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Abstract
Circulating tumor cells become fully metastatic if they are able to extravasate
from the microvasculature and move into microenvironmental niches within distant site
organs where they survive and proliferate. To determine if inflammation facilitates this
process, models of inflammatory asthma, hypersensitivity pneumonitis, or bleomycininduced injury were used, followed by introduction of B16F0 melanoma cells into the
microvasculature of the lungs. Strikingly, all three conditions increased overt metastasis
without increasing extravasation and the number and size of early metastases were
increased. Bleomycin induced inflammation led to the increased survival of B16F0
tumor cells and recruitment of monocyte derived macrophages (MoDM) to the lungs.
These MoDM were located near the micrometastatic niche and their presence
correlated with increased metastatic tumor cell burden. Inflammation also increased the
deposition of the ECM component hyaluronan (HA) in the lung stroma and it was
enriched in B16F0 containing metastatic nodules. HA binding through its cognate
receptor CD44 correlates with an increase in the metastatic potential of B16 melanoma
cells. However, deletion of CD44 using CD44-/- mice or CD44-/- B16F0 cells did not
affect inflammation-driven increases in metastasis. Chondroitin sulphate (CS) was
found to negatively regulate HA binding in B16 cells, and CS-null CD44 constitutively
bound high levels of HA unlike parental B16F0 cells. Thus, high HA binding may be
required for effects on metastasis, or HA may be priming the inflammatory premetastatic
niche in a CD44 independent manner. Taken together these findings illustrate the
importance of the microenvironment in distant site metastasis and they highlight
inflammation as an important modifier of this microenvironment.
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Lay Summary
Cancer death is most often caused by the spread of the diseased tumor cells to
distant organs in a process called metastasis. Newly arrived tumor cells must be able to
survive within the environment of these distant organs. I have determined that
inflammatory changes in this environment increases experimental lung metastasis. I
have also shown that inflammation alters the matrix that the tumor cells are embedded
in and that it increases the recruitment of immune cells which are situated near invading
tumor cells. What function these cells carry out and whether they are the causative
agent in promoting metastasis during inflammation, as well as the mechanism of how
this may occur will be the focus of future work.
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Chapter 1: Introduction
1.1 Cancer Metastasis.
1.1.1 Inflammation, cancer, and metastasis.
Cancer is the name for a collection of diseases defined by uncontrolled and
inappropriate division and growth of cells in the body. Cancer cells have the potential to
invade out of their original location and spread into new tissues and organs in a process
called metastasis. Spread of cancer is in many cases dependent on transit of cancer
cells in vasculature and lymphatics. The lung is a highly vascularized organ containing
many pulmonary vessels and lung draining lymphatics, and is a frequent site of
metastasis with 20-54% of all patients with malignancies developing secondary growths
in the lungs (Coppage et al., 1987; Crow et al., 1981; Seo et al., 2001). Tumor formation
is dependent on both environmental and genetic factors.
Inflammation arising from external or internal sources results in changes to the
tissue environment that predispose patients to increased risk of cancer (Shacter and
Weitzman, 2002). Indeed at least 15% of cancer cases are caused by external factors
including bacterial and viral infections (Kuper et al., 2000), recalcitrant inorganic
particles such as asbestos fibers (Selikoff et al., 1964) and silicon dioxide particles
(Dostert et al., 2008). Chronic inflammatory diseases represent intrinsic conditions that
promote tumor formation, as evident in the significant association of inflammatory bowel
disease and cancer incidence (Choi and Zelig, 1994) as well as between anatomic
location of Chron’s disease in the gut and tumor formation at that site (von Roon et al.,
2007). The changes inflammation incurs to the environment also promotes cancer
metastasis. Cigarette smoking causes an inflammatory response in the lung (Churg et
1

al., 2002) and results in increased risk of pulmonary metastases of breast (Murin and
Inciardi, 2001; Scanlon et al., 1995) and esophageal cancer (Abrams et al., 2008)
despite not increasing the incidence of breast cancer (Braga et al., 1996; Field et al.,
1992; London et al., 1989) or risk of metastasis of esophageal cancer to other organs
(Abrams et al., 2008). Thus, the presence of inflammation at the primary site is linked to
tumor formation and growth and works to increase the risk of secondary metastases at
distant sites.
1.1.2 Cancer progression at the primary site.
A fundamental observation of cancer formation is the accumulation of somatic
mutations (Beckman and Loeb, 2017; Loeb and Loeb, 2000). Key signaling pathways
responsible for cell cycle and identity regulation, such as the epidermal growth factor
receptor (EGFR) pathway, which contains the proto-oncogenes (pre-oncogenic) K-ras
(Jackson et al., 2001; Wang et al., 2015) and B-raf (Wan et al., 2004) are frequently
mutated. Once activated these can promote mitogen-activated protein kinase (MAPK)
and extracellular signal-regulated kinase (ERK) signaling leading to increased
transcription, cellular growth and proliferation (Normanno et al., 2006). Additionally,
mutations affecting regulatory genes such as the cell cycle checkpoint protein p53 are
highly prevalent in human cancers (Nigro et al., 1989), and germline loss of p53 is
sufficient to induce a multitude of cancers in mice (Donehower et al., 1992). Together
these mutations enable features that comprise the state of malignant transformation,
and include resistance to apoptosis, replicative immortality, increased proliferation, as
well as others outlined in Hanahan and Weinberg’s hallmarks of cancer (Hanahan and
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Weinberg, 2000, 2011). The initial transformation results in cells that can grow
indefinitely.
As cancer cells grow into a tumor, host factors such as the immune system and
vascular perfusion as well as environmental restrictions become critical (Hanahan and
Weinberg, 2011). Mutations that allow growth of tumor cells are not normally found in
the body and form neoantigens that may be recognized by the immune system (Brown
et al., 2014). This reveals tumor cells that were protected by immune central tolerance,
causing them to be recognized and destroyed by adaptive cytotoxic T cells
(McGranahan et al., 2016). Additionally, natural killer (NK) cells destroy tumor cells
expressing “distress” molecules such as MICA (Bauer et al., 1999; Lanier, 2005) and
tumor cells that have avoided cytotoxic T cell destruction by no longer expressing MHC
class I molecules that present endogenous antigen (Cerwenka et al., 2001; Vivier et al.,
2008). Indeed, most tissues are under regular immune surveillance, and tumor cells
frequently develop strategies to avoid immune destruction (Kim et al., 2007). The size of
tumors is also restricted by vascular perfusion of oxygen and nutrients. Tumors are
incapable of growing past 2mm3 without growth of blood vessels (Holmgren et al.,
1995), also known as angiogenesis. Release of pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) and angiopoietin-1 directly by tumor cells (Gabrilovich
et al., 1996) or by accessory host cells (Bergers and Benjamin, 2003; Papetti and
Herman, 2002) induces angiogenesis and results in growth past the limit of oxygen and
nutrient diffusion; this switch in phenotype is termed the ‘angiogenic switch’ and is a
necessary and important step in cancer progression (Bergers and Benjamin, 2003;
Hanahan and Weinberg, 2000). Thus, due to selection pressures, the emerging tumor is
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well-adapted to indefinite growth at the primary site. However, the selection pressures
at the primary site may not confer capacity for growth at secondary sites, and invasive
tumor cells undergoing metastasis face several hurdles to forming secondary growths.
1.1.3 Process of cancer metastasis.
Metastasis is a multistep process by which cancer cells invade local tissue, enter
circulation, exit at a secondary organ or tissue, and colonize (Talmadge and Fidler,
2010). Local invasion allows tumor cells to change their location in the tissue, moving
away from the primary tumor and into circulation such as lymphatics and vasculature
(Friedl and Wolf, 2003). The mechanisms tumor cells utilize to invade are varied and
range from single cell mesenchymal or amoeboid migration, to clusters and multicellular
collective invasion (Sahai, 2005). The process by which tumor cells enter circulation is
termed intravasation and involves degradation of the vascular basement membrane
surrounding most endothelial cells (Chiang et al., 2016). Indeed, inhibition of basement
membrane degrading enzymes termed matrix metalloproteases (MMP) results in
reduced entrance into blood and intravasation (Deryugina et al., 2005; Juncker-Jensen
et al., 2013). Once in circulation, tumor cells must survive shear stress of dynamic blood
flow in the vasculature (Wirtz et al., 2011). Platelet adhesion to circulating tumor cells
promotes survival, blocks killing by NK cells, and increases metastasis (Gay and
Felding-Habermann, 2011; Palumbo et al., 2005). Surviving tumor cells then arrest in
small vessels and exit circulation in a process named extravasation and is understood
as being an important potential bottleneck in the process of metastasis. Evidence exists
for extravasation being a directed process, as expression of adhesion molecules on
tumor cells can direct homing, for instance, interaction of αvβ3 integrin on breast cancer
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cells with osteopontin, an αvβ3 ligand abundant in bone, directs bone metastasis (Sloan
et al., 2006), and α4β1 integrin in ovarian cancer cells promotes peritoneal metastasis
by interacting with vascular cell adhesion molecule 1 (VCAM-1) on mesothelium (SlackDavis et al., 2009). However, there is also compelling evidence for a largely mechanical
role in arrest of tumor cells, where dissemination is largely based on blood-flow patterns
(Chambers et al., 2002; Chambers et al., 2000). Studies using intravital microscopy and
quantitative cell-fate analysis support this in showing that most tumor cells arrest based
on size restriction in capillaries (Chambers et al., 1998; Freeman et al., 2010;
MacDonald et al., 2002), and that the pulmonary and hepatic capillary beds are efficient
in arresting the flow of cancer cells (Cameron et al., 2000; Luzzi et al., 1998). When
tumor cells enter secondary organs, the final hurdle of metastasis is encountered:
survival and growth at the new site. Quantitative measurements of metastatic
melanoma cells invading murine liver revealed relatively efficient extravasation (Luzzi et
al., 1998; MacDonald et al., 2002), but elevated levels of apoptosis of single cells (Luzzi
et al., 1998). The rate of apoptosis at secondary sites is a critical determinant of
metastasis, even being used to differentiate non-metastatic from metastatic melanoma
cells, and apoptosis can be reversed by overexpression of the anti-apoptotic protein
Bcl-2 (Kim et al., 2004). Indeed, systemic multi-organ spread of metastatic breast
cancer cells is observed in spontaneous Her2 and PyMT driven breast carcinoma mice,
but metastases only grow in a few organs (Husemann et al., 2008), affirming an
important role for the microenvironment in controlling metastatic outgrowth. These
studies outline metastasis as a sequential process of discreet steps, each with inherent
inefficiencies, and some that may be rate limiting. The lung being the first capillary bed
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for cancer cells that have entered venous circulation through the lateral tail vein in mice,
is frequently used as an experimental model organ of metastasis. Changing the lung
microenvironment through several modes of inflammation would be important for
understanding what factors promote cancer cell colonization.
1.1.4 The role of the microenvironment in distant site metastatic lesion formation.
Although tumor cells originating from a primary site disseminate widely through
circulation, many die or remain dormant. This is evidenced by isolation of dormant
breast tumor cells from metastasis-free organs in tumor resected mice that possess full
metastatic potency (Suzuki et al., 2006). The reason for lack of outgrowth of these cells
is inappropriate or lack of sufficient environmental cues that allow for proliferation and
survival. These factors are responsible for allowing or inhibiting metastatic tumor cells
from colonizing distant organs and make up the metastatic microenvironment (Joyce
and Pollard, 2009; Quail and Joyce, 2013). The metastatic microenvironment includes
cellular, soluble and structural factors. Increased compatibility of these factors with
invading tumor cells results in metastatic colonization. This is thought to be the basis of
observed tissue tropism defined by examples of certain cancers such as breast cancer,
predictively metastasizing to lung, liver, bone, and brain (Joyce and Pollard, 2009), and
is the foundation for the “seed and soil” hypothesis presented by Stephen Paget in 1889
(Paget, 1989). Indeed, breast cancer cells that home to both lung and bone can be
selected for preferential metastasis to the lung (Minn et al., 2005). Within the lung
metastasizing breast cancer cells, VCAM-1 was identified as specific to and compatible
with the lung microenvironment (Minn et al., 2005), indicating a case of optimization of
the “seed”. The mechanism was later deduced to be promotion of survival signaling in
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the metastatic microenvironment via the PI3K pathway, post interaction with
macrophages expressing the VCAM-1 ligand, α4 integrin (Chen et al., 2011), this
represents an important environmental determinant of metastasis to the lung.
In other cases, the microenvironment, or “soil”, can be made to be more
conducive to metastatic tumor cells. The presence of primary tumors in mice resulted in
accumulation of CD11b+ bone marrow derived myeloid cells in the lung, altering the
environment and directly preceding establishment of increased metastases (Hiratsuka
et al., 2006; Kaplan et al., 2005). Strikingly, intra-peritoneal administration of
conditioned media from B16 melanoma cells could redirect colonization of Lewis Lung
Carcinoma cells away from the lung and towards the kidney, spleen, intestine, and
oviduct (Kaplan et al., 2005), indicating that altered environmental determinants can
change the outcome of metastasis of circulating tumor cells. In these studies, the
deposition of the extracellular matrix (ECM) protein fibronectin or production of
chemoattractant proteins S100A8/9 at the metastatic site resulted in the accumulation of
bone marrow derived cells that promoted metastasis. Similarly, production of lysl
oxidase (LOX) by hypoxic cancer cells in mammary carcinoma resulted in cross linking
of ECM collagen IV in the lung, and accumulation of crosslinked collagen IV adherent,
CD11b+ bone marrow derived leukocytes lead to increased metastasis (Erler et al.,
2009; Erler et al., 2006). Thus, alteration of the ECM and accumulation of myeloid cells
are important factors in directing colonization of the lung. However, these studies
represent exogenous input into metastatic sites by established primary tumors.
Generation of the metastatic niche can occur at the distal site through similar molecular
mechanisms but independent of a primary tumor, brought about by inflammation.
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Inflammation induced by lung irradiation or chemotherapy in mice also caused collagen
deposition and crosslinking by LOX and significantly increased metastasis of 4T1
mammary carcinoma cells to the lung (Cox et al., 2013). Together these studies begin
to describe the metastatic microenvironment as a complex niche of matrix, cellular, and
soluble components that are amenable to inflammation, and that combine to promote
the colonization of compatible invading tumor cells. Inflammation causes the recruitment
of several immune cell populations, and the production of altered ECM; the importance
of the immune response in inflammation is thus critical and must be considered.

Figure 1.1: Tumor induced formation of the pre-metastatic niche
This is a schematic that outlines the formation of the pre-metastatic niche as induced by
the presence of a primary tumor. Factors originating from the primary tumor initiate
signals that lead to the deposition of pro-metastatic matrix and release of chemokines at
secondary sites. This causes the accumulation of myeloid cells which promote the
seeding and growth of metastases.

1.2 Myeloid cells and the early immune response.
1.2.1 Early immune responses to inflammatory stimuli.
The immune system is primarily responsible for host protection, but also carries
out functions in tissue repair and maintenance of homeostasis (Medzhitov, 2008).
Prevention of contact with pathogenic or damaging materials is the first line of defense
and is accomplished by the skin and mucosal surfaces such as the respiratory tracts
8

found in the lung (Peterson and Artis, 2014). Once barriers are breached, or damage
occurs in tissues, the innate immune response is immediately activated. Tissues contain
a variety of resident macrophages, mast cells, granulocytes, and other immune cells
that serve as sentinels for recognition of danger (Janeway and Medzhitov, 2002).
Resident immune cells as well as directly damaged or infected tissue epithelia and
stromal cells are the first responders to an insult. Innate immune recognition of danger
by resident and tissue cells is accomplished in one of two ways: through detection of
conserved molecular patterns (Akira and Takeda, 2004) or the release of signaling
molecules that convey damage to the immune system (Medzhitov, 2008). These
damage molecules are called alarmins (Chan et al., 2012), and are one of many
signaling molecules, or cytokines, used to convey information between cells in the
immune response. The ensuing type of inflammation and response is directly controlled
by recognition of danger through innate immune cells, and forms the present dogma of
immune function leading to formation of the cytotoxic/cellular “Th1/17” or the humoral
“Th2” response (Medzhitov and Janeway, 1998).
Binding of pathogen-associated molecular patterns (PAMP) by pattern
recognition receptors (PRR) on sentinel cells leads to activation and initiation of the
immune response (Iwasaki and Medzhitov, 2015). Resident macrophages detect
PAMPs such as gram-negative bacterial lipopolysaccharide (LPS) through toll-like
receptor 4 (TLR4) (Fitzgerald et al., 2001), a type of PRR, and thus dictate the response
through production of appropriate cytokines (Akira and Takeda, 2004; Iwasaki and
Medzhitov, 2015). Sterile inflammation and destruction of tissue components occurring
in the absence of a PAMP leads to the inappropriate death or necrosis of tissue cells
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and the release of the alarmin molecules interleukin 33 (IL-33), IL-25, and thymic
stromal lymphopoietin (TSLP) (Martin et al 2016). These are readily detected by
resident tissue cells (Wynn, 2007). Infection or inflammation cause production of
cytokines such as tumor necrosis factor alpha (TNF-α), as well as degranulation by
resident mast cells causing release of histamines and prostaglandins (Galli et al., 2005).
These act on local endothelial cells causing vasodilation, fenestrations that lead to
leakage of plasma components and edema, and expression of adhesion molecules
such as P/E-selectin and chemokines (Granger and Kubes, 1994; Middleton et al.,
2002). The tissue is now primed for recruitment of innate immune cells. Neutrophils are
granulocytes that express the cell surface molecule Ly6G, are the most abundant of
circulating white blood cells, and are the first responders to infection (Kolaczkowska and
Kubes, 2013). Neutrophils enter tissues early in response to inflammatory stimuli
(McDonald et al., 2010), and are important for phagocytosis and destruction of
pathogens (Phillipson and Kubes, 2011). Following neutrophils, monocytes, a type of
mononuclear phagocyte, enter tissues under the control of C-C chemokine receptor 2
(CCR2) (Tsou et al., 2007) and begin to differentiate into macrophages that have high
phagocytic capacity (Shi and Pamer, 2011). Over the course of the response, sentinel
resident immature dendritic cells (DCs) are activated and internalize antigen (Shortman
and Naik, 2007). DCs begin to express the lymph node homing chemokine receptor
CCR7 and traffic via lymphatics to the nearest draining lymph node where they present
antigens to T and B lymphocytes, initiating the adaptive response (Schumann et al.,
2010; Worbs et al., 2017).
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Figure 2.2: The development of mononuclear phagocytes
Schematic that outlines the development of mononuclear phagocytes in the embryonic,
fetal, and adult hematopoietic system. Many tissue resident macrophages are
embryonic or fetal derived while monocytes give rise to macrophages that travel to the
affected site during infection and inflammation.
1.2.2 Monocytes: development and function.
In the adult, monocytes are hematopoietic stem cell, bone marrow derived
circulating leukocytes that respond to immune signals by entering tissues and
differentiating into effector cells (Shi and Pamer, 2011). Monocytes constitute part of
the myeloid lineage, beginning at differentiation of the multi-potent progenitor (MPP) into
the common myeloid progenitors (CMP) (Fogg et al., 2006; Iwasaki and Akashi, 2007).
The development of monocytes is dependent on the growth factor colony stimulating
factor 1, CSF-1 and its receptor CSF-1R, as mice deficient in either have greatly
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reduced monocytes (Cecchini et al., 1994; Dai et al., 2002; Wiktor-Jedrzejczak and
Gordon, 1996). Commitment to the CMP lineage and monocyte fate is controlled by the
transcription factor PU.1 (Dakic et al., 2005; Nerlov and Graf, 1998). PU.1 transactivates promoter proximal elements of the CSF-1R (Reddy et al., 1994), and
antagonizes alternate lineage transcription factors: GATA-1 and GATA-2 that lead
towards erythroid/megakaryocyte and mast cell lineages respectively (Walsh et al.,
2002), as well as C/EPBα, a transcription factor required for granulocytic differentiation
(Dahl et al., 2003). Bone marrow derived monocytes can be subdivided into classical
monocytes expressing Ly6C (Ly6Chi) and high levels of the chemokine receptor CCR2
and non-classical Ly6C intermediate or low monocytes expressing the chemokine
receptor CX3CR1, with classical monocytes composing the majority (80%) in circulation
(Geissmann et al., 2003; Patel et al., 2017). Ly6Clo monocytes patrol the vasculature
and remove dying cells and debris at the steady state (Auffray et al., 2007; Ensan et al.,
2016; Michaud et al., 2013). While classical monocytes constitutively enter some
tissues and can carry antigen back to the lymph node without differentiation into
macrophages or dendritic cells (Jakubzick et al., 2013). At homeostasis, many tissue
resident macrophage populations have been found to originate from primitive embryonic
yolk-sac or fetal monocytes rather than adult bone marrow derived monocytes, as well
as maintain their numbers through self-renewal (Ginhoux and Guilliams, 2016;
Perdiguero and Geissmann, 2016; van de Laar et al., 2016). However, monocytes do
give rise to some tissue resident macrophages: in barrier organs such as the gut and
dermis, macrophages are quickly replenished through bone marrow monocytes (Bain et
al., 2014; Tamoutounour et al., 2013). Microbial signals may play a role in the turnover
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of macrophages at these sites as gut macrophages were significantly reduced in germ
free mice (Bain et al., 2014). However, mature dermal macrophage numbers were
unchanged in germ free conditions, albeit with perturbations in the numbers of
monocyte derived intermediate precursors (Tamoutounour et al., 2013), making the
reason for adult monocyte replenishment unclear. Microbial signals also do not explain
the present but slow replenishment of tissue resident macrophages by bone marrow
monocytes in non-barrier sites such as cardiac (Epelman et al., 2014) and pancreatic
tissue (Calderon et al., 2015). Lung resident alveolar macrophages are also fetal
progenitor derived and replenish through self-renewal (Guilliams et al., 2013; Hashimoto
et al., 2013) despite being situated at a mucosal barrier organ that is in constant contact
with bacteria derived from inhalation and micro-aspirations (Dickson and Huffnagle,
2015). These studies thus outline the role of classical monocytes in homeostasis as
circulating precursor cells that are recruited when combatting infection and inflammation
as well as important in generation of a number of tissue macrophages and non-classical
monocytes.
1.2.3 Monocytes in inflammation and resolution.
In inflammation, epithelial cells produce monocyte chemotactic protein-1 or CCL2
causing monocytes to be recruited to the site of injury (Dal-Secco et al., 2015; Shi and
Pamer, 2011). Activation of monocytes through TLR binding to pathogen products, or
detection of alarmins IL-1α and IL-33 leads to production of proinflammatory cytokines
TNF-α, IL-1β, and IL-6 (Brubaker et al., 2015; Chan et al., 2012), as well as nitric oxide
and prostaglandins (Bogdan, 2001; Medzhitov, 2007). This causes monocytes to
aggravate the initial injury and inflammation and makes up an integral part of the acute
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inflammatory phase (Mossanen et al., 2016; Schloss et al., 2017). Following the acute
phase, recruited monocytes are then reprogrammed in the injured tissue, expressing
higher levels of MHCII and becoming CCR2loCX3CR1hi (Dal-Secco et al., 2015), this
retains monocytes in the tissue by limiting CCL2 mediated migration and promoting
adhesion through the CX3CR1 ligand CX3CL1 (Ancuta et al., 2003; Sukkar et al.,
2004), expressed by and associated with the cell surfaces of activated endothelium and
stromal cells (Fong et al., 2000; Sukkar et al., 2004). This differentiation of monocytes
yields heterogenous populations, with monocytes reported to give rise to monocyte
derived dendritic cells (MoDC) and monocyte derived macrophages (MoDM) (Ginhoux
and Guilliams, 2016; Leon and Ardavin, 2008). MoDCs are known to be important
contributors to initiating adaptive responses (Tacke et al., 2006), trafficking antigen to
lung draining mediastinal lymph nodes and inducing T helper 2 (Th2) immunity to house
dust mite (HDM) allergen (Plantinga et al., 2013), and T helper 1 immunity against the
intracellular bacterium Leishmania (Leon et al., 2007). After inflammatory activation,
MoDMs persist in tissues and are important regulators of resolution and wound healing
(Liew et al., 2017). For instance, MoDMs participate in resolution through phagocytosis
(Michlewska et al., 2009), neutrophils that do not encounter pathogens become
apoptotic (Fox et al., 2010) and phagocytosis through MoDM signals to produce antiinflammatory transforming growth factor beta (TGF-β) (Fadok et al., 1998) and IL-10
(Das et al., 2014). In another case, monocyte differentiation is controlled by invariant NK
T cells producing anti-inflammatory cytokines IL-4 and IL-10 (Liew et al., 2017). Such
macrophages are termed ‘alternatively activated’ and are part of a paradigm of
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macrophage polarization, whereby the tissue environment or cytokine milieu controls
phenotype and effector functions of macrophages (Mosser and Edwards, 2008).
Classically, macrophages were diversified into M1 or inflammatory macrophages
that have been activated under the influence of microbial TLR agonists such as LPS
and the Th1 cytokine interferon gamma (IFNγ), or M2 ‘alternatively activated’
macrophages polarized under the influence of IL-4 and IL-10 (Gordon, 2003). This is
based on the effector functions of the polarized macrophages: M1 macrophages
produce inflammatory, Th1 promoting cytokines IL-12 and TNF-α and reactive oxygen
species (ROS), while M2 macrophages produce anti-inflammatory IL-10, TGF-β, and
arginase that promote resolution and remodeling (Martinez and Gordon, 2014).
However, phenotypes of macrophages encountered in vivo do not reflect the simple
M1/M2 characterization, leading to the prevailing model of a spectrum of activation
states that fulfill tissue and time specific functions (Mosser and Edwards, 2008). Studies
have outlined the diversity of macrophage functions and plasticity (Biswas and
Mantovani, 2010; Hussell and Bell, 2014; Sica and Mantovani, 2012), as well as
captured phenotypic shifts of monocyte-derived macrophage maturation (Crane et al.,
2014; Dal-Secco et al., 2015; Sen et al., 2016), thus MoDM and tissue macrophages
perform functions in a context dependent manner depending on the environment.
During inflammatory resolution, M2-like MoDM are potent sources of TGF-β and
promote ECM production and wound healing (Khalil et al., 1989; Murray et al., 2011;
Wang et al., 2017; Wynn and Vannella, 2016). However, excessive activity of M2-like
MoDM has been shown to cause pathology, as evidenced by their role in driving acute
liver and lung fibrosis (Misharin et al., 2017; Mitchell et al., 2009). Understanding of the
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diverse functions and contributions of monocytes during inflammation is confounded by
their ability to act as precursors of many lineages and is of great importance in cancer
where monocytes serve similar functions as precursors.
1.3 Tumor associated myeloid cells
1.3.1 Tumor associated macrophages.
Accessory cells in the tumor microenvironment originate from cells with normal
functioning within the body that are coopted to facilitate many steps of cancer
progression and metastasis (Hanahan and Weinberg, 2011). Immune cells are some of
the most prevalent accessory cells found in the tumor microenvironment, and tumor
associated macrophages (TAM) compose a major leukocyte population found in many
carcinomas (Franklin et al., 2014; Mantovani et al., 2002; Noy and Pollard, 2014). The
accumulation of TAMs in primary tumors has been noted to be an early event. For
example, experimentally they are found at the early benign mammary adenoma stage,
preceding malignancy driven by the polyoma virus middle T-antigen oncogene in mice
(Lin et al., 2006), and as soon as 48 hours after transformation of single hepatocytes
within the primary site by tissue-specific expression of oncogenic YAP (Guo et al.,
2017). The early presence of TAMs has been shown to drive the angiogenic switch,
through TAM production of VEGF and lymphangiogenic factors (De Palma et al., 2017;
Lin et al., 2006). Inhibition of TAM development through pharmacologic CSF-1 blockade
or genetic knock out results in deficient angiogenesis in tumors which ultimately
prevents later metastatic progression (Lin et al., 2006). The origin of TAMs in primary
tumors has been shown to be at least partially, but sometimes entirely dependent on
blood derived monocytes (Chen et al., 2017; Cortez-Retamozo et al., 2012; Franklin et
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al., 2014; Movahedi et al., 2010; Zhu et al., 2017). Genetic ablation of inflammatory
precursor monocytes through CCR2 dependent expression of the diphtheria toxin
receptor (DTR), or removal of the spleen, a known monocyte reservoir, resulted in
significant reduction of TAMs and reduced tumorigenesis of spontaneous mammary and
lung adenocarcinoma (Cortez-Retamozo et al., 2012; Franklin et al., 2014). However,
monocytes gave rise to only part of the TAM population in pancreatic ductal
adenocarcinoma (PDAC) and were found to secrete more immunomodulatory cytokines
such as IL-4, which polarizes T helper cells away from tumoricidal Th1 response,
consistent with previous reports of immunosuppressive functions of monocyte derived
pancreatic TAMs (Sanford et al., 2013). While embryonic tissue originating, resident
macrophage-derived TAMs promoted PDAC growth and shaped a fibrotic response
through expression of LOX and several types of collagen (Zhu et al., 2017). These
studies demonstrate inherent phenotypic heterogeneity within TAM populations, as well
as different effector functions of TAM subsets that are potentially inferred by differential
ontogeny (Movahedi et al., 2010). Following angiogenesis in growing tumors, TAMs
have been observed to promote the hematogenous spread of invasive tumor cells by
direct guiding towards blood vessels. Indeed, TAMs can communicate to mammary
tumors to promote migration towards vasculature (Harney et al., 2017; Wyckoff et al.,
2004), and perivascular TAMs expressing the angiopoietin receptor Tie2 promote the
intravasation of cancer cells into the blood vessel lumen (Harney et al., 2017). TAMs
are a distinct population critical to the progression of cancer and metastasis, but display
heterogeneity in phenotype and function, between cancer subtypes and even within
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identical cancers but different tissues (Lehmann et al., 2017), making the exact roles
TAM fulfill still poorly understood.
1.3.2 Mechanisms of monocyte and macrophage promotion of metastasis.
The process of metastasis involves both exit of primary sites and entrance to
new sites. Monocytes and macrophages are involved at both stages, and contribute to
the colonization of distant sites leading to metastases. The local signaling compartment
in which TAMs promote metastasis at the primary site has been named the tumor
microenvironment of metastasis (TMEM) (Joyce and Pollard, 2009). Within the TMEM,
production of epidermal growth factor (EGF) by TAMs signals for increased migration in
EGFR expressing breast cancer cells (Mader et al., 2011), and cancer cells in turn
express CSF-1, a growth factor and chemoattractant for TAMs, resulting in a paracrine
loop that guides cancer cells towards vasculature (Goswami et al., 2005; Wyckoff et al.,
2004). Indeed, this interaction has been directly observed using in vivo microscopy in
mammary tumors: whereby a subset of Tie2 expressing perivascular TAMs secreted
VEGF-A, inducing transient vascular permeability in a spatiotemporally regulated
manner, directly facilitating intravasation of invasive breast cancer cells (Harney et al.,
2015; Wyckoff et al., 2007). Blocking of the angiopoietin receptor Tie2 reduced
recruitment and function of Tie2 expressing TAMs as well as metastasis to the lung
(Harney et al., 2017). Metastatic cancer cells colonizing distant sites such as the lung
cause recruitment of and interact with inflammatory monocytes, which differentiate into
macrophages (Butler et al., 2017; Noy and Pollard, 2014; Qian et al., 2009).
Recruitment of monocytes and retention as metastasis associated macrophages (MAM)
is dependent on the chemokine receptors CCR2 and CCR1 and tissue production of
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their ligands, CCL2 and CCL3 respectively, as blockade or genetic deletion results in
decreased metastasis to the lung (Kitamura et al., 2015b; Qian et al., 2011). The
interactions between macrophages and tumor cells can occur through CCR1 and the
VCAM-1 ligand α4 integrin (Kitamura et al., 2015b), of which the α4-VCAM-1 interaction
is an important source of survival signals that lead to increased metastasis in the lung
(Chen et al., 2011). In the lung, MAMs are responsive to CSF-1 (Qian et al., 2015),
which can cause production of VEGF (Curry et al., 2008), and promotes retention of
MAMs and increased metastasis (Qian et al., 2015). Similarly, monocyte derived
macrophages recruited by metastatic ovarian cancer cells promote their establishment
through EGF production (Yin et al., 2016). These studies demonstrate that cells of the
monocyte/macrophage lineage are critical partners of tumor cells, and provide soluble
and cellular signals that promote their establishment and metastasis.
1.3.3 Other myeloid derived tumor populations.
The myeloid lineage as outlined in Figure 1.1 also includes several granulocytes,
mast cells, as well as the mononuclear phagocytes. Many of these populations are
known to interact with tumors, however, not all promote tumor growth and metastasis.
Non-classical Ly6Clo monocytes were found to interact with metastatic tumor cells in the
lung as early as four hours after introduction, but resulted in uptake of tumor material,
and recruitment of NK cells leading to NK cell mediated destruction of metastatic 4T1
mammary and B16F10 melanoma cells (Hanna et al., 2015), despite Ly6Clo monocytes
being derived from classical Ly6Chi classical monocytes which also give rise to protumorigenic TAMs (Auffray et al., 2007; Yona et al., 2013). Similarly, eosinophils, a
granulocyte critical for anti-helminth immunity and asthma (Humbles et al., 2004; Klion
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and Nutman, 2004), promote the anti-tumor response via production of cytotoxic CD8+
T cell chemoattractants CCL5, CXCL9, CXCL10, resulting in cancer rejection (Carretero
et al., 2015). Another major group of tumor associated immune cells are myeloid
derived suppressor cells (MDSC). MDSCs are defined by expression of Ly6C or Ly6G,
and CD11b, and are subdivided into monocytic-MDSCs (M-MDSC) and
polymorphonuclear-MDSC (PMN-MDSC) analogous to normal monocytes and
neutrophils respectively (Bronte et al., 2016). In tumor bearing animals, MDSC can
express the immune inhibitory molecules PD-L1 and arginase-1, which both target T cell
activation via the receptor PD-1 (Noman et al., 2014; Prima et al., 2017) or depletion of
L-arginine critical for T cell proliferation (Raber et al., 2012), respectively. Although,
these molecules have been reported to be expressed in TAMs and are markers of M2
“alternative” polarization of macrophages (Loke and Allison, 2003; Noy and Pollard,
2014), PD-L1 can be also observed on tumor associated neutrophils (TAN) (He et al.,
2015) and tumor associated monocytes (Kuang et al., 2009). The considerable overlap
in phenotype between MDSCs and other myeloid populations makes it difficult to
ascertain specific roles to each population, however, it is clear from numerous depletion
studies using Ly6G antibodies or targeting CSF-1, that cells of the neutrophil and
monocyte lineage are important players in cancer progression (Daley et al., 2008;
Franklin et al., 2014; Fridlender et al., 2009; He et al., 2015; MacDonald et al., 2010;
Nozawa et al., 2006).
1.4 Hyaluronan in inflammation and metastasis.
1.4.1 Extracellular matrix and hyaluronan in inflammation.
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The tumor microenvironment is the collection of soluble and structural factors, as
well as cells present in and around tumors (Balkwill et al., 2012). Some of the structural
factors found in the tumor microenvironment are extracellular matrix (ECM) components
(Joyce and Pollard, 2009). The ECM is an integral part of normal tissues, providing
structural support to cell layers and a substrate for mesenchymal and migratory cells
(Hynes, 2009), as well as also playing major roles in cellular processes leading to
regulation of survival, proliferation, differentiation, and polarity (Discher et al., 2009;
Engler et al., 2006; Legate et al., 2009). Perhaps one of the most well-known examples
is the binding of ECM proteins such as laminins and collagens through different cell
surface integrins, initiating signaling that prevents cell death through inappropriate or
lack of attachment, a phenomenon known as anoikis (Frisch and Screaton, 2001;
Gilmore, 2005). Through differential ECM deposition, tissues and even
microenvironments within tissues can be created, such as the perivascular niche
supported by endothelial cell extruded basement membrane (Ding et al., 2012;
Stratman et al., 2009), hence these mechanisms are critical in maintaining tissue
integrity, and are tightly regulated in homeostasis (Gilmore, 2005). However, ECM
becomes changed during inflammation and disease, particularly during cancer, where
there is significant ECM re-modelling leading to formation of the tumor
microenvironment (Dvorak, 1986; Lu et al., 2012). Initial studies on environmental
regulation of metastasis revealed that the presence of a primary tumor resulted in
increased formation of metastases in the lung. Particularly, primary tumors induced the
deposition of ECM components such as fibronectin (Kaplan et al., 2005), laminin
(Hoshino et al., 2015), and LOX crosslinked collagen (Erler et al., 2009) in the lung
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environment, leading to accumulation of bone marrow derived myeloid cells and
increased metastasis. Inflammation is also known to change ECM components, and has
been proven to increase metastasis in the lung through a similar mechanism involving
increasing LOX mediated collagen crosslinking and immune cell accumulation (Cox et
al., 2013).
Hyaluronan (HA) is an ECM component that is normally found in most tissues,
but is extensively produced and deposited in large amounts upon inflammation (LeeSayer et al., 2015), and thus may play a role in metastasis. HA is composed of
repeating units of D-glucuronic acid, D-N-acetylglucosamine existing as a large
molecular weight polymer of over 1000kDa (Dicker et al., 2014; Toole, 2004; Weigel
and DeAngelis, 2007), and can be associated with proteoglycans that bind HA to form a
stable network (Frey et al., 2013; Toole, 1990). Upon inflammation however, there is
increased deposition of HA and it becomes fragmented and smaller in size due to
expression of hyaluronidases HYAL 1-3 (Monzon et al., 2008) and hyaluronan synthase
3 (HAS 3) which produces lower molecular weight HA polymers (Garantziotis et al.,
2016). This increase in total HA but decrease in its molecular weight is evidenced
through measurements in models of lung fibrosis (Teder et al., 2002), ozone and
cigarette smoke induced inflammation (Bracke et al., 2010; Garantziotis et al., 2009).
HA production by fibroblasts in inflammation is induced via upregulation of HAS proteins
by the transcription factor NF-κB downstream of the inflammatory cytokine IL-1β
(Yamada et al., 2004). However other cytokines produced in different phases of
inflammation can promote HAS expression and HA production including EGF and TGFβ
(Siiskonen et al., 2015). Additionally, HA production through HAS is dependent on
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intracellular concentrations of precursors which can influence glycosylation and
phosphorylation of HAS proteins (Magee et al., 2001; Siiskonen et al., 2015; Vigetti and
Passi, 2014).
Clearance of HA induced through inflammation coincides with resolution (Jiang et
al., 2005), and accumulation of HA deposits in the lungs with reduced capacity for
clearance in inflammation results in exasperated responses: increased inflammatory cell
infiltrate, pathology, and excessive fibrosis in the lungs (Cheng et al., 2011; Teder et al.,
2002; van der Windt et al., 2011). Binding of HA by immune cells at homeostasis is
relatively rare, being present only on alveolar (Culty et al., 1994) and red pulp
macrophages (Dong et al., 2016a), possibly for the purposes of HA metabolism.
However, upon activation, immune cells can be detected that bind high levels of HA, as
evident in T cells (Maeshima et al., 2011), monocytes (Brown et al., 2001; Levesque
and Haynes, 1996), and macrophages (Ruffell et al., 2011). HA binding through the
main HA receptor, CD44, by activated immune cells serves to facilitate rolling on HA
expressing activated endothelium leading to T cell recruitment (DeGrendele et al., 1996;
DeGrendele et al., 1997) and recruitment of neutrophils to the liver (McDonald et al.,
2008). Several studies have also reported HA oligomers and fragments acting as TLR
ligands and promoting inflammatory cytokine production (Jiang et al., 2005; McKee et
al., 1996; Taylor et al., 2004), although whether these effects are due to contaminants is
debated. Furthermore, binding of HA through CD44 has been implicated in migration of
peritoneal macrophages towards HA rich sites of injury in the liver (Wang and Kubes,
2016). These data suggest the role of HA in inflammation is to act as a provisional
matrix, promoting immune responses and leukocyte infiltration until clearance and
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resolution. Whether the accumulation of HA in inflammation is important for metastasis,
perhaps through facilitating immune recruitment and subsequent interactions with tumor
cells, is unclear.
1.4.2 Hyaluronan in the tumor microenvironment and metastasis.
The HA presence in human tumors has been extensively assayed and verified by
many independent studies (Sironen et al., 2011), the results of which have revealed that
nearly all human epithelial derived tumors are encompassed by HA rich extracellular
matrices (Toole et al., 2002). Accumulation of HA in tumor ECM has been identified as
a strong predictor of poor outcome in patients (Anttila et al., 2000; Auvinen et al., 2000;
Sironen et al., 2011), as well as associated with metastatic spread and local invasion in
colorectal, breast, and prostate cancer (Auvinen et al., 2000; Lipponen et al., 2001;
Setala et al., 1999). HA binding through CD44 induces receptor clustering and inclusion
into lipid microdomains (Bourguignon, 2008; Lee et al., 2008; Yang et al., 2012).
Binding of HA induced CD44 lipid microdomains, or rafts, and recruited Src family
kinases which recruit and activate β1 integrin signaling leading to survival (Lee et al.,
2008). The cytoplasmic portion of CD44 contains cytoskeletal regulator ERM binding
and ankyrin domains (Zoller, 2011), and HA binding results in recruitment of Src kinase
and activation of the actin regulator cortactin to stimulate migration (Bourguignon et al.,
2001). Indeed, breast cancer cells have been shown to be chemotactic towards HA in a
CD44 dependent manner (Tzircotis et al., 2005). Stromal ECM HA in the mammary
tumor microenvironment is important for retention and accumulation of pro-angiogenic
TAMs, and inhibition of HA production by hyaluronan synthase 2 (HAS2) causes loss of
TAMs and reduced tumor size (Kobayashi et al., 2010). HA is also important for tumor
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cell-TAM interactions at the metastatic site, and inhibition of HA synthesis using 4methylumbelliferone or HAS2 knock down prevents bone metastases of breast
carcinoma cells (Hiraga et al., 2013; Okuda et al., 2012), as well as liver (Yoshihara et
al., 2005) and lung metastasis (Arai et al., 2011). The data suggest that HA plays
multiple roles, both intrinsic and extrinsic to the tumor cells, in tumorigenesis and
metastasis. Intrinsic signaling drives survival and growth, as well as motility and homing
to HA niches, while formation of an HA niche facilitates interactions with TAMs,
promoting extrinsic angiogenesis as well as metastasis. However, it is unclear whether
HA produced in pathological conditions such as inflammation is also important for tumor
cell metastasis.
1.4.3 CD44 in cancer progression.
CD44 is a cell surface glycoprotein that is widely expressed in mammalian
tissues, and is the main receptor for HA (Ponta et al., 2003). Binding of HA occurs
through the extracellular globular domain which connects to a membrane proximal stalk
that can be extended from a standard ~80kDa isoform through alternative splicing of
variable exons (Zoller, 2011). CD44 is anchored to the plasma membrane through a
single-pass transmembrane domain involved in incorporation into lipid rafts, and an
intracellular domain involved in cytoskeletal regulation (Ponta et al., 2003).
Experimental evidence in animal models suggest a tumor cell metastasis role for CD44.
CD44-/- animals heterozygous trp53+/tm1 mice, which do not express CD44 and possess
only one functional copy of the tumor suppressor p53, only developed benign sarcomas
while CD44+/+trp53+/tm1 animals developed metastatic lesions in the livers, lungs, and
spleens (Weber et al., 2002). In addition, CD44 knock down of breast cancer cells
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resulted in reduced bone metastases which contained lower intra-tumoral HA content
than controls (Hiraga et al., 2013). Inhibition of the CD44-HA interaction through
injection of an inhibitory HA binding peptide significantly reduced the incidence of
B16F10 melanoma metastasis to the lung (Mummert et al., 2003). However, empirical
observations of CD44 expression and its correlation to patient outcome and survival in
human cancers reveals significant discrepancy in results (Louderbough and Schroeder,
2011). For instance, CD44 has been reported to be an indicator of poor outcome in
renal cell and colorectal carcinoma (Li et al., 2015; Wielenga et al., 1993), but a strong
favorable indicator in neuroblastoma (Favrot et al., 1993), and in separate studies both
favorable and poor in ovarian cancer (Lin and Ding, 2017; Shi and Jiang, 2016;
Sillanpaa et al., 2003). These results emphasize the observed diversity of CD44 protein
expression in cancer cells, driven in part by alternative splicing and post-translational
modifications that can functionalize CD44 (Ponta et al., 2003; Zoller, 2011). Indeed,
certain CD44 splice isoforms gain the ability to interact with and sequester important
molecules such as fibroblastic growth factor 2 (FGF2) through CD44v3 (Bennett et al.,
1995), VEGFA and hepatocyte growth factor (HGF) through CD44v6 (Orian-Rousseau
and Ponta, 2008; Tremmel et al., 2009). Additionally, CD44 can also exist in HA
binding, inducible, and non HA binding forms, possibly explained by post-translational
modifications (Lesley et al., 2000). Mutation of serine 180 on human or serine 183 to
alanine on murine CD44 on macrophages results in a constitutively active HA binding
CD44 mutant due to prevention of chondroitin sulfate (CS) modification (Ruffell and
Johnson, 2005; Ruffell et al., 2011). CS modification of CD44 has been studied in vitro
on melanoma cell lines, and has been found to alter motility (Faassen et al., 1993;
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Goebeler et al., 1996), but whether this effect is mediated by decreased HA binding,
and if there are any in vivo consequences for CS proteoglycans in metastasis in
inflammation is unclear.
1.5 Aims and Hypothesis.
The microenvironment in which cells in the primary tumor and metastatic sites reside
is an important determinant of disease progression in cancer. However, cancer and
metastatic spread rarely occur in isolation. Humans are exposed to several insults and
diseases throughout our life span that induce an immune response and require repair
and regeneration of our tissues. This causes changes in the microenvironments that
tumor cells may encounter. Immune responses are varied with respect to the pathogen
or injury; Th1 and Th2 immunity are example components of the paradigm in which the
factors produced and recruited differ. These different insults or injuries can create
different microenvironments which may affect invasive or metastasizing tumor cells.
Thus, I aim to determine the role of inflammation at distant sites on metastasis of tumor
cells using the lung as a model organ. This will be done through two aims: 1) determine
the effect of the immune response and immune cells on lung metastasis, and 2) identify
components of the inflamed microenvironment that may promote metastasis at the
distant site.
In aim 1, I hypothesize that inflammation induces an immune response that
shapes the microenvironment to promote metastatic colonization of the lung. The
immune response will include recruitment of myeloid cells that are associated with
tumor cells. I tested this by inducing inflammation in the lung followed by introducing
lung homing B16F0 melanoma cells to test for the effect of the inflamed tissue on
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metastasis. B16F0 cells have a low metastatic potential and thus normally form few
pulmonary metastases, thus any improvement of the microenvironment by inflammation
that leads to an advantage to B16F0 cells can be detected more readily than in more
efficient highly metastatic models. I used this model to assay for proliferation and
survival of early metastatic colonies and observe associated immune cells. Comparing
the lungs of inflamed and uninflamed lungs bearing late visible nodules and early
microscopic metastases enabled the analysis of immune cell subsets and determine
which subsets correlate to increased metastasis.
In aim 2, I investigated the role of CD44 and HA binding in promoting metastasis
during inflammation. I hypothesized that since HA can be chemotactic for tumor cells
and play a role in macrophage homing to injury through CD44, it may promote hosttumor cell interactions and localization through HA in the inflamed lung. To test
this, I used the B16F0 melanoma cell lung metastasis model, and removed CD44 from
the tumor cells using Cas9 CD44-/- knock out B16F0 cells or CD44-/- mice, and tested
metastasis in homeostasis and inflammation. Together these aims investigate the
properties of inflamed microenvironments and their propensity to promote metastasis.

Chapter 2: Materials and Methods
2.1 Statement of Protocols
2.1.1 Animal and biosafety protocol
Experiments were conducted according to protocols approved by the University of
British Columbia. Chemical and biological safety precautions as well as disposal of
hazardous material was conducted as specified in protocols approved by the University
of British Columbia. All animal experiments were conducted with protocols approved by
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the University Animal Care Committee in accordance with the Canadian Council of
Animal Care guidelines for ethical animal research.
2.2 Materials and Methods
2.2.1 Mice
C57BL/6J (CD45.2+) and B6.SJL-PtprcaPepcb/BoyJ (CD45.1+) mice were
purchased from Jackson Laboratory, housed and bred at the University of British
Columbia (UBC). CD44 null (CD44-/-) animals were generated previously (Schmits et al.,
1997) and were back crossed 9 times on a C57BL/6J background and housed in a
specific pathogen free environment.
2.2.2 Lung inflammation models and bronchoalveolar lavage
Asthma was induced as previously described with minor modifications (Gold et
al., 2014). Briefly, mice were sensitized intraperitoneally with 200μL 0.2% chicken
ovalbumin (OVA) and 1mg/ml Al(OH)3 dissolved in phosphate buffered saline (PBS)
(both from Sigma, St Louis, MO) on days 1 and 8. Mice were subsequently intranasally
challenged on days 21, 22, 23, 25, and 27 with 50μL 2% OVA and 24h after the last
intranasal administration. Hypersensitivity pneumonitis was induced as previously
described (Gold et al., 2014) by injecting 50μL of 4 mg/ml endotoxin-free
Saccharopolyspora rectivirgula antigen prepared in-house and provided by Dr. Kelly M.
McNagny (UBC), intranasally three times a week for 3 weeks (days 1, 2, 3, 8, 9, 10, 15,
16, 17) and harvested on day 21. Sterile inflammation and injury was induced by one
intratracheal instillation of 2.5U/Kg bleomycin sulfate (BLM, Cayman Chemicals)
dissolved in 50μL PBS. Mice were anesthetized using isoflurane inhalant at the
specified times as described in Figure 1A and bronchoalveolar lavage to harvest cells in
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the alveolar space was conducted by 3 subsequent introductions and aspirations of
1mL PBS.
2.2.3 Cell lines and cell culture
B16F0 melanoma cells (American Type Culture Collection) were cultured in high
glucose DMEM supplemented with 10% fetal bovine serum. B16F0 cells expressing
EGFP were generated by transfection of the EGFP-N1 vector (Clonetech) using
Lipofectamine 2000 (Invitrogen), selection in 1.2 mg/ml G418 native form, ~80% activity
(Life Technologies), and two rounds of fluorescence activated cell sorting for high
expressing (top 10%) EGFP positive cells. CSF-2 bone marrow derived macrophages
were generated as described (Dong et al., 2016b), harvested, and stimulated by
replacing 10%, 25% or, 40% of the media with tumor conditioned media, generated by
incubating a monolayer of B16F0 cells with DMEM for 24h and sterile filtering; 48h later
macrophages were harvest for flow cytometry.
2.2.4 Tracking B16F0 colonization of the lung
For lung metastasis experiments, B16F0 cells were passaged at least three
times and split 24h prior to injection to allow for all cells to be at a similar confluency.
Cells were removed using 0.25% trypsin EDTA (Sigma) washed twice and resuspended
in DMEM. 2.5x105 B16F0 cells were injected into the tail vein of mice in 200μL volume
of DMEM (Sigma) and lungs were removed and imaged, surface nodule counts were
conducted at 14 days to assess metastasis. For homing, extravasation, and initial
colonization experiments, 1x106 CMFDA labeled according to manufacturer’s
instructions or B16F0-GFP cells were injected with or without 5 mg/kg AlexaFluor647-
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dextran (Molecular Probes) in 200μL volume of DMEM. At the indicated times lungs
were harvested for immunofluorescence or flow cytometry.
2.2.5 2D fibronectin migration and matrigel invasion
B16 cells were isolated from lungs by harvesting pulmonary metastases
separated from lung tissue. Tumors and lungs were minced with dissection scissors and
passed through 70μm cell strainers (Falcon). Red blood cells were lysed in ACK lysis
buffer (155mM NH4Cl, 12mM NaHCO3, 0.1mM EDTA) for 3 min at 37 degrees, cell
suspensions spun down and resuspended for use. Leukocytes obtained to generate
supernatants were isolated by digestion of lung tissue with 200 U/ml collagenase IV
(Sigma, Oakville, ON, Canada) for 1.5 h at 37°C. Digested tissue was pressed through
a 70μm cell strainer and leukocytes were enriched by using a 30% percoll gradient (GE
Healthcare, Uppsala, Sweden). Red blood cells were lysed with ammonium chloride.
After tissue digestion, 5x105 total isolated lung cells from naive and mice exposed in
vivo to OVA or SR antigen were stimulated with 100ng/ml OVA or SR for 72 h.
Supernatants were collected and used to stimulate B16 cells as indicated in Chapter 3.
For 2D migration assays, tumor isolated or whole lung supernatant stimulated B16 cells
were plated on coverslips coated with 2.5 mg/cm2 fibronectin and a lawn of 1-μm
fluorescent microspheres at a 1:10 dilution (FluoSpheres, Invitrogen). After 16 hours,
the maximum distance from the edge of the cell to the edge of the cleared area was
determined using FluoView v1.6 software. For MatriGel invasion assays, cells were
resuspended in a 50:50 mixture of MatriGel (BD Biosciences) and DMEM containing
20% FCS and set to polymerize on coverslips for 30 min at 37 degrees before adding
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DMEM containing 10% FCS. After 20 hours coverslips were fixed with 2%
paraformaldehyde in PBS, stained with phalloidin and imaged.
2.2.6 Imaging and Immunofluorescence
The right lung was dissected and fixed by immersion in 4% paraformaldehyde in
PBS for 1-2h. Tissue embedded in OCT (Fisher Scientific) or NEG-50 (ThermoFisher)
was sectioned at 10-12µm for immunofluorescence, and 35μm for extravasation
experiments. Sections to be stained were re-fixed in -20oC acetone, dried, and
rehydrated in PBS, whereas sections for extravasation were immediately mounted and
imaged. Tissue sections were blocked in 10% normal goat serum (Sigma) and stained
with antibodies towards the following antigens: 1:100 CD11c (N418) and 1:100 CD11b
(M1/70) in staining buffer (PBS containing 0.5% BSA and 0.05% Tween-20), followed
by appropriate goat anti-rat Alexafluor 488 and goat anti-hamster Alexafluor 647
secondary antibodies (1:200 both from Thermo Fisher) in staining buffer. All primary
antibodies were purchased from eBioscience/ThermoFisher. Images for extravasation
and migration experiments were acquired on an Olympus FV1000 with 405, 488, 543,
and 633nm laser lines; all other images were collected on a Leica SP5 with 405, 488,
561, and 633nm laser lines, and analyzed using the Fiji distribution package of imageJ
1.51 (NIH).
2.2.7 Tissue processing and Flow Cytometry
Lungs from 96h GFP B16 injected animals were minced and enzymatically
dissociated using 5ml of a cocktail of enzymes: 1mg/ml collagenase IV, 0.05mg/ml
DNase I, 0.5U/ml dispase (Worthington), 1U/ml bovine hyaluronidase (Sigma),
0.1mg/ml liberase TM high (Roche), in RPMI-1640 at 37oC. Day 14 end point lungs
32

bearing visible pulmonary metastases only received collagenase IV and DNase I.
Minced digested lungs were pushed through a 70μm cell strainer, RBCs where lysed
with ACK lysis buffer, and filtered again through a 35μm strainer to make a single cell
suspension. Cells were blocked with 2.4G2 tissue culture supernatant to block Fc
receptors, then labeled for cell surface antigens for 20min at 4oC in FC buffer (PBS, 2%
bovine serum albumin, 2mM EDTA). Zombie Aqua fixable viability kit was used as per
manufacturer’s instructions to identify live cells (BioLegend). For intracellular labeling,
the transcription factor staining buffer set was used to fix, permeabilize and label cells
as per manufacturer’s instructions (Thermo Fisher). The following antibodies against
mouse antigens were used for flow cytometry: CD11c (N418), F4/80 (BM8), CD11b
(M1/70), Gr1 (RB6-8C5), MHCII (M5/114.15.2), CD45 (30-F11), CD45.1 (A20), CD45.2
(104), CD206 (C068C2), Ki67 (SolA15), Ly6C (HK1.4), Ly6G (1A8), Siglec F (E502440), PD-L1 (MIH5), GFP (FM264G), BCL-2 (10C4). All listed antibodies except for
anti-GFP (BioLegend) were purchased from eBioscience/Thermo Fisher. APC
conjugated arginase-1 antibody was purchased from R&D Systems. Sample data was
collected on a BD LSRII equipped with 405, 488, 561, and 633nm laser lines, and
analyzed using Flowjo (Flowjo LLC). For experiments assaying hyaluronan binding,
lungs from B16 injected animals were minced and enzymatically dissociated using
1mg/ml collagenase IV, 0.05mg/ml DNase I (Worthington) in RPMI-1640 at 37oC.
Minced digested lungs were pushed through a 70μm cell strainer, RBCs where lysed
with ACK lysis buffer, and filtered again through a 35μm strainer to make a single cell
suspension. Cells were blocked with 2.4G2 tissue culture supernatant to block Fc
receptors, then labeled for cell surface antigens for 20min at 4oC in flow cytometry
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buffer (1x PBS, 1% bovine serum albumin, 2mM EDTA). Tissue culture cells were
harvested using versene (0.5mM EDTA, 1x PBS) and stained for CD44 (IM7) and HA
binding using in-house generated rooster comb HA conjugated to fluorescein (FL-HA) or
Alexa-647 coupled HA (AbLab). HA binding was blocked using 100µL of tissue culture
supernatant containing anti-CD44 blocking antibody Km201 for 20min at 4oC. Sample
data was collected on a BD LSRII equipped with 405, 488, 561, and 633nm laser lines,
and analyzed using FlowJo (Flowjo LLC). Data was analyzed in Graphpad Prism 6.0, 2tailed unpaired Student’s t-test was used when comparing different biological samples,
Welch’s correction was used when comparing between time points of inflammation or
between inflammation and steady state due to the possibility of unequal variance
present in induction of inflammation.
2.2.8 Hyaluronan binding protein imaging and immunofluorescence
Lungs were dissected and fixed by immersion in 4% paraformaldehyde in PBS
for 1-2h. Tissue embedded in OCT (Fisher Scientific) or NEG-50 (ThermoFisher) was
sectioned at 10-12 μm for immunofluorescence. Sections to be stained were re-fixed in 20oC acetone, dried, and rehydrated in PBS. Tissue sections were blocked in 10% Goat
serum (Sigma) and stained with 0.5μg/ml biotinylated HABP (Millipore) in staining buffer
(PBS containing 0.5% BSA and 0.05% Tween-20), followed by Alexafluor 488 or 568
conjugated streptavidin (Thermo Fisher). Images were acquired on a Leica SP5 with
405, 488, 561, and 633nm laser lines, and analyzed using the Fiji distribution package
of imageJ 1.51 (NIH).
2.2.9 Alteration of cellular chondroitin sulfate
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B16F0 cells were seeded into 12-well plates at 5x104 and stimulated 24 hours
later with various concentrations of β-D-xyloside for 48hrs. For cell surface
chondroitinase digestion, 2.5x105 versene harvested B16F0 cells were incubated with
0.5U/ml in PBS for 30min at 37oC. Harvested cells were washed three times, stained for
CD44 and HA binding, and analyzed using flow cytometry.
2.2.10 Generation of CD44-/- B16F0 cells and HA binding enriched B16F0
CD44-/- lines were generated from early (2-5) passage parental B16F0 cells
(ATCC) using the PX458 CRISPR-Cas9 plasmid system developed previously (Ran et
al., 2013). A CD44 target gRNA sequence aligning to the intro-exon junction of exon 1
of CD44, sequence: CACATCAGCAGATCGGTGAG, was cloned into PX458 CRISPRcas9 and inserted into B16F0 parental cells using Lipofectamine 2000. Cells that have
received the plasmid and were expressing GFP were sorted then maintained in DMEM
with 10% FBS for 2 days to recover. Sorted cells were then cloned in 96 well plates at
0.5 cells/well and once grown to confluence in 6-well plates, screened using flow
cytometry and western blotting for CD44. Six clones were verified by sequencing of
genomic DNA from six independent sequences per B16 clone using gRNA flanking
PCR primers, forward: TAAGAATTCAAACCACAGCCAACTTCCGA, reverse:
CTAAAGCTTCTGTTAGTCGGGACAGAGGC, from six independent sequences per
B16 clone, cloned into pBlueScript sequencing plasmids using EcoR1 and HindIII.
Clones were verified to be either CD44+/+ with no mutations due to cas9 or CD44-/- with
a definitive insertion or deletion.
HA binding B16F0 cells were selected for by staining with Alexafluor 647
conjugated HA as described in the flow cytometry section 2.2.7, and sorting for HA
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binding cells. HA binding B16F0s were then maintained in culture before determining
metastatic potential compared to the parental line as described in 2.2.4 using surface
nodule counts.
2.2.11 Transfection of Cell lines
CD44-/- and CD44+/+ B16F0 cells were seeded at 1x105 cells in 6 well plates and
transfected using Lipofectamine 2000 (Invitrogen) DNA complex according to
manufacturer’s instructions. CD44.1 and mutants generated in house previously (Ruffell
et al., 2011) were cloned into pIRES2-EGFP and pIRES2-dsRedExpress2 (Clonetech)
vectors, enabling bicistronic expression of green (GFP) and red (dsRed) tagged cells.
Transfected cells were harvest 48h later using versene, stained for CD44 and HA
binding and analyzed using flow cytometry.
2.2.12 Western Blot
B16 cells were harvested using versene, counted, and 1x106 cells were lysed in
lysis buffer (10mM Tris pH7.5, 150mM KCl, 1% TritonX-100) containing dissolved
protease inhibitor cocktail tablet (Roche). Lysate was denatured in SDS containing
loading buffer at 95oC and run under reducing conditions on a 7% SDS containing
polyacrylamide gel. Proteins were transferred to PVDF membranes (immobilon),
blocked in 5% skim milk in tris buffered saline containing 0.5% Tween-20 (TBST) and
blotted with a rabbit antisera: 1:3000 J1WBB against the cytoplasmic domain of mouse
CD44 as previously described (Wong et al., 2008) in TBST. Secondary goat anti-rabbit
HRP conjugated antibody (BioRad) was used at 1:10000 in TBST followed by ECL
chemiluminescent detection (amersham) on X-ray radio film (Mandell). Film was imaged
using a gel imaging and documentation system (alpha innotech).
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Chapter 3: Lung inflammation induces the recruitment of monocyte
derived macrophages and promotes metastasis in the lung.
3.1 Introduction
Metastasis is the multistep process by which tumor cells gain the ability to invade
surrounding tissue, transit through circulation, exit, and survive at new sites (Talmadge
and Fidler, 2010). The secondary site is a tissue or organ that differs from the primary
tumor, and so can influence colonization, as observed in certain types of cancers
homing to specific organs (Chambers et al., 2002). The environment that metastatic
tumor cells arrive at is termed the metastatic niche, and is composed of altered
components found in normal tissues including matrix components, tissue and stromal
cells, as well as resident and blood derived immune cells (Joyce and Pollard, 2009).
Priming of the metastatic niche can occur through multiple mechanisms including the
alteration or recruitment of stromal cells, remodeling of vasculature and extracellular
matrices, and recruitment of immune cells (Kaplan et al., 2005; Peinado et al., 2017).
The immune response and inflammation can play a major role in these mechanisms,
changing the landscape of tissue immune cells through the recruitment of myeloid cells,
and may have an effect on forming and promoting the metastatic niche.
Myeloid cells are a large class of immune cells that are responsible for innate
responses. Macrophages are resident myeloid cells present in virtually all tissues and
are required for homeostatic functions such as clearance of apoptotic cells and debris,
and as sentinels for infection (Davies et al., 2013). However, macrophages also can
infiltrate tumors and promote cancer progression through release of angiogenic factors,
tumor cell survival, and dampening immune responses (Lin et al., 2006; Yeo et al.,
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2014). These tumor associated macrophages (TAM) have also been implicated in
metastasis at the primary site, where Tie2+ perivascular macrophages have been
shown to promote tumor cell homing to the vasculature though a paracrine loop of CSF1 and EGF expression (Harney et al., 2015; Wyckoff et al., 2004). Surprisingly, the
origin of TAMs in carcinomas of the breast and pancreas have been shown to be partly
or completely derived from bone marrow circulating Ly6C expressing inflammatory
monocytes (Franklin et al., 2014; Zhu et al., 2017), despite the presence of resident
macrophages. Monocytes, as defined by expression of CSF-1R or CD115, have been
shown to interact with early metastatic melanoma and breast cancer cells in the lung
(Headley et al., 2016; Qian et al., 2015), and differentiate into metastasis associated
macrophages that promote colonization (Kitamura et al., 2015b; Qian et al., 2015).
Blocking the monocyte chemoattractant CCL2 inhibits accumulation of metastasis
associated macrophages in the lung and reduces colonization (Kitamura et al., 2015b).
VCAM-1 expressing breast cancer cells that home to the lung interact with
macrophages through the integrin VLA-4, leading to signaling that promotes
proliferation (Chen et al., 2011; Wyckoff et al., 2004), while VLA-4+/VEGFR1+ bone
marrow derived cells constitute part of the premetastatic niche, interacting with tumor
cells at fibronectin-rich sites to promote survival of micrometastases (Kaplan et al.,
2005). In transcoelomic metastasis of the peritoneal cavity by ovarian cancer cells,
monocyte derived TAMs were observed to form protective shells around early ovarian
spheroids, and drive growth through EGF production (Yin et al., 2016). These studies
suggest that monocytes differentiate into macrophages that can interact with both the
primary tumor and invasive metastatic cells at the earliest stages to promote growth and
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colonization. However, while these processes are known to occur under homeostatic
conditions, the role of actively inflamed tissues in promoting these processes is unclear.
Here we describe how actively inflamed tissue can promote metastatic tumor cell
survival and colonization and highlight the recruitment of monocyte-derived
macrophages associated with metastatic tumor cells.
3.2 Results:
3.2.1 Lung inflammation increases metastases of low metastatic B16F0 melanoma cells
In order to determine the effect of inflammation on tumor colonization in the lung,
the B16F0 melanoma model which forms pulmonary metastases with relatively low
efficiency was coupled to three distinct models of inflammation in the lung: ovalbumin
model of allergic asthma (OVA), a hypersensitivity pneumonitis model, and the
bleomycin sterile inflammation model (BLM) (Fig. 3.1A). Masson’s trichrome staining for
collagen fibers and cellular infiltrates revealed significant cellular infiltrates in all three
models (Fig. 3.1B). Characterization of immune cell subsets in bronchoalveolar lavage
(BAL) of inflamed and naïve lungs indicated distinct profiles of infiltrating immune cells
in each of these models (Fig. 3.1C-G). We found the OVA/asthma model contained the
largest proportions of eosinophils (Fig. 3.1C) and numbers of B cells (Fig. 3.1G),
consistent with a Th2 response (Daubeuf and Frossard, 2014). Saccharopolyspora
rectivirgula (SR) intra-nasal administration resulted in hypersensitivity pneumonitis was
found to have the largest proportions (Fig. 3.1C) and numbers (Fig. 3.1F) of
lymphocytes, particularly T cells, consistent with the reported phenotype of lymphocytic
alveolitis (Blanchet et al., 2011) and pathology driven by a Th1/17 response (Simonian
et al., 2009). Bleomycin (BLM) induced sterile lung inflammation is caused by direct
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damage to and death of lung epithelia (Moeller et al., 2008), and recruited lymphocytes,
eosinophils, and neutrophils (Fig. 3.1E).

Figure33.1 Lung inflammation increases metastases by low metastatic B16F0
melanoma cells. A, Schematics of models used to induce asthma, hypersensitivity
pneumonitis and sterile inflammation in the lung. B, Representative whole lung images
of Masson’s trichrome staining for collagen fibers and cellular infiltrates in lung
inflammatory models. Scale = 1mm. C, Immune cells isolated from bronchoalveolar
lavage (BAL) in inflammatory lung models, populations were classified as alveolar
macrophages (SiglecF+ CD11c+), lymphocytes (CD3+ or B220+), neutrophils (7/4+ or
Ly6G+), and eosinophils (SiglecF+ CD11c-) as percent of total leukocytes (CD45+).
Data is pooled from two experiments, m=6. D, Total cells obtained from BAL. E-G, total
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alveolar macrophages (SiglecF+ CD11c+), T cells (CD3+), and B cells (B220+) in
inflamed and naïve lungs. H, representative B16 metastases bearing lung images from
naïve and inflamed lungs. I, Quantification of lung surface nodule counts in asthma,
hypersensitivity pneumonitis, and fibrotic-inflammatory models compared to uninflamed,
pooled from two experiments, number of biologicals as indicated on the figure.
Significance indicated as ** p< 0.01, *** p < 0.001 unpaired Student’s t-test.
All three models caused an expansion of BAL cell numbers and macrophages
(Fig 3.1D-E). Strikingly, injection of 2.5x105 B16F0 cells i.v. resulted in significantly
increased metastases in all inflamed animals compared to uninflamed, regardless of the
immunological origin (Th1/17, Th2, or sterile) of the inflammation (Fig. 3.1H-I). As
evident by increased surface pulmonary nodule counts (Fig. 3.1I). This indicates that
the inflammatory environment promotes metastasis.
3.2.2 Tumor cells isolated from the inflammatory environment do not have altered
motility.
To determine at which stage the inflamed environment was affecting distant site
metastasis, we first determined whether it was altering the migratory activity of B16F0
tumor cells. Migration is a necessary component of tumor metastasis and is involved in
tumor cell invasion and extravasation (Friedl and Wolf, 2003).
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Figure43.2 The inflammatory environment does not alter or select for enhanced
tumor cell motility. A, Migration was measured by culture of in vitro B16F0 cells or B16
cells isolated from pulmonary metastases in PBS, SR challenged, or OVA challenged
mice after 16h migration on 2D Fibronectin and fluorescent beads. Scale =100μm. B,
Quantified as total migration distance. C, Migration of culture B16F0 cells measured
using displacement of fluorescent beads with or without supernatants (SN) collected
from whole lung cultures. Cells were stained as indicated. Scale =50μm. D, Quantified
as total migration distance. E, Phenotype of B16s isolated from pulmonary metastases
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after 20h in 3DMatriGel. No increase in migratory phenotype was observed. Scale
=50μm. F, Phenotype of cultured B16F0 cells stimulated with whole lung supernatants
(SN) after 20h in 3DMatriGel. No increase in migratory phenotype was observed. Scale
=50μm. For (A-D) the mean migration distance +/- the SEM is quantified from 3
experiments and >50 cells. For (C-D), representative images of tumor cells from 3
experiments are shown.

The effect of inflammation on migration was tested in vitro in 2D on fibronectin
and fluorescent microsphere coated wells (Fig. 3.2A-D). Migration in B16 cells isolated
from SR, OVA inflamed, or untreated lungs containing pulmonary metastases was not
significantly changed from cultured cells (Fig. 3.2A-B). Supernatants generated from
naïve or inflamed lungs failed to increase the migration of cultured B16F0 cells (Fig.
3.2C-D), suggesting that the inflammatory environment may not alter or select for
increased migration of B16 cells. Similarly, isolated B16 cells were not observed to have
increased migration in 3D matrigel (Fig. 3.2E), and supernatants from naïve or inflamed
lungs had no observable effect on B16F0 cells cultured in 3D Matrigel (Fig. 3.2F).
3.2.3 Inflammation does not affect extravasation but promotes early colonization and
increased survival of metastatic tumor cells.
Damage and infection of tissues causes activation of the blood endothelium,
leading vessels to be leaky which promotes influx of fluid and facilitates recruitment and
extravasation of immune cells from blood (Vestweber, 2015). Although the migration of
B16 cells exposed to the inflammatory environment was not found to be altered in vitro
(Fig. 3.2), inflamed lungs may yet facilitate extravasation of invading tumor cells. To test
extravasation, 5-chloromethylfluorescein diacetate (CMFDA) labeled B16F0 cells were
co-injected with high molecular weight Alexa-647 labeled dextran into inflamed and
naïve animals (Fig. 3.3A). Confocal imaging of lung sections was found to effectively
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identify vasculature (red) and intravascular tumor cells (yellow) and cells that have
escaped circulation and moved into the lung stroma (green) (Fig. 3.3A). All three
models of inflammation did not increase the proportion of CMFDA+ cells that have
extravasated over uninflamed controls at 4h post injection (Fig. 3.3B), and no
differences in seeding of CMFDA cells was observed (Fig. 3.3B).
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Figure53.3 Inflammation does not affect extravasation but promotes early
colonization and increased survival of metastatic tumor cells. A, CMFDA labeled
B16F0 cells were mixed with 5mg/kg Alexafluor-647 labeled high molecular weight
dextran, and 1x106 B16F0 cells were injected into inflamed or naïve mice via tail vein.
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4h later lungs were harvested, as indicated in the schematic. Representative image
showing yellow intravascular cells (closed arrows) and green B16 cells that have
successfully exited the vasculature (open arrows). Scale =100μm. B, Quantification of
extravasation as percent extravasated (green) cells over total per field of view. Pooled
data from 2 experiments, m=5-6, with at least 3 fields per lung. C, 1x106 GFP
expressing B16F0 cells are injected into inflamed or naïve mice via tail vein, 96h later
lungs were harvested, sectioned, and whole lung sections imaged using a slide
scanner. Representative sections are shown, white circles indicate micrometastases.
Scale =2.5mm. D, micrometastases were quantified and normalized to uninflamed
sections. m=5, at least 3 sections per lung. E, Representative confocal micrograph
images of 96h micrometastases from BLM and uninflamed lungs. Scale =50μm. F,
Cluster size as measured using GFP mask. All clusters from 3 sections per lung. 28
clusters analyzed for the PBS condition, 64 for BLM. G, Lung suspensions from 96h
GFP B16F0 injected lungs analyzed by flow cytometry. H, Total GFP+ B16F0 cell
numbers. Pooled from 8 mice. I, Percent GFP+ B16F0 cells in lung suspensions. J,
Representative flow cytometry plots of Ki-67 and viability staining on GFP+ B16F0 cells.
K, Representative histogram overlay of bcl-2 expression in GFP+ B16F0 cells from BLM
and uninflamed lungs. L-N, Quantification of Ki-67 expression as percentage as in L,
bcl-2 fold change expression over uninflamed as in M, and percent viable cells in N.
Significance indicated as * p<0.05, ** p< 0.01, *** p < 0.001 unpaired Student’s t-test
with Welch’s correction.

Thus, we extended our analysis to 96h using GFP expressing B16F0 cells to
investigate early colonization and establishment of micrometastases (Fig. 3.3C). GFP
expressing micrometastatic clusters were found to be significantly increased in whole
lung sections in SR, OVA and BLM animals over uninflamed controls (Fig. 3.3D).
Additionally, the size of BLM micrometastases were measured and observed to be
larger than uninflamed clusters, consistent with the larger end point pulmonary
metastases present in all three models (Fig. 3.1H). Using flow cytometry, 96h GFP
B16F0 tumor bearing lungs were analyzed and confirmed for increase in GFP+ B16F0
numbers in BLM (Fig. 3.3G-H). Flow cytometric analysis of proliferation as measured by
labelling of the cells in cell cycle with Ki-67, survival using a viability dye, and
expression of the pro-survival protein bcl-2 was conducted on GFP+ cells from the lung
(Fig. 3.3J-K). While the increase in proliferation did not reach significance, (Fig. 3.3L),
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significantly increased proportions of live B16 cells were observed in BLM inflamed
lungs (Fig. 3.3N), as well as a slight but significant increase in fold expression of bcl-2
(Fig. 3.3M). This data suggest the early survival of B16 cells post extravasation in the
lung is promoted by inflammation.
3.2.4 Monocytes are recruited during lung inflammation and differentiate into monocytederived macrophages.

The survival of metastatic breast cancer cells in the lung can be mediated by
interactions with VLA-4+ macrophages (Chen et al., 2011). The earliest of these
interactions occur between metastatic tumor cells and monocyte derived metastasis
associated macrophages as early as 24hr (Headley et al., 2016; Kitamura et al., 2015b).
Inflammation causes an influx of immune cells, including monocytes that are retained
and differentiate in tissue and make up an integral part of the inflamed environment
(Medzhitov, 2008). BLM inflamed lungs, which receive a single intratracheal treatment
and therefore a single inflammatory insult as opposed to SR and OVA, were analyzed
for myeloid populations in order to accurately identify potential cells that may interact
with tumor cells.
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Figure63.4 BLM induces influx of monocytes that differentiate into
monocyte derived macrophages and constitute a distinct CD11b+CD11c+
population in the inflamed lung that are not present in the uninflamed lung. A,
Total cell numbers isolated from naïve and BLM inflamed lungs. B, Uninflamed and
BLM inflamed lungs were analyzed by flow cytometry. CD45+Ly6G- cells were analyzed
using SiglecF and CD11c, AMs (SiglecF+ CD11c+) eosinophils (SiglecF+ CD11c-) and
recruited differentiating macrophages (CD11c+ SiglecF low) are observed. SiglecF low
cells were analyzed by F4/80 and CD11c, monocyte derived macrophages form a
F4/80+CD11c+ population. C-F, quantification of immune cell population numbers in
BLM. G, mean fluorescence intensity of SiglecF expression indicating differentiation
stage of recruited cells in BLM compared to SiglecF+ eosinophils and AMs. H, Mean
fluorescence intensity of CD11c expression of F4/80+CD11c+ MoDMs. I, Percent Ly6C
expressing MoDM over the BLM time course. J, Analysis of CD45+Ly6G- cells by
CD11c and CD11b over BLM. All data is pooled from 2 experiments with m=5-6.
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Significance indicated as * p<0.05, ** p< 0.01, *** p < 0.001 unpaired Student’s t-test
with Welch’s correction.
BLM induced a significant increase in lung infiltrating CD45+ immune cells (Fig.
4A). Non-neutrophil immune cells (CD45+Ly6G-) were analyzed for expression of the
resident alveolar macrophage (AMΦ) markers SiglecF and CD11c (Fig. 4B). AMΦ were
found to be significantly depleted in BLM lungs (Fig. 4B-C) consistent with reported
depletion of AMΦ in other inflammatory models such as LPS (Dong et al., 2017).
Neutrophils and inflammatory Ly6Chi monocytes were found to infiltrate early (day 3) in
BLM and decrease over time (Fig. 4D-E). BLM inflammation resulted in a distinct
population of F4/80+ cells which gained CD11c and proceeded to express SiglecF over
time (Fig. 4B). These F4/80+CD11c+ macrophages are present in small numbers at day
3 and peak at day 10 (Fig. 4F). The reduction in Ly6C+ classical monocytes coincides
with the rise of F4/80+CD11c+ cells which proceed to upregulate expression of the
AMΦ markers SiglecF (Fig. 4G) and CD11c (Fig. 4H), while losing the monocyte marker
Ly6C (Fig. 4I). The slow differentiation is indicative of a monocyte differentiating into an
alveolar macrophage, a process that has been documented in BLM and LPS models
recently (Dong et al., 2017; Misharin et al., 2017), leading to monocyte derived
macrophages (MoDM). MoDM make up a distinct and major CD11c+CD11b+
population in BLM lungs (Fig. 4J). Thus, inflammation induces an influx of inflammatory
cells and an accumulation of MoDM over time, raising the possibility that these cells
may associate with the B16 cells to promote the survival of micrometastases.
3.2.5 Early micrometastases and late pulmonary metastases are associated with
monocyte derived macrophages.
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Having identified CD11c+CD11b+ MoDM in BLM, we proceeded to investigate
their association with B16 metastases at the early micrometastases stage and their
correlation to the functional end point visible pulmonary metastases.
Immunofluorescence staining of 96h GFP+ B16 metastases bearing lungs in BLM
animals revealed numerous CD11c, CD11b double positive myeloid cells in the lung
tissue compared to naïve controls (Fig. 3.5A), suggesting the presence of MoDM and
was consistent with flow cytometry data (Fig. 3.5J). A 50μm margin around each group
of tumor cluster was used to analyze micrometastases proximal cells (Fig. 3.5B),
followed by enumeration of CD11c and CD11b single and double positive cells within
the cluster margin. Significantly increased numbers of CD11c+CD11b+ MoDM were
found in BLM clusters compared to PBS (Fig, 3.5C). Numbers of total cells within the
cluster margins were increased compared to outside of the margin (Fig. 3.5D).
However, uninflamed clusters had a comparable increase in total myeloid cells
(CD11b+, CD11c+, and CD11b+CD11c+) (Fig. 3.5D), suggesting that the effect of BLM
is to alter the composition of myeloid cells at micrometastatic clusters rather than
promote recruitment.

50

Figure73.5 MoDM correlate to tumor burden and are found in proximity to B16
clusters at 96h in BM inflamed lungs. A, Representative images of BLM and naïve
96h GFP micrometastases (white) with CD11b (green) and CD11c (red) overlays, nuclei
are shown in blue, a 50μm margin was measured around every cluster using ImageJ. B,
single channel images of A, magnified to the 50μm margin. Channels are colored as
indicated in the image legend. C, Quantification of CD11c+, CD11b+, or
CD11c+CD11b+ cells within the 50μm margin, normalized to tumor area. D,
Quantification of total CD11c+, CD11b+, or CD11c+CD11b+ cells within or outside the
margin. Measurements are pooled from 2 experiments of m=6, B16 micrometastases
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from at least 3 lung sections per animal were measured 28 for PBS, 56 for BLM. E,
representative flow cytometry plots of day 14 pulmonary metastases bearing mice,
showing analysis of B16 cells as large (FSC-Ahi), non-leukocytes (CD45-). F, Total B16
cell numbers from day 14 metastases bearing lungs G, Total percentage of B16 cells
from day 14 metastases bearing lungs. H, overlay of mCherry gated B16 cells on the
gating strategy used in E, for validating the presence of B16s within the gate. I, flow
cytometric analysis of Day 21 post-BLM B16F0 injected lungs, showing the presence of
MoDM J, Correlation of percent B16 cells and percent MoDM in day 21 post-BLM
analyzed lungs. K, correlation of numbers of B16 cells and MoDM. Analysis was
conducted using Spearman rank-order correlation, significance from non-zero slope and
the correlation coefficients are inset. L, neutrophils and monocytes are shown as gated.
M, Correlation of neutrophils, and monocytes N. O, Representative images of CD11b,
CD11c and PD-L1 staining of day 14 pulmonary metastases in BLM and naïve mice.
Significance indicated as * p<0.05, ** p< 0.01, *** p < 0.001 unpaired Student’s t-test
with Welch’s correction.

B16 cells were identified by flow cytometry in lungs bearing late day 14 visible
pulmonary metastases of naïve and BLM inflamed animals as large, non-leukocytes
(CD45-, FSC-Ahi) (Fig. 3.5E). Consistent with BLM increasing the number of pulmonary
metastases, significantly increased numbers (Fig. 3.5F) and percentage (Fig. 3.5G) of
B16 cells were found by flow cytometry. B16s expressing mCherry isolated from day 14
pulmonary metastases were CD45- and FSC-Ahi confirming the gating strategy (Fig.
3.5H). SiglecFlow, CD11c+, F4/80+ MoDM remained present in the lung day 21 post
BLM and expressed PD-L1 and the M2 and alveolar macrophage marker CD206 (Fig.
5I). Percent and numbers of MoDM correlated with B16 tumor load (Fig. 3.5J-K), while
neutrophils and monocytes did not (Fig. 3.5L-N). The data suggest inflammation
induced MoDM can be found in association with metastatic tumor cells and may be a
factor that promotes their growth.
3.2.6 A population of macrophages exposed to tumor products express suppressive
markers PDL1 and ARG-1, and a population of ARG-1+ macrophages are present in
BLM inflamed lungs.
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Inflammation induced MoDM are associated with early metastatic clusters,
however their phenotype and how related they are to TAMs is unknown. We first
investigated the phenotype of TAMs in-vitro by generating TAM-like cells by stimulating
CSF-2 derived macrophages with varying concentrations of B16F0 tumor conditioned
media (TCM) and assayed suppressive/alternative macrophage markers arginase-1,
PD-L1, and CD206 (Fig. 3.6A). Macrophages are accumulated in tumors where they
adopt pro-tumorigenic function (Lin et al., 2006), as well as a suppressive phenotype
marked by PD-L1 and arginase-1 expression (Noy and Pollard, 2014). TCM significantly
increased both arginase-1 and PD-L1 expression in CSF-2 bone marrow derived
macrophages as analyzed by flow cytometry analysis of intracellular and surface
labeling respectively (Fig. 3.6B-E). Interestingly, CD206 expression was decreased
against our expectations (Fig. 3.6F), despite CSF-2 macrophage cultures expressing
low levels to begin with.
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Figure 3.68Arg-1+PD-L1+ macrophages generated in vitro from B16F0
conditioned media are found in BLM inflammation. A, Flow cytometry plots
indicating gating scheme for identifying CSF-2-derived macrophages. B, Representative
flow cytometry plots of arginase 1 expression in TCM polarized CSF-2 derived
macrophages. C, Representative histograms of PD-L1 and CD206 expression in TCM
polarized macrophages. D-F, Quantification of arginase-1 expression as in D, fold PDL1 expression as in E, and CD206 expression as in F. G, Flow cytometry plots
indicating presence of Arg-1+ PD-L1+ cells in BLM, corresponding to CD11c+ SiglecFlow
MoDM. H, Quantification of Arg1+PD-L1+ cells in mice inflamed with BLM, and BLM
mice injected with 1x106 GFP+ B16F0 cells. Data is pooled from 2 independent
experiments, m=6. Significance indicated as * p<0.05, ** p< 0.01, *** p < 0.001 unpaired
Student’s t-test with Welch’s correction.
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We next used these markers to investigate whether BLM recruited MoDM reflect
this TAM phenotype and identify potentially suppressive cells in vivo in BLM lung
inflammation. A distinct arginase-1, PD-L1 expressing population was found and
identified to have the same phenotype of MoDM found in BLM (Fig. 3.6G), being F4/80+
CD11c+ CD11b+ SiglecFlow (Fig. 3.4). Few resident AMΦ expressed arginase-1,
however all expressed PD-L1 as described previously (Igarashi et al., 2016).
Furthermore, subsets described as myeloid derived suppressor cells (MDSCs) being
Ly6G+ or Ly6C+ and CD11b+ were not found to express either PD-L1 or arginase-1
(Fig. 3.6G). The proportion of arginase1+ MoDM was not increased in lungs that have
been injected with GFP+ B16 cells (Fig. 3.6H), however the proportion of B16s at 96h
was relatively small (~0.05%, Figure 3.3), and may not influence a total lung population.
These data indicated to us that MoDM induced by BLM express an immune
suppressive/M2 like phenotype (arg-1+ PD-L1+); it is possible that these may be
associated with tumor cells and, through other mechanisms, promote tumor growth.
3.3 Discussion
Inducing three different types of inflammation in the lungs increased the size and
number of metastatic foci formed by i.v. injected melanoma cells. The inflammatory
microenvironment causes changes to immune populations through recruitment and
retention of blood-derived precursors as well as differentiation and activation. The
immune response generated is specific and tailored to the insult as evident by our
measurement of different immune profiles in the BAL. Despite the differences, lung
inflammation was able to increase the metastases formed by low metastatic B16F0
melanoma cells. The BLM and OVA models have been previously reported to increase
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metastasis in the lung (Cox et al., 2013; Orr et al., 1986; Taranova et al., 2008).
Interestingly, OVA inflammation was also able to increase the number and size of
metastases of the highly aggressive B16F0 variant, B16F10 (Taranova et al., 2008),
suggesting effects that are non-overlapping and extrinsic from evolutionary changes in
B16F10 cells in the inflamed host microenvironment that promote metastasis.
An unexpected observation we made was the absence of an effect of
inflammation on ex vivo migration and in vivo extravasation of tumor cells. Pro-migratory
factors including chemokines such as CXCL12 and growth factors EGF and IGF1 are
known to be produced in inflamed tissues, and so may contribute to increased migration
of tumor cells into tissues from the vasculature (Friedl and Wolf, 2003). However, our
inflammatory models did not increase extravasation at 4h, and an increase in metastatic
cells was first observed at the micrometastases stage of 96h, where inflammation
increased the number and size of micrometastases. This reaffirms the importance of the
microenvironment in early colonization, as we observed all tumor cells are in the lung
tissue rather than blood vessels or airways, and highlights the relative inefficiency of
engraftment of tumor cells in secondary organs (Luzzi et al., 1998). Indeed, tumor cell
fate after leaving the primary site is largely dependent on mechanical factors (Chambers
et al., 2002), with arrest of circulating metastatic cells based on size restriction of
capillary beds (Chambers et al., 2002). This does not mean extravasation is not a valid
target for prophylactic or therapeutic treatment of metastasis but emphasizes
microenvironmental regulation in cases where inflammation exists, as the inflamed
microenvironment significantly increased the survival of incoming B16F0 cells and
expression of the apoptosis regulating protein bcl-2. How this increase in survival is
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linked to the inflamed environment could be explained through interactions with
macrophages in the lung (Chen et al., 2011), however that study was conducted in the
absence of inflammation; whether inflammation increases lung macrophages that
promote metastasis is unclear.
One common observation in lung inflammation is the depletion of AMΦ (Dong et al.,
2017; Ghoneim et al., 2013; Misharin et al., 2017), which is then repopulated by bone
marrow originating MoDM (Dong et al., 2017; Misharin et al., 2017). Our data provides
more evidence for this phenomenon through phenotyping of myeloid subsets in the lung
during inflammation. Through this we identified MoDM that appear to arise from
CD11b+Ly6C+ precursors to CD11b+CD11c+ SiglecFlow cells over a course of 14 days.
More importantly, we showed that CD11b+CD11c+ cells were increased surrounding
tumor clusters at the critical early 96hr time point during which there is significantly
increased tumor cell survival. Furthermore, PD-L1+ CD206+ CD11b+ CD11c+
SiglecFlow MoDM correlated with tumor burden at the visible pulmonary metastases
stage at day 14 post injection. Although resident macrophage populations can have
differing phenotypes and functions (Hussell and Bell, 2014), their capacity in adapting to
different microenvironments has been shown to be reduced compared to precursors
such as monocytes (van de Laar et al., 2016), perhaps explaining the de novo
recruitment of monocytes into tumors and their subsequent differentiation into TAMs
(Franklin et al., 2014), rather than resident macrophages. However, the plasticity and
adaptation of transient inflammatory populations such as MoDM which are not yet
phenotypically AMΦ, but no longer monocytes, was unclear prior to this study. Here we
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show that MoDM induced through inflammation can become associated with invasive
metastatic tumor cells and are correlated with increased tumor burden.
If the tumor associated MoDM are long lived it raises the interesting possibility that
MoDM persist with the same tumor cells they encounter early on, creating a metastatic
macrophage-containing niche. B16 conditioned media stimulation of CSF-2 derived
BMDMs was certainly capable of inducing Arg1, the alternative activated macrophage
marker found in day 11 BLM MoDM, and MoDM correlated with B16 tumor load.
Another interesting possibility is that MoDM, once tumor associated, may proliferate due
to tumor-derived products, as TAMs have been observed to do (Tymoszuk et al., 2014;
Zhu et al., 2017), and if blocking this expansion of TAMs can be a therapeutic target, for
instance through blockade of proliferation factors. TAMs, and more specifically MAMs
can produce soluble growth factors such as VEGF and EGF that are important for
establishing early metastases (Qian et al., 2015; Yin et al., 2016). Similarly, analysis of
RNA-seq expression data of MoDM recruited through BLM published by Misharin et. al.
reveals several growth factors (GF) upregulated compared to resident alveolar
macrophages including VEGFA, platelet derived GF alpha (PDGFa), platelet derived GF
beta (PDGFb), hepatocyte GF (HGF), insulin-like GF 1 (IGF1), and fibroblastic GF 2
(FGF2). These GF provided to incoming tumor cells are known to regulate apoptosis
through the upregulation of survival proteins Bcl-2 and Bcl-XL (Karsan et al., 1997;
Kroemer, 1997), of which Bcl-2 was increased in inflamed lung residing early metastatic
tumor cells. Thus, these MoDM derived GF may be important in establishing
metastases.
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A key feature of MoDM phenotype is the expression of markers arginase-1 and PDL1. These markers have been shown to be expressed by other tumor associated
populations such as myeloid derived suppressor cells (MDSC). MDSC are thought to be
derived from monocytic and granulocytic precursors and so express Gr1 antigen, which
consists of epitopes recognized as Ly6C and Ly6G. However, we were not able to
detect any arginase-1 or PD-L1 expression in Ly6C or Ly6G populations in the lung.
This is consistent with observations of F4/80+ macrophages being the source of
arginase-1 in tumors (Rodriguez et al., 2004), and macrophages being more potent
immunosuppressive cells than MDSCs (Hamilton et al., 2014). Yet MDSCs promote
primary tumor growth through inhibition of anti-tumor immune responses, and there is
increasing evidence of a macrophage-MDSC axis, whereby depletion of or interruption
of macrophages results in increased MDSCs (Kumar et al., 2016; Kumar et al., 2017). It
is unknown whether depletion of macrophages during inflammation will give rise to arg1+ PD-L1+ MDSCs as in cancer, therefore, combination therapy targeting both MDSC
and TAM pathways will be critical in reducing innate cell promotion of cancer.
Immune involvement in cancer progression is increasingly being discovered as a
critical process that occurs at the earliest stages of transformation and metastasis
(Headley et al., 2016; Kitamura et al., 2015a). While immune cell recruitment can occur
as a product of rapid tumor growth through signals released by necrosis (Galluzzi and
Kroemer, 2008; Grivennikov et al., 2010) and hypoxia (Erler et al., 2009; Sceneay et al.,
2012), it can also be stimulated directly by tumor cells. Indeed, sudden transformation of
single hepatocytes through expression of oncogenic 5SA-YAP caused CD11b+F4/80+
macrophage recruitment within two days, through direct control of CCL2 and CSF-1
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production (Guo et al., 2017). However, pre-existing inflammation in tissues is also a
source of recruited immune cells at primary tumor sites. Macrophages under active
inflammatory conditions can promote mutagenesis and transformation through reactive
oxygen intermediates, or dampen adaptive responses during chronic conditions where
they adopt a wound-healing phenotype (Conway et al., 2016). Here we show that
inflammation of secondary sites recruits MoDM that are found close to metastatic tumor
cells. This suggests that MoDM may participate in the initial tumor seeding and survival.
If this is confirmed to be the case with further experimentation, then there may be
significant clinical relevance for targeting of initiating monocyte derived tumor supportive
host cells, and physiologically important cells such as resident macrophages can be
spared.
Together, our study shows how inflammation changes the immune cellular
microenvironment in which metastatic tumor cells land. Blood derived monocytes are
recruited and quickly develop into MoDM. Further work into the exact mechanisms of
monocyte differentiation as well as effector molecules produced by MoDM will be critical
in developing therapies to prevent MoDM functions in metastasis.
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Chapter 4: Hyaluronan binding and CD44 in metastasis of melanoma
cells to the lung.
4.1 Introduction:
Hyaluronan (HA) is an ECM component found widely in various tissues and organs,
that is known to be dynamically regulated in disease (Lee-Sayer et al., 2015). HA is
normally made in a high molecular weight form and undergoes regular turnover in many
tissues (Lee-Sayer et al., 2015). However, during inflammation in the lung, HA
production is increased (Bracke et al., 2010; Garantziotis et al., 2016; Teder et al.,
2002) and this physiological production is important as it has been shown to be a
component of the provisional matrix and protects against pulmonary fibrosis (Liang et
al., 2016). Yet, clearance of HA is also critical in disease resolution, as abnormal
overexpression of hyaluronan synthase 2 in the stromal compartment by α-SMA+
fibroblasts results in severe fibrosis (Li et al., 2011). Similarly, deletion of the main HA
receptor, the cell surface glycoprotein CD44, prevented appropriate clearance leading
to severe lung fibrosis and mortality in mice (Teder et al., 2002). This is important as
inflammation is known to induce changes in the tissue environment to promote cancer
progression and metastasis (Coffelt and de Visser, 2014; Grivennikov et al., 2010).
HA is a known component of the stroma in many tumors (Sironen et al., 2011; Toole
et al., 2002), and is a prognostic marker for poor outcome in breast, ovarian, colorectal
and bladder cancers (Anttila et al., 2000; Auvinen et al., 2000; Lokeshwar et al., 2000;
Ropponen et al., 1998; Sironen et al., 2011). Since HA is a known component of tumor
stroma it may be an important factor in the metastatic microenvironment. Binding of
metastatic tumor cells to HA in the environment, particularly HA produced during
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inflammation, may provide important signals that promote colonization in distant tissue.
Indeed, HA binding through CD44 can trigger signaling leading to activation of the PI3KAKT pathway and apoptosis resistance (Misra et al., 2015; Zoller, 2011). CD44 also
functions to mediate migration of breast cancer cells on hyaluronan matrices through
activation of cytoskeletal regulatory proteins rac1 (Bourguignon et al., 2000), and
cortactin (Bourguignon et al., 2001), and has been shown to induce directional
chemotactic migration towards HA gradients (Tzircotis et al., 2005). Blocking this HA
binding interaction using an HA binding inhibitory peptide markedly reduced lung
metastases of B16F10 melanoma cells (Mummert et al., 2003). However, HA binding
has also been reported in immune cells with pro-metastatic functions, such as
macrophages, which can bind high levels of HA once activated (Ruffell et al., 2011).
Additionally, HA binding through CD44 has been shown to promote accumulation of
macrophages at HA rich sites of damage (Wang and Kubes, 2016). Thus, the effect of
HA binding through CD44 could also be mediated indirectly through mutual recruitment
of host and tumor cells to HA rich niches.
In this chapter, we show that post-translational modifications with chondroitin sulfate
negatively regulate HA binding in B16 melanoma cells. We also show that increased HA
binding by CD44 is correlated to increased metastatic potential of malignant B16
melanoma cells in naïve animals, suggesting that HA binding by B16 cells may promote
their metastasis. However, we show that although HA binding through CD44 is
correlated to increased metastatic potential of malignant B16 melanoma cells, nascent
CD44 was dispensable from both host and tumor cells in formation of lung metastases
both in the presence and absence of inflammation.
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4.2 Results
4.2.1 HA binding through CD44 is correlated to metastatic potential of B16 cells.
Metastatic potential was determined using the B16 melanoma successive cell
lines where parental B16F0 cells are the least metastatic followed by B16F1 cells and
finally B16F10 cells which are highly metastatic. To determine HA binding in B16 cell
lines, a fluorescein conjugated hyaluronic acid (Fl-HA) was used on suspensions of B16
cells and assayed by flow cytometry (Fig. 4.1A). HA binding was significantly increased
in more metastatic B16F10 cells than in B16F1 or F0 cells (Fig. 4.1B). HA binding was
found to be dependent on the cell surface receptor CD44, as incubation with the antiCD44 blocking antibody Km201 inhibited binding of cells to Fl-HA (Fig. 4.1A-B).
Interestingly, CD44 expression by mean fluorescence intensity measurements was not
significantly different between B16 cell lines (Fig. 4.1C), suggesting an alternate
mechanism of inducing HA binding by CD44 than total receptor expression levels.
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Figure94.1 Hyaluronan binding correlates to increased metastatic potential in B16
melanoma cells. A. Representative flow cytometry plots of B16 cell lines stained for
CD44 and FL-HA, untreated (top row) and treated with anti-CD44 blocking antibody
Km201 (bottom row). B. Quantification of percent HA binding in B16 cell lines, data is
pooled from five experiments. C. Quantification of CD44 expression B16 cell lines as
mean fluorescent intensity, data pooled from five experiments. D. Schematic indicating
the enrichment strategy for generating HA binding B16F0 cells and measuring
metastasis using a lung nodule assay. E. Representative flow cytometry plots of HAbinding enriched and parental B16F0 cell lines with staining for CD44 and FL-HA
indicated. F. Quantification of lung nodule counts from animals bearing HA enriched and
parental B16F0 cells, data is pooled from two experiments m=23. Significance indicated
as * p< 0.05, ** p< 0.01, *** p < 0.001 unpaired Student’s t-test.

Next, HA binding was tested as a factor in metastasis by sorting low metastatic
B16F0 cells for HA binding (Fig. 4.1D). The low metastatic variant that is ill-adapted to
the lung environment was used to determine HA binding as a factor in promoting
metastasis. B16F0 cells were enriched from 0.5% to ~20% HA binding using sorting on
fluorescent HA binding cells and injected into syngeneic C57Bl/6 mice (Fig. 4.1D-E).
Injection of HA-binding enriched cells formed significantly more metastatic nodules in
the lung after 14 days (Fig. 4.1F), suggesting HA binding provides an advantage to
metastatic cells colonizing the lung.

64

4.2.2 Inflammation and pulmonary metastases cause HA deposition and HA binding in
host and immune cells.

Figure104.2 Hyaluronan is deposited over the course of BLM lung inflammation
and in pulmonary B16F0 melanoma metastases. A. Representative images of lung
sections stained with HABP from BLM inflamed animals over a time course, left.
Sequential sections of HABP stained lungs left untreated or treated with bovine HA’se
for 1hr. Red is HABP, blue is DAPI, inset is a DAPI, HABP overlay. B. Quantification of
deposited HA as signal seen in images, measured as mean pixel intensity, data pooled
from two experiments m=11-12. C. CD45+ non-neutrophils (Ly6G-) were analyzed for
CD11c and Fl-HA over BLM inflammation. D. Representative images of lung sections
stained with HABP from B16 bearing lungs. Red is HABP, blue is DAPI, dashed line
indicates the margin of the B16 nodule in the section. E. left, schematic of experiment to
isolate B16 cells from lungs. Right, representative flow cytometry plots of FL-HA binding
in B16 cells isolated from pulmonary metastases and subjected to hyaluronidase
digestion. Right, quantification of percent HA binding in ex vivo isolated and cultured
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B16 cells after digestion with hyaluronidase, ex vivo data is pooled from two
experiments, m= 11, in vitro results are pooled from four experiments with 3 samples
each, twelve total. Significance indicated as * p< 0.05, ** p< 0.01, *** p < 0.001 unpaired
Student’s t-test.

Since HA binding increases the metastasis of low metastatic B16F0 melanoma
cells, HA may constitute an important part of the microenvironment for metastatic tumor
cells. Inflammation has been reported to cause HA to be deposited in the lung (LeeSayer et al., 2015), as well as promote metastasis of B16F0 cells in the lung (Chapter
3). HA has also been shown to make up part of the matrix at primary tumors (Sironen et
al., 2011). Thus, we assayed for the presence of HA in inflamed lungs and pulmonary
melanoma metastases using a biotinylated hyaluronan binding protein (HABP).
Bleomycin significantly increased the deposition of HA in the lung over time (Fig. 4.2AB). Lung HA was initially restricted to the basal surface of bronchioles, major airways,
and blood vessels (Fig. 4.2A left panel), however, over the course of bleomycin induced
inflammation HA was deposited in the lung tissue (Fig. 4.2A) where it is not normally
found, and where tumor cells are expected to migrate to once they escape the
vasculature. Since HA is deposited during BLM-induced inflammation, we investigated if
there are changes to the HA binding of lung immune cells. At the steady state only AMΦ
bind HA (Fig. 4.2C left), over the course of inflammation a CD11c+ population gains
significant HA binding (Fig. 4.2C right) and was identified to be MoDM which are
associated with early metastases (Chapter 3). We examined HA in pulmonary
metastases bearing lungs 14 days after injection and found deposits of HA present in
the tumor body (Fig. 4.2D), and in many cases metastases can be identified through the
large amounts HA deposited in the stroma. B16 cells isolated from day 14 visible
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pulmonary metastases were assayed for HA binding using flow cytometry but were not
significantly increased compared to cultured B16F0 cells which bind little to no HA (Fig.
4.2E). However, the HA rich stroma of pulmonary metastases could saturate HA
receptors on the surface, therefore we incubated lung isolated B16 cells with
hyaluronidase (HA’se) prior to staining with FL-HA and found that HA’se significantly
increased HA binding in B16 cells. This indicates that HA is present both in
inflammation and metastasis and both host recruited MoDM and metastatic B16 cells
are induced to bind HA in the lung, suggesting an important role in the inflammation
promoted metastasis observed (Chapter 3).
4.2.3 Knock out of CD44 on host and B16F0 melanoma cells does not change
metastasis in both uninflamed and inflamed conditions.
Metastatic potential of B16 cells correlated with HA binding through CD44 (Fig.
4.1A), and both host immune cells in inflammation and metastatic B16 cells bind HA,
thus HA binding may be important for metastasis. We decided to test the importance of
CD44 on B16 cells by generating CD44-/- B16F0 and CD44+/+ clones through cas9
mediated deletion and assaying for metastasis by lung nodule formation. Three CD44
null and CD44 expressing clones were isolated from cas9 transfected pools and verified
(Fig. 4.3A).
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Figure114.3 CD44 on B16F0 cells is dispensable for formation of lung nodules A.
CD44+/+ and CD44-/- B16F0 clones verified by flow cytometry. B. Experimental outline
for testing the effect of CD44 on host in metastasis (Left). Quantification of lung nodule
counts from naïve or BLM inflamed animals bearing CD44+/+ and CD44-/- B16F0 lung
nodules, data is pooled from two experiments, m=7-9, using all six clones, three mice
per clone with the exception of inflamed CD44-/- in which two replicates are shown for
two clones due to animals reaching humane endpoint. C. Experimental outline for
testing the effect of CD44 on B16F0 cells in metastasis (Left). Quantification of lung
nodules in B16F0 injected CD44+/+ and CD44-/- animals. Significance was tested using
unpaired Student’s t-test.

Against our expectations, CD44 deletion did not affect colonization of B16 cells in
the lung (Fig. 4.3B), however the variability of BLM inflammation may limit the resolution
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of this technique. HA at the metastatic site may be important for B16 cells by promoting
recruitment of host cells through host CD44. Thus, to test this, we injected parental
B16F0 cells into CD44-/- and CD44+/+ mice (Fig. 4.3C). No effect on lung nodule
formation was observed between CD44-/- and CD44+/+ mice, indicating that host
responses to growing B16F0 metastases are not dependent on CD44 and CD44
mediated HA binding. However, the low levels of HA bound by nascent CD44 on B16
cells may not be a sufficient interaction to promote metastasis, and so a different form of
CD44 that binds HA at higher levels may allow an interaction with HA that supports
survival and be an important factor in metastatic tumor cell colonization.
4.2.4 Alteration of cell surface chondroitin sulfate induces HA binding.
B16F10 bound the highest levels of HA and were the most metastatic despite
expressing similar levels of CD44 as B16F0 cells (Fig. 4.1A-C), and a percentage of
B16F0 cells gained low levels of HA binding when introduced in vivo. Furthermore,
MoDM in the lung gained HA binding (Fig. 4.2C), indicating an active regulation of HA
binding by CD44. Previously in bone marrow derived macrophages, chondroitin
sulphate (CS) modifications of CD44 was found to regulate HA binding (Ruffel et. al.
2011). Thus, we investigated the regulation of HA binding through chondroitin sulphate
(CS) modifications in B16F0 cells.

69

Figure124.4 Cell surface chondroitin sulphate controls HA binding. A. Flow
cytometry plots of HA binding in B16F0 cells treated with β-D-xyloside for 48h in culture.
B. HA binding was quantified in B16F0 cells stimulated with increasing concentrations
of β-D-xyloside, results are pooled from 2 experiments, three replicates per
concentration. C. Representative flow cytometry plots of HA binding in B16F0 cells
treated with chondroitinase ABC lyase. D. HA binding was measured in re-cultured
ABC’ase treated B16F0 cells. Data is representative of 3 experiments.

To test if this regulatory mechanism is present in non-HA binding B16F0 cells, we
removed cell surface CS through incubation with the CS stub inhibitor β-D-xyloside, or
direct digestion of cell surface CS with chondroitinase ABC lyase (ABC’ase). β-Dxyloside inhibits glycosaminoglycan addition by replacing the initial xylose in the xylosegalactose-galactose-glucuronic acid stub. Inhibition of xylose stub addition greatly
increased HA binding in B16F0 cells (Fig. 4.4A) in a dose dependent manner (Fig.
4.4B). Cell surface digestion of CS with ABC’ase also resulted in significantly increased
HA binding (Fig. 4.4C). Interestingly, the level of HA binding achieved through alteration
of cell surface CS (~80-90%) was greater than amounts observed in sorted HA+ B16F0
cells and B16F10 cells, indicating that the majority of cell surface CD44 molecules are
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incapable of binding HA. Moreover, the HA binding effect of ABC’ase digestion was only
transient, as re-culture decreased HA binding within a few hours (Fig. 4.4D).
4.2.5 CS modification of CD44 controls HA binding.
Alteration of total cell surface CS enzymatically or biochemically on B16 cells
induces HA binding, however if this HA binding induced by CS removal on B16 cells is
CD44 dependent or if other CS-inhibited receptors are activated is unknown. Cell
surface ABC’ase digestion of CD44-/- and CD44+/+ B16F0 cell lines reveals that CD44-/cells cannot be induced to bind HA following ABC’ase treatment (Fig. 4.5A). Indeed,
detection of CD44 from B16F0 and B16F10 cells reveals a distinct high molecular
weight isoform that is removed upon digestion with ABC’ase, indicating a large CS
modified CD44 form (Fig. 4.5B). To determine the effect of CS modification of CD44,
expression of serine 183 mutant CD44 that lacks CS modification at that residue
(CD44S183A) or standard CD44 (CD44s) was expressed in CD44 null B16F0 cells,
along with a bicistronic GFP reporter to mark successfully transfected cells. Within
GFP+ transfectants, CD44S183A exhibited high levels of HA binding as expected, while
standard CD44 bound little to none (Fig. 4.5C). This shows that CS modification of
CD44 controls HA binding on B16 cells.

71

Figure134.5 CS modification of CD44 controls HA binding in B16F0 cells. A. Flow
cytometry overlay of ABC’ase digested CD44+/+ and CD44-/- B16F0 cells stained for HA
binding and CD44. B. Western blot analysis of CD44 on B16F0 and B16F10 cells
digested with ABC’ase. C. Flow cytometry analysis of CD44 and HA binding on CD44-/B16F0 transfected with CD44 S183A mutant or standard CD44s. Data is representative
of at least two experiments.
4.2.6 CS-CD44 functions as a dominant negative regulator of HA binding on B16F0
cells.
CS regulation of HA binding may be an important mechanism for limiting tumor
metastasis. Thus, we investigated whether CS modifications directly inhibit HA binding
on a single CD44 molecule, or if CS on CD44 exerts a trans-effect on other cell surface
CD44. To do this, we adopted a co-transfection strategy whereby CD44s and S183A
CD44 bicistronic constructs expressing GFP and ds-Red respectively were expressed in
CD44-/- or CD44+/+ B16F0 cells or co-transfected into CD44-/- cells (Fig. 4.6A).
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Figure144.6 CS modified CD44 acts in a dominant negative manner to decrease HA
binding on CD44 lacking CS. A. Experimental outline of co-transfections conducted in
B16 cells. Bi-cistronic constructs expressing standard CD44 and EGFP, or mutant
S183A CD44 and dsRed. B. CD44-/- B16F0 cells were transfected with single CD44
proteins or co-transfected and analyzed using flow cytometry for HA binding and CD44
expression. Analysis of single transfected CD44s or S183A (left) by gating of successful
transfectants through expression of EGFP and dsRed followed by HA binding and
CD44. Analysis of co-transfected cells (right) by gating of double expressing (dsRed+,
GFP+) or single expressing cells followed by HA binding and CD44 (right). C. CD44+/+
B16F0 cells were transfected with single CD44 proteins or vector alone for native HA
binding, followed by analysis for HA binding. Data is representative of at least 3
experiments. D. Possible model for how CS modified CD44 affects aggregation and HA
binding.

As expected, ds-red-CD44S183A expressing transfectants bound high levels of HA
while GFP-CD44s bound little (Fig. 4.6B, left). However, when co-transfected, GFP+dsRed+ co-transfectants expressing both CD44S183A and CD44s bound little to no HA
(Fig. 4.6B right). This indicated that the presence of CS modified CD44 inhibits the
binding of non-CS modified CD44. High molecular weight CS-modified CD44 makes up
a minor fraction of total CD44, yet still manages to result in relatively little HA binding in
B16 cells (Fig. 4.5), suggesting, together with the co-transfection results, that CS-CD44
acts as a dominant negative molecule to block HA binding interaction of other CD44.
Indeed, transfection of CD44S183A into CD44+/+ B16 cells containing CS modified
CD44 results in markedly lower HA binding (Fig. 4.6C) than when expressed in a null
background. This presents a system where little amounts of cell surface CS modification
can have major consequences on function such as ligand binding, as illustrated in the
proposed model (Fig. 4.6D).
4.3 Discussion
Hyaluronan has been closely associated with metastasis of various carcinomas
(Auvinen et al., 2000; Lipponen et al., 2001; Setala et al., 1999) and removal of stromal
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hyaluronan by knock down of hyaluronan synthase enzyme HAS2 (Kobayashi et al.,
2010; Okuda et al., 2012) or direct digestion (Thompson et al., 2010), or broad inhibition
of synthesis (Nagy et al., 2015) results in decreased metastasis. Here we show
correlation of HA binding in B16 cells to metastatic potential in colonizing the lung
following intravenous injection and increase in HA deposition in the inflamed,
metastasis-primed state. We also show that HA binding is dependent on CD44 in in
vitro grown B16 cells. HA binding was detected through the use of rooster comb and
purified high molecular weight (both >1x103 kDa) (Dong et al., 2016a) fluorescein or
alexa-647 conjugated HA as reported previously (Poon et al., 2015). This method of
detection of HA binding is reliant on multivalent binding and is dependent on the avidity
of the interaction (Lesley et al., 2000), it may not detect low levels of binding
independent of multivalent interactions. Nevertheless, sorting HA binding detectable
through this method in low metastatic B16F0 cells increased the number of lung
nodules formed, suggesting to us that if the CD44-HA binding was increased to an
appreciable amount, then it may begin to increase the metastasis of B16 cells.
An increased availability of HA at the target site may also provide HA rich
microenvironments, leading to interactions through CD44. BLM induced inflammation in
the lung was found to promote metastasis (Cox et al., 2013) and cause production of
HA and, indeed we observed HA to be readily found in the tumor stroma. However,
knockout of CD44 on B16F0 cells did not cause a decrease in the number of metastatic
nodules, and CD44-/- B16F0 cells were fully capable of forming increased metastases in
BLM inflamed lungs. This was surprising since enriched, HA binding B16F0 cells
produced more metastases, and suggests that a high observable level of HA binding
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through CD44 must be achieved before effects on metastasis can be observed. HA has
been shown to promote retention of pro-tumorigenic macrophages at the primary site
(Kobayashi et al., 2010; Okuda et al., 2012). However, CD44-/- mice did not have
reduced pulmonary metastases when compared to controls, in both naïve and BLM
inflamed lungs, indicating that CD44 on the host does not affect colonization of B16
cells in the lung. This raises more questions about how HA affects pulmonary
metastases, and if it can be targeted to treat metastases that arise in inflamed tissues
with increased HA. A pegylated recombinant human hyaluronidase PH20 given
intravenously has been shown to reduce HA in the stroma of pancreatic
adenocarcinoma (Provenzano et al., 2012), and improve survival in patients when given
as an adjuvant with chemotherapy (Hingorani et al., 2017). However, how effective it is
at reducing HA in inflamed tissues has yet to be investigated and may be a therapeutic
target for metastasis in the context of inflammation. Another important observation is
that B16F0 cells bound little HA through their nascent CD44 at less than 0.5% in
culture, and so knock out of CD44 may not be relevant in determining the effect on HA
binding when comparing to endogenous CD44 on B16F0 cells. Tumor cell lines that are
known to bind high levels of HA may be more appropriate in defining a CD44 dependent
HA binding effect on metastasis. Although nascent CD44 did not affect metastasis in the
low HA binding B16F0 cells, a constitutively HA binding CD44 may provide an
advantage. Chondroitin sulfate (CS) is a regulator of HA binding through CD44 (Ruffell
et al., 2011). Similarly, we found CS to be an important regulator of HA binding in B16
cells, as inhibition through β-D-xyloside or digestion with chondroitinase ABC’ase
induced binding in a CD44 dependent manner, while CD44 modified by CS at S183A
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bound HA constitutively. The constitutive binding by the S183A CD44 mutant may
provide important signals to promote survival and metastasis and is an interesting topic
for future studies. The exact mechanism of how HA binding by CD44 is regulated by CS
is still unclear, however, in B16 cells, high molecular weight modified CS-CD44 is only a
minor fraction of total CD44, yet its critical for regulation of HA binding. Indeed, cotransfection revealed that CS-CD44 can act in a dominant negative fashion to disrupt
HA binding by non-modified CD44. Dominant negative components of enzyme
multimers inactivate a complex when all partners are needed for proper functioning
(Sheppard, 1994). This implies that CS-CD44 is included in CD44 multimers but
prevents their function. Indeed, aggregation of CD44 is known to occur after binding to
HA (Yang et al., 2012) and is critical for increasing the avidity, and signaling
(Bourguignon et al., 2001; Lesley et al., 2000). It is not known whether single CS-CD44
molecules can bind HA, it will be important to combine the expression of the HA binding
null mutant (R43A) with the CS null (S183A) within the same cell and assay for HA
binding. In this setting, if HA binding on CS modified CD44 is important, we expect
increased HA binding overall on the cell surface. The exact molecular details of this
inhibition however, are still unclear: the size of the CS chain bound to CD44, the
sulphation pattern on CS, and the interactions of multimers of cell surface CD44
molecules are important factors in understanding this interaction. Molecular imaging
methods such as single particle tracking can be used to determine the diffusion and
interaction of CS modified and naked CD44 on the cell surface in the presence of HA
ligands. Regulation of HA binding by CS has important implications for transformed and
metastatic cells, as it would require a more substantial or complete loss of cell surface
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CS-CD44 to cause HA binding. A thorough study of CS biosynthesis pathways in
human cancers would be important in order to investigate the prevalence of CS
deregulation, and if it is an important target pathway in cancer progression.

Chapter 5: Concluding discussion and remarks
5.1 Inflammation induced metastasis.
The results of this study demonstrate the importance of the microenvironment in
promoting metastasis. BLM, SR, and OVA inflammation models all increased numbers
of metastatic nodules of B16F0 cells despite recruiting different inflammatory cell
infiltrates. Indeed, OVA sensitization stimulates the infiltration of significant numbers of
eosinophils, shown to be anti-tumorigenic (Carretero et al., 2015), yet it still results in
increased metastatic nodules. Inflamed lungs, although having increased permeability
to serum or plasma products and attracting circulating immune cells (Ohmura et al.,
2017; Vestweber, 2015), failed to promote the migration or extravasation of B16 cells.
Significantly increased proportions of B16F0 cells were alive and surviving at the early
micro-metastases, 96-hour time point stage in BLM inflamed lungs compared to
uninflamed. This Indicates that the inflammatory microenvironment is an early
determinant of invasive tumor cell survival and colonization, and consistent with
observations of early survival of tumor cells dictated by the microenvironment of tissues
(Luzzi et al., 1998). Further research into the exact intracellular pathways that regulate
the survival of metastatic tumor cells will be important, as bcl-2 is unlikely to be the only
protein involved, and opens up other targets for therapies. Previous work has focused
on the effect of primary tumors in promoting microenvironmental changes in the lung,
leading to increased metastasis (Peinado et al., 2017). In many of these cases
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deposition or production of ECM components such as fibronectin (Kaplan et al., 2005),
laminin (Hoshino et al., 2015), and cross-linked collagen (Erler et al., 2009) preceded
the accumulation of bone marrow derived myeloid cells. Cross-linked collagen induced
through LOX has also been shown to occur in response to inflammation in the lung, and
is directly responsible for increased metastasis during inflammation (Cox et al., 2013).
However, the identity of the bone marrow derived cells associated with metastasis in
inflammation have not been thoroughly described.
5.2 Monocyte derived macrophages in inflammation and metastasis.
BLM inflammation caused the recruitment of Ly6Chi classical monocytes and
induced their differentiation into CD11b+CD11c+ MoDM over the course of the model.
The presence of BLM inflammation changed the composition of GFP expressing tumor
cluster associated immune cells, with F4/80+ CD11b+ CD11c+ SiglecFlow MoDM
predominating. These MoDM also correlated with increased metastatic burden at the
day 14 visible nodule stage, while monocytes and neutrophils did not. Previous work at
the steady state have shown that monocytes give rise to macrophages that are critical
for metastasis of tumor cells. In these studies, monocyte-derived metastasis-associated
macrophages provided soluble growth factors such as EGF and VEGF (Qian et al.,
2015; Yin et al., 2016), and cellular interactions via VCAM-1 (Chen et al., 2011), that are
important for the survival of metastatic cells in peripheral sites. In BLM inflammation,
MoDM are potent sources of several growth factors including VEGFA, PDGFa, PDGFb,
HGF, IGF1, FGF2, several of which are known to regulate apoptosis through the
upregulation of survival proteins Bcl-2. This, combined with our data showing these
MoDM are in association with metastatic clusters, leads to the interesting hypothesis
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that inflammation recruited MoDM may be providing these GF to metastatic tumor cells,
promoting their survival and metastasis (Fig 5.1).

Figure155.1 Proposed model of inflammation induced metastasis. At the steady
state CD11b or CD11c single positive cells predominate around early metastatic cells
and do not provide sufficient signals resulting in increased death of tumor cells. In
inflammation, CD11b, CD11c double positive MoDM provide growth factors that
promote the survival of metastatic tumor cells and their establishment as
micrometastases resulting in larger and more numerous metastases.
This puts MoDMs as candidate cells for investigation into their role in
inflammation induced increases in metastasis. Plasticity of monocytes and
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macrophages in polarization and function is a hallmark of their role in the immune
response, where their effector function is dictated by the environmental cues present
(Hussell and Bell, 2014; van de Laar et al., 2016). In the context of macrophage
polarization, tumor residing TAMs can be shifted from pro-tumorigenic M2-like to
tumoricidal M1-like macrophages through antibody therapy driven by inhibitory FcγRIIB
(Georgoudaki et al., 2016), and these macrophages are critical for antibody based antitumor therapy through FcγR interactions (Georgoudaki et al., 2016; Lehmann et al.,
2017; Mantovani et al., 2017). Similar treatments can be developed to target MoDMs in
tissues of cancer patients to convert them to tumor hostile phenotypes. Normally,
MoDMs are a transient population that are eventually cleared or differentiate into tissue
resident macrophages, although, their accumulation or persistence can drive pathology
such as the fibrosis seen in BLM (Misharin et al., 2017). There is increasing evidence of
a switch in phenotype in MoDMs from pro-inflammatory to resolving: initially early
MoDMs produce inflammatory cytokines such as TNF-α and Il-1β (Crane et al., 2014)
and aggravate injury (Mossanen et al., 2016; Schloss et al., 2017), but over time
MoDMs adopt a healing phenotype, producing anti-inflammatory IL-10 and promoting
tissue remodeling through TGFβ and VEGF (Crane et al., 2014; Liew et al., 2017),
eventually persisting as tissue resident macrophages (Misharin et al., 2017). This
complicates potential MoDM targeted therapies as they may be ineffective in very early
or very late stages of a response. However, many diseases such as asthma are chronic
in nature, and may induce several waves of monocyte infiltration and MoDM
development. This could mean increased efficacy of MoDM targeted therapies in cancer
patients with chronic illness. A recent study has shown that neo-adjuvant chemotherapy
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induces an increase in metastatic dissemination of breast cancer due to an increase in
number of Tie2+ TAMs and their activity in TMEMs (Karagiannis et al., 2017), which are
monocyte derived (Franklin et al., 2014). Thus, targeting MoDM may be important in
preventing dissemination of cancer cells secondary to chemotherapy. Future studies
into the activity, function, and differentiation of MoDMs are of great interest in
determining the role of MoDMs in promotion of cancer metastasis.
5.3 Hyaluronan and CD44 in metastasis.
The presence of HA found widely in human tumors suggests a role in cancer
progression (Sironen et al., 2011). Similarly, HA was found to be enriched in the stroma
of our model metastatic B16F0 pulmonary nodules, as well as deposited in the lung
parenchyma in our inflammatory models. Thus, HA was an interesting ECM target to
investigate in formation of the premetastatic niche, which would attract both immune
and cancer cells. CD44 mediated HA binding promotes actin rearrangement and motility
and has been shown to be chemotactic for cancer cells (Tzircotis et al., 2005). Myeloid
immune cells gain the ability to bind HA through CD44 after activation (Ruffell and
Johnson, 2005), and HA can also guide macrophages towards sites of injury through
CD44 (Wang and Kubes, 2016). Furthermore, reduction of HA in primary tumors and
metastases decreases numbers of TAMs and TAM-tumor cell interactions leading to
reduced tumor size and metastasis to bone (Kobayashi et al., 2010; Okuda et al., 2012).
Thus, HA-binding may be important; however whether these interactions are mediated
through CD44 was not known. Although HA binding through CD44 was correlated to
metastatic potential, through using germline CD44-/- mice and CD44-/- B16F0 cells, we
found that removal of CD44 did not affect metastatic colonization of the lung. As
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reported previously (Teder et al., 2002), BLM increased HA in the lung, and BLM
inflammation resulted in a clear increase in metastatic nodules. However, nascent CD44
was dispensable for both metastatic tumor cells and host cells, in inflammation and at
the steady state. This suggests that host-tumor interactions are not mediated through
CD44 binding to HA, and that CD44-HA binding is not a significant signaling component
to promote survival in metastatic B16F0 cells. However, it does not exclude a role for
HA in lung metastasis. It is possible that other molecules may interact with HA such as
LYVE-1, a HA binding protein normally found on lymphatic endothelium which has been
shown to be important for interactions with dendritic cells mediated through HA
(Johnson et al., 2017) and has been shown to be expressed by F4/80+CD11b+
macrophages in B16F1 melanoma (Schledzewski et al., 2006). Another molecule
reported to interact with HA, RHAMM (receptor for hyaluronan-mediated motility), may
also play a role, although there is controversy as to whether RHAMM is an extracellular
HA receptor or an intracellular protein associated with mitotic spindle pole stability
(Assmann et al., 1999; Assmann et al., 1998; Maxwell et al., 2003). However, there are
reports that RHAMM can compensate for CD44 in controlling migration of leukocytes
(Nedvetzki et al., 2004), in which digestion of hyaluronidase reduced inflammation and
swelling in the paw of CD44-/- mice and prevented leukocyte infiltration. Targeting
RHAMM as well as using germline CD44 knock out animals were required to recreate
the effect of hyaluronidase treatment (Nedvetzki et al., 2004).
Pegylated recombinant PH20 (PegPH20), a human hyaluronidase, has been shown
to improve chemotherapy in PDAC by digesting HA rich ECM, allowing better infiltration
of therapeutic agents into the tumor (Provenzano et al., 2012). However, removal of HA
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through PegPH20 may inherently be therapeutic in inflamed tissues, reducing signaling
through HA receptors on tumor cells and preventing interactions with host leukocytes
such as TAMs. Additionally, HA binding through CD44 is tightly regulated by CS
modifications in B16 melanoma cells. Investigation of compounds that promote CS
modifications in tumor cells may be an important component in targeting of CD44 and
HA binding. Our study demonstrates that CD44 mediated HA binding correlates to but is
not necessary for colonization in the lung, in both HA rich inflammation and
homeostasis. The data suggests a possible redundancy in HA receptors in promoting
metastasis and supports direct targeting of HA in malignancies. Future work should be
directed at testing the efficacy of HA removal on metastasis as well as testing the tumor
cell intrinsic and tumor-host interactions that may be mediated through HA.
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