow cytometry. A partial
reduction in pDCs and cDCs in FLT3L cultures, and CD11c+MHCII+ cells in GM-CSF cultures, was observed with an increasing dose of G-CSF, similar to MT-1-CM treated cells,
although the reduction in pDCs in FLT3L cultures was less pronounced (Fig. 3.26B,C). Correspondingly, FLT3L cDCs and GM-CSF CD11c+ cells showed reduced MHCII expression
after treatment with G-CSF, reflecting similar phenotypic changes observed with MT-1-CM
treatment (Fig. 3.26B,C). Further analysis of FLT3L DC cultures treated with G-CSF showed
that similar to MT-1-CM, the DC progenitors MDPs and CDPs accumulated, whereas
preDCs from G-CSF treated samples were similar to control and MT-1-CM treated samples
(Fig. 3.26D). Therefore, MT-1-CM derived G-CSF likely contributes to suppression of DC
development, resulting in the accumulation of MDPs and CDPs and reduced frequencies of
mature DCs.

3.2.5

MT-1 conditioned media and G-CSF mediate impairment of DC functional ac-

tivity
DCs are critical in activating both the adaptive and innate immune systems to respond to neoplasia (Dunn et al., 2002; Dunn et al., 2004; DuPage et al., 2012; Quezada et al., 2011;
Schreiber et al., 2011). Due to the dramatic impairment of DC development and differentiation mediated by MT-1-CM, we tested the effects of MT-1-CM on DC functionality.

NK cells require priming by activated DCs for their effector functions (Kobayashi et al.,
2005; Lucas et al., 2007). To investigate whether mammary tumours impacted the ability of
DCs to prime NK cells, splenic NK cells from LPS-stimulated control and MT-1 bearing
mice were assessed for IFN- and GrB production by intracellular flow cytometry. The presence of MT-1 resulted in defective NK cell activity, reducing their ability to produce IFN-γ
and GrB after LPS stimulation (Fig. 3.27A,B). Defective DC development and activation
likely contributed to impaired NK cell activation, since DC priming of NK cells has been
shown to be critical in eliciting appropriate NK cell effector functions (Lucas et al., 2007).
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Figure 3.27 Mammary tumours impair DC activation of NK and T cells.
(A) Frequencies of splenic NK1.1+IFN-γ+ NK cells in control and MT-1 bearing mice stimulated ± LPS. Cells
were gated on NK1.1+ populations. (B) Frequencies of granzyme B+ (GrB+) NK cells in control and MT-1 bearing mice stimulated ± LPS. Cells were gated on NK1.1+ populations. (C). Frequencies of CFSE+CD11c+ cells in
GM-CSF DC cultures treated ± MT-1-CM co-cultured with CFSE labelled, doxorubicin treated B16-OVA or
MT-1 cells. (D) Frequencies of CFSE- cells in GM-CSF DC cultures treated ± MT-1-CM incubated with doxorubicin treated B16-OVA or MT-1 cells, then co-cultured with CFSE labelled OT-I cells. (E) Expression of
IFN-γ in OTI cells (left) or IL-2 in B3Z cells (right) co-cultured with GM-CSF DCs treated ± MT-1-CM, after
incubation with doxorubicin treated B16-OVA or MT-1 cells. IFN-γ and IL-2 levels were measured by ELISA.
Data are representative of two independent experiments.
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The adaptive arm of the immune system is important in the rejection of neoplasia. As discussed above, immature DCs are efficient at phagocytosis while mature DCs downregulate
phagocytic activity. To investigate MT-1-CM’s effect on DCs’ ability to phagocytose antigens, GM-CSF DCs treated with or without MT-1-CM were co-cultured with doxorubicintreated, CFSE-labelled MT-1 or B16 tumour cells. Upon phagocytosis of dying tumour cells
labelled with CFSE, DCs become CFSE+. Frequencies of CFSE+CD11c+ DCs treated with
MT-1-CM were increased 1.3 fold and 2.5 fold when co-cultured with dying, CFSE-labelled
B16 or MT-1 cells, respectively, compared to controls that were not treated with MT-1-CM
(Fig. 3.27C). Thus, MT-1-CM increases the phagocytic ability of GM-CSF DCs, consistent
with the idea that DCs are immature in the presence of MT-1-CM.

To determine whether MT-1-CM impaired DCs priming of T cells, we investigated whether
MT-1-CM treated GM-CSF DCs could induce T cell proliferation as measured via CFSE dilution. Control and MT-1-CM treated GM-CSF DCs were co-cultured with doxorubicintreated, OVA protein expressing B16 cells, MT-1 cells (which express a fusion protein of the
activated rat neu oncogene, the OTI CD8+ epitope and OTII CD4+ epitope), or media alone.
These DCs were then purified and further co-cultured with CFSE-labelled OTI cells to determine their ability to induce antigen-specific T cell proliferation. GM-CSF DC cultures
treated with MT-1-CM induced lower CFSE dilution from OTI cells, which indicated that
they were impaired in mediating OTI cell proliferation (Fig. 3.27D). Therefore, either DC
cross-presentation activity, co-stimulatory molecule expression or cytokine production was
suboptimal. To test whether GM-CSF DC cross-presentation was suppressed by MT-1-CM,
OTI or B3Z cells, a MHC class I (H-2b)-restricted OVA-specific hybridoma, were cocultured with control or MT-1-CM treated GM-CSF DCs pulsed with doxorubicin-treated
B16-OVA or MT-1 cells. Activation of OTI and B3Z cells was measured by production of
IFN-γ and IL-2, respectively. GM-CSF DCs treated with MT-1-CM were less able to induce
IFN-γ and IL-2 production from OTI and B3Z cells, respectively, which showed that MT-1CM may have prevented cross-presentation of tumour antigens by GM-CSF DCs (Fig.
3.27E).
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CD4+ and CD8+ T cell activation is required for an optimal immune response against tumours. Presentation of antigenic peptides from whole OVA protein on MHCI and MHCII
requires phagocytosis and antigen processing in DCs, whereas addition of exogenous SIINFEKL peptide can be directly loaded onto surface MHCI without processing. When MT-1CM treated GM-CSF DCs were pulsed with either OVA protein or SIINFEKL peptide, lower
OTI cell proliferation was induced compared to control GM-CSF DCs pulsed with OVA or
SIINFEKL (Fig. 3.28A). These results indicated that even without impaired antigen processing, the capacity of GM-CSF DCs to induce CD8+ T cell proliferation was reduced by
MT-1-CM (Fig. 3.28A). Similar results were obtained with OVA-pulsed, MT-1-CM treated
GM-CSF DCs co-cultured with OTII cells (Fig. 3.28A). Lastly, we assessed whether the ability of DCs to activate T cell cytokine production was impaired by mammary tumour secreted
factors. This was done by detecting IFNγ and IL-2 production by OTI and B3Z cells, respectively, after co-culture with MT-1-CM treated GM-CSF DCs pulsed with OVA protein or
SIINFEKL peptide. We found that regardless of the cell types (OTI or B3Z) or antigens tested (OVA or SIINFEKL), MT-1-CM treatment of GM-CSF DCs induced lower levels of cytokine production compared to non-treated GM-CSF DCs (Fig. 3.28B). This data demonstrates that DC activation of T cells was impaired by MT-1-CM treatment.
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Figure 3.28 Mammary tumours impair antigen specific DC activation of T cells and activates DC suppression of T cell proliferation.
(A) Frequencies of CFSE- cells in GM-CSF DC cultures treated ± MT-1-CM incubated with OVA protein or
SIINFEKL peptide, then co-cultured with CFSE labelled OTI or OTII cells. (B) Expression of IFN-γ in OT-I
cells (left) or IL-2 in B3Z cells (right) co-cultured with GM-CSF DCs treated ± MT-1-CM, incubated with
OVA protein or SIINFEKL peptide. IFN-γ and IL2 levels were measured by ELISA. (C) Frequencies of CFSE cells in GM-CSF DC cultures treated ± MT-1-CM co-cultured with CFSE labelled OTII splenocytes in the
presence of OVA protein. Cells were gated on Thy1.1 +CD4+ populations. (D) Frequencies of CFSE- cells in
GM-CSF DC cultures treated ± MT-1-CM or G-CSF (20 ng/mL) co-cultured with CFSE labelled OTI or OTII
splenocytes in the presence of OVA protein. Cells were gated on Thy1.1 +CD8+ populations for OTI splenocytes, and Thy1.1+CD4+ populations for OTII splenocytes.
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DCs cultured in MT-1-CM showed an immunosuppressive phenotype including reduced expression of MHCII, co-stimulatory molecules and increased expression of PD-L1. These observations led us to hypothesize that MT-1-CM treated DCs may, in addition to being poor
activators of T cells, suppress antigen-specific endogenous DC activation of T cells. We tested this hypothesis by co-culturing CFSE-labelled OTI or OTII splenocytes with FLT3L or
GM-CSF DCs treated with and without MT-1-CM and OVA protein. OTI and OTII splenocytes contain T cells with TCRs specific to processed OVA peptides bound to MHCI (SIINFEKL, OVA257-264) and MHCII (OVA323-339), respectively. In addition, they also contain
antigen presenting cells such as DCs, which, upon addition of OVA protein, induce T cell
proliferation. CD8+ T cells were detected by gating on CD8+Thy1.2+ cells, while CD4+ T
cells were detected by gating on CD4+Thy1.2+ cells. MT-1-CM treated FLT3L DCs showed
suppression of both CD8+ OTI and CD4+ OTII cell proliferation at a DC:splenocyte ratio of
1:2 and 1:1, respectively, while control FLT3L DCs did not suppress T cell proliferation
(Fig. 3.28C, data not shown). GM-CSF DCs treated with MT-1-CM suppressed OTII proliferation at a ratio of 1:8 but not OTI cell proliferation (Fig. 3.28C, data not shown). Therefore,
MT-1-CM treatment of FLT3L and GM-CSF DCs resulted in suppressed OTII proliferation,
whereas OTI proliferation was suppressed by MT-1-CM treated FLT3L DCs only.

To further investigate the contribution of mammary tumour derived G-CSF in the induction
of DC mediated suppression of T cell proliferation, G-CSF treated FLT3L and GM-CSF DCs
were compared to MT-1-CM treated DCs to determine whether they suppressed OTI and
OTII cell proliferation. G-CSF treated, MT-1-CM treated, or control non-treated GM-CSF/
FLT3L DCs were co-cultured with control or OVA-treated CFSE-labelled OTI and OTII
splenocytes. G-CSF treated FLT3L DCs suppressed CD8+ OTI and CD4+ OTII proliferation
to a similar extent to MT-1-CM treated cells at a DC:splenocyte ratio of 1:2 and 1:8. Similarly, G-CSF treated GM-CSF DCs suppressed OTII proliferation at 1:4. OTI T cell proliferation was unaffected by MT-1-CM or G-CSF treated GM-CSF DCs (Fig. 3.28D). These results showed that tumour secreted G-CSF may contribute significantly to the ability of MT-1CM to suppress DC activation of T cells.
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Collectively, our data revealed a striking impairment in DC development and maturation by
MT-1-CM that correlated with aberrant DC activation of effector cell function.

3.2.6

Upregulation of immunosuppressive enzymes and markers by MT-1 condi-

tioned media treatment of FLT3L and GM-CSF DCs is accompanied by changes in histone modifications
Tumours may induce immunosuppressive DCs that aid tumour progression by inhibiting the
immune system. These DCs express immunosuppressive enzymes and markers including
Arg1, found in inflammatory zone 1 (Fizz1), vascular endothelial growth factor a (VEGFa)
and Ym1. To further characterize the T cell proliferation suppressive capacity of MT-1-CM
treated DCs, we measured the mRNA expression of these markers by qPCR. Arg1, Fizz1,
Vegfa and Ym1 were upregulated in GM-CSF DCs treated with MT-1-CM compared to untreated controls (Fig. 3.29A). Recent discoveries of macrophage gene regulation showed that
M2 markers are controlled by JMJD3, a catalytic enzyme that demethylates H3K27, resulting
in permissive gene expression (Ishii et al., 2009; Satoh et al., 2010). We performed ChIP
analysis of the Arg1, Ym1 and Fizz1 locus to determine the levels of H3K27me3 associated
with GM-CSF DCs treated with MT-1-CM, and found a reduction in the H3K27me3 repressive mark associated with the Arg1, Ym1 and Fizz1 loci in accordance with their increased
mRNA expression (Fig. 3.29B).
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Figure 3.29 Mammary tumour conditioned media induces immunosuppressive protein expression in in
vitro FLT3L and GM-CSF DC cultures.
(A) Expression of Fizz1, Arg1, Vegfa and Ym1 mRNA in GM-CSF DC cultures treated ± MT-1-CM. (B) Repressive H3K27me3 histone modifications were investigated by ChIP of chromatin isolated from GM-CSF DC
cultures treated ± MT-1-CM. Chromatin was immunoprecipitated using anti-H3K27me3 or IgG control Abs and
amplicons were analyzed by qPCR. (C) As in A, except with FLT3L DC cultures. (D) Lysates from GM-CSF
and FLT3L DC cultures treated with an increasing dose of MT-1-CM were analyzed by Western blot for Arg1
and total Stat3 (T-Stat3, loading control). Data represents a minimum of three independent experiments.
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Surprisingly, analyzes of FLT3L DCs treated with MT-1-CM only showed an increase in
Arg1 mRNA, whereas expression of Fizz1, Vegfa and Ym1 were downregulated with MT-1CM treatment compared to control cells (Fig. 3.29C). Western blot analysis of GM-CSF and
FLT3L DCs treated with MT-1-CM revealed that treatment of cells with MT-1-CM led to a
dose dependent increase in Arg1 protein expression, which strongly correlated with the increased Arg1 mRNA expression detected by qPCR (Fig. 3.29A,C,D).

To investigate the contribution of MT-1-CM derived G-CSF to DC polarization, we assessed
whether G-CSF could also induce Arg1 expression in FLT3L and GM-CSF DCs. Our results
revealed that an increasing dose of G-CSF increased the levels of Arg1 mRNA in FLT3L and
GM-CSF DCs, but not to the same extent as MT-1-CM (Fig. 3.30A). Neutralization of GCSF in MT-1-CM with an anti-G-CSF antibody led to reduced expression of Arg1 compared
to isotype control in FLT3L DC cultures (Fig. 3.30B). This data showed that MT-1-CM derived G-CSF contributed to Arg1 expression in DCs.
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Figure 3.30 Mammary tumour conditioned media derived G-CSF contributes to Arg1 expression, while
Ezh2, Hoxa9 and Arg1 are expressed at differential levels in CD11c+ and CD11c- fractions in in vitro
FLT3L and GM-CSF DC cultures.
(A) Expression of Arg1 in FLT3L and GM-CSF DC cultures treated with MT-1-CM or G-CSF (1, 5, 20
ng/mL). (B) Expression of Arg1 in FLT3L DC cultures treated with 1.6% MT-1-CM and G-CSF neutralizing or
isotype control Abs (iso). (C) Expression of Ezh2, Hoxa9 and Arg1 in CD11c- and CD11c+ fractions from sorted
FLT3L and GM-CSF DC cultures treated ± MT-1-CM. For all experiments, Arg1, Hoxa9 and Ezh2 expression
was measured by qPCR. Data are representative of a minimum of two independent experiments.
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BM cells cultured in GM-CSF and FLT3L give rise to DC precursors that are CD11c- prior to
differentiating into CD11c+ DCs. The large population of CD11c- cells in FLT3L and GMCSF cultures treated with MT-1-CM prompted an investigation of whether the CD11c- DC
precursors were a major contributor to the expression of immunosuppressive markers.
CD11c+ and CD11c- fractions from GM-CSF and FLT3L DCs treated with or without MT-1CM were sorted and analyzed for their expression of Arg1 by qPCR (Fig. 3.30C). We found
that both the CD11c+ and CD11c- fractions from GM-CSF and FLT3L DCs treated with MT1-CM had higher expression of Arg1 compared to the equivalent fractions from control cells,
although the CD11c+ fraction showed the highest expression of Arg1.

Hematopoietic differentiation is controlled by genes in the Hoxa cluster, while Ezh2, part of
PRC2, represses gene expression by methylating H3K27. As discussed in section 1, Hoxa9
and Ezh2 control hematopoietic progenitor activity, therefore we wanted to determine whether the regulation of Hoxa9 and Ezh2 by MT-1-CM was restricted to progenitors or mature
DCs in FLT3L and GM-CSF DC cultures. Sorted CD11c+ and CD11c- fractions from FLT3L
and GM-CSF DC cultures treated with MT-1-CM were analyzed for Hoxa9 and Ezh2 expression. We found that Ezh2 expression was reduced by MT-1-CM treatment of FLT3L and
GM-CSF DC cultures in CD11c+ and CD11c- cell fractions, while Hoxa9 expression was elevated most significantly in the CD11c+ fraction of FLT3L and GM-CSF DC cultures but not
the CD11c- fraction (Fig. 3.30C). These results suggested that MT-1-CM mediated reduction
in Ezh2 may be important for controlling gene expression in both mature DCs and DC progenitors, possibly through reducing repressive histone modifications in Arg1 and other loci.
Conversely, Hoxa9 is upregulated in the CD11c- and CD11c+ fractions of MT-1-CM treated
FLT3L DC cultures, whereas only the CD11c+ fraction of MT-1-CM treated GM-CSF DC
cultures showed upregulated Hoxa9 expression. Therefore, Hoxa9 expression was correlated
with MT-1-CM treated mature DCs (GM-CSF and FLT3L DC cultures), and DC progenitors
(FLT3L DC cultures).
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3.2.7

Mammary tumour conditioned media expands functional DC progenitors that

can differentiate into pDCs and cDCs
MDP, CDP and preDCs differentiate into pDCs, CD8+-like and CD4+-like DCs in the presence of FLT3L in vitro (Naik et al., 2007; Onai et al., 2007). Due to the expansion of DC
progenitors induced by MT-1-CM in FLT3L DC cultures, we investigated whether these DC
progenitors could give rise to mature DCs. FLT3L DC cultures treated with MT-1-CM for 8
days, were rinsed with fresh media to remove MT-CM, and cultured in either control media
or media containing 25% MT-1-CM (MT-1 media) for a further 7 days for a total of 15 days.
We found that by removing MT-1-CM, day 8 FLT3L DC cultures treated with MT-1-CM
differentiated into pDCs, cDCs (CD8+-like and CD4+-like DCs), whereas FLT3L DC cultures
that were maintained in MT-1-CM did not differentiate to a significant degree (Fig. 3.31A,
B). These results indicated that treating DC cultures with MT-1-CM increased functional DC
progenitors that retained the ability to differentiate into mature DC subsets when MT-1-CM
was removed, whereas cultures that were continually treated with MT-1-CM did not differentiate into mature DCs. Thus, MT-1-CM blocked DC differentiation and did not simply delay
differentiation of DC progenitors into pDC and cDCs.

In summary, the induction of immunosuppressive genes and markers, most notably Arg1,
was at least partially controlled by MT-1-CM derived G-CSF. Our studies on histone methylation and Ezh2 expression in DCs treated with MT-1-CM revealed an association between
epigenetic regulation and DC immunosuppressive gene expression mediated by mammary
tumour secreted factors. Additionally, we showed that MT-1-CM induced immunosuppressive functionality in DCs. The expansion of functional DC progenitors indicates that MT-1CM’s effect on DC development was reversible, making DC progenitors a possible target for
therapeutic intervention.
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Figure 3.31 Mammary tumour conditioned media treatment of FLT3L DC cultures produce functional
DC progenitors that differentiate into pDCs and cDCs.
FLT3L DC cultures were treated with MT-1-CM for 8 days then transferred to either 0% MT-1-CM (cont media) or 25% MT-1-CM (MT-1 media) for 7 days (day 15). Cells were analyzed by flow cytometry. (A) Frequencies of pDCs and cDCs. (B) Frequencies of CD8+-like and CD4+-like DCs. Cells were gated on cDCs from
A. Data represent three independent experiments.
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Section 4 Concluding comments
4.1

Conclusion and discussion

Perturbations in myelopoiesis are commonly observed in neoplastic diseases and may be critically important in disease aetiology. Tumours harness elements of both the innate and adaptive immune systems to facilitate their own growth and metastasis. Many cancers induce tumour-promoting macrophages, MDSCs and/or immature DCs through perturbations of immune cell development and differentiation. It is now clear that understanding these changes
are an important part of developing ways to manipulate the immune system to initiate or reinvigorate anti-tumour immune responses (Bayne et al., 2012; Pylayeva-Gupta et al., 2012).
In the case of breast cancer, the immune status of the tumour may predict treatment outcome,
thus the overall state of the immune system may serve as both a guide for treatment options
and as an indicator of disease severity/progression (DeNardo et al., 2011; West et al., 2011).

Here I've shown that mammary tumours affect the hematopoietic system leading to
myeloproliferative-like disease characterized by neutrophilia, anemia, and defects in the
HSPC compartment. These defects were associated with changes in global epigenetic regulation, and specifically in the upregulation and histone methylation status of Hoxa genes, most
notably Hoxa9, a gene that critically controls HSPC differentiation. These changes in gene
regulation and HSPC defects were found to be driven by tumour-secreted G-CSF.

Since tumour-induced changes in hematopoiesis were observed using four different MTlines, we established that these defects in hematopoiesis are likely common to many mammary tumours. Another important point is that these hematopoietic defects and myeloid/ anemic
abnormalities occurred in both immunosufficient and immunodeficient mouse backgrounds.
This observation indicates that the lymphoid compartment does not contribute significantly
to the establishment of anemia, leukocytosis and HSPC abnormalities in tumour bearing
mice.

We did not observe changes in the numbers of peripheral blood lymphocytes in mammary
tumour bearing immuno-sufficient mice, showing that the presence of mammary tumours
does not impair lymphocyte development. Studies in ovarian cancer have shown that as dis77

ease severity increases, the levels of lymphocytes in peripheral blood decline (Milne et al.,
2012), while patients with lung, breast, and other tumour types show a reduced peripheral
lymphocyte count compared to healthy individuals (Kaszubowski et al., 1980). This is in
contrast to our results showing no changes in lymphocyte counts in the blood of mammary
tumour bearing mice, which may be explained by the short period of tumour progression associated with xenograph murine tumour models. Cancers develop over periods of years in
humans, as opposed to weeks in xenograph mouse models, which may impact the degree to
which lymphocyte development is affected.

In order to determine whether tumour secreted factors were the cause of the observed hematopoietic defects, we established an in vitro system of hematopoietic cell differentiation using
MT-CM to investigate the regulation of HSPCs by mammary tumours. We found that MTCM synergized with FLT3L and GM-CSF to enhance BM proliferation and progenitor cell
expansion. Importantly, the ability of MT-CM to synergize with FLT3L or GM-CSF to cause
this expansion was shared with MT-CM from every MT cell line analyzed. Melanoma and
colon cancer cells lacked this activity in vitro and melanoma did not significantly perturb
myelopoiesis and hematopoiesis in vivo. Our data further indicates that different tumour
types interact with the hematopoietic system in unique ways, and that disruption of hematopoiesis is a common characteristic of mammary tumours.

In our assessment of HSPC function in tumour bearing mice, HSPC competitive reconstitution experiments in chimeric mice showed that the long term reconstitution capacity and LTHSC numbers of BM from mammary tumour bearing mice was intact. However, restricted
primitive BM progenitors from the CFU-S12 assay were reduced by mammary tumours. Conversely, spleens of MT-bearing mice contained large numbers of LSK/LKs that could reconstitute the myeloid and lymphoid compartments of lethally-irradiated recipients, and contained abundant primitive CFU-S12 colony-forming progenitors, as well as more restricted
myeloid progenitors. This data clearly shows that the extramedullary hematopoiesis induced
by mammary tumours leads to the production of functional HSPCs and their progeny in the
spleen. Our in vitro assessment of BM cell differentiation using cells propagated in MT-CM
and FLT3L showed that these cells expressed LSK/LK markers and included high myeloid
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CFC numbers. However, they could not reconstitute lethally or sub-lethally irradiated mice.
Notably, actively cycling HSCs and HSCs isolated from inflammatory environments may be
functionally defective (Passegue et al., 2005). In summary, we showed that mammary tumour
secreted factors play a critical role in increasing HSPC colony forming potential and reconstitution capacity in vivo and in vitro.

The enhanced HSPC activity in the spleen suggested that tumour development might induce
proliferation and mobilization of the stem cell compartment leading to the seeding of the
spleen. A very recent study of murine lung adenocarcinomas showed that tumour-produced
angiotensin II (AngII) increased extramedullary hematopoiesis in the spleen and migration of
HSCs from the BM to the spleen (Cortez-Retamozo et al., 2012; Cortez-Retamozo et al.,
2013). These HSPCs from tumour bearing mice preferentially differentiated into tumour associated neutrophils and macrophages and enhanced tumour progression (Cortez-Retamozo
et al., 2012; Cortez-Retamozo et al., 2013). The increase in splenic HSCs in this lung adenocarcinoma model reflects similar changes observed in our mammary tumour model. Of note,
the BM niche of these lung adenocarcinoma mice was not changed by the presence of the
tumour, whereas the presence of the mammary tumour in our tumour bearing mice increased
LSKs in the BM dramatically. Our results indicate that G-CSF was responsible for mammary
tumour-induced changes in HSPC functionality, whereas AngII was responsible for extramedullary hematopoiesis in the lung cancer model (Cortez-Retamozo et al., 2013). The differences in hematopoiesis between our studies may be the result of the functional convergence
(leukocytosis) of different mechanisms (G-CSF vs AngII) used by different tumours to induce immune suppression. If leukocytosis can be induced through different mechanisms by
tumours, a focus on the development of therapies targeting the effector cells of leukocytosis
(depletion of leukocytes), and not the signalling pathways that lead to leukocytosis (depletion
of G-CSF or AngII), would be more broadly effective in preventing immunosuppression.

Disruption of the BM niche and loss of MEPs and erythroblasts may have contributed to the
enhanced splenic hematopoiesis as a compensatory mechanism for RBC output. Through our
in vitro studies, we established that tumour secreted G-CSF was involved in the changes observed in BM HSPC functionality including increased cellular proliferation and progenitor
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activity. Although G-CSF injection into mice has been shown to impair erythropoiesis, it
does not induce anemia as measured by RBCs in the peripheral blood. This seemingly contradictory phenomenon is explained by increased splenic erythropoiesis/ compensatory splenic output of RBCs (de Haan et al., 1994; de Haan et al., 1992; Nijhof et al., 1994). In contrast, our results show that mammary tumour bearing mice do indeed exhibit anemia even in
the presence of increased erythrocyte production in the spleen, which suggests that aside
from G-CSF, other tumour secreted factors or some other unknown variable may contribute
to the anemia of mammary tumour bearing mice. Future experiments focused on determining
which tumour secreted factors contribute to the overall anemic phenotype in mammary tumour bearing mice could help elucidate the cause of anemia. These results may also lead to
multiple or synergistic strategies to ameliorate anemia. Cancer patients with pre-existing
anemia before therapy exhibit reduced survival following treatment for breast, lung, prostate,
and other cancers, therefore anemia may be an independent prognostic indicator or an indicator of disease progression (Caro et al., 2001; Qiu et al., 2010a). Therapies directed towards
neutralizing tumour-induced anemia may be one novel strategy by which patient survival
could be increased through the simple means of neutralizing the factors responsible, including G-CSF.

Tumours can express cytokines and growth factors important for tumour growth, survival or
spread, e.g. the 4T1 MT line expresses GM-CSF, G-CSF and M-CSF associated with a leukemoid reaction (DuPre and Hunter, 2007). Attenuation of tumour-derived G-CSF reduces
4T1 tumour growth and MDSC accumulation (Waight et al., 2011). G-CSF can also synergize with FLT3L to mobilize hematopoietic stem cells (Brasel et al., 1997). In addition, GCSF is overexpressed in human breast carcinomas compared to adjacent normal tissue (in 17
of 23 patients) (Park et al., 2011) or control individuals (Chavey et al., 2007), and in breast
cancer patient serum compared to controls (Park et al., 2011). There is a clear association between increased G-CSF levels and breast cancer clinical grade and lymph node infiltration,
further supporting a role for G-CSF in tumour progression and disease severity (Dehqanzada
et al., 2007; Lawicki et al., 2007; Lawicki et al., 2009). Therefore, in addition to its possible
role in causing anemia in breast cancer patients, it may also be a critical factor in myelopro80

liferation resulting in MDSC expansion and mobilization of stem cells into the spleen, two
phenotypes we observed in our mammary tumour models.

The phenotypic similarities between MT-bearing mice and mice with myeloproliferative disease or MDS (i.e. a leukemoid reaction and HSPC defects) suggested the possibility that
mammary tumours modulate key hematopoietic regulatory genes. Ezh2 loss-of-function mutations are associated with myeloid disorders (Ernst et al., 2010; Nikoloski et al., 2010) and
Hox genes are critical regulators of hematopoietic stem cell renewal, HSPC expansion
(Thorsteinsdottir et al., 2002), and differentiation repression (Bach et al., 2010). HOXA9
down-regulation allows hematopoietic cell differentiation while its overexpression leads to
acute myeloid leukemia (Sauvageau and Sauvageau, 2010). Our study shows that mammary
tumours were associated with enhanced Hoxa9 and depressed Ezh2 expression in HSPCs.
Histone methylation patterns associated with the Hoxa9 locus favoured permissive gene expression, correlating with the enhanced gene expression of Hoxa9 in HSPCs exposed to
mammary tumour secreted factors. These results indicate that mammary tumours may be
mediating HSPC defects through enabling epigenetic modifications in the form of increased
Hoxa9 locus association with H3K4me3 and reduced association with H3K27me3, ultimately
resulting in leukocytosis and anemia in mammary tumour bearing mice.

To investigate whether changes in H3K4me3 were required for MT-CM activity, we employed Menin inhibitors that attenuate H3K4 methylation and suppress HOXA9 expression
in transformed leukemic cells (Grembecka et al., 2012). These inhibitors reduced culture cellularity and dramatically reduced culture progenitor cell content, linking H3K4me3 regulation of the Hoxa9 locus with the induction of hematopoietic stem/progenitor cell expansion
by tumours and G-CSF. Our results demonstrate that as the development of cancer drugs,
such as the Menin inhibitors, that modify the cellular epigenetic landscape advances, they
may also have applications in regulating non-neoplastic cells. Thus, these drugs may be used
to indirectly suppress tumour progression and survival by regulating tumour-promoting cells
of the hematopoietic system such as MDSCs (Grembecka et al., 2012).
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Abnormalities in DC function often occur alongside aberrant hematopoietic differentiation
(Gabrilovich, 2004; Gabrilovich et al., 2012). It has been hypothesized that DC differentiation and development may be impaired by tumours to induce a tolerogenic and/or Th2 prone
response that mediates immunosuppression and facilitate tumour growth. Our research shows
that DCs that develop in the presence of mammary tumours and their factors acquire tolerogenic features. These DCs are immature and highly phagocytic, express low levels of costimulatory molecules and Th1 cytokines, express high levels of immunosuppressive enzymes, induce poor T cell proliferation, produce immunosuppressive cytokines and suppress
endogenous DC activation of T cells. As the field of immunotherapy struggles to overcome
the immunosuppressive effects of the tumour bearing host’s immune system, understanding
the changes induced by tumours and the mechanisms underlying these changes will lead to
the development of better strategies to reverse these changes (Gabrilovich et al., 2012).

Our research shows that the generation of tolerogenic DCs in mammary tumour bearing mice
was associated with impaired DC differentiation, as measured by the reduced expression of
crucial DC transcription factors including Irf4, Irf8, and E2-2. Analysis of DC progenitors in
mammary tumour bearing mice showed that DC development was impaired in the BM as revealed by the reduced numbers DC progenitors, and a corresponding accumulation of DC
progenitors in the spleen. Surprisingly, the accumulation of these splenic DC progenitors in
tumour mice did not lead to an increase in the total numbers of splenic pDCs or cDCs, and in
fact led to reductions in CD4+ DCs and pDCs. Using an in vitro system of DC development,
we showed that FLT3L BM cultures treated with MT-CM accumulated MDPs and CDPs, but
not preDCs, indicating a possible block in DC differentiation between the CDP and preDC
stage. This was corroborated by the lack of pDCs that developed from this system, as pDCs,
like preDCs, arise from the CDP (Fig. 1.3). This is the first evidence showing that DC development is impaired by mammary tumours in a tumour bearing host at the level of DC-lineage
restricted progenitors. Past research on the effects of tumour growth on preDCs and DC differentiation showed no differences in preDC differentiation into cDCs, nor cDC functions in
terms of T cell activation, between the spleen and tumour (Diao et al., 2010). As previously
discussed, due to the small size of the tumours, the comparison between preDCs and cDCs
derived from the tumour and spleen of the same tumour mice without comparing control
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mice, the limited analysis of DC progenitors (preDCs only), and evidence from other studies
showing functional defects in cDCs from tumour mice that were not observed in this study,
indicated a need for more comprehensive analyzes of DC development in tumour mice. Our
studies show that tumour growth had a much more profound effect on DC development,
which correlated with impairment in DC activation of cellular immunity.

In our search for the factors responsible for mammary tumour-mediated DC developmental
impairment, we found that, much like the impairment in hematopoiesis by mammary tumours, G-CSF played an important role in the suppression of DC development. Neutralization of G-CSF in MT-CM restored normal DC development and partially restored MHCII
expression, whereas the addition of exogenous G-CSF alone to FLT3L DC cultures resulted
in the partial suppression of DC development and differentiation. G-CSF has been shown to
induce a Th2 immune response upon injection into mice or humans, which may lead to tolerance against foreign antigens (Arpinati et al., 2000). Injection of G-CSF into healthy human
volunteers increased peripheral blood DCs that preferentially induced Th2 responses from
allogeneic T cells, which predominantly produced IL-4 and IL-10 instead of IFN-γ (Arpinati
et al., 2000). Additionally, peripheral blood stem cells collected from G-CSF treated patients
showed a higher Th2 response compared to BM aspirates from untreated patients
(Klangsinsirikul and Russell, 2002). Much like the effects of MT-CM, these studies indicate
that G-CSF steers DCs towards a DC2-induced Th2 response. To our knowledge, this is the
first study showing that G-CSF has a direct role in suppressing DC progenitor differentiation.

MT-CM treatment of FLT3L and GM-CSF DCs induced the expression of Arg1, an enzyme
known to suppress T cell proliferation and induce tolerance. Our data revealed that the expression of Arg1 in MT-CM treated DCs was associated with enabling histone modifications
in the Arg1 locus, specifically in the reduced association of the Arg1 locus with H3K27me3.
Other immunosuppressive factors, including Fizz1, Ym1 and Vegfa, were only induced by
MT-CM in GM-CSF, but not FLT3L, DC cultures, suggesting that either GM-CSF DCs were
more sensitive to MT-CM induction of an immunosuppressive phenotype, or, alternatively,
other suppressive factors with the exception of Arg1 were dispensable for the induction of T
cell tolerance by MT-1-CM treated DCs.
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No study to date has directly shown a relationship between tumour induction of DC developmental impairment and the generation of DCs that are tolerogenic or tumour promoting.
However, a study on an ovarian cancer model showed that tumour infiltrating DCs from advanced tumours had high Arginase activity, low MHCII and CD40 expression, and high PDL1 expression compared to DCs from early tumours, observations that we also noted in the
DCs in our mammary tumour model (Scarlett et al., 2012). It was proposed that as the tumours advanced, the subset of DCs that infiltrated the tumours changed from an immunostimulatory type to one that promoted tumour progression. This was concluded based
on the delay of tumour growth upon depletion of DCs in mice bearing late stage ovarian cancer (Scarlett et al., 2012). The switch from cancer suppressing to cancer promoting DCs, as
the tumour progressed, suggested that DC generation in ovarian cancer mice was being modified by the tumours. This supports our hypothesis that tumours induce the generation of DCs
that favour tumour growth through tumour induced modifications of the DC developmental
pathway. The depletion of factors that are critical to DC development, and hence the source
of DCs, including FLT3L and GM-CSF, could be a powerful supplementary method of enhancing tumour immunotherapy. Future experiments comparing the differentiation of DC
progenitors in mice bearing small and large mammary tumours could help clarify whether the
size of the tumour influences DC differentiation.

4.2

Summary of implications and applications

We have established that tumour induced defects in hematopoiesis are likely common to
many mammary tumours. Thus, understanding the tumour-immune system interactions between different tumour types may be an important step in designing or improving therapeutic
regimens. Additionally, tumour mediated hematopoietic disruption may result from a variety
of factors, such as G-CSF and AngII. This may have implications on drug and therapy design, arguing for a focus on therapies directed at disrupting the end stage effector cell in tumour induced immunosuppression, such as the MDSC.

In our studies on hematopoietic disruption in mammary tumour bearing mice, we noted that
the presence of the tumour led to an impairment in erythropoiesis. The association between
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anemia, tumour progression and patient survival are now clear, thus, therapies directed towards preventing anemia may not only improve the patient quality of life, but also increase
patient survival. The importance of tumour-derived G-CSF in hematopoietic disruption in
mammary tumour mice indicates that one route of preventing anemia may be to reduce circulating G-CSF. Additional studies on mouse survival using a modified MT-1 cell line with
knockdown of G-CSF may clarify the survival benefits of G-CSF neutralization.

Mammary tumour growth had a profound effect on DC development, which correlated with
impairment in DC activation of cellular immunity. Considering the importance of DCs in
promoting tumour progression, understanding and manipulating DC development to enforce
anti-tumour immunity could be a crucial strategy to improve tumour immunotherapy. As the
size of tumours increase, DCs tend to become more skewed towards tolerance and protumour (Scarlett et al., 2012). Therefore, one strategy may be to prevent the production of
host derived DCs altogether by depriving factors necessary for DC development, such as
FLT3L and GM-CSF. Combining this strategy with the depletion of factors that skew DC
development towards tolerance, such as G-CSF and AngII, may turn the tide against tumourinduced immunosuppression, thus promoting tumour eradication.
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Appendix
Appendix A -- Primer sequences
A.1

Sub-appendix – mRNA qPCR primers

Primer
Hoxa9 forward:
Hoxa9 reverse:
Ezh2 forward:
Ezh2 reverse:
IRF-4 forward:
IRF-4 reverse:
IRF-8 forward:
IRF-8 reverse:
E2-2 forward:
E2-2 reverse:
GAPDH forward:
GAPDH reverse:
Rps29 forward:
Rps29 reverse:
A.2

5’  3’ sequence
AAA CAA TGC CGA GAA TGA GAG GGG
AAA CTC CTT CTC CAG TTC CAG CGT
TCA CGT GTG GAG CTG CTG ACC
AGC CTG CCA CAT CAG ACG GTG
GCT GCA TAT CTG CCT GTA TTA CCG
GTG GTA ACG TGT TCA GGT AAC TCG TAG
ACG AGG TTA CGC TGT GCT CTG
CAC GCC CAG CTT GCA TTT
AGA CCA AGC TCC TGA TTC TC
AGG CTC TGA GGA CAC CTT CT
CAT TTG CAG TGG CAA AGT GGA G
GTC TCG CTC CTG GAA GAT GGT G
ACG GTC TGA TCC GCA AAT AC
CAT GAT CGG TTC CAC TTG GT

Sub-appendix – ChIP qPCR primers

Primer
Hoxa9 amplicon A forward:
Hoxa9 amplicon A reverse:
Hoxa9 amplicon B forward:
Hoxa9 amplicon B reverse:
Hoxa9 amplicon C forward:
Hoxa9 amplicon C reverse:
Hoxa9 amplicon D forward:
Hoxa9 amplicon D reverse:
Hoxa9 amplicon E forward:
Hoxa9 amplicon E reverse:

3’  5’ sequence
TCC ACC TTT CTC TCG ACA G
CCT GGC ACG ATT AGG CCT T
CAT TAA CAA CAG TGG CTG TGG CCT
AAT TAA CCC GGG AGG AAC ACT GGA
AAC GAA TCT GTT GGT CGC TCC TGA
AGC AGC CAA ATC GCA TTC TCA CTC
TGC ACA ACT GTT GAT GAC TGG CTG
GCA GAA TGA TCT GCC ACA CGA AGA
AGC AGT GGA AAG TCC ACC CTT TCA
ACC ACC CTA CTT CCA AAG GCT TCT
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