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ABSTRACT
The breast tumor microenvironment (TME) is a diverse area where complex
interactions between the extracellular matrix (ECM) and multiple cell types (tumor
epithelial, endothelial, and inflammatory cells, fibroblasts, and adipocytes) occur
resulting in tumor promotion, invasion and metastasis. Differences in breast tissue
density have been correlated with a 4-6-fold increased risk for developing breast cancer,
and are associated with increased stromal deposition of the ECM protein, collagen I. In a

transgenic mouse model of increased collagen (Col1A1™™"2®

), there is a 3-fold increase
in mouse mammary tumor virus — polyoma middle T antigen (MMTV-PyMT) tumor
formation and lung metastases compared to control, wild type mice. Of the non-
malignant cells in the TME, tumor-associated macrophages (TAMs) and tumor-
associated neutrophils (TANs) have been shown to alter the TME and ECM, enhance
tumor cell migration and invasion, stimulate angiogenesis, and suppress antitumor
immunity. The direct interaction of both increased collagen and myeloid cell
recruitment leading to increased cancer progression and metastasis has not been
characterized. We hypothesized that a collagen-dense TME recruits a population of
myeloid cells, which promote tumor progression and metastasis. We show that the
collagen-dense TME cytokine cross talk supports neutrophil and monocyte recruitment,
as suggested by expression of the cytokine GM-CSF in vivo. Depleting neutrophils with
anti-Ly6G (1A8) reduces the number of tumors and tumor burden in collagen-dense

mice compared to anti-IgG control mice. These effects are not seen in treated wild type

mice compared to control mice. Of importance, neutrophil depletion reduces metastasis



in over 80% of treated collagen-dense mice compared to control mice. In contrast, wild
type mice show an increase in metastasis with anti-Ly6G treatment. The in vitro data
presented here focuses on macrophages and demonstrates that macrophage cell lines
respond to collagen-dense microenvironments by evading apoptotic signals and
increasing proliferation signals. Our study supports the idea that the collagen-dense
TME can manipulate other cells in the TME specifically, the pro and anti-tumor functions
of Ly6G+ neutrophils in mammary carcinoma.

This work is supported by NIH grants (NIH-CA-114462 and NIH-U54-CA163131)

to P.J.K. and NSF Graduate Research Fellowship (2011129283) to M.G.G.M.
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CHAPTER 1 - INTRODUCTION

1.1 Breast cancer and mammographic density

According to the American Cancer Society, breast cancer is one of the most
common cancers found in American women. About 12% of women in the United States
or 1in 8 will develop invasive breast cancer during their lifetime. Breast cancer deaths
are the second leading cause of cancer deaths in America. Advancements in early
detection, awareness, and improved treatment are resulting in decreasing death rates
[1].

Breast cancer can be distinguished into different types based on the origin of
epithelial cells that the cancer is derived from. The most common types are the
following: ductal carcinoma in situ (DCIS), invasive ductal carcinoma (IDC), and invasive
lobular carcinoma (ILC). In DCIS, the cells that line the breast ducts become cancerous,
proliferate to fill the luminal space, but have not invaded through the duct walls. IDC is a
type of breast cancer in which the cancer cells break through the ductal wall and invade
the surrounding fatty tissue. These cells are able to metastasize to other parts of the
body via the lymph nodes and the blood stream. Another form of invasive carcinoma is
ILC, in this breast cancer the epithelial cells in the milk-producing breast lobules become
cancerous and invade into the surrounding tissue [1]. Any of these sub-types of cancer
can be diagnosed during pregnancy or within five years from a completed pregnancy;

these cases are referred to as pregnancy-associated breast cancer (PABC). The cellular



and molecular research performed in these types of cancer will be discussed in this
chapter.

There are several breast cancer risk factors: gender, age, genetics,
environmental, etc. As for gender, men can also develop breast cancer, but women are
100 times more likely to develop this disease than men. The risk of developing breast
cancer also increases with age, with the most invasive cases found in women age 55 or
older. When investigating the genetic components, cancers have a mutation element;
only 5-10% of these are germline mutations or inherited from a parent (i.e. BRCA1 and
BRCA2, PTEN, etc.). As for race, white women are more likely to develop breast cancer,
while African-American women develop more aggressive types of breast cancer with a
higher risk of death. The risk of breast cancer is reduced by life style factors including
pregnancy, having children at a younger age, and breast-feeding for longer periods of
time. In addition, the risk of developing breast cancer is increased by alcohol
consumption, obesity, and getting little to no physical exercise [2].

The risk factor studied by the Keely research group is mammographic breast
density. The appearance of a mammogram (prognostic x-ray exam of the breast) varies
according to the amounts of fat, connective, and epithelial tissue. Fat tissue is
radiologically lucent (appears dark), while connective and epithelial tissue is
radiologically dense (appears light). Radiologists score breast density based on the
variation of the amounts (percentage) of these tissues as they appear in mammograms
[3]. Women with high mammographic breast density or with breasts that have 60-70%

dense tissue, have a four to six times increased risk of developing breast cancer than



those with low mammographic breast density or with breasts that have under 10%
dense tissue [4]. Importantly, pre-invasive breast cancer or DCIS occurs in areas of the
breast with the highest percentage of mammographic density [5].

The biological and molecular bases for the increase in breast cancer risk
associated with dense mammographic density are still unclear. Many studies aim to
characterize the features of dense breast tissue using human tissue sections from
benign lesions. High-density tissue is composed of greater areas of stroma, the area
composed of connective/structural tissue and other non-epithelial cells, and less fat
tissue. These studies correlate mammographically dense tissue with an increased
amount of stromal type-I collagen rather than with increased epithelial components [6-
8]. Animal studies have been useful in developing a causative link between increased
stromal collagen and tumor formation. The study of a spontaneous mammary
carcinoma (mouse mammary tumor virus-polyoma middle T antigen, MMTV-PyVT)

tmllae

mouse model with increased collagen density (collagenase resistant, Collal ) shows
a three-fold increase in tumor formation and metastasis when compared to wild-type
litter-mates [9, 10]. In addition, the study of another spontaneous mammary carcinoma
(MMTV-Neu/HER2) model shows that cancer progression is characterized by stiff
tumors that have increased collagen amounts and linearized organization, as well as
increased collagen cross-linking driven by lysyl oxidase (LOX) [11]. These studies suggest
a functional link between increased collagen and mammary tumor progression.

Research on breast cancer diagnosed up to five years from a completed

pregnancy, or pregnancy-associated breast cancer (PABC) also provides a link between



increased stromal components, collagen |, and tumor progression. Following pregnancy,
the mammary gland undergoes involution, in which there is extensive programmed cell
death (removal of secretory alveolar cells), remodeling of the connective/structural
tissue, also called extracellular matrix (ECM), proteolysis of existing matrix and synthesis
of new matrix. [12]. Of importance, an involuting gland is characterized by increased
deposition of collagen and recruitment of immune cells; specifically, alternatively
activated macrophages (M2) [13]. In an involuting mammary gland, fibrillar collagen and
cyclooxygenase-2 (COX-2), an enzyme that promotes the production of prostaglandin
mediators of inflammation, drive progression of DCIS to invasive breast cancer in mouse
models [14]. These studies suggest that inflammation also plays a role in mammary
tumor progression when increased collagen is present.

In addition, a recent study of tissue from prophylactic mastectomies correlates
regions of high mammographic density with increased collagen | deposition and
organization, as well as CD45+/vimentin+ immune cells [15]. This thesis project aims to
determine the effects of the collagen-dense microenvironment on immune cell

recruitment, and how this contributes to breast cancer progression.

1.2 Cancer and the immune response

In order to understand inflammation and its role in cancer, it is important to
understand inflammation in normal processes, such as wound healing. The response to
tissue injury involves orchestrated chemical signaling designed to heal the tissue.
Platelet activation results in the formation of a fibrin clot and the release of growth

factors (transforming growth factor-f3, TGF-, and platelet-derived growth factor, PDGF)



that activate fibroblasts and protease-facilitated ECM remodeling. Leukocytes are
recruited to the injury site in response to chemokines via the vascular network.
Neutrophils arrive first, followed by monocyte-derived macrophages, which are the
major source of cytokines and growth factors, while mast cells also secrete
inflammatory mediators. These signals affect endothelial, epithelial, and mesenchymal
cells in the normal inflammatory microenvironment. This inflammatory response is self-
limiting: initiating pro-inflammatory signals are followed by ceasing anti-inflammatory
signals. In chronic inflammation, either the initiating factors persist or, the mechanism
to resolve inflammation fails [16-18]. The tumor microenvironment not only hosts
malignant epithelial cells, but also non-malignant, CD45+ innate and adaptive immune
cells. Several years of research support the idea that the tumor microenvironment isin a
chronic state of inflammation. Although they are much more than wounds, tumors
engage the wound healing system to generate the stromal or tumor microenvironment
that they need to survive and grow [19-21].

While analyzing the role of the immune system, we ask: can immune cells
protect the host from tumor development? Research studies with mice lacking certain
components of the immune system demonstrate that lymphocytes can prevent tumor
development [22]. Shankaran, et al., showed that 129/SvEv mice with a recombination-
activating gene-2 (RAG-2) knock-out, lacking mature T and B lymphocytes, formed
tumors induced by chemical carcinogen methylcholanthrene (MCA) much more rapidly
than wild type tumors with intact immune systems. This same study also utilized mice

that lack inflammatory cytokine, interferon-y (INF-y) and signaling via IFN-y receptor,



STAT1, deficiency, which also yielded increased MCA-induced tumor formation
compared to wild type mice with intact immune systems [23]. In addition, natural killer,
NK, cells also play a role in protection against cancer. Smyth, et al., demonstrated that
NK and NKT-cell depletion with antibodies against both cell types (anti-NK1.1) or against
NK cells (anti-asilo-GM;,) significantly increased MCA-induced sarcoma formation. NK
cell anti-tumor effects are mediated by Interleukin-12 (IL-12) [24]. Hence, T-cells (CD8+
cytotoxic cells, CD4+ helper T cells, y& T cells, and NKT cells) and NK cells play vital anti-
tumor roles. These mainly occur at very early stages before tumor cells are able to
evade immune surveillance. This is referred to as the elimination phase of the cancer
immunoediting process [22].

Following the elimination phase, the equilibrium phase or latency phase takes
over. While the immune system constrains tumor growth, constant changes in the
cancer cell genome can give rise to new phenotypes with reduced immunogenicity [22].
This is supported by a report of kidney transplant patients who developed metastatic
melanoma two years post-transplant. It was later found that the donor had been
treated for melanoma 16 years prior to death, and she was considered tumor-free at
the time of transplant. Her tumor cells were in a state of equilibrium with her immune
system. In order to accept the kidney, the recipients received immune suppressive
medication, suggesting that reduced cancer immune surveillance facilitated the growth
of once dormant tumor cells [25].

Finally, in the escape phase of immunoediting, tumor growth occurs

unrestrained by the immune system, where the tumor cells have “evolved” into



manipulating the immune system into an immunosuppressive state via secreted
cytokines, expression of aberrant surface markers, or stimulation of immunosuppressive
T-cells [22]. Of the immune cells that have a role in breast cancer, antibody-producing B-
lymphocytes, as well as immunoglobulin (Ig) G+ and IgM+in the lymph nodes of patients
are correlated with advanced breast cancer stages. The predominant lymphocytic
population in breast hyperplasia and DCIS are B cells, although the exact mechanisms of
how B cells regulate carcinoma development are not clear [26]. During high grade DCIS
and invasive breast cancer, the predominant lymphocytic populations are infiltrating T-
lymphocytes [27]. CD4+ T-helper cell response can be polarized at primary sites and/or
metastatic sites. Thi-polarized polarized cells secrete pro-inflammatory cytokines (INFy,
tumor necrosis factor-a, TNF-a, TGF-§, and interleukin-2, IL-2), while Th,-polarized cells
induce T-cell unresponsiveness, loss of CD8+ T-cell-mediated cytotoxicity, and express
IL-4, IL-5, IL-6, IL-10, and IL-13. Th; responses may be anti-tumor, while Th, may be pro-
tumor [28, 29]. Regulatory T cells (Treg) normally suppress T-cell cytotoxicity to protect
tissues from autoimmune disease. Not only are T, associated with poor breast cancer
survival, but also they have the ability to inhibit CD8+ T cells, dendritic cells (DC), NK
cells, and B cell activities [30]. These reports suggest that the breast tumor
microenvironment recruit different sub-populations of lymphocytes and these have the
ability to regulate anti-tumor cytotoxicity.

Innate immune cells are also an important component of the breast tumor
microenvironment. Due to their plasticity and ability to secrete several cytokines,

chemokines, matrix proteases, growth factors, etc., granulocytes, macrophages, DCs, NK



cells, and mast cells can regulate tissue remodeling, angiogenesis, and enhance tumor
cell survival, migration, and metastasis [26, 28]. This thesis project focuses on
macrophage and neutrophils because of their abundance in the breast tumor
microenvironment and the reports discussed here that support their pro-tumorigenic

roles, which may be regulated by the ECM protein, collagen .

1.3 Macrophages and neutrophils in breast cancer progression
Tumor-Associated Macrophages

Tumor cells rely on non-neoplastic components of the tumor microenvironment
in order to thrive. From the array of inflammatory cells attracted to the breast tumor
microenvironment, macrophages has been studied and established as one of the most
multifunctional [31]. Macrophages are terminally differentiated mononuclear
phagocytes originated in the bone marrow as monocytes. Monocytes enter the blood
stream and are recruited to tissues, site of inflammation, where they differentiate into
macrophages. Macrophages can be activated by hypoxia, changes in pH, lipids, and
cytokines (colony stimulating factor 1, CSF-1, TNFa, and INFy) [16]. Macrophages in
tumors are called tumor-associated macrophages (TAMs). There are several chemokines
produced by breast cancer cells that attract macrophages. The most studied in breast
cancer are monocyte chemoattractant protein-1 (MCP-1), CSF-1,
granulocyte/macrophage-colony stimulating factor (GM-CSF), and vascular endothelial
growth factor (VEGF). Breast tumors and cell culture studies show that tumor cells
express MCP-1 as well as TAMs. High expression of this cytokine has been correlated to

a high malignancy phenotype and to poor patient survival [31] . CSF-1 can regulate



macrophage proliferation, differentiation, and survival; and it has been identified as an
important factor in mammary tumor progression and metastasis. Studies with the
MMTV-PyVT mouse model where CSF-1 is knocked-out show that the transition to
carcinoma was preceded by macrophage recruitment because the absence of CSF-1
delays tumor progression [32]. VEGF is widely studied key factor in tumor progression. It
is upregulated by hypoxia, and not only induces angiogenesis, but also induces
monocyte chemotaxis in cancer [33].

Macrophages have several roles in breast cancer. TAMs have several antitumor
activities. They are professional antigen presenting cells that can phagocytize cells,
process the tumor antigen, and express it on their surface. CD4+ positive T-helper cells
can recognize the antigen and signal to DC-activated CD8+ cytotoxic cells in order to kill
the tumor cells [34]. TAMs activated by TNFa, INFy, and GM-CSF induce tumor
cytotoxicity via expression of high levels of reactive oxygen species (ROS). This
mechanism involves arginine metabolism via activation of inducible nitric oxide synthase
(iNOS); then, nitric oxide (NO) is produced and causes DNA damage. TAMs produce high
amounts of pro-inflammatory cytokines and polarize the T-cell response to activate Th;
cells. Mantovani, et al. classifies these TAMs as M1 or classically activated macrophages,
which express high levels of IL-12 and IL-23 [35, 36]. In contrast, M2 or alternatively
activated macrophages suppress inflammatory response, scavenge debris, promote
angiogenesis and tissue remodeling and repair. They are activated by IL-4, IL-13, and IL-
10. Arginine metabolism occurs through the arginase pathway so M2 macrophages are

high expressers of arginase. M2 macrophages produce IL-10, IL-1 receptor antagonist
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and type Il IL-1 decoy receptor [35]. Both types of macrophages can be found in the
breast tumor microenvironment, which can influence their polarization. Studies in
pregnancy-associated breast cancer (PABC) demonstrate that macrophages are
polarized towards an M2 phenotype in the collagen remodeling-rich involuting
mammary gland [13]. More studies are needed to determine the mechanism of TAM
activation in collagen-dense breast tumor microenvironment.

TAMs have a role in breast cancer cell growth through the secretion of growth
factors. They secrete: PDGF, TGF-f3, TGF-a, hepatocyte growth factor (HGF), basic
fibroblast growth factor (bFGF) and epidermal growth factor (EGF). Macrophages are
the main producers of EGF while high expression of EGF receptor in breast cancer is
correlated with poor survival and it is used as a prognostic marker. Studies in the
MMTV-PyVT model also describe a paracrine loop between macrophage EGF secretion
and tumor cell CSF-1 secretion in mammary tumor progression [34, 37]. Macrophages
play a causal role in promoting tumor angiogenesis. They secrete potent pro-angiogenic
cytokines and growth factors including VEGF, TNFa, IL-8, and bFGF, and other enzymes
that modulate angiogenesis including matrix metalloprotease-2 (MMP-2), MMP-7,
MMP-9, MMP-12, and COX-2. In PyVT mouse mammary tumors, depleting macrophages
slows down the tumor angiogenic switch by reducing vascular density by about 50% [38,
39]. More importantly, the major cause of death in breast cancer is metastatic disease;
it is not surprising that macrophages have a role in invasion and metastasis. Breast
tumor cell motility in vivo and in vitro is enhanced by TAMs [40]. Studies in the

Condeelis research group suggest tumor cell motility occurs in response to EGF signaling
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from TAMs, and tumor cells secrete CSF-1 in response engaging in a paracrine loop that
can lead to tumor cell extravasation and metastasis [41]. The Pollard research group
showed that depletion of macrophages with L-Clodronate reduced lung metastasis
derived from the PyVT model and from human breast cancer line MDA-231 implanted
subcutaneously in mice. This metastasis-associated macrophage has a distinct
phenotype that expresses CD11b+ (Integrin-o. M), Gr-1, CCR2 (CD192), and VEGF
receptor [42]. These reports and many more highlight the pro-tumor roles of
macrophages. Their interaction with the collagen-rich ECM in breast cancer and how

that advances tumors will be discussed in the next section.

Tumor-Associated Neutrophils

Also from the myeloid lineage, neutrophils are immune cells that not only are
they much less studied than macrophages, but also they are multifunctional. They play
a well-established role in host defense: they originate in the bone marrow, enter
circulation, and are first responders to chemotactic cytokines (IL-8 and IL-6) originated
at the source of inflammation, for example, damaged tissue. Once they enter tissues,
they release activating cytokines (TNFa, IL-1, INFs, etc.), defensins, toxic substances and
ROS to phagocytize and kill invading microorganisms. Neutrophils can be activated by N-
formyl peptides from bacteria and mitochondria that are recognized by membrane
proteins from Toll-like receptor family, fibrinopeptides, prostaglandins, and leukotrines
[16, 43]. Although neutrophils are the most abundant leukocyte in the human blood,

cancers such as melanoma, further increase neutrophil counts and are associated with
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poor survival [44]. Neutrophil recruitment is mainly driven by chemokines that bind
chemokine (C-X-C motif) receptor 1 (CXCR1) and CXCR2 on its cell surface. CXC ligands
(i.e. 1L-8, MIP2a.) are upregulated in breast cancer; and blocking CXC receptors with
antibodies inhibits neutrophil migration in response to conditioned media from MDA-
468 human breast cancer cells [45]. Other growth factors are known to have priming,
anti-apoptotic effects on neutrophils such as G-CSF and GM-CSF; this not only elongate
neutrophil lifespan, but also act as strong chemoattractants [46].

Emerging data describe the roles of neutrophils in several cancers including
breast cancer, although not as studies as macrophages. Polymorphonuclear neutrophils
(PMNs) from healthy humans with no previous cancer diagnosis are effective killers of
transformed cells from mammary, non-small cell lung, cervical, ovarian, and pancreatic
carcinoma. Even normal mammary cells, MCF10A, transfected with oncogenes are
susceptible to neutrophil killing. This study suggests that the tumor-killing mechanism
involves H,0; catalase [47]. Tumor associated neutrophils (TANs) that mediate tumor
rejection may also involve G-CSF, IL-2, and TNF-a [46]. Fridlender, et al., has also
classified neutrophils in an N1 or N2 polarization based on their studies of lung cell
carcinoma-derived tumors and TGF-f3 blockade. Their research suggests that by blocking
TGF-f in tumors, N1 neutrophils have increased tumor cell killing activity via oxidative
damage and Fas (stimulates tumor cell apoptosis), can promote CD8+ cytotoxic T-cell
recruitment and activation by producing T-cell chemokines (CCL-3) and pro-
inflammatory cytokines (IL-12, TNF-c.,, and GM-CSF). N1 polarization is mediated by

interferon-f (IFN-f) [48]. In contrast, N2 neutrophils have a pro-tumor phenotype
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driven by TGF-f. They decrease CD8+ T-cell cytotoxicity, produce large amounts of
arginase that inactivate T-cell effectors, express CXCR4, VEGF, and MMP-9 [49]. Studies
by the same research group suggest that N1 and N2 TANs are part of the tumor
microenvironment; N1 neutrophils develop at early state and N2 at later stages in tumor
progression [50]. Similar to macrophages, the breast tumor microenvironment: tumor
cells, other stromal cells, and the ECM can influence their polarization.

Tumor promoting roles of TANs include: tumor growth and survival, angiogenesis, and
metastasis. The Houghton research group showed that neutrophil-secreted neutrophil
elastase (NE) enters tumor cells via endosomes and degrade insulin receptor substrate-1
(IRS-1), which binds to the p85 regulatory subunit of phosphoinisitide 3 kinase (PI3K).
Upon degradation, PI3K is free to interact with PDGF and activate AKT to induce tumor
cell proliferation and survival [51]. Additionally, neutrophils secrete MMP-9, which
prevents tumor cell apoptosis in lung cancer [52]. TAN-mediated angiogenesis involves
MMP-9 secretion. ECM degradation by MMP-9 releases VEGF and FGF sequestered in
the ECM [53, 54]. The role of neutrophils in metastasis is controversial. Kowanetz, et al.,
showed that treating orthotopic 66¢14 mouse mammary tumors with anti-Ly6G (specific
antibody that binds and blocks mouse neutrophil recruitment) decreased lung
metastasis [55]. Granot, et al., investigated lung metastasis by engrafting MMTV-PyVT
tumors in the mammary fat pad of FVB mice and in the 4T1 mouse mammary metastasis
model. They showed an increase in lung metastasis with anti-Ly6G treatment [56].
Tabariés, et al recently demonstrated that Ly6G+ granulocytes are recruited to lung and

liver metastasis in the 4T1 model. Depleting neutrophils with anti-Ly6G does not affect
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lung metastasis, but it does reduce liver metastasis [57]. Coffelt, et al, has recently
proposed a mechanism for TAN-induced metastasis in mammary carcinoma. IL-1f3 from
mammary tumor cells stimulates IL-17 expression in Y8 T-cells. This results in expansion
and polarization of TANs via G-CSF. These TANs suppress CD8+ cytotoxic T-cells, which
limit the establishment of metastasis [58]. These studies suggest that more studies need
to be done at the metastatic niche to determine the mechanisms by which TANs
promote or inhibit metastasis in the breast tumor microenvironment [53].

Several studies suggest that there is a crosstalk between TAMs and TANs. These
focus on the results indicating that depletion of macrophages during infection or in
cancer models can results in recruitment of neutrophils to compensate for the defects
[53]. Results from this thesis project also suggest a crosstalk between the two cells types,
as these can physically interact with each other in collagen-dense mouse mammary
tumors (Figure 1.1); this crosstalk may be regulated by the collagen-dense tumor

microenvironment.

1.4 Macrophages and neutrophils in collagen-dense microenvironments

The information discussed in previous sections describes how immune cells,
macrophages, and neutrophils play important roles in tumor progression and metastasis.
Are these roles influenced by the collagen-rich microenvironment such as the one found
in human patients with increased mammographic density? The chapters in this thesis

project will address this question.
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The ECM in the collagen-rich microenvironment is made up of structural
modules that encode information interpreted by cells through interactions with specific
plasma membrane receptor, mostly of the integrin family. The mechanisms of matrix
interactions are different from cell type to cell type and influence cell properties and
behavior by modifying cytoskeletal organization and activation of protein kinase
pathways. The ECM sequesters various factors such as cytokines, growth factors,
proteases, and their inhibitors. The normal breast microenvironment has basement
membrane matrices and stromal/interstitial matrices. Stromal matrices are primarily
composed of fibrillar type-I collagen cross-linked into a stable meshwork and are seen in
the majority of the body connective tissue. Once breast cancer occurs, the ECM
undergoes changes and remodeling; it is here where TAMs and TANs also play a role

[59].

Macrophages and collagen |

In vitro studies of macrophage migration on 3-dimentional (3D) fibrillar collagen |
matrices demonstrated that macrophages interact with collagen and adopt an
amoeboid migration mode that is protease independent and Rho-associated protein
kinase (ROCK) dependent [60]. Collagen fragments induce chemotaxis in alveolar
macrophages [61], and in mouse macrophage cell line, J774a.1 [13]. These collagen
peptides can activate alveolar macrophages into secreting reactive oxygen
intermediates and into becoming cytotoxic towards hepatoma and leukemia cells [61].

In vivo, in the mouse mammary tumor model, PyVT, macrophages were visually
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associated with collagen | fibers. These fibers surround the tumor mass and facilitate
tumor cell migration, which happens ten times faster along collagen fibers [40]. In
addition, TAMs secrete several enzymes that degrade the ECM: MMP-2, MMP-9,
urokinase-type plasminogen activator (uPA) [62]. Increased uPA activity in breast cancer
patients is a strong independent prognostic factor and is correlated to small disease-free
intervals [63]. Macrophages have been shown to degrade collagen via endocytosis and
routing to the lysosomal compartment; this is enhanced in mannose receptor
(MRC1/CD206) expressing, M2 polarized macrophages [64]. Another study reports that
macrophage and TNF- a depletion changed collagen microstructure in EO771 mouse
mammary adenocarcinoma [65]. All these studies support the idea that interactions
between type-I| collagen and macrophages occur including macrophage migration and
activation and collagen degradation and remodeling. It is unknown whether the
collagen-rich tumor microenvironment can recruit and activate macrophages; and in

response macrophages can alter the collagen and facilitate tumor progression.

Neutrophils and collagen |

In vitro studies of neutrophil biology have demonstrated the ability of
neutrophils to migrate in 3D collagen | matrices [66]. Neutrophils can also adhere and
become activated in type | collagen [67]. These neutrophil capabilities, especially
neutrophil migration in response to chemoattractants, involve integrin 32, integrin a2,
and integrin B1. The two latter integrins mediate cell adhesion to collagen I fibrils [68,

69]. Although rapid leukocyte migration in response to chemokines can be integrin
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independent [70], neutrophil chemotaxis in collagen | is also mediated by the collagen
receptor, discoidin domain receptor 2 (DDR2). DDR2 regulates neutrophil directionality
and persistence by releasing MMPs (MMP-8) that cleave collagen [71]. These studies
support the recruitment and activation of neutrophils into collagen-rich
microenvironments in vitro. TANs express gelatinase B or MMP-9, which displays broad
substrate specificity and drives tumor-associated angiogenesis as described in the
previous section. Neutrophils also secrete neutrophil collagenase or MMP-8, which
cleaves collagen I. In chemically-induced skin cancers, MMP-8 from neutrophils reduced
tumor incidence; in melanoma cells, MMP-8 reduced metastasis formation [72].
Expression of MMP-8 in breast cancer correlates with good prognosis and lower
incidence of lymph node metastasis [48]. As seen in macrophages, these studies support
the idea that interactions between type-I collagen and macrophages occur including
neutrophil migration and activation and collagen degradation and remodeling. It is also
unknown whether the collagen-rich tumor microenvironment can recruit and activate
neutrophils; and in response neutrophils can alter the collagen and facilitate tumor

progression.

Motivation for studying the effects of the collagen-dense microenvironment on
neutrophils and macrophages in breast cancer

The tumor microenvironment is a diverse community where complex
interactions between the extra-cellular matrix (ECM) and cellular elements (tumor

epithelial, endothelial, and inflammatory cells, fibroblasts, and adipocytes) occur
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resulting in tumor promotion, invasion and metastasis [59]. Changes in this
microenvironment, particularly increased type-1 collagen density, which is correlated
with increased mammographic density, play a role in the progression of breast cancer.
These changes are of great interest because increased mammographic density has been
associated with a four- to six-fold increased risk for developing breast cancer [73].
However, the cellular and molecular mechanisms responsible for this increased risk
remain largely unknown. Increased deposition of the ECM protein, collagen, in the
stroma contributes to mammographic density [6]. The Keely laboratory, has established
that not only collagen amounts, but also collagen alighnment can be used as a prognostic
factor for survival in breast carcinoma. Straight and aligned collagen | fibers oriented
perpendicular to the tumor boundary are associated with poor survival [74]. This
specific organization of the collagen was first observed in a mouse model with increased
collagen deposition (MMTV-PyVT, COL1A1), which has an increase in tumor formation
and lung metastases by three-fold in the collagen-dense stroma compared to control
mice [10]. The cellular and molecular mechanisms by which the collagen-dense
microenvironment enhances tumor progression and metastasis are not entirely clear. In
vitro collagen-dense 3D matrices create a microenvironment that alters mammary
epithelial and cancer cells into an invasive phenotype; this is driven by activation of focal
adhesion kinase (FAK), Rho GTPase, and mitogen-activated protein kinase (ERK). The
expression of proliferation-signature genes is also upregulated in collagen-dense gels,
while cell proliferation denoted by Ki-67 staining is also increased in collagen-dense

microenvironments [75].
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It remains unclear if a collagen-dense microenvironment directly promotes the
recruitment of TAMs and TANs, thus contributing to mammary tumor progression. This
thesis project aims to test the hypothesis that the collagen-dense tumor
microenvironment induces an altered inflammatory response that recruits and further

stimulates TAMs and TANs to promote mammary tumors and metastasis (Figure 1.2)
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Figure 1-1 Macrophages and neutrophils in PyVT mouse mammary tumors.

Multi-color immunohistochemistry of collagen-dense mouse mammary tumor Col1A1-
PyVT collected at late-stage 15 weeks of age. Nuclei were stained with Methyl Green,
macrophages with anti-F4/80 and Vector Laboratories NovaRed® (brown), and

neutrophils with anti-Ly6G and Vector Laboratories SG® (gray). Scale bar = 50 um.
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Figure 1-2 The collagen-dense breast tumor microenvironment.

The breast tumor microenvironment is composed of malignant cells, non-malignant cells
(adipocytes, fibroblasts, immune cells) and the ECM. The collage-dense tumor
microenvironment induces tumor cells invasion and collagen remodeling into aligned
highways that lead tumor cells towards blood vessels and increased metastasis. This
project discusses neutrophil pro-tumor functions and macrophage biology in the

collagen-dense tumor microenvironment.
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CHAPTER 2- NEUTROPHILS DRIVE ACCELERATED TUMOR PROGRESSION IN THE

COLLAGEN-DENSE MAMMARY TUMOR MICROENVIRONMENT

This chapter is submitted as:
Maria G. Garcia-Mendoza, David R. Inman, Suzanne M. Ponik, Justin J. Jeffery,

Dagna S. Sheerar, Rachel R. Van Doorn, and Patricia J. Keely. Breast Cancer Research.
2015, in review.

ABSTRACT:

Introduction: High mammographic breast density has been correlated with a 4-6-fold
increased risk for developing breast cancer, and is associated with increased stromal
deposition of extracellular matrix proteins, including collagen I. The molecular and
cellular mechanisms responsible for high breast tissue density are not completely
understood.

Methods: We previously described accelerated tumor formation and metastasesin a
transgenic mouse model of collagen-dense mammary tumors (Col1A1™™*¢ and MMTV-
PyVT) compared to wild type mice. Using ELISA cytokine arrays and multi-color flow
cytometry analysis, we studied the signaling crosstalk and the non-malignant, immune
cells in the collagen-dense tumor microenvironment that may promote accelerated
tumor progression and metastasis.

Results: Collagen-dense tumors did not show any alteration in immune cell populations
at late stages. The cytokine crosstalk in the mammary tumor microenvironment was

clearly different between wild-type and collagen-dense tumors. Cytokines associated

with neutrophil signaling, such as GM-CSF, were increased in collagen-dense tumors.
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Depleting neutrophils with anti-Ly6G (1A8) significantly reduced the number of tumors,
and blocked metastasis in over 80% of collagen-dense mice, but did not impact tumor
growth or metastasis in wild-type mice.

Conclusion: Our study suggests that tumor progression in a collagen-dense
microenvironment is mechanistically different, with an increase in activation of

neutrophils, compared to a non-dense microenvironment.

1.5 Introduction

Although a significant amount of breast cancer research focuses on the genetic
abnormalities seen in cancer cells compared to normal breast epithelial cells, emerging
data reveal that components of the extracellular matrix (ECM) and cells in the
microenvironment are key regulators of tumor progression and metastasis. Women
whose breasts have 75% or greater mammographically dense tissue are four to six times
more likely to develop breast carcinoma than women whose breasts have less than 10%
mammographically dense tissue [4, 73]. Since the molecular and cellular mechanisms
responsible for high breast tissue density are not completely understood, many studies
rely on in vivo and in vitro models of density to discover new preventative, prognostic,
and therapeutic targets that will reduce breast cancer risk in patients with high breast
tissue density. Much of the in vitro work has focused on the response of mammary
epithelial cells to collagen-dense matrices in the regulation of proliferation and
invasiveness [75, 76].

Mammographic tissue density is largely attributed to increased levels of the ECM

protein, type-l collagen [6, 7]. To better understand the role of increased collagen
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density, we utilize a mouse model in which the collagen 1al gene is mutated to make
the molecule resistant to collagenase, resulting in decreased collagen turnover and a net

tmllae) 110]. These animals are crossed to the mouse

increase in stromal collagen (Collal
mammary tumor virus-polyoma middle T antigen (MMTV-PyVT), which is commonly
used because it is comparable with human breast disease, since it progresses from
premalignant to malignant to lung metastasis. Not only is the morphology similar to
human disease, but also the biomarkers expressed in PyVT tumors are consistent with
those associated with poor outcome in humans [77, 78]. PyVT tumors arising in the
collagen-dense (COL) Collal background have a three-fold increase in tumor formation
and lung metastasis compared to tumors arising in wild-type (WT) mice. The exact
mechanism by which increased collagen deposition leads to increased metastasis is not
entirely clear. However, we previously noted an increase in the stromal cell populations
surrounding tumors within collagen dense environments suggesting activation of the
stromal compartment [10].

The breast tumor microenvironment is composed of ECM proteins as well as
both malignant and non-malignant cells. Of the non-malignant, CD45+ immune cells,
both innate and adaptive cells are present in the tumor microenvironment. T-cells (CD8+
cytotoxic cells, CD4+ helper T cells, yé T cells) and natural killer (NK) cells play vital anti-
tumor roles before tumor cells are able to evade immune surveillance [22, 79]. Myeloid
cells, on the other hand, have been shown to often have pro-tumor functions in breast

cancer. Tumor cells have the capability to educate and influence macrophages via

specific cytokine signaling crosstalk [80] . Tumor associated macrophages (TAMs) can
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enhance tumor cell migration and invasion, stimulate angiogenesis, remodel the ECM,
and aid breast cancer metastasis [34, 42, 81]. Tissue studies from prophylactic
mastectomies show that high mammographic density tissue is characterized by
decreased alternatively activated (M2) macrophages in the stroma and CD45" immune
cells in the epithelium [15].

Emerging evidence also suggests neutrophils may be active players in cancer
progression. Similar to macrophages, but much less understood, neutrophils are
thought to promote tumor growth by reducing pro-inflammatory factors, remodeling
the ECM with proteases that also aid in angiogenesis and increasing metastasis [53, 57,
82]. Tumor associated neutrophils (TANs), in addition to TAMs, can reduce cytotoxic T-
cell activity that would kill tumor cells, leading to tumor growth [83]. TANs contribute to
angiogenesis through matrix metalloprotease 9 (MMP-9) in human fibrosarcoma and
prostate cancer cells [84]. Neutrophil involvement in metastasis in different breast
cancer models has been uncertain due to conflicting results [85]. In the PyVT model,
depleting neutrophils increases lung metastasis [56]. In contrast, depletion of
neutrophils in the orthotopic 4T1 mouse mammary carcinoma decreases the number of
lung metastases [55].

Here we investigate the non-malignant, immune cells present in the collagen-
dense tumor microenvironment that may promote tumor progression and metastasis. In
this study, we report that a pro-tumor immune cell and cytokine profile characterize the
collagen-dense mouse mammary tumor microenvironment. We find an inherent

difference in the cytokine signaling in wild-type versus collagen-dense tumors. These
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signals support the recruitment and activation of neutrophils in the collagen-dense
tumor microenvironment. Our results suggest that a collagen-dense tumor
microenvironment can tip the balance between tumor promoting and tumor
suppressing functions of neutrophils. Depleting neutrophils significantly slowed the
formation of new tumors, and reduced tumor burden and lung metastasis only in
tumors arising in the collagen-dense tumor microenvironment, but not in wild-type
MMTV-PyVT mice. These findings suggest that tumor progression in a collagen-dense
microenvironment occurs through a distinct subpopulation of immune cell effectors

compared to non-dense microenvironments.

1.6 Methods
Mice

Mice were bred and maintained at the University of Madison — Wisconsin under
the approval of the University of Wisconsin Animal Care and Use Committee (approved
animal protocol number: M01668).
Transgenic male mice expressing the Polyoma Virus middle T antigen under the
direction of the mammary mouse tumor virus promoter (MMTV-PyVT) in the FVB
background (originated from The Jackson Laboratory, Bar Harbor, ME) were used as a
model of breast cancer that develops spontaneous tumors and metastasizes to the lung

tmlae mytation

[78]. These mice were crossed to female mice heterozygote for the Collal
in the C57BL/6/129 background (originated from The Jackson Laboratory, Bar Harbor,

ME). The ColA1 mutation renders the alpha 1 chain of collagen | uncleavable by

collagenase and increases collagen in the tissue due to decreased remodeling [86]. The
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resulting mice were either positive for the MMTV- PyVT (tumor mice) or negative
(normal mice), and they were either wild type for the Col1A1 mutation (WT) or
heterozygote (COL). Genotyping by polymerase chain reaction (PCR) was performed on

DNA extracted from tail biopsies.

Tissue collection:

Female mice were examined for palpable tumors starting at 8 weeks. At 15
weeks of age, matched sibling pairs of WT and COL tumors were anesthetized with 4%
isofluorane. Blood was collected via retro orbital procedure into an EDTA (1.3mg/ml of
blood) collection tube (Sarstedt, Numbrecht, Germany). Mice were then perfused
intracardially with 0.9% Sodium Chloride (Abbott Laboratories, Chicago, IL)
supplemented with 1 unit of heparin (Hospira, Lake Forest, IL). Mammary gland tumors
and spleens were harvested and placed in high glucose DMEM media (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS, Gemini Bio Products,
Baltimore, MD) and 1x antibiotic antimycotic solution (Corning, Corning, NY) for ELISA
cytokine array and flow cytometry experiments. Tumors from the fourth or fifth (right or
left) mammary glands were harvested and fixed in 10% buffered formalin (Thermo
Fisher Scientific, Kalamazoo, Ml), as well as lungs. Spleens were weighed and cut in half:
one half was placed in DMEM with 10% FBS and 1x antibiotic antimitotic for flow
cytometry experiments, and the other half was fixed in 10% buffered formalin. Tumors
were weighed and approximately 150mg of tumor was used per mice per flow

cytometry experiment.
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ELISA plate array:

To prepare the cell lysate, 100mg of fresh tumor from WT and COL tumor mice
was placed in 1ml of cell lysis buffer (Signosis, Inc., Sunnydale, CA). Tumors were
homogenized on ice in a PowerGen 125 homogenizer (Fisherbrand, Pittsburgh, PA) for
one minute. Lysates were sonicated at 20% power for 10 seconds three times using a
Sonic Dismembrator Model 500 (Fisher Scientific) with a Branson tip Model 102
converter. The samples were centrifuged at 10,000 RPMs for five minutes. The
supernatant was then aliquoted and frozen at -80°C until ready to use.

Mouse Cytokine ELISA Plate Array (Chemiluminescence) (Signosis, Inc.) is a 96-
well plate divided into four sections, each section has three columns for one sample.
Each section has 23 specific cytokine capture antibodies coated on each well and one
blank well. Samples were thawed and diluted to 10 ug per 100 ul per well. Briefly, each
well was incubated with 100 ul of sample for two hours, followed by biotin-labeled
antibody mixture for one hour with gentle shaking then, with strepaviding-HRP
conjugate for 30 minutes with gentle shaking, finally, with substrate solution for 2
minutes. The plate was read on a Fluoroskan Ascent™ FL microplate fluorometer using

the Ascent™ Software (Thermo Scientific, Waltham, MA).

Single cell isolation:
Single cells were obtained by cutting tumors and spleens into small pieces and

digesting tumors with 0.028W/ml of Liberase TM Research Grade (Roche, Mannheim,
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Germany), 20ug/ml of DNase |, and 1x antibiotic antimycotic in DMEM with 10% FBS for
1 hour at 37°C with 250 RPM agitation. Digestion was facilitated by pipetting up and
down every 15 minutes. The cell suspension was filtered through 70 and 40um nylon
cell strainer (BD Biosciences, Franklin Lakes, NJ). Red blood cells were lysed from tumor
and spleen single cell suspensions with lysis buffer (Sigma, St. Louis, MO), and cells were

resuspended in wash buffer (3% FBS in PBS, Gibco, Grand Island, NY).

Flow Cytometry:

Cells were resuspended at 10° cells per 100ul of wash buffer and blocked with Fc
block (anti CD16/CD32, BD Biosciences) for 5 minutes at 4°C. For the myeloid cell flow
panel, 10° cells were incubated with Alexa Fluor® 488-F4/80 (clone BMS, Invitrogen,
Carlsbad, CA), PE-CCR2 (clone 475301, R&D Systems, Minneapolis, MN), PE-Cy ™ 5-CD45
(clone 30-F11), Brilliant Violet 711 ™ -CD3¢ (clone 145-2C11), APC-Ly6C (clone, AL-21)
from BD Biosciences, Brilliant Violet 421 ™ -Ly6G (clone 1A8, BioLegend, San Diego, CA),
Alexa Fluor® 700-CD11b (clone M1/70, eBiosciences, San Diego, CA) for 30 minutes at
4°C in the dark. Other antibodies used include: FITC-CD335 (NKp46) (clone 29A1.4) and
APC-CD49b (clone DX5) from BD Biosciences, and PE-F4/80 (clone CI:A3-1, AbD Serotec,
Kidlington, UK). For the lymphocyte flow cytometry panel, 10° cells were incubated with
PE-CD4 (clone GK1.5), PE-Cy ™ 5-CD45 (clone 30-F11), PE-Cy ™ 7-CD25 (clone PC61),
Brilliant Violet 711 ™ -CD3¢ (clone 145-2C11), APC-CD19 (clone, 1D3) from BD
Biosciences, Brilliant Violet 421 ™-CD8a (clone 53-6.7, BioLegend), Alexa Fluor® 700-

CD11b (clone M1/70, eBiosciences, San Diego, CA) for 30 minutes at 4°C. After washing,
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cells were stained with 1ul of Fixable Viability Dye eFluor® 780 (eBiosciences) for 30
minutes at 4°C in the dark. Cell samples from the lymphocyte panel were stained with
the Foxp3/transcription factor staining buffer set from eBiosciences. Briefly, cells were
incubated in 1ml of the Fixation/Permeabilization working solution for 30 minutes at
4°C; cells were washed and left in 1x Permeabilization Buffer overnight at 4°C in the
dark. Cells were resuspended in 100ul of 1x Permeabilization Buffer and stained with
Alexa Fluor® 488-Foxp3 (clone FJK-16s, eBiosciences) for 30 minutes at room
temperature in the dark. After the final wash, all cells were resuspended in 500ul of
wash buffer for analysis.

Samples were run on the LSRIl and LSR Fortessa (BD Biosciences) benchtop flow
cytometers at the University of Wisconsin Carbone Cancer Center (UWCCC) Flow
Cytometry Facility. Each experiment was standardized using Sphero™ Rainbow
Fluorescent Particles (Mid-Range) (Spherotech Inc., Lake Forest, IL). LSRII and LSR
Fortessa sensitivities were optimized during the initial run of the experiment. Rainbow
beads were collected at those optimized settings and Median Fluorescent Intensity
(MFI) values, target values, were recorded in each channel. For every run, rainbow
beads were acquired first. LSRIl and LSR Fortessa voltages were adjusted until the bead
peaks hit the target value (+10%). The instrument was compensated using UltraComp
eBeads (eBiosciences). For each tumor sample 25,000 live, single cell events were
collected, and for each spleen sample, 50,000 live, single cell events were collected.
Data was analyzed using FlowJo Single Cell Analysis Software (TreeStar, Ashland, OR),

and gating was established using Fluorescent Minus One (FMO) controls.



31

Immunohistochemistry:

Tissues (mammary tumor, mammary gland, spleen, and lungs) were fixed in 10%
buffered formalin (Thermo Fisher Scientific) for 48 hours. These were then placed in
70% ethanol and taken to the UWCCC Experimental Pathology Laboratory (EPL) for
processing. Tissues were embedded in paraffin and sectioned, and one section was
stained with hematoxylin and eosin (H&E) by the EPL. COL and WT tumor sections were
deparaffinized by heating at 60°C for 25 minutes. Then, they were placed in xylenes and
rehydrated in gradual dilutions of ethanol. Antigen retrieval was done in citrate buffer
pH 6.0 in a boiling water bath for 15 minutes. Endogenous horseradish peroxidase (HRP)
activity was blocked by incubating sections in 0.3% H,0, in TBS for 20 minutes at room
temperature. Sections were blocked with 5% normal serum and 1% BSA in TBS (blocking
solution) for 1 hour, and with Avidin/Biotin Block (Vector Laboratories, Burlingame, CA)
for 15 minutes each. Sections were incubated with primary rat-anti-mouse Ly6G (1:1000,
clone 1A8, Biolegend) for 2 hours, and with affinity purified, mouse absorbed,
biotinylated anti-rat secondary IgG (Vector Laboratories) for 45 minutes. All incubations
were done at room temperature. Sections were incubated with Vectastain Universal
Ready-to-Use ABC reagent (Vector Laboratories) for 30 minutes, stained with 3,3’
diaminobenzidine (DAB) and counterstained with hematoxylin (Leica, Nussloch,
Germany). Sections were dehydrated in gradual dilutions of ethanol and xylenes before

mounting in Richard Allen Scientific mounting medium (Thermo Fisher).
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Slides were imaged at the University of Wisconsin - Madison Translational
Research Initiatives in Pathology laboratory using the Nuance™ multispectral imaging
system (PerkinElmer, Waltham, MA). Eight fields per tumor slide were captured with the
40X objective by the Nuance™ analysis software. Ly6G positive cells were counted

manually for each image and averaged per tumor.

Neutrophil depletion:

To deplete neutrophils in COL and WT tumor mice, mice received intra-
peritoneal injections of 5.5ug/g of InVivoMab anti mouse Ly6G (clone 1A8, BioXCell,
West Lebanon, NH) for the treated group and 5.5ug/g of InVivoMab rat IgG2a (clone
2A3, BioXCell) for the control group. Injections were administered every 3 days for 24
days. Mice were 9 weeks of age at the beginning and 12 weeks of age at the conclusion
of the experiment. Systemic neutrophil depletion was evaluated periodically by
collecting blood samples from the saphenous vein. Samples were analyzed in a Hemavet
950FS (Drew Scientific, Waterbury, CT) whole blood counter.

Hybrid Positron Emission Tomography (PET) and Computed Tomography (CT)
mouse imaging before and at the end of treatment was conducted at the UWCCC Small
Animal Imaging Facility. All mice were fasted 12 hours prior to intravenous injection of
approximately 8 MBq of 2’-deoxy-2"-[*®F]fluoro-p-glucose (**FDG) (IBA-Molecular,
Sterling, VA) one hour before imaging. Mice were anesthetized with inhalation gas (2%
isoflurane gas mixed with 1L/min of pure oxygen) and kept under a heat lamp during

injection until imaging. Mice were imaged on the Siemens Inveon Hybrid micro-PET/CT
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(Siemens Medical Solutions, Knoxville, TN) in the prone position. A 10 minute PET scan
was acquired and data were plotted as histograms in to one static frame and
subsequently reconstructed using ordered-subset expectation maximization (OSEM) of
three dimensions followed by the maximum a posteriori algorithm (Matrix size =
[128,128,159], pixel size = [0.776, 0.776, 0.796] mm, iterations = 18, subsets = 16, and
beta smoothing factor = 0.004). Data were not corrected for attenuation or scatter.

Data were analyzed using the Siemens Inveon™ Research Workplace (Siemens
Medical Solutions). Source CT 3D images were co-registered with target PET 3D images.
Date, time, and dose (Mbq) were entered for each data point (mouse). PET and CT
scales were set at specific minimum and maximum percent injection dose per gram
(%ID/g) and applied to every data point. Regions of interest (ROls) were drawn at any
mammary gland that had an FDG uptake threshold value between 7.5 and 27%ID/g
based on background ROl reading (muscle) and image contrast. ROl data collected
included: volume (mm?), mean %ID/g, minimum %ID/g, and maximum %ID/g. Maximum
intensity projections (MIPs) were collected for each hybrid micro-PET/CT mouse 3D
image with and without ROIs. The number of ROIs per mouse was counted to generate
the number of tumors per mouse; adding the volume of all tumors in each mouse
generated tumor burden.

At the end of the experiment, blood, tumors, spleens, and lungs were collected.
Tissues were fixed as mentioned before. Neutrophil depletion and changes in tumor and
spleen immune cell populations were determined by flow cytometry as explained

before. Cell markers used included PE-Cy ™ 5-CD45 (clone 30-F11), Brilliant Violet
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711™CD3¢ (clone 145-2C11), APC-CD49b (clone DX5), and FITC-CD335 (NKp46) (clone
29A1.4) from BD Biosciences, Brilliant Violet 421™ -Ly6G (clone 1AS8, BioLegend), Alexa
Fluor® 700-CD11b (clone M1/70, eBiosciences) and PE-F4/80 (clone CI:A3-1, AbD
Serotec).

Lungs were paraffin embedded and sectioned by the UWCCC EPL. Neutrophil
counts in tumors and lungs were taken to validate flow cytometry data.
Immunohistochemistry was conducted using anti-Ly6G as previously explained. Slides
were imaged at the University of Wisconsin - Madison Laboratory of Computational
Instrumentation (LOCI) using the Olympus BX53 histology scope (Olympus, Center Valley,
PA). Eight fields per tumor slide were captured with the 40X N.A.: 0.75, UPlanFLN, W.D.:
0.51 objective (Olympus) by Olympus cellSens Standard 1.13 software. Ly6G positive
cells were counted manually for each image and averaged per tumor.

Lungs were also sectioned through every 100 um and stained with H&E by the
UWCCC EPL. Lung metastatic lesions were imaged at 10X N.A.:0.30, UPlanFLN, W.D.:2.1
objective at University of Wisconsin - Madison LOCI. The area of each lesion in each slide
was quantified using the FlI (Fiji is just Imagel) [87] (National Institutes of Health,
Bethesda, MD) software. The total number of lesions per mouse was counted and the

largest area for each metastatic lesion was collected.

Statistical Analysis:
All statistical analysis was conducted using GraphPad Prism 5 (GraphPad

Software, La Jolla, CA). For all experiments, unpaired Student’s t-tests to compare the
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means of the WT versus the COL groups. Differences were considered significant when p

< 0.05. Data are presented as single data points and mean.

1.7 Results

We previously reported that the number of PyVT mammary tumors and lung
metastases in a collagen-dense (COL) background is higher than the number of PyVT
tumors and lung metastases in a wild type (WT) collagen background [10]. In order to
characterize whether there is a change in the tumor-promoting COL immune
microenvironment, we conducted a chemiluminescent ELISA plate assay to analyze the
expression levels of 23 cytokines found in lysed whole mammary tumors from 15 week-
old mice (Figure 1A and 1B). Interleukin-4 (IL-4), Regulation on activation, normal T cell
expressed and secreted (RANTES, CCL5), Macrophage inflammatory protein 1o (MIP-1q,
CCL3), and Interferon y (IFNy) were expressed at least two-fold higher in WT tumors
compared to COL tumors. IL-4, RANTES, and IFNy, are largely involved in T-cell signaling,
recruitment and activation. In contrast, in COL tumors Platelet-derived growth factor
subunit B (PDGF-BB), Granulocyte monocyte-colony stimulated factor (GM-CSF), and
Interleukin-1a. (IL-1o) were all increased by two-fold or more compared to WT tumors
(Figure 2B). Of these, GM-CSF is a strong chemoattractant for monocytes and
neutrophils, and it enhances production and activation of monocytes and granulocytes.
These data suggest that tumors arising in collagen-dense microenvironments secrete
distinct cytokines and may recruit distinct subsets of immune cells compared to tumors

in WT mice.
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T-lymphocyte recruitment is not altered in the collagen-dense tumor
microenvironment

The cytokine panel suggested that signaling to T-cells is greater in WT tumors
compared to COL tumors. Differences in lymphocyte recruitment into WT and COL
tumors at 15 weeks were determined by flow cytometry with a panel of T-cell markers.
The percentage of CD45+ leukocytes found in COL tumors did not vary from the
percentage found in WT tumors (Fig 2A, 2B). Thus, we do not think that COL tumors
were harder to dissociate, as we were able to recover a very similar number of immune
cells as we recovered from WT tumors. Moreover, we found no significant difference in
the percentage of CD45+CD3+CD11b- T-cells found in WT and COL tumors (Figure 2C,
2D). We also compared CD8 cytotoxic T-cell and CD4 helper T-cell markers in WT and
COL tumors (Figure 2E), and found that the percentage of CD45+CD3+CD8+ cytotoxic T-
cells (Figure 2F) and CD45+CD3+CD4+ helper T-cells (Figure 3G) did not significantly
differ between WT and COL tumors. Recruitment of other lymphocytes such as CD19+ B-
cells and NKp46+ natural killer (NK) cells also did not differ in WT versus COL tumors
(Supplemental Figure All-1A and 1B).

We also quantified CD4+CD25+Foxp3+ regulatory T-cells. These cells are
characterized by reducing T-cell proliferation and cytotoxicity and by contributing to
regulatory T-cell expansion [88]. When comparing CD25 and Foxp3 regulatory T-cell
markers (Figure 2H), the percentage of CD45+CD3+CD4+CD25+Foxp3+ regulatory T-cells

found in WT and COL tumors was not different (Figure 21).
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The overall myeloid cell populations are not altered in a collagen-dense tumor
microenvironment

The cytokine panel suggested that signaling to monocytes and neutrophils is
greater in COL tumors compared to WT tumors. We conducted flow cytometry analysis
of cells dissociated and isolated from WT and COL tumors at 15 weeks of age. The
percentage of CD45+ leukocytes found in COL tumors did not differ from the percentage
found in WT tumors (Fig 3A, 3B). When comparing cells expressing Ly6G versus F4/80 in
tumors, the percentage of F4/80+ macrophages from the CD45+Ly6G- population did
not significantly vary between WT and COL tumors (Figure 3C and 3D). Of cells
expressing CD45+CD3-CD11b+, we found no significant difference in the percentage of
Ly6G+Ly6C+ neutrophils in COL tumors compared to WT (Figure 3E and 3F). We
validated our flow cytometry results by staining formalin fixed paraffin embedded
tumor sections from WT and COL tumor mice with anti-Ly6G (1A8) using DAB as the
chromogen and hematoxylin as the counterstain (Figure 3G). Figure 3H shows that the
average number of Ly6G+ neutrophils found in eight fields of view was not significantly
increased in COL tumors.

Some studies denote CD11b+Ly6G+Ly6C+ myeloid cells as granulocytic myeloid
derived suppressor cells (MDSCs). Since there was no change in the number of T-cells,
specifically regulatory T-cells, in WT versus COL tumors, the Ly6G+ cells we see in the
mammary tumors are likely not MDSCs. We, therefore, refer to our population of

interest as Ly6G+Ly6C+ neutrophils in the context of this study.
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Spleens from collagen-dense tumor mice are enlarged, suggesting an advanced
disease state

Splenocytes were isolated to provide controls for flow cytometry experiments.
While harvesting the tissue, we observed enlarged spleens in COL tumor mice at 15
weeks of age (Figure 4A). Spleen weight was measured and normalized to the total
weight of each mouse. We found a significant increase in the weight of spleens from
COL tumor mice compared to WT tumor mice (Figure 4B). Characterization of the
immune cell profiles in the spleens demonstrated no significant changes in CD45+
immune cells in COL spleens compared to WT spleens (Fig 4C), whether considering live
cells or fixed cells (Figure 4F). Of the cells expressing CD45+CD11b+, the percent of
Ly6G+Ly6C+ neutrophils was not significantly increased in COL spleens compared to WT
spleens (Figure 4D). The percent of F4/80+ macrophages did not differ between COL and
WT spleens (Figure 4E). Using the same lymphocyte flow cytometry cell marker panel as
above, we found that the percentage of CD45+CD3+ T-cells and T-cells subsets: CD8+
cytotoxic T-cells, CD4+ helper T-cells, and CD4+CD25+Foxp3 regulatory T-cell did not
differ in COL spleens compared to WT spleens (Figure 4H-J). CD19+ B-cells and NKp46+
natural killer (NK) cells also did not differ in spleens from WT versus COL tumor mice
(Supplemental Figure All-1C and 1D). Complete blood counts (Supplemental Figure All-
2A-E), showed a trend towards increased neutrophil to lymphocyte ratio (p = 0.06) in
COL tumor mice, which is also associated with poor clinical outcome in breast cancer
patients [89]. These results suggest that enlarged spleens and changes in neutrophil to

lymphocyte ratio are whole-body global effects seen in collagen dense tumor mice.
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We did not observe any differences in immune populations due to the Col1A1
transgene in the absence of PyVT tumors in the mammary glands (Supplemental Figure
AllI-3A-3E). The spleens of normal, non-tumor-bearing COL (not carrying the PyVT
transgene) mice were not enlarged (Supplemental Figure All-4A), their immune cell
population recruitment did not differ significantly (Supplemental Figure All-4B-4F), and
there were no significant changes in circulating blood leukocyte counts (Supplemental

Figure All-5A-5E).

Depleting neutrophils with anti-Ly6G reduces tumor burden of collagen-dense mice
The cytokine array results suggest there may be differences in activation of
neutrophils in COL mice, even if the number of neutrophils recruited is not significantly
different. The function of Ly6G+ neutrophils in tumor progression was studied by
blocking the recruitment of neutrophils in COL and WT tumor mice. Mice were treated
with anti-Ly6G or anti-IgG for 24 days starting at 9 weeks of age (Figure 5A). In order to
dynamically monitor tumor growth in this transgenic (i.e. not luciferase-labeled) model,
we made use of hybrid micro PET-CT 3D imaging using the uptake of EDG in WT and
COL, control and Ly6G-depleted mice. Figure 5B shows a representative maximum
intensity projection from each group, where ROIs (regions of interest) are drawn to
indicate where the tumor is and its relative size. As expected, on the day before
treatment started (d -1), the number of tumors was the same in both control and
treatment groups (Figure 5C and 5E). After 21 days, tumor size increased due to disease

progression in the PyVT model in both the WT and COL control arms. Antibody-
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depletion of Ly6G+ neutrophils significantly slowed down the progression of cancer by
reducing the number of COL tumors, but not the number of WT tumors after 21 days
(Figure 5C and 5E). The total tumor burden in WT tumor mice increased over time and
was not attenuated by treatment with anti-Ly6G (Figure 5D). In contrast, the tumor
burden decreased with anti-Ly6G treatment in COL mice at 21 days (Figure 5F). Figures
5@G-J display the mean and maximum percent injection dose per gram of each tumor,
and demonstrate that ‘®FDG uptake increases with progression of the disease, but does
not change with neutrophil depletion in WT nor COL tumors. PET imaging is a non-
invasive imaging modality that utilizes tumor-linked increase in glucose uptake and
metabolism to image mammary tumors [90, 91]. Our results show that glucose uptake
does not change with treatment or collagen density of tumors, and therefore we
conclude that the changes seen in number of tumors and tumor volume is a direct effect
of blocking Ly6G+ neutrophils.

Tumors isolated from control and treated groups were analyzed by flow
cytometry to understand the effect of depleting neutrophils on immune cell recruitment.
Figure 6A and 6G show that the percentage of CD45+ immune cells was similar in all
groups of both tumors and spleens. To evaluate depletion of neutrophils, we quantified
the percentage of Ly6G+ neutrophils from immune cells that are CD45+CD3-CD11b+
(Figure 6B and 6H). At 12 weeks, anti-Ly6G treatment decreased neutrophil numbers in
both WT and COL tumors. Neutrophil depletion was confirmed in spleens of WT and COL
tumor mice, demonstrating a significant depletion in Ly6G+ neutrophils with antibody

treatment (Figure 6H). Interestingly, treatment with anti-Ly6G significantly increased the
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percentage of F4/80+ macrophages in WT tumors, but not in COL tumors, which had
variable numbers of F4/80+ macrophages in both control and treatment arms (Figure
6C). Data from spleens also showed the trend of increased F4/80+ macrophages in
treated WT spleens. (Figure 61). Changes in the number of NK cells were not observed in
tumors and spleens (Supplemental Figure All-6A and 6C). No spleen enlargement
occurred upon anti-Ly6G treatment at 12 weeks (Supplemental Figure All-6B). Nor were
there other global effects due to anti-Ly6G treatment such as the number of circulating

blood cells (Supplemental Figure All-7A-7E).

Depleting neutrophils with anti-Ly6G reduces the number of lung metastasis in
collagen-dense but not wild-type mice

Lungs from WT and COL mice from both control and Ly6G-depleted arms were
sectioned and the number of metastatic lesions throughout the whole lung determined.
Anti-Ly6G treated COL mice showed an 80% response to treatment; only one out of six
mice had lung metastases. In contrast, all Ly6G-depleted WT mice developed metastatic
lesions (Fig 7A). In fact, treatment with anti-Ly6G increased the number of WT animals
with metastases and the total number of metastases (Figure 7B-F). The number of
Ly6G+ neutrophils in the lungs was quantified via immunohistochemistry (Supplemental
Figure All-8A and 8B). There was no correlation between the numbers of Ly6G+
neutrophils found in the lungs versus the number of lung metastatic lesions

(Supplemental Figure All-8C).
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1.8 Discussion

Although mammographic density is associated with increased risk of developing
breast cancer, the mechanisms underlying this increased risk are poorly understood.
Here we use the collagen-dense (COL) MMTV-PyVT model, which has increased collagen
deposition, a higher tumor incidence, and more metastases compared to tumors in wild
type (WT) animals [10]. Now, we seek to further characterize the mechanisms by which
increased stromal collagen enhances tumor progression by identifying immune cell
populations present in the COL tumor microenvironment and their effect on tumor
progression. The role of leukocyte infiltrates has been shown to promote tumor
progression in the MMTV-PyVT mammary tumor model, but not in COL mammary
tumors [32, 92, 93]. The upregulation of cytokines, GM-CSF, IL-1a, and PDGF-BB,
specifically in tumors from COL mice, while IL-4, MIP-1a, RANTES, and IFNy were
increased specifically in tumors from WT mice. These differences suggest there is an
altered host response for tumors arising in collagen-dense microenvironments. Despite
differences in cytokine profiles, we do not see a significant change in the recruitment of
distinct immune cell populations comparing WT to COL tumors. Rather, there is a
functional difference in the role of neutrophils, as depletion of Ly6G+ neutrophils with
anti-Ly6G (1A8) antibody diminishes tumor progression specifically in COL mice but has
little effect on WT Ly6G depleted tumors. Most importantly, depletion of neutrophils
with anti-Ly6G significantly inhibits lung metastasis in COL mice, but does not diminish

metastases in WT mice. Thus, we find that neutrophils have a tumor promoting effect
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specifically in the context of COL mammary tumors, but do not significantly contribute
to progression and metastasis in WT tumors.

Others have also performed similar neutrophil depleting studies using anti-Ly6G
(1A8) in orthotopic models [49, 50, 55, 57], but these studies did not investigate the role
of collagen density. These studies present conflicting evidence regarding whether
neutrophils play a role in breast cancer metastasis. While treating orthotopic 66c14
mouse mammary tumors with anti-Ly6G decreases lung metastasis [55], depletion of
neutrophils in orthotopic MMTV-PyVT or 4T1 mouse mammary carcinoma models
results in increased lung metastasis [56]. Tabariés, et al. recently demonstrated that
Ly6G+ granulocytes are recruited to lung and liver metastasis in the 4T1 model. In their
study, depleting neutrophils with anti-Ly6G does not affect lung metastasis, but it does
reduce liver metastasis [57]. All of these models rely on cell lines or surgical procedures
for the creation of metastasis. An intriguing possibility is that the conflicting results may
be due to different wound-healing and fibrotic responses in these different studies,
although changes in the extracellular matrix were not determined. Here, we use the
MMTV-PyVT model, which develops spontaneous metastasis starting after 10 weeks of
age [94] and does not require surgical intervention that may confound the results with
variable wound-healing effects. In the current study, anti-Ly6G treatment has no effect
on lung metastases in WT mice, but significantly decreases metastases in COL animals.

Our flow cytometry analysis of immune cell types showed an increase in the
number of CD11b+F4/80+ macrophages in treated WT tumors. Because TAMs have an

established role in tumor progression and metastasis [42, 95], the increase in
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macrophages may carry on with invasion and metastasis in the MMTV-PyVT tumors
even after depletion of Ly6G+ cells in WT mice. A role for macrophages in metastasis
following Ly6G depletion is supported by our observation that the only individual mouse
with metastasis in the COL treated group also had the largest recruitment of
CD11b+F4/80+ macrophages (data not shown). The COL mouse model has increased
collagen | throughout the whole animal. We hypothesized that COL lungs can also
recruit Ly6G+ neutrophils, but our results did not support this hypothesis, because the
number of lung metastatic lesions did not correlate with the number of Ly6G+
neutrophils found near the lung metastases.

It is not entirely clear why depleting Ly6G+ neutrophils slows tumor growth in
COL mice but not WT mice. This finding demonstrates that Ly6G+ neutrophils have an
important role in COL tumor progression, but not in WT tumor progression. The Ly6G+
neutrophils in the COL tumors are possibly polarized towards greater pro-tumor activity
than the Ly6G+ neutrophils in WT tumors. If Ly6G+ neutrophils in WT tumors are not
pro-tumorigenic, depleting them would have little effect, which is what we observe. The
idea that there is a fundamental difference in the host response in the COL vs. WT
tumors is consistent with our finding that there are differences in the cytokines released
within COL compared to WT tumors.

Studies of mesothelioma and lung carcinoma lines injected into the flank of mice
have been used to demonstrate the polarization of neutrophils, identifying a tumor-
associated neutrophil (TAN) population analogous to TAMs. TANs can have anti-

tumorigenic (N1) or pro-tumorigenic (N2) functions, where the predominant N2



45

phenotype is driven by the presence of TGF- 3 [49]. These models also show that TANs
at early stages of tumor growth are more cytotoxic to tumor cells by either directly
killing tumor cells or by secreting reactive oxygen species (ROS), whereas later in tumor
development, they acquire a more tumor supportive phenotype [50]. In pancreatic
cancer, neutrophils residing within the tumors express MMP-9, which then liberates
vascular endothelial growth factor (VEGF) and promotes angiogenesis [54]. Ly6G+
neutrophils are recruited preferentially to liver metastases in the 4T1 model, where they
are alternatively polarized towards an N2, pro-tumorigenic phenotype [57]. Thus, our
results are consistent with a more general notion that a specific microenvironment
milieu is associated with a neutrophil-dependent metastatic process.

In vitro studies of neutrophil biology have demonstrated the ability of
neutrophils to migrate in 3D collagen | matrices [66]. Neutrophils can also adhere and
become activated in type | collagen [67]. Peptides derived from collagen breakdown are
chemotactic for neutrophils in vivo and in vitro [96]. These neutrophil capabilities,
especially neutrophil migration in response to chemoattractants, involve integrins 32,
a2, and B1. The two latter integrins mediate cell adhesion to collagen I fibrils [68, 69].
Although rapid leukocyte migration in response to chemokines can be integrin
independent [70], neutrophil chemotaxis in collagen | is also mediated by the collagen
receptor, discoidin domain receptor 2 (DDR2). DDR2 regulates neutrophil directionality
and persistence by releasing MMPs (MMP-8) that cleave collagen [71]. These studies

support the recruitment of neutrophils to COL microenvironments in vitro.
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Our data suggest that tumors arising in a collagen-dense microenvironment are
fundamentally different from those arising in a non-dense microenvironment, as there
are key differences in cytokine signaling that support tumor progression. All cytokines
have specific roles in wound healing or infection, but once the immune system is
challenged with cancer, some of these functions are co-opted by the tumor. The
presence and function of Ly6G+Ly6C+ neutrophils in COL mammary tumors is likely
supported by increased GM-CSF signal compared to WT tumors. This pro-inflammatory
cytokine stimulates proliferation and induces maturation of granulocyte and monocyte
progenitor cells. GM-CSF has been described as a strong chemoattractant for mouse and
human neutrophils [97, 98] that can differentiate monocytes into dendritic cells and
polarize T-cells into a Th1 phenotype [99, 100]. GM-CSF can block the angiogenic
functions of tumor associated macrophages in FVB mice orthotopically injected with
PyVT tumors [101]. Moreover, GM-CSF is associated with aggressive breast cancer
subtypes, where GM-CSF secreted by human breast cancer cells primes plasmacytoid
predendritic cells (pDC) to polarize the immune microenvironment toward a regulatory
Th2 phenotype [102]. Homodimer PDGF-BB is also upregulated in COL tumors. High
levels of PDGF-B lead to over-activity of tyrosine kinase PDGF receptor and tumor cell
proliferation. This mitogen stimulates growth, survival, and migration of
mesenchymal/stromal cells [103]. Breast cancer cell-secreted PDGF targets stromal cells
and initiates tumor desmoplasia [104]. In vitro, PDGF-BB is a chemoattractant for
neutrophils and monocytes, and can activate human neutrophils [105, 106]. Thus, our

finding of elevated PDGF-BB in a dense collagen microenvironment is consistent with an
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increase in neutrophil activation. IlI-1a is not commonly found in circulation except
during severe disease. IL-1a can induce matrix degradation and remodeling by breast
cancer fibroblasts. Breast cancer cells can secrete IL-6 and IL-8 in response to IL-1a [107].
Although not part of the cytokine array, IL-8 (KC, MIP-2, and LIX homologues in mouse)

is a major neutrophil chemoattractant [108, 109]. Our data suggest that all of these
contribute to the progression of mammary cancer in the COL tumor microenvironment.
It has yet to be determined which cell type contributes to the increased production of
these cytokines. Tumor cell cytokine secretion has been widely studied in vitro, but new
techniques must be developed to answer these questions in a complex, in vivo COL
tumor microenvironment.

Of the signals downregulated in collagen-dense mammary tumors, CCL5 is the
chemokine that shows the greatest differential expression in WT mammary tumors. It is
produced by activated T-cells and is a strong T-cell chemoattractant. The role of CCL5 in
breast cancer progression and metastasis has been established: this includes
upregulation of MMP secretion, pro-tumor effects by generating MDSC in the bone
marrow, and a reduction in metastasis when low levels of CCL5 are expressed [110-113].
Also upregulated in WT tumors, IL-4 is one of the most studied Th2 cytokines [114].
Recent studies of IL-4/IL-4R signaling in breast cancer cells in vitro and in vivo show
enhanced cell survival and proliferation via STAT/AKT/MAPK signaling. It is also
produced by activated T-cells and promotes differentiation, survival, and proliferation of
B and T lymphocytes via IL4 receptor signaling [115]. T-cells (CD3+ T-lymphocytes,

especially CD8+ T cells) have also been shown to respond to potent chemo attractant,



48

CCL3 [116]. CCL3 can recruit and activate monocytes and has been involved in anti-
tumor activities as a Th-1 cytokine and increasing NK cell cytotoxicity [117]. On the other
hand, CCL3 has been implicated in promoting breast cancer metastasis to the lungs
[118]. Also a Th-1 cytokine, IFN-y works with T-lymphocytes to regulate tumor cell
immunogenicity by preventing the development of spontaneous epithelial carcinomas
[23]. The presence of these cytokines only in WT tumors leads to the hypothesis that
COL tumors have reduced T-cell signaling (recruitment and activation), which may
account for their increased tumor incidence and metastasis. We found no major
differences in the recruitment of T-cells and subgroups in WT versus COL mammary
tumors and spleens. B-cell and NK cell populations also did not differ in recruitment.
These results open the doors to studies of lymphocyte activation, proliferation, and
cytotoxicity in either 3D in vitro collagen gels or in the MMTV-PyVT collagen-dense

model.

CONCLUSION:

We find that MMTV-PyVT tumors arising in a dense collagen microenvironment
have altered cytokine signaling compared to tumors arising in a non-dense
microenvironment. Cytokines involved in neutrophil maturation and recruitment,
including GM-CSF, PGDF-BB, and IL-1a, are altered in dense-collagen tumors. Depletion
of Ly6G+ neutrophils diminished tumor formation, tumor burden, and lung metastasis,
specifically in collagen-dense mammary tumors. Identifying neutrophils as key players in

COL mammary tumor progression has important clinical implications for patients with



mammographically dense breast tissue. Although more research is necessary, tumor
associated neutrophils may be useful as prognostic markers and possible targets for

breast cancer therapy, especially for patients with dense breast tissue.
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Figure 2.1 Cytokines in COL and WT tumor microenvironments are inherently distinct.
(A), cytokine levels from whole WT and COL mammary tumor lysates determined by
chemiluminescent Mouse Cytokine ELISA Plate Array. Results are expressed as fold
change: WT readings are normalized to COL readings (gray) to show cytokines
upregulated in WT tumors, and COL readings are normalized to WT readings (red) to
show cytokines upregulated in COL tumors. Blue line denotes a 2-fold increase (n=4

independent tumors). (B), table indicates cytokines with a 2-fold increase or greater.
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Figure 2.2 Lymphocyte recruitment is not altered in late-stage collagen-dense tumors.
(A), flow cytometry gates used to determine lymphocytes. (B), percentage of CD45+
immune cells in wild-type (WT) and collagen-dense (COL) mammary tumors (n=6). (C),
flow cytometry of CD45+ cells comparing CD3 to CD11b in WT (left) and COL (right)
mammary tumors, and (D) the percentage of CD45+CD3+ T-cells present (n =7),
CD45+CD3+CD8+ cytotoxic T-cells (E and F), CD45+CD3+CD4+ helper T-cells (E and G),
and CD45+CD3+CD4+CD25+Foxp3+ regulatory T-cells (H and I) (n = 6). The purple
number at lower right represents the number of total events in each graph. These cells

were fixed for intracellular staining.
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Figure 2.3 Recruitment of myeloid cells is not altered in late-stage collagen-dense mammary
tumors

(A), flow cytometry gates used to determine myeloid cells. (B), percentage of CD45+
immune cells in wild-type (WT) and collagen-dense (COL) mammary tumors at 15 weeks
(n=6, each n is an independent pair of age-matched littermate WT and COL mice). (C),
flow cytometry of CD45+CD3- cells comparing Ly6G to F4/80 in WT (left) and COL (right)
mammary tumors. The purple number represents the number of total events in each
graph. (D) The percentage of CD45+CD3-CD11b+ cells that are F4/80+ macrophages in
WT and COL mice. (E), Flow cytometry of CD45+CD11b+CD3- cells comparing Ly6C to
Ly6G in WT (left) and COL (right) mammary tumors, and (F) the percentage of
CD45+CD3-CD11b+Ly6G+Ly6C+ neutrophils present. (G), Immunohistochemistry of WT
(left) and COL (right) mammary tumors. Tumors were stained with Ly6G (1A8) in DAB
and counterstained with hematoxylin. Scare bar = 50 um. (H), average number of Ly6G+

cells found in eight fields of view per tumor slide (n = 4).
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Figure 2.4 Spleens from late-stage collagen-dense tumor mice are enlarged relative to WT
mice.

(A), Representative spleens from WT (left) and COL (right) tumor mice. Note the
increased size of the COL spleens. (B), spleen weight (mg) normalized to mouse weight
(g) from both WT and COL mice (n = 7). (C) Percentage of CD45+ immune cells, (D)
Ly6G+Ly6C+ neutrophils and (E) F4/80+ macrophages found in WT and COL spleens,
determined by flow cytometry as in Figure 3. Note that there is a trend toward
decreased CD45+ immune cells (p = 0.13) and increased Ly6G+Ly6C+ neutrophils in COL
tumors (p =0.18) (F) CD45+ immune cells (lymphoid panel, fixed cells), (G) CD3+ T-cells,
(H) CD8+ cytotoxic T-cells, (1) CD4+ T-helper cells, and (J) Foxp3+ T-regulatory cells found

in WT and COL spleens, determined by flow cytometry as in Figure 2.
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Figure 2.5 Neutrophil depletion with anti-Ly6G antibody reduces collagen-dense tumor
formation as measured by '*FDG-PET glucose uptake.

(A) Diagram of experimental time line showing timing of injections of 5.5ug/g of control
IgG (2A3) or Ly6G (1A8) into the peritoneal cavity of WT and COL tumor mice (n = 5-6 for
each group) at 9 weeks of age for 24 days. Yellow arrows indicate day of **FDG hybrid
PET-CT imaging. Black arrows indicate day of treatment. Red arrows indicate day of
blood collection. Green arrow indicates day of tissue collection (tumors, spleens, and
lungs). (B) Detection of mammary tumors by **FDG-PET/CT. Coronal sections of co-
registered 8EDG-PET and CT images of WT and COL tumor mice before treatment at 9
weeks of age (Day -1) and after treatment at 12 weeks of age (Day 21). Regions of
interest are drawn and colored at the mouse mammary glands with visible tumors.
Physiologic tracer uptake in heart (H), kidneys (K), and bladder (B) is marked. Total
number of tumors in (C) WT animals and (E) COL animals as determined by BEDG-PET at
day -1 and day 21. Sum of the mass (mm?) of all tumors per (D) WT and (F) COL mouse
at day -1 and day 21 (n =5 or 6, each data point equals one animal). Note that there is a
trend toward decreased tumor burden in anti-Ly6G treated COL tumors (p = 0.24). (G)
Mean glucose uptake (percent injection dose per gram, %ID/g) in WT and COL (I) tumors
at day -1 and day 21. (H) Maximum glucose uptake (%ID/g) in WT and COL (J) tumors at

day -1 and day 21 (n = 32 to 46, each data point equals one tumor).
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Figure 2.6 CD45+ immune cell recruitment to tumors and spleens treated with anti-Ly6G.

Percentage of CD45+ immune cells (A), Ly6G+ neutrophils (B), F4/80+ macrophages (C),
and CD3+ T-cells (D) in WT and COL mammary tumors from 12 week old mice treated
with control IgG or Ly6G (n = 5-6) obtained by flow cytometry at day 24 of the treatment
regimen (described in Figure 5A). Percentage of CD45+ immune cells (E), Ly6G+
neutrophils (F), F4/80+ macrophages (G), and CD3+ T-cells (H) in spleens of the same WT

and COL animals treated and untreated shown in A-D.
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Figure 2.7 Neutrophil depletion with anti-Ly6G antibody reduces the number of dense-
collagen metastatic lesions.

(A), table describing the number of mice with metastasis per group. Note that all
treated WT tumor mice developed metastatic lesions versus one COL tumor mouse (p <
0.05). Representative images of lungs with corresponding metastasis in (B) WT control
group, (C) WT anti-Ly6G treated group, (D) COL control group, and (E) COL anti-Ly6G
treated group. Scale bar =2 mm in whole lung image, and = 250 um in metastatic lesion
image. (F), Quantification of the number of metastatic lesions found in each mouse (n =

5-6 per group).
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2 CHAPTER 3 — THE COLLAGEN-DENSE MICROENVIRONMENT REGULATES

MACROPHAGE PROLIFERATION AND APOPTOSIS

2.1 Introduction

The tumor microenvironment is a diverse community where a complex interplay
between the extra-cellular matrix (ECM) and cellular elements (tumor epithelial,
endothelial, and inflammatory cells, fibroblasts, and adipocytes) drives tumor
promotion, invasion and metastasis [119]. To better understand this interplay and
progression, a more in-depth examination of the changes in this microenvironment is
required, particularly in the context of increased mammaographic density. This is an area
of great interest and promise because changes in mammographic density have been
associated with a four- to six-fold increased risk for developing breast cancer [120].
However, the cellular and molecular mechanisms responsible for this increased risk
remain largely unknown. Several lines of evidence suggest a role for the ECM protein,
fibrillar type | collagen. Previously, it has been shown to correlate to mammographic
density [6]. In addition, mouse models with increased collagen deposition have a three-
fold increase in tumor formation and lung metastases compared to controls[10].

While cancer progression has links to the structural nature of the ECM and the
tumor microenvironment, it has also been associated with chronic inflammation by
macrophages [18]. Of the many inflammatory cell types in the tumor microenvironment,
tumor-associated macrophages (TAMs), have been shown to enhance tumor cell

migration and invasion, stimulate angiogenesis, suppress antitumor immunity, and
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enhance metastasis [31]. In addition, extensive TAM infiltration into patient breast
tissue also correlates with poor prognosis [121]. Conversely, treatments to reduce
inflammation show a reduction in breast cancer incidence [122]. Combined this
evidence is suggestive of a potential link between the ECM microenvironment and the
innate immunity of the body. Other examples of this interplay between the collagen
ECM and macrophages exist under more normal developmental conditions, such as, the
involuting mammary gland. The involuting microenvironment is characterized by
increased collagen deposition, inflammation, and wound healing. Interestingly, the
fibrillar type-I collagen found in the involuting mammary gland specifically attracts
macrophages [13]. It remains unclear if the increased collagen deposition observed
during tumorigenesis directly promotes the recruitment of TAMs, thus, further
contributing to tumor progression.

To investigate these questions, this study relies on an in vitro 3D collagen matrix
model. Previous work has demonstrated that mammary carcinoma cells cultured in stiff
matrices (high collagen density) show a proliferative, invasive phenotype caused by
increased focal adhesion kinase (FAK) and extracellular signal regulated kinase (ERK)
activation, and Rho regulation [75]. Here, we aim to test the hypothesis that the
collagen-dense microenvironment recruits and provides a favorable microenvironment
for macrophages. This work identifies a trend towards increased amount of F4/80+
macrophages in collagen-dense tumors compared to wild-type tumors. It also finds that
macrophage cell lines cultured in collagen-dense matrices exhibit less apoptotic signals

and more proliferation compared to cells cultured in low collagen density matrices.
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2.2 Methods
Mice

Mice were bred and maintained at the University of Madison — Wisconsin under
the approval of the University of Wisconsin Animal Care and Use Committee.
Transgenic male mice expressing the Polyoma Virus middle T antigen under the
direction of the mammary mouse tumor virus promoter (MMTV-PyVT) in the FVB
background (originated from The Jackson Laboratory, Bar Harbor, ME) were used as a
model of breast cancer that develops spontaneous tumors and metastasizes to the lung

tmlae m utation

[78]. These mice were crossed to female mice heterozygous for the Collal
in the C57BL/6/129 background (originated from The Jackson Laboratory, Bar Harbor,
ME). The ColA1 mutation renders the alpha 1 chain of collagen | uncleavable by
collagenase and increases collagen in the tissue due to decreased remodeling [86]. The
resulting mice were either positive for the PyVT-MMTV (tumor mice) or negative
(normal mice), and they were either wild type for the Col1A1 mutation (WT) or

heterozygous (COL). Genotyping by polymerase chain reaction (PCR) was performed on

DNA extracted from tail biopsies.

Tissue collection and fluorescence:

Female mice were examined for palpable tumors starting at 8 weeks. At 15
weeks of age, matched sibling pairs of WT and COL tumors were anesthetized with 4%
isofluorane. Mammary gland tumors were harvested and fixed in 10% buffered formalin

(Thermo Fisher Scientific, Kalamazoo, Ml) for 48 hours. These were then placed in 70%
7’ 7 p
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ethanol and taken to the UWCCC Experimental Pathology Laboratory (EPL) for
processing. Tissues were embedded in paraffin and sectioned by the EPL. COL and WT
tumor sections were deparaffinized by heating at 60°C for 25 minutes. Then, they were
placed in xylenes and rehydrated in gradual dilutions of ethanol. Antigen retrieval was
done in citrate buffer pH 6.0 in a boiling water bath for 15 minutes. Sections were
blocked with 5% normal serum and 1% BSA in TBS (blocking solution) for 1 hour.
Sections were incubated with primary rat-anti-mouse F4/80 (1:1000, Cl: A3-1,
Biolegend) for 2 hours, and with Alexa Fluor® 488 (1:1000) for 45 minutes. All
incubations were done at room temperature. Tissues were counterstained with
bisbenzamide at 1:15,000 for 5 minutes at room temperature. After washing, sections
were dehydrated in gradual dilutions of ethanol and xylenes before mounting in Richard
Allen Scientific mounting medium (Thermo Fisher).

Slides were imaged at the University of Wisconsin — Laboratory of Optical and
Computational Imaging. These were imaged via second harmonic generation (SHG), a
technique that employs multiphoton microscopy to allow visualization of non-
centrosymmetric molecules independent of fluorescence. Acquisition was conducted on
WiscSan software and a Nikon 20x Plan Apo VC (numerical aperture, N.A. 0.75 and

working distance, W.D. 1.0) was used to visualize the collagen matrix.

Flow Cytometry:
Mammary gland tumors and spleens were harvested and placed in high glucose

DMEM media (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS,
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Gemini Bio Products, Baltimore, MD) and 1x antibiotic antimitotic solution (Corning,
Corning, NY) for flow cytometry experiments. Tumors were weighed and approximately
150mg of tumor was used per mice per flow cytometry experiment. Single cells were
obtained by cutting tumors and spleens into small pieces and digesting tumors with
0.028W/ml of Liberase TM Research Grade (Roche, Mannheim, Germany), 20ug/ml of
DNase |, and 1x antibiotic antimitotic in DMEM with 10% FBS for 1 hour at 37°C with 250
RPM agitation. Digestion was facilitated by pipetting up and down every 15 minutes.
The cell suspension was filtered through 70 and 40um nylon cell strainer (BD
Biosciences, Franklin Lakes, NJ). Red blood cells were lysed from tumor and spleen
single cell suspensions with lysis buffer (Sigma, St. Louis, MO), and cells were
resuspended in wash buffer (3% FBS in PBS, Gibco, Grand Island, NY). Cells were
resuspended at 10° cells per 100ul of wash buffer. 10° cells were incubated with Alexa
Fluor® 488-F4/80 (clone BMS, Invitrogen, Carlsbad, CA), PE-CD326 (Ep-CAM) (clone
G8.8, BioLegend, San Diego, CA), APC-CD45 (clone 30-F11, Biolegend), PE-Cy ™ 7-CD31
(clone 390), and DAPI (4',6-diamidino-2-phenylindole, Invitrogen) for 30 minutes at 4°C
in the dark. After the final wash, all cells were resuspended in 500ul of wash buffer for
analysis.

Samples were run on the LSRII (BD Biosciences) benchtop flow cytometer at the
University of Wisconsin Carbone Cancer Center (UWCCC) Flow Cytometry Facility. The
instrument was compensated using UltraComp eBeads (eBiosciences). For each tumor
sample, 500,000 events were collected. Data was analyzed using FlowJo Single Cell

Analysis Software (TreeStar, Ashland, OR).
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Cell Lines:

Mouse macrophage cell lines J774A.1 (TIB-67™) and Raw 264.7 (TIB-71™) were
obtained from American Type Culture Collection (ATCC). They were maintained in high
glucose DMEM media supplemented with 10% Fetal Bovine Serum. These cells were
cultured in non-tissue culture treated petri dishes to keep them in floating conditions.

Cells were passaged every three days.

3D collagen gels:

Preparation of collagen gels has been previously described here [123]. Briefly,
cells were cultured in low density (LD) or high density (HD) collagen gels. Low density
gels were 2 mg/ml of rat collagen (BD Biosciences) neutralized with 100 mM HEPES
(Sigma) solution and 2.5 x 10* cells/ml. The densities of the collagen were determined as
described here [60]. For all experiments unless indicated, macrophage cell lines in
collagen gels were cultured for seven days. Media was replenished on the third and

sixth day of culture.

Western Blotting:

Western immunoblotting followed procedures explained here [123].
Macrophages in LD and HD gels were washed with PBS, and lysed in RIPA buffer using
the mechanical force of a syringe and 18G needle. The collagen was pelleted and the

supernatant collected. Supernatant was boiled in Laemmli buffer, and gel
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electrophoresis was performed. SDS-PAGE gels were transferred to Immobilon protein
membranes (Millipore, Bedford, MA). Membranes were incubated in 3% bovine serum
albumin (BSA) plus 0.3% Tween-20 in tris-buffered saline (TBS, TBS-T) or 5% milk
depending on instructions from antibody manufacturers. Antibodies used were anti-
mouse: Caspase 3, Caspase 8 (clone D35G2), AKT, phosphorylated AKT (Thr308) (clone
C31E5E), Bcl-xL, and phosphorylated Pyk2 (Tyr402) from Cell Signaling Technologies
(Davers, MA), NFkB p65 RelA (clone C-20) and IkB-a. (clone C-21) from Santa Cruz
Biotechnology (Santa Cruz, CA), p190B (clone 54/P190-B, BD Biosciences), FAK (clone
4.47, Millipore), phosphorylated FAK (Tyr397) (44-624G, Life Technologies, Rockford, IL),
ERK 1/2 and ACTIVE® MAPK (Promega, Madison, WI). Protein signals were visualized
using chemiluminescence with Femto (Thermo Fisher, Waltham, MA) as the substrate,
and imaged and quantified in Licor Odyssey FS (Licor, Lincoln, NE, USA). All protein
signals were normalized to loading control, p190B, or in the case of phosphorylated or

cleaved proteins, to total protein.

Immunofluorescence:

Immunofluorescence was performed as described here [123]. Macrophages
were cultured in 3D LD and HD collagen gels at 2 x 103 cell/ml. After 7 days, gels were
washed in PBS and fixed in 4% paraformaldehyde (PFA) (Sigma) and permeabilized in
Triton-X (Sigma). Gels were blocked with 1% fatty acid-free BSA and 1% donkey serum
(Jackson Laboratories, Bar Harbor, ME) in PBS overnight. Gels were stained with anti-

mouse Ki67 (Abcam, Cambridge, MA) primary antibody, Alexa Fluor® 488 (Invitrogen)
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secondary antibody, TRITC phalloidin to label F-actin (Sigma), and bis-benzimide to label
nuclei (Sigma). Fluorescence microscopy was carried out using an Olympus Fluoview
FV1000 confocal microscope (Olympus, Center Valley, PA) with a 60x/1.42NA oil
immersion objective. FlJI Imagel) (FIJI Consortium, National Institutes of Health,
Bethesda, MD) was used for linear adjustments of brightness and contrast. Eight fields
of view per gel were taken and cells expressing Ki67 were counted as positive over the
total number of cells with nuclei (positive for bisbenzimide). Data was displayed as the
average of eight fields of view per experiment (n = 3).

For immunofluorescence of macrophages in 2D glass dishes, macrophages were
cultured in glass bottom dishes (MatTek Corporation, Ashland, MA) for 24 hours. Cells
were fixed, stained and imaged as previously explained. Gels were stained with anti-
mouse CD29, integrin 1 (clone HM B1-1) primary antibody, Alexa Fluor® 488
(Invitrogen) secondary antibody, TRITC phalloidin to label F-actin (Sigma), and bis-

benzimide to label nuclei (Sigma). Cells were imaged in the same way as 3D collagen gels.

Pharmacological inhibitor and antibody blocking studies:

Macrophages were cultured in 3D LD and HD collagen gels at 1.25 x 10° cells/m
for four days. Gels were treated with 1uM of MK-2206 dihydrochloride (Selleck
Chemicals, Houston, TX) to block AKT activity. Control cells were treated with DMSO.
Treatments occurred on the first and third day. On the fourth day, cells were lysed and

western blotting was performed.
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Integrin B1 activation was blocked by treatment with function blocking purified
no azide/low endotoxin (NA/LE) anti-mouse CD29 (clone HM (31-1, BD Bioscience). One
million cells were suspended in DMEM (Gibco) and incubated with 10 ug per ml of anti-
CD29 and control purified no azide/low endotoxin (NA/LE) Hamster IgG2, A1 isotype
control (clone Ha4/8, BD Biosciences) for 30 minutes. Integrin signaling was stimulated
with 100 ug per ml of collagen | (BD Biosciences) for one hour. Cells were lysed as

explained above and western blotting was performed.

2.3  Results

F4/80 macrophages are part of the collagen-dense tumor microenvironment.
We previously reported that mice with the PyVT transgene in a collagen-dense (COL)
background have a higher tumor incidence and more metastases than mice with the
PyVT transgene in a wild type (WT) background. In order to determine if this aggressive
phenotype is associated with tumor-associated macrophages recruitment in the COL
microenvironment, we isolated cells via flow cytometry from whole WT and COL late-
stage tumors at 15 weeks. These cells were analyzed using CD45, pan-immune cell
marker, and the F4/80 mature mouse macrophage marker. We did not observe a
significant increase in the percentage of CD45+F4/80+ cells in COL tumors compared to
WT tumors (Figure 1B and C). Next, we aimed to establish whether there were any
differences in distribution or compartmentalization of macrophages within the WT and
COL tumors. Imaging of formalin-fixed paraffin-embedded tumor sections stained by
immunofluorescence showed that, in WT tumors, F4/80+ macrophages (*) are found

within the expected tumor niche (dense area composed of tumor, vascular, immune,
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and other components) and along blood vessels. In COL tumors, F4/80+ macrophages
are more concentrated along the collagen-dense stromal compartment and along blood
vessels (Figure 1A). Consistent with our flow cytometry data, the number of F4/80+
macrophages was similar in COL tumors compared to WT tumors. The data suggest
collagen may not play a role in macrophage recruitment.

To garner a greater understanding of the interplay between the collagen-dense
microenvironments and macrophages at the cellular level, we simplified the study
model and cultured macrophage cell lines in collagen matrices of different densities. We
used J774a.1 cells, which were isolated from murine reticulum cell sarcoma ascites [124],
and Raw264.7 cells, which were isolated from ascites from murine tumors induced with
Abelson leukemia virus[125]. The two macrophage-like cell lines have macrophage
characteristics, such as activation when exposed to lipopolysaccharide (LPS), synthesis
and secretion of lysozyme, and phagocytosis [124, 125]. For these reasons, they will be
called macrophages for the purpose of this study.

Before using the in vitro 3D model of collagen density, we first wanted to
validate whether these cells express integrins known to facilitate cellular interactions
with the matrix. Fibrillar type | collagen-cell interactions are mostly mediated through
a2 and 1 integrins [126]. Immunofluorescence staining of $1 integrin showed that
macrophages actively express the machinery necessary to interact with collagen fibrils
(Figure 2A). We then transitioned to the 3D collagen density model and validated that

these cells can be easily cultured and imaged in 3D (Figure 2B and 2C).
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Macrophages are versatile cells that can undergo changes in phenotype in
response to their environment. The different responses to their physical environment
are discussed by McWhorter et al. [127], but they do not explore biological processes
such as cell survival and proliferation. In normal wound healing and inflammation,
macrophages are recruited to the inflammatory site, they secrete inflammatory signals,
a cascade of events activates other cells in the environment to heal the wound, and
finally, anti-inflammatory signals would clear these macrophages from the tissue by
egression or by apoptosis. In chronic inflammation and in the tumor microenvironment,
resolution of inflammation does not occur, and accumulation of macrophages and the
inflammatory milieu is promoted by the inhibition of apoptosis [128]. We investigated
whether macrophages in the collagen-dense microenvironment evade apoptosis, and

whether this microenvironment stimulates signals that lead to proliferation.

The collagen-tumor microenvironment is a permissive microenvironment for
macrophages that inhibits apoptosis

Caspase 3 is a major downstream target of apoptotic initiation and is activated
by proteolytic cleavage. The activated catalytic product then carries out the rest of the
apoptotic process [129]. After 7 days in high-density (HD) collagen matrices, J774a.1
macrophages had lower levels of apoptosis. Western blots for caspase 3 in J774a.1
showed a cleavage band only in LD matrices and not in HD matrices (Figure 3A). The
activation of caspase 3 in LD occurred in a timely manner starting at 48 hours for

J774a.1 cells, observed again at 72 hours, and finally at 7 days (Figure 3C). Time point
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analysis of upstream caspase 8 cleavage revealed only the p30 subunit, but not the
active enzyme subunit p18, suggesting caspase 8 activation preceding caspase 3
activation is not a process that occurs in J774a.1 apoptosis in response to collagen.

Caspase 3 activation analysis in Raw264.7 macrophages, however, did not show
a difference in the level of the cleaved catalytic band (Figure 3B) after 7 days in culture.
The activation of caspase 3 in LD occurred starting at 72 hours (Figure 3C and 3D) until 5
days. This reveals a clear difference in the response to collagen matrices in Raw264.7
versus J774a.1 macrophages. Only Raw264.7 macrophages showed caspase 8 cleavage
product, active catalytic subunit p18, when cultured in LD matrices (Figure 3C and 3D)
suggesting Raw264.7 apoptosis is through the extrinsic (FAS/TNF-a) pathway; this is not
seeninJ774a.1.

Western blotting analysis was used to determine whether pro-survival signals
are upregulated in HD matrices and whether they are responsible for the reduction of
cell apoptosis in J774a.1 macrophages. NfkB and IkB protein levels showed no
significant difference in expression in macrophages cultured in LD or HD matrices
(Figure 4A). Pro-survival Bcl-2 family protein, Bcl-XL, was also not upregulated in
macrophages cultured in HD matrices (Figure 4B). Analysis of cell survival related
protein kinase B (PKB) or Akt also showed no statistically significant difference in AKT
activation in J774a.1 macrophages cultured in LD versus HD matrices. There is however,
a trend towards a reduction in AKT activation when macrophages are in HD matrices (p
=0.06). Hence, we further analyzed the role of AKT in J774a.1 macrophage survival by

using allosteric AKT inhibitor, MK-2206. Blocking did not affect apoptosis, assayed by
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cleavage of caspase 3. These results suggest that collagen-mediated survival in HD

matrices does not involve changes in AKT activation.

The collagen-tumor microenvironment is a permissive microenvironment for
macrophage cell line proliferation

Fibrillar type | collagen can signal to cells via integrins that activate focal
adhesions and start downstream signaling cascades that can lead to cell proliferation
[130]. Cell proliferation was studied using proliferation marker Ki-67. J774a.1 and Raw
264.7 macrophages were cultured in LD and HD collagen matrices for 7 days. Only
Raw264.7 cells showed a trend of increased proliferation in HD matrices (p = 0.06)
(Figure 5A and 5B). The mechanisms for this increase were analyzed by western blotting
of protein tyrosine kinases known to be activated by collagen | signaling. These western
blotting experiments were done after 2 hours of culture in 3D collagen matrices because
these signals are known to occur rapidly. First, focal adhesion kinase (FAK) activation
was analyzed by western blot and showed no difference in its phosphorylation in
macrophages cultured in LD and HD matrices for 2 hours (Figure 6A). We proceeded to
investigate proline-rich tyrosine kinase 2 (Pyk2), which is a FAK related kinase that is
restrictively expressed in hematopoietic cells, hence, it could be activated downstream
integrin signals in Raw264.7 macrophages. Pyk2 activation was not different in
macrophages cultured in LD compared to HD matrices for 2 hours (Figure 6B). Finally,
downstream of both FAK and PyK2, extracellular signal-regulated kinase (ERK) is

activated and can stimulate the transcription of genes important in the cell cycle [131]



77

ERK activation was not altered in macrophages cultured in LD compared to HD collagen
matrices for 2 hours (Figure 6C).

Since B1 integrin is responsible for adherence to fibrillar collagen | in most cells
and transducers of physical signals from the ECM to the cell, the role of this integrin in
downstream ERK phosphorylation was examined in Raw264.7 macrophages.
Macrophages were cultured with blocking antibodies to 31 integrin and allowed to
interact with 100 ug/ml of collagen 1. ERK was activated in a similar way in both the IgG
control and anti-B1 treatment groups. These results suggest that activation of FAK/PyK2
and downstream ERK signals are not regulated by 31 integrin or by collagen density in
macrophage cell lines. The mechanisms that lead to increased proliferation in Raw264.7

macrophages are still unclear.

2.4 Discussion

The collagen-dense (COL) mouse mammary tumor model (Col1A1-PyVT) provides
a good model to investigate how increased stromal collagen enhances tumor
progression. The mice in this model have a higher tumor incidence and more metastases
than wild type PyVT mice [10]. In addition, the tumor cells in this model display
increased migration and proliferation, as well as changes in the collagen organization
during disease progression in vivo [132]. Moreover, the characterized phenotypic and
genotypic changes in mammary epithelial cells cultured in increased collagen density
show consistent invasive phenotypes with increased FAK, Rho, ERK signaling, and
expression of proliferation signature-genes in vitro [75]. Now, we seek to extend our

understanding of these mechanisms by studying another potentially significant
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component of the collagen-dense tumor microenvironment: the innate immune system
and inflammation. Macrophages have already been largely implicated in tumor
progression [95], and here we use the COL mouse model and in vitro assays to quantify
and understand how macrophages respond to the collagen-rich tumor
microenvironment.

Our results showed that the collagen-dense tumor microenvironment recruits
F4/80+ macrophages in vivo at similar amounts as the WT tumor microenvironment.
Although the data quantifying the number of macrophages in the tumors were variable
and not statistically significant, the location of macrophages in the collagen-dense
microenvironment suggested this environment is inherently different from normal
microenvironments; not only in the ECM components (collagen I), but also in the
inflammatory cell components (macrophages). It is important to note that most
macrophage studies reported in vitro depend on macrophage activation/differentiation
in response to lipopolysaccharide (LPS), tumor necrosis factor . (TNF-a) or with phorbol
myristate acetate (PMA). We aimed to isolate the sole effects of collagen | on these
macrophages. Hence, J774a.1 and Raw264.7 macrophages were cultured in collagen
matrices with low collagen density (LD) and high collagen density (HD). Our results
suggested fibrillar collagen alone could produce quantifiable effects on macrophage cell
death and proliferation. We found that both cell types respond differently when
cultured in HD collagen matrices: J774a.1 cells were resistant to apoptosis, while

Raw264.7 cells were more proliferative.
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We began to investigate macrophage apoptosis by analyzing caspase protein
expression, which is essential for apoptosis. Caspase 3 is an obvious candidate as when
it has been activated or cleaved, the catalytic products are in charge of cleaving most
apoptotic substrates. This is the point where the cell is committed to undergo apoptosis
[133]. In HD, J774a.1 macrophages failed to activate effector caspase 3, while the
catalytic subunit is clearly present in LD matrices. Time course experiments show the
absence of cleaved caspase 3 starting at 48 hours and even after 7 days in culture. The
other cell line studied in this project, Raw264.7 macrophages, were cultured in HD
matrices and also avoided apoptotic signaling via cleavage of caspase 3, but this
occurred after 72 hours and only until 5 days in culture in comparison to J774a.1. Time
course experiments also suggested that activation or cleavage of upstream initiator,
caspase 8, occurs prior to caspase 3 activation, which is part of the extrinsic caspase
activation pathway (Figure 7). The extrinsic pathway involves binding of extracellular
ligands, such as TNF-a or Fas ligand (FasL), to death receptors on the cell membrane.
Then, a complex of adaptor proteins and several caspase 8 molecules are recruited and
aggregate, promoting caspase 8 activation [134]. Cleavage of caspase 8 into active
catalytic subunit p18 was not observed in J774a.1 macrophages, suggesting a different
mechanism for both cell types. The intrinsic pathway that involves the release of
cytochrome c is a good candidate to study in macrophages cultured in collagen matrices.

Macrophage fate in inflammation is determined by a balanced network of cell
death and cell survival proteins. One of the signaling pathways involved in cell death and

survival is nuclear factor kB (NFkB) signaling, which also has a central role in
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inflammatory reactions [128]. Upon activation, phosphorylation events in the canonical
NFkB module lead to proteolytic degradation of inhibitor IxB. The nuclear factor, RelA
(p65), then forms a heterodimer with p50 and translocates to the nucleus where it can
stimulate transcription of anti-apoptotic target genes [131]. Western blots comparing
HD to LD revealed no difference between RelA p65, p50, or IKB protein levels. As there
were no differences in proteins levels, we will seek to investigate whether the levels of
activation change in response to matrix density by performing more sophisticated
experiments, such as electrophoretic mobility shift assays (EMSA), to rule out collagen
density regulation of NFKB/DNA binding activity.

Another player involved in cell death are the BCL-2 family proteins. The anti-
apoptotic B-cell ymphoma 2 (BCL-2) family protein, Bcl-xL, prevents the oligomerization
of pro-apoptotic BAK and/or BAX in the outer membrane of the mitochondria, which
leads to the release of cytochrome c into the cytoplasm. These are part of the intrinsic
apoptosis pathway [134]. Bcl-xL protein expression analysis in macrophages cultured in
HD matrices showed no difference when compared to LD matrices. Another BCL-2-
family protein is BAD (BCL-2 antagonist of cell death). This protein is regulated by an
important player in cell survival, protein kinase B (PKB), or AKT. AKT is activated by
phosphoinositide 3-kinase, PI3K, which phosphorylates AKT at Thr 308. During survival
signaling, activated AKT inactivates BAD by phosphorylation, and leads to its
sequestration by 14-3-3 proteins [134]. We analyzed AKT activation and observed a
trend towards decreased AKT phosphorylation at Thr308 in J774a.1 macrophages

cultured in HD. These results suggested that macrophages in the process of undergoing
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apoptosis in LD matrices exhibit a compensatory activation of the AKT survival pathway.
Further analysis by treatment with allosteric AKT inhibitor, MK2206, showed no
difference in cleaved caspase 3 in treated compared to untreated cells suggesting AKT
may not contribute to macrophage cell death. Studies of J774a.1 macrophage
necroptotic cell death (programed form of necrosis induced by inhibition of caspase 8)
demonstrates an increase in AKT Thr308 phosphorylation in necroptotic macrophages,
but also showed that inhibition of AKT did not protect the cells from death [135]. It is
still unknown whether macrophages forgo apoptosis and undergo necrosis in HD
matrices. Additional experiments are required to dissect the specific mechanisms driving
J774a.1 apoptotic signals and balancing survival signals in HD collagen matrices.

The second cell process we investigated was cell proliferation in collagen
matrices. Upregulation of cell proliferation was previously shown in NMuMG mouse
mammary cells cultured in HD matrices, which involves collagen mechano-signaling via
integrins that activate focal adhesion kinase (FAK) and downstream signaling to
mitogen-activated protein kinase, MAPK/ERK, leading to transcription of cell cycle and
proliferation genes [75]. In our studies, Raw264.7 macrophages cultured in HD matrices
showed a proliferative phenotype, with a trend towards increased Ki67 staining after 7
days in culture. Ki67 staining is a clinically relevant proliferation signature that predicts
patient outcome [75]. We then explored the mechanisms of this observation by
analyzing FAK-ERK activation. Unexpectedly, in Raw264.7 macrophages, the activation
of FAK and ERK signaling was not increased in HD matrices after two hours. FAK is

activated upon cell adhesion to ECM proteins and growth factors [136], but in
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hematopoietic cells, proline-rich tyrosine kinase 2 (PyK2) is highly expressed and
activated by 2 integrin [137]. As an alternative, we analyzed PyK2 activation by
phosphorylation and found no significant difference in Pyk2 activation in cells cultured
in LD compared to HD matrices for 2 hours. Other studies barely detect Pyk2
phosphorylation by collagen |, and indicate the process is very fast starting at 1 minute
and plateau starting at 20 minutes [137]. Cell adhesion, which facilitates transduction of
signals from the ECM to the cell, to fibrillar collagen | is thought to be mediated by 1
and B2 integrins in macrophages [127]. Raw264.7 macrophages, though, poorly adhere
to fibrillar collagen, but mainly adhere to denatured collagen | [138]. We also
investigated whether activation of ERK pathways in collagen matrices is mediated by
adhesion to B1 integrin. Blocking the function of 31 with an antibody did not reduce ERK
activation suggesting that other macrophage receptors are responsible for adhesion to
collagen | and transduction of matrix signals that lead to ERK activation. Another
collagen receptor, discoidin domain receptor 1 (DDR1), is expressed by macrophages
(J774a.1 was reported) and has been shown to activate ERK, NFkB, p38, and c-Jun N-
terminal kinase (JNK) [139]. In addition, a study by Gowen, et al., showed that adhesion
to denatured collagen | in Raw264.7 macrophages was modulated by class A
macrophage scavenger receptor (SR-A) [138].

Although most of the previous studies discussed above stimulate macrophages
with very small amounts of collagen | (nano versus micro grams), they suggest other
receptors and pathways may be regulated by culturing macrophages in low and high

density collagen. In the current study, we found that macrophage cell lines, without any
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added chemical stimuli, respond to collagen | at high density by evading apoptosis and
increasing proliferation. The diagram in Figure 7 shows the signaling pathways that lead
to and regulate cell survival, apoptosis, and proliferation, which were partly explored by
culturing macrophage cell lines in collagen matrices. We report that in high-density
collagen matrices, J774a.1 macrophages evade cleavage of caspase 3, and this does not
involve Bcl-xL anti-apoptotic regulation nor AKT survival signal activation. Raw 264.7
macrophages are more proliferative in high-density matrices, and this process does not

involve signaling via f1-integrin-FAK/Pyk2-ERK kinases.
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Figure 3-1 F4/80+ macrophages in collagen-dense mammary tumors.
(A) Immunofluorescence of formalin-fixed paraffin-embedded tumor sections from WT
and COL mouse mammary tumors at 15 weeks of age. Macrophages were stained with
F4/80+ (magenta), nuclei was stained with bisbenzimide (cyan), fibrillar collagen was
imaged by second harmonic generation (SHG, white), scale bar = 50 um. The tumor
boundary was denoted by a solid line —, blood vessels by dashed line ---, F4/80+
macrophages by *, and autofluorescent red blood cells by ~. (B), flow cytometry gates
used to determine CD45+F4/80+ macrophages. (C), percentage of CD45+F4/80+
immune cells in WT versus COL mammary tumors at 15 weeks displayed as a fold
increased (n=4, each n is an independent pair of age-matched littermate WT and COL

mice).
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Figure 3-2 Macrophage-like cell lines are easily cultured in 3D collagen matrices.
(A) J774a.1 and Raw264.7 cultured in 2D glass dishes for 2 hours were stained with 1
integrin (green), which mediates adhesion to collagen 1, phalloidin (red), which labels F-
actin, and bisnezimide (blue), which labels the nuclei. Scale bar = 25um (B) Phase-
contrast image of macrophages in 3D collagen matrices cultured for 7 days. Scale bar =
100um. (C) Second harmonic images of macrophage cell lines cultured in 3D collagen
matrices for 2 hours. Cell endogenous fluorescence (autofluorescence) is in magenta,

and fibrillar collagen | in white. Scale = 50 um.
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Figure 3-3 Macrophages resist apoptosis when cultured in collagen-dense matrices.
Quantitative western blotting analysis of Caspase 3 and its activated cleavage product
(p17) inJ774a.1 (A) and Raw 264.7 (B) macrophage cell lines cultures in low-density
collagen matrices (LD) or in high-density collagen matrices (HD) for 7 days. 40 ug of
protein were loaded in each gel. Cleaved caspase 3 bands were normalized to full-length
bands and displayed as fold changes from expression in LD (n = 3). (C, D), Quantitative
western blot analysis of Caspase 3 and its cleavage product, and upstream effector
Caspase 8 and its activated cleavage products (p30 and p18) at different time-points: 24

hours, 48 hours, 72 hours, 5 days, and 7 days (n = 3).
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Figure 3.4 Protein analysis of pro-survival pathways in J774a.1 macrophages.
(A), Quantitative western blotting of NfkB and kB expressed in J774a.1 cultured in LD
and HD collagen matrices for 4 days. Vinculin was used as a loading control. Bands were
normalized to loading control and displayed as a fold changes from expression in LD (n =
3). (B), Quantitative western blotting of pro-survival protein, Bcl-xl, in J774a.1 cultured
in LD and HD collagen matrices for 4 days. P190B RhoGAP was used as a loading control.
Bands were normalized to loading control and displayed as a fold change from
expression in LD (n = 3). (C), Quantitative western blotting of pro-survival signal
phosphorylated AKT (Thr308), in J774a.1 cultured in LD and HD collagen matrices for 4
days. Bands were normalized to total AKT protein and displayed as fold changes from
expression in LD (n = 3). (D), Analysis of AKT involvement in activation of downstream
effector, caspase 3. Quantitative western blotting of J774a.1 cultured in LD and HD
collagen matrices were treated with AKT inhibitor, MK2206 (1uM), for 4 days. Cleaved
caspase 3 bands were normalized to full-length bands and displayed as fold changes

from expression in LD (n = 3).



92

Ki67+ J774 a.1 cells
2.59

2.0

J774 a1

% of Ki67 positive cells per field of view

Ki67+ Raw 264.7 cells

2.59

p=006

2.0

Raw 265.7

% of Ki67 positive cells per field of view

Q\Q

Figure 3.5 Collagen-dense matrices (HD) induce proliferation of macrophages

Immunofluorescence of J774a.1 (A) and Raw264.7 (B) macrophages cultured in LD and
HD. Cells were stained with proliferation marker, Ki67 (green), and nuclei was stained
with bisbenzimide. The number of Ki67 positive cells were counted and normalized to
the total number of cells in images from 8 fields of view per experiment (n = 3), scale =

50 um.
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Figure 3-6 Increase in macrophage proliferation is not due to increased -1 integrin signaling.
(A), Quantitative western blotting of activated FAK (Tyr 395) expressed in Raw 264.7
cultured in LD and HD collagen matrices. Bands were normalized to total FAK protein
expression and displayed as a fold changes from expression in LD (n = 3). (B),
Quantitative western blotting of activated Pyk2 (Tyr 402) expressed in Raw 264.7
cultured in LD and HD collagen matrices. P190B RhoGAP was used as a loading control.
Bands were normalized to loading control and displayed as a fold change from
expression in LD (n = 3). (C), Quantitative western blotting of activated ERK (Tyr 183 and
185) in Raw264.7 cultured in LD and HD collagen matrices. Bands were normalized to
total ERK protein and displayed as fold changes from expression in LD (n = 3). (D),
Function blocking antibody against 1 integrin was used to block integrin activation by
collagen 1 (0.1 mg/ml). Activation was assayed by western blotting of downstream

effector ERK (n = 3).
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CONCLUSIONS AND FUTURE DIRECTIONS

The main goal of this thesis project was to determine if the collagen-dense
tumor microenvironment induces an altered inflammatory response, which recruits and
further stimulates tumor-associated neutrophils (TANs) and tumor-associated
macrophages (TAMs) to promote mammary tumors and metastasis. This is important
because it can further our understanding of the cellular and molecular mechanisms
involved with the increased risk of breast cancer in women with high mammographic
density, which is correlated with increased collagen deposition.

The data presented in Chapter 2 describe the role of TANs in collagen-dense
mammary tumors. We find that mammary tumors arising in the collagen-dense
microenvironment have altered cytokine and growth factor signaling compared to
tumors arising in a non-dense microenvironment. The cytokines altered in dense-
collagen tumors include GM-CSF, PGDF-BB, and IL-1; these are involved in neutrophil
maturation and recruitment.

Of the cytokines upregulated in collagen-dense tumors, PDGF-BB was expressed
at the highest level. Several studies have shown that this cytokine is secreted by tumor
cells and stromal cells, while fibroblast in particular, express the PDGF receptor [103].
The paracrine interactions between tumors cells and myofibroblasts involve PDGF
signaling and lead to desmoplasia in breast cancer [104]. It will be beneficial to
investigate other stromal cells, such as carcinoma-associated fibroblasts (CAFs), and
how they may be activated in the collagen-dense tumor microenvironment. CAFs have

also been implicated in tumor inflammation in breast and ovarian cancer via secretion
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of inflammatory cytokines (IL-6, COX-2 and CXCL1) [140, 141]. Future experiments are
needed to determine whether the collagen-dense tumor microenvironment stimulates
CAF secretion of inflammatory cytokines. With this knowledge, the connections
between collagen density, inflammation, myeloid cell activation, and fibroblast
activation in breast cancer can be used to better identify or improve therapeutic targets.

The most important finding of this project is that collagen-dense tumors have
the ability to functionally alter neutrophil recruitment and activation. We observed this
by blocking Ly6G+ neutrophil recruitment into mammary tumors. Although blocking
Ly6G+ neutrophils diminished tumor formation, and tumor burden, the mechanisms for
the reduction in tumor progression are still unclear. Neutrophils can be alternatively
activated to promote tumors. This is most likely the case for neutrophils found in the
collagen-dense mammary tumor microenvironment. It would be, then, appropriate to
look for markers of tumor-promoting neutrophils such as MMP-9, NE, CXCR4, VEGF and
arginase [50] in collagen-dense tumors. These experiments may be better performed in
vivo, since neutrophils are short lived, but they could be transferred to the 3D collagen
matrix density model as a start.

In addition to blocking tumor progression, blocking TANs decreased lung
metastasis, specifically in collagen-dense mammary tumors. We are interested in the
collagen-dense metastatic niche as well. Blocking of neutrophils was systemic as was the
collagen mutation in the COL mouse model. Hence, the lungs also show changes in the
amounts of collagen present. Although neutrophil numbers in the metastatic lungs did

not correlate to number of metastasis found, it will be necessary to investigate the
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immune cell recruitment, as well as the cytokine crosstalk in the lungs, and how these
are affected by the collagen-dense microenvironment.

An interesting finding of the blocking studies came from blocking Ly6G+
neutrophils in wild type tumors, which increased the recruitment of macrophages in the
primary mammary tumors. Tumors in treated WT mice did not have delayed
development and metastasized. This brings up the question: in the absence of
neutrophils, do macrophages become more involved in tumor progression and
metastasis? If so, there is another interesting area of study: tumor-associated
macrophages. Macrophages can also be polarized into pro-tumor macrophages, and
now in the absence of neutrophils, they are the first responders to the cytokines
secreted by tumor cells. The functional role of tumor-associated macrophages in
collagen-dense tumors has not yet been determined.

Chapter 3 describes our efforts in understanding if collagen-dense
microenvironments have a functional effect on macrophage biology. We utilize
macrophage cell lines and observed a change in apoptosis and in proliferation in
response to altered collagen matrix density. J774a.2 macrophages in high-density (HD)
matrices showed a decrease in apoptotic signal by caspase 3 cleavage. Several pathways,
including PI13-K/AKT, were assessed to determine the mechanisms for decreased
apoptosis in high-density matrices, however these pathways do not appear to play a
role. We would like to explore the possibility that macrophages cultured in HD matrices
induce caspase-independent necroptosis or necrosis. The other cell line studied,

Raw264.7 macrophages, in HD matrices showed a decrease in caspase 8 cleavage
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followed by a decrease in caspase 3 cleavage, which suggests that Raw264.7 cells follow
the TNFao,/FasL pathway of apoptotic signaling in low-density (LD) matrices. Future
experiments are planned using pharmacological inhibitors to block TNFo/FasL receptors
to determine if this is the mechanism used by Raw264.7 macrophages. In addition,
analyzing macrophage secreted factors in 3D collagen matrices, such as TNFq, FasL, and
cleaved caspases, will determine if these cytokines are involved in density-induced
apoptotic signaling, or breast cancer-induced inflammation and tumor progression.

Furthermore, we investigated how Raw264.7 macrophages express increased
amounts of proliferation marker Ki-67 in HD matrices. We tried to replicate the effects
of a collagen-dense microenvironment seen in mammary epithelial cell lines, with the
hope that collagen alone can activate the macrophage population. This does not seem
to be the case, and there is still a question whether proliferation is an effect of
immortalized immune-like cell lines. We also are not sure of the exact mechanisms
these cells communicate with collagen. Previous studies suggest the exploration of
other non-integrin collagen receptors such as discoidin domain receptors (DDRs) and
macrophages scavenger receptors (SR-A) [138, 139], and how HD collagen matrices may
affect their expression and further downstream signaling in response to density.

In conclusion, identifying neutrophils as key players in COL mammary tumor
progression has important clinical implications for patients with mammographically
dense breast tissue. Our results suggest that TANs may be useful prognostic markers for
women with increased mammographic density. We must determine what specific

molecular events induced by collagen-dense microenvironments turn neutrophils from
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anti-tumor cells into tumor promoting cells, and subsequently target those events for

therapy in women with density associated breast cancer.
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APPENDIX |
Neutrophils drive accelerated tumor progression in the collagen-dense
mammary tumor microenvironment

These supplemental figures are submitted as:

Maria G. Garcia-Mendoza, David R. Inman, Suzanne M. Ponik, Justin J. Jeffery,
Dagna S. Sheerar, Rachel R. Van Doorn, and Patricia J. Keely. Breast Cancer Research.
2015, in review.
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Figure Al-1 Quantification of B-cell and NK cells found in late-stage mammary tumors.

(A) The percentage of CD45+CD3- cells that are CD19+ B-cells in WT and COL tumors and
(C) spleens at 15 weeks. (B) The percentage of CD45+CD3- cells that are Nkp46+ NK cells

in WT and COL tumors and (D) spleens at 15 weeks.
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Figure Al-2 Tumor mice complete blood counts at late tumor stages.

White blood cell, (B) lymphocyte, (C) monocyte, and (D) neutrophil counts in 10° per ul
of blood from WT and COL tumor mice at 15 weeks. Blood was obtained by retro-orbital
bleeding procedure and counted on Hemavet 950FS hematology system. (E) Neutrophil

to lymphocyte ratio (NLR) a.u. Green dash line denotes no change (NLR = 1) (n = 5).
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Figure Al-3 Quantification of immune cells in wild type and collagen-dense non-tumor

mammary glands.

(A) Percentage of CD45+ immune cells in WT and COL mammary glands at 15 weeks
(n=3, each n is an independent pair of age-matched littermate WT and COL non-tumor
mice). (B) Percentage of CD45+CD3-CD11b+ cells that are F4/80+ macrophages in
mammary glands. (C) Percentage of CD45+CD3-CD11b+ cells that are Ly6G+Ly6C+
neutrophils. (D) Percentage of CD45+CD3- cells that are Nkp46+ NK cells. (E) Percentage

of CD45+CD3+ T-cells in mammary glands, determined by flow cytometry as in Figure 1.
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Figure Al-4 Quantification of immune cells in spleens from wild type and collagen-dense non-
tumor mice.

(A) Spleen weight (mg) normalized to mouse weight (g) from both WT and COL mice
(n =3). (B) Percentage of CD45+ immune cells, (C) CD45+CD3-CD11b+ cells that are
F4/80+, (D) CD45+CD3-CD11b+ cells that are Ly6G+Ly6C+ neutrophils, (E) CD45+CD3-
CD11b+ cells that are Nkp46+ NK cells, and (F) CD45+CD3+ T-cells found in WT and COL
spleens from non-tumor mice at 15 weeks, determined by flow cytometry as in

Supplemental Figure 3.
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Figure Al-5 Non-tumor mice complete blood counts at 15 weeks of age.
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Figure Al-6 Recruitment NK cells in neutrophil depleted tissues.

(A) The percentage of CD45+CD3- cells that are Nkp46+ NK cells in anti-Ly6G treated or
IgG control WT and COL tumors at 12 weeks. (B) Spleen weight (mg) normalized to
mouse weight (g) from anti-Ly6G treated and IgG control WT and COL tumor mice. (C)
The percentage of CD45+CD3- cells that are Nkp46+ NK cells in anti-Ly6G treated or IgG

control WT and COL spleens at 12 weeks.
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Figure Al-7 Complete blood counts at different time points during neutrophil depleting study.

(A) White blood cell, (B) monocyte, (C) granulocyte, and (D) lymphocyte count in 10° per
ul from treated and control WT and COL mice obtained by saphenous vein bleeding
procedure. Counted on Hemavet 950FS hematology system. (E) Neutrophil to

lymphocyte ratio (NLR) a.u. (n =5 or 6).
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Figure Al-8 Neutrophil counts in metastatic lungs do not correlate with number of metastases

in depletion study.

(A) Immunohistochemistry of lungs from the four treatment groups. Tumors were

stained with Ly6G (1A8) in DAB and counterstained with hematoxylin. Scare bar = 100

um. (B), average number of Ly6G+ cells found in eight fields of view per tumor slide (n =

3). (C), average number of Ly6G+ cells per lung versus the number of metastatic lesions

per lungs.
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APPENDIX II
The collagenase-deficient mammary tumor mouse model (Col1al-MMTV-PyVT) results
in net increased collagen deposition associated with a three-fold increase in tumor
formation [10]. Collagen in these tumors is organized into characteristic patterns,
termed tumor associated collagen signatures (TACS). During the progression from a
normal mammary duct to invasive carcinoma tissue, the collagen is remodeled from a
non-aligned, random structure (TACS-1) to radially aligned fibers (TACS-3) [132]. This
alignment is functionally significant as carcinoma cells migrate out from the tumor along
these aligned fibers. Collagen fibers can enhance carcinoma cell intravasation because
some of these fibers converge on blood vessels. Hence, aligned fibers serve as highways
that guide invasive cells to vessels [142]. Collagen remodeling facilitates local invasion
and can predict metastasis. In the collagen dense mouse, this alignment was augmented
and correlates to three-fold increase in lung metastasis [10]. Of importance, collagen
organization into radially aligned fibers (TACS-3 positive) is associated with poor
outcome in breast cancer patients, making it a prognostic signature for disease-free
survival in human breast cancer [74].

The mechanisms that drive the reorganization into TACS-3 are not well
understood. Of the components in the tumor microenvironment, macrophages have
been found to play a role in collagen | fibrillogenesis by promoting collagen assembly
into long, organized fibers during mammary development [143]. This interplay between
macrophages and collagen may be significant as clinically, in human patients, high

macrophage recruitment into breast tumors is associated with poor survival [121].
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Tumor associated macrophages (TAMs) are known to secrete matrix metalloprotease-2
(MMP-2), MMP-7, MMP-9, and MMP-12, which can be responsible for collagen
remodeling [39]. Although it is also unclear if TACS-3 collagen reorganization involves
proteases secreted by macrophages, these data beg the following questions: are
macrophages involved in TACS-3 reorganization? Can both collagen alignment and
macrophage infiltration predict breast cancer survival?

Tumor tissue cores from 207 breast cancer patients were assembled into a tissue
microarray (TMA) in collaboration with Dr. Andreas Friedl [74] and were analyzed for
collagen alignment. In brief, 196 qualified cases were used following institutional review
board approval. Surgery on all of the patients had been performed by one surgeon
between 1981 and 1995. The tissue array was assembled with a manual MTA-1
instrument (Beecher Instruments) equipped with a 1.0 mm punch needle. After
assembly, paraffin embedded tissue samples were sectioned at 4 um thickness. This
TMA had previously been characterized with respect to patient age, tumor size,
histologic subtype, tumor grade, lymph node status, estrogen (ER) and progesterone
receptor (PR) expression, HER-2 overexpression, and Ki67 proliferation index. The
median follow-up time was 6.2 years with a range between 1 month and 18.6 years
[144]. The relative concentration of collagen and the orientation of fibers with respect
to the tumor boundary were assessed by second harmonic generation (SHG) using a
multi-photon microscope at the UW-Madison Laboratory for Optical and Computational
Instrumentation (LOCI). The SHG image was overlaid with an array of 14 regions of

interest and shared amongst a panel of three independent reviewers who were blind to



113

the patient outcome. The reviewers scored “yes” or “no” TACS-3, where bundles of
straightened, aligned collagen fibers oriented perpendicular to the tumor boundary
were defined as being TACS-3 positive, and a normalized TACS-3 manual score was
generated. A Cox proportional hazard model was used to evaluate whether the
presence of TACS-3 predicts survival. The results indicate a strong statistical evidence for
poor survival in patients with TACS-3 and that collagen alignment is an independent
biomarker for survival [74].

This tissue microarray was stained by immunohistochemistry by the UW-
Madison Translational Research Initiatives in Pathology (TRIP) laboratory. Anti-CD68 was
used as a macrophage marker stained with 3,3’-diaminobenzidine (DAB) as the
chromogen, and counterstained with hematoxylin. The TMA containing 195 tumor cores
was imaged by Vectra® automated quantitative pathology imaging system with a 20X
objective lens. The images (two per tumor core) were analyzed using the inForm®
advanced image analysis software, images were segmented into tumor niche (epithelial,
immune, adipose, and mesenchymal cells that make up the tumor mass), tumor stroma,
and other/blank components; then, the number of positive CD68 cells in each core was
counted and a percentage was calculated from all the cells in each core (Figure 1).

We proceeded to correlate the macrophage counts to the manual TACS-3 scores
to test if an increase in macrophage recruitment corresponds to a high TACS-3 score.
The Spearman’s Rank Correlation showed no significant correlation between TACS-3
scores and macrophage infiltration either in the tumor niche or in the stroma (Figure

2A). A Cox proportional hazard analysis was done to determine if macrophage
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infiltration can predict disease-specific survival (DSS) or time from date of diagnosis to
death caused by breast cancer or last follow-up evaluation, and disease-free survival
(DFS) or time from date of diagnosis until date of first cancer recurrence. The analysis
showed that macrophage infiltration either to the tumor niche or to the stroma does

not have prognostic significance and cannot predict DSS or DFS in this cohort (Figure 2B).
Lastly, Kaplan-Meier curves were generated to analyze DSS and DFS, and the LogRank
test determined whether survival curves were different among all the scores (0, 1, or 2)
in the tumor niche and the stroma. The LogRank test showed that neither tumor niche
nor stromal macrophage infiltration scores differ from each other with regards to cancer
reoccurrence in patients (Figure 2C) or patient survival (Figure 2D) over time.

This TMA analysis suggests that macrophage recruitment is not correlated to
tumor areas with highly aligned collagen. Although collagen alignment can predict
survival in this patient cohort, macrophage infiltration cannot. It is not out of the
guestion that, even though the number of macrophages recruited to tumor areas with
aligned collagen is not significant, the activation of macrophages may be altered.
Macrophages in tumors have been reported to secrete growth factors and cytokines
that promote tumor progression; further analysis of secreted factor or markers of
macrophage alternative activation would answer those questions. Interestingly, the only
factor positively correlated with TACS-3 was the expression of stromal syndecan-1 [74].
The connection between macrophages and syndecan-1 was mainly established in
atherosclerosis research, which demonstrated that syndecan-1 expression in

macrophages is associated with anti-inflammatory M2-polarization, and with increased
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motility of murine and human macrophages. These results suggested a role of syndecan-
1in resolution and rapid clearance of inflammatory macrophages [145]. It is unknown
whether the syndecan-1 found in the aligned collagen tumor microenvironment is
secreted by anti-inflammatory tumor-associated macrophages, and this allows for rapid
macrophage emigration.

These results also suggest that other components of the tumor
microenvironment may play bigger roles in aligning collagen into TACS-3. Cancer-
associated fibroblasts are candidates because they secrete collagen, as well as cell-
surface proteoglycans such as syndecans, which are associated with poor patient
outcome [144, 146]. Based on the research reported in this thesis project, tumor-
associated neutrophils are involved in promoting cancer in a collagen-dense tumor
microenvironment; however, their role in collagen alighment has not yet been studied.
Understanding the mechanisms of collagen alignment in breast cancer will aid in

developing new therapies to slow or block tumor progression.
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Figure All-1 Tissue microarray imaging and scoring
(A)The tissue microarray (TMA) was stained with hematoxylin (purple) and eosin (pink).
(B) Each tumor core was imaged by second harmonic generation to quantify fibrillar
collagen (white) alignment [74] (C), TMA core approximately 25 um away from the
section in A was stained with macrophage marker anti-CD68 in DAB (brown) (n = 195).
(D) Images of the TMA were segmented into tumor niche and stroma areas and
analyzed using inForm® advanced image analysis software. CD68 positive cell counts
were performed by the inForm® software in the tumor niche (epithelial, immune,
adipose, and mesenchymal cells that make up the tumor mass) and in the stroma. (E)
The percentage of CD68 positive cells in a tissue core was collected and the data from all

the cores were classified into three scores (0, 1 or 2) based on the median percentage.
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Figure All-2 Statistical analysis of the TMA
(A), Spearman rank order correlation analysis of the percent of CD68 positive cells in the
tumor niche and the stroma compared to their manual TACS-3 score. (B), Cox regression
proportional hazards model was fitted to evaluate the association between the percent
of CD68 positive cells (tumor niche and stroma) and disease-free and disease-specific
survival. The p-values were calculated from covariate analysis; * indicates that the
hazard rate was significantly affected by the percent of CD68 positive cells in the stroma.
(C), Kaplan-Meier curves for disease-free and disease-specific survival rates and all three

macrophage infiltration scores. P-values were provided by the LogRank test (D).
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APPENDIX Il
Microtubules regulate GEF-H1 in response to extracellular matrix stiffness
This appendix is published as:
Jessica N. Heck, Suzanne M. Ponik, Maria G. Garcia-Mendoza, Carolyn A. Pehlke,

David R. Inman, Kevin W. Eliceiri, and Patricia J. Keely. Mol. Biol Cell. 2012 Jul 1;
23:2583-92. PMID: 22593214.

Abstract:

Breast epithelial cells sense the stiffness of the extracellular matrix through Rho-
mediated contractility. In turn, matrix stiffness regulates RhoA activity. However, the
upstream signaling mechanisms are poorly defined. Here we demonstrate that the Rho
exchange factor GEF-H1 mediates RhoA activation in response to extracellular matrix
stiffness. We demonstrate the novel finding that microtubule stability is diminished by a
stiff three-dimensional (3D) extracellular matrix, which leads to the activation of GEF-H1.
Surprisingly, activation of the mitogen-activated protein kinase kinase/extracellular
signal-regulated kinase pathway did not contribute to stiffness-induced GEF-H1
activation. Loss of GEF-H1 decreases cell contraction of and invasion through 3D
matrices. These data support a model in which matrix stiffness regulates RhoA through

microtubule destabilization and the subsequent release and activation of GEF-H1.
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