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Abstract:
Metastasis, which accounts for 90% of cancer deaths, critically depends on the ability of cancer
cells to migrate through the dense extracellular matrix (ECM) surrounding the solid tumor.
Recent advances in cancer biology have revealed that non-cancerous cells and biophysical forces
in tumor microenvironment can influence metastasis. Specifically, macrophage, one of the most
abundant tumor-associated stromal cell types, has been shown to assist cancer cell invasion.
However, exactly how macrophages affect the different aspects (e.g. speed and persistence) of
cancer cell migration, especially in 3D ECM that mimics the in vivo tumor microenvironment,
remains largely unknown. In addition to macrophages, elevated interstitial flow (the flow of
tissue fluid) within the tumor tissue has been shown to influence cancer cell and fibroblast
migration. Nevertheless, the effects of this tumor-associated biophysical force on macrophages
are still unknown.

In this thesis, we first explored how macrophages control the subtle details (speed vs.
persistence) of cancer cell migration. Using a microfluidic migration assay, we found that
macrophage-released TNFa and TGF1 enhance cancer cell migration speed and persistence in
3D ECM in an MMP-dependent fashion via two distinct pathways. Specifically, macrophage-
released TGF1 enhances cancer cell migration speed via the induction of MTl-MMP
expression in cancer cells. In contrast, macrophage-released TNFa and TGFp1 synergistically
enhance cancer cell migration persistence via the induction of NF-KB-mediated MMP1
expression. Therefore, these results suggest that macrophages control different aspects of cancer
cell migration in 3D differently, and both TNFa and TGFpI released by macrophages need to be
simultaneously inhibited to effectively limit macrophage-assisted cancer cell metastasis.

In a separate study, we investigated how tumor-associated interstitial flow (IF) affects
macrophage migration and protein expression. We discovered that IF promotes macrophage
migration in 3D ECM via the flow-induced activation of FAK and Akt. Interestingly, IF also
directs the preferential migration of macrophages against the direction of flow (upstream).
Moreover, we show that IF polarizes macrophages toward a pro-metastatic M2 phenotype via
integrin/Src-dependent STAT3/6 activation. Since IF emanates from tumor core to stromal tissue
surrounding the tumor, these results suggest that IF can promote metastasis by not only
recruiting macrophages from stroma into tumor, but also enhancing the M2 polarization of
macrophages in the tumor microenvironment.
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Chapter 1. Introduction

1.1: Tumor Microenvironment and Metastasis

Cancer represents a group of complex and systemic diseases that are characterized
by uncontrollable growth and dissemination of abnormal, cancerous cells (1). Metastasis,
which is the dissemination of cancer cells from the primary tumor site to a secondary
tumor site, accounts for 90% of cancer deaths (1-3). Although various treatment
strategies have been devised to control tumor growth, therapeutic targeting and
management of metastasis remain elusive. Tumor metastasis includes a cascade of events
that is widely thought to begin when epithelial-like cancer cells are transformed from an
immobile, cobblestone-shaped, epithelial phenotype to a highly motile, spindle-shaped,
mesenchymal phenotype. This transformation is called epithelial-to-mesenchymal
transition (EMT), and it marks an important step in cancer cells gaining ability to migrate
from the primary tumor site. Following EMT, cancer cells penetrate the basement
membrane surrounding the tumor tissues, and migrate into the tumor-associated stroma.
Once inside the stromal tissues, cancer cells can transmigrate through tumor-associated
blood vessels, a process termed intravasation. Intravasation is a crucial step in metastasis,
as it allows cancer cells to gain access to the circulation. In the blood vessels, cancer cells
will disseminate throughout the body, and if they survive, extravasate, or transmigrate,
through the blood vessels into the tissues of secondary organ. Following extravasation,
these metastasized cancer cells can colonize the secondary sites and develop into a
metastatic tumor (Fig. 1.1) (4).

EMT
Primary tumor formation Local invasion Intravasation

Arrest at a
Extravasation distant organ site Survival in the circulation

Clinically detectable
Micrometastasis macroscopic metastases

formation Metastatic colonization

Fig.1.1: Schematic of the metastatic cascade. The cascade begins as the primary tumor forms.
Cancer cells in the tumor can undergo EMT, leading to the invasion of cancer cells into the
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stroma surrounding the tumor. As cancer cells migrate, they can enter the blood stream through
intravasation. The cancer cells that survive in the blood stream can arrest at a distal organ and
extravasate into the secondary organ site. After extravasation, these metastasized cancer cells
colonize the secondary organ inside the body. Figure modified from (4).

Endotheliat G Macrophage
cell o

ECM: keratin
Fibroblast fibronectin

---- o and, clagen

Erythrocyte dTumourcell

PDL1

Neutrophil- PD1

g CD84,

CXCR2 0- CXCL

ECM rtiffness

,

Solid Stress ECM Topography

Fig. 1.2: Schematic of tumor microenvironment. The tumor microenvironment is complex. It
includes tumor-associate stromal cells (e.g. endothelial cells, fibroblasts, macrophages,
neutrophils, and T cells), tumor-associated ECM (e.g., fibronectin and collagen), and tumor-
associated biophysical forces (e.g. elevated interstitial flow and increased matrix stiffness). All of
these factors could affect tumor progression and metastasis. Modified from (5).

The reason that the development of anti-metastasis medicine remains challenging
results from the fact that metastasis is a complex process that depends not only on cancer
cells themselves, but also on the environment in which they reside. In fact, recent
advances in cancer biology have revealed that the interaction between cancer cells and
their surrounding environment, particularly at the primary tumor site, is crucial for tumor
progression and metastasis (6-8). This environment, collectively called the tumor
microenvironment, consists of tumor-associated stromal cells, extracellular matrix
(ECM), and various biophysical forces (7, 9) (Fig. 1.2). It has been known that tumor-
associated stromal cells, including fibroblasts, macrophages, and endothelial cells,
contribute to malignancy (6-8). For example, tumor-associated blood vessels deliver
nutrients to the cancer cells. In addition, these blood vessels also serve as a route of
metastatic dissemination (10). Fibroblasts, on the other hand, have been shown to
enhance cancer cell growth and migration. Tumor-associated fibroblasts can secrete
stromal cell-derived factor-1 (SDF-1) to promote tumor growth, transforming growth
factor-P (TGF-ps) to promote EMT, and hepatocyte growth factors (HGFs) to promote
cancer cell drug resistance (11). Besides these stromal cells, a myriad of biophysical
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forces in the tumor microenvironment can also promote tumor metastasis. For instance,
tumor tissues are ~10-fold stiffer than the normal tissues due to the aberrant ECM
homeostasis, a result of tumor-associated fibroblasts depositing an excess of collagen I
(12, 13). This elevated tissue stiffness has been shown to promote EMT (14, 15), cell
migration (16, 17), and proliferation (18). Moreover, bundling and alignment of ECM in
the vicinity of the tumor tissue have been shown to create a matrix topography that favors
cancer cell movement (19). Finally, elevated solid stress inside the tumor
microenvironment, a result of the uncontrolled enlargement of tumor tissues, can affect
cancer cell growth and metastasis (20).

Macrophages are one of the most abundant stromal cell types in the tumor
microenvironment, especially in breast tumor tissue (21). These immune cells have been
shown to promote carcinogenesis (22-24), cancer progression (25, 26), and cancer cell
dissemination (26-28). Specifically, these macrophages could increase cancer cell
invasion through the release of growth factors, cytokines, and matrix metalloproteases
(MMPs) (26, 29, 30). Besides tumor-associated macrophages, one of the key biophysical
forces that promotes metastasis is interstitial flow (31, 32). It has also long been
documented that elevated interstitial flow exists inside many solid tumors such as breast
carcinoma, colorectal carcinoma, and melanoma (33). This elevated interstitial flow is
due to the increased permeability of tumor blood vessels and the collapse of tumor
lymphatic vessels (33). Recent clinical data show that high interstitial flow correlates
with poor prognosis (34, 35). Moreover, numerous in vitro data suggest that interstitial
flow, via its effects on cancer cells and tumor-associated stromal cells, could enhance
metastatic dissemination (36-38). Therefore, both tumor-associated macrophages and
interstitial flow are significant factors in controlling the tumor microenvironment and
metastasis. In the following sections, we will discuss these two key features of the tumor
microenvironment in detail.

1.2: Role of macrophages in tumor metastasis

1.2.1: Macrophages in the tumor microenvironment

Macrophages are innate immune cells that reside in nearly every part of the body.
These cells are incredibly plastic, able to adopt a diverse array of phenotypes based on
the stimulus they encounter in their microenvironment. These functionally diverse cells
are crucial in many important biological processes, including immunity against diseases,
tissue homeostasis, and organ development. Moreover, different types of macrophages
reside in different tissues. For instance, Kupffer cells are resident macrophages of liver,
and they are functionally different from microglia, which are resident macrophages of the
brain. These tissue resident macrophages maintain tissue homeostasis, and they are the
first-line of defense against foreign bodies such as bacteria and viruses. In addition to the
resident macrophages, additional macrophages can be called upon to the site of injury or
infection in the form of monocytes. Once the monocytes are recruited to the tissue, they
can differentiate into macrophages (39, 40).
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Depending on their microenvironment, macrophages can polarize to a classically
activated (MI) or an alternatively activated (M2) phenotype (Fig. 1.3) (41). MI
phenotype is pro-inflammatory, and macrophages adopt this phenotype in response to
infection or injury to the tissues. These M1 macrophages secrete pro-inflammatory
cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-a (TNFa), and interleukin- 1
(IL-1), to promote inflammation and immune responses. They also produce reactive
nitrogen and oxygen species (RNS and ROS) to combat pathogens. In vitro, M1
macrophages can be obtained by treating nafve, unpolarized (MO) macrophages with
lipopolysaccharide (LPS) or interferon-y (IFN-y). In contrast, M2 polarization results
from stimulating MO macrophages with cytokines IL-4, IL-10, or IL-13. Once adopting
an M2 phenotype, macrophages will secrete anti-inflammatory cytokines, such as IL-10
and TGFs. Indeed, M2 macrophages are found to participate in tissue repair, wound
healing, and tissue hemostasis. Finally, it should be noted that while Ml and M2
classification of macrophage phenotypes is popular, it represents the extreme states of
their polarization. As such, in realty, macrophages inside the body usually adopt a
spectrum of phenotypes that is defined by these two extreme states (41-43) (Fig. 1.3).

IL-10
IFNY 11b IL-4

u~~I 114LPS IL-1 3
4 ~STY 4

Anti-umor K00 Wk

MI

TNF4 IL-10
IL-1p TGF

MCP-1 Pro-metstasis

02'

Fig. 1.3: Distinct polarization of macrophages. Macrophages can be polarized to a pro-
inflammatory MI state upon IFNY/LPS stimulation or anti-inflammatory M2 state upon IL-4/IL-
13 treatment. Ml macrophages have enhanced expression of iNOS, and they secrete TNFa, IL-
1p, and IL-6. In contrast, M2 macrophages have enhanced expression of CD206, Yml, and
arginase I. They secrete IL-10 and TGFs. Modified from (44).

The presence of macrophages in primary tumor tissues has been documented for
many years. However, only recently has the importance of macrophages in tumor
malignancy been appreciated. Recent clinical data show that macrophages are the
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predominant immune cells that reside in the tumor mass (9, 45, 46). In addition,
macrophages in the tumor tissues generally adopt an M2 phenotype. Indeed, the presence
of M2 macrophages in the primary tumor site has been demonstrated to correlate with
poor prognosis in breast, prostate, and kidney cancer (47) (Fig. 1.4A). Macrophages are
especially important to breast cancer malignancy since they could constitute about half of
breast tumor tissue (48). The importance of macrophages in tumor progression has also
been shown in mice studies. Significantly, polyoma middle T (PyMT) mice that were
depleted of macrophages showed a delayed tumor progression and metastasis (47, 49).
Conversely, overexpression of CSF- 1 (a chemoattractant for macrophages) in mice tumor
promoted the infiltration of macrophages and tumor progression (26). Finally, in contrast
to M2 macrophages, M1 macrophages are generally thought to promote tumor
suppression by activating anti-tumor immunity. Hence, the dual roles that macrophages
(MI vs. M2) play in tumor progression make them attractive targets for anti-tumor
therapy.

A) Clinical outcome of macrophage infiltration B) Localization of Macrophage in tumor

Favorable Reference Poor Reference
prognosis prognosis

Stomach (59) Breast*- (15, 37)

Colorectal (72) Prostate, (35)
Melanoma (73) Endometrial* (36)

Bladder," (34)
Kidney* (17)

Esophageal
Superficial' (501

Squamous cell carcinoma* (33)
Malignant uveal melanoma* (31)

Follicular lymphoma (75)

Correlation with increased tumor angiogenesis.
fCorrelation with increased involvement of local lymph nodes. No
correlation with survival was found in colon carcinoma (70), high-grade
astrmcytomas (71), lung carcinoma (74), or cervical carcinoma (76).

Fig. 1.4. Clinical outcomes of macrophage recruitment into tumor, and the localization of
macrophages in the tumor microenvironment. (A) The recruitment of macrophages into tumor
tissues results in poor prognosis for most types of tumors, including breast tumor, prostate tumor,
and melanoma. (B) Tissue section staining (blue=cancer cells, brown=macrophages) obtained
from mice showing that macrophages tend to reside in the tumor-associated stroma, especially at
the tumor-stromal boundary. Modified from (47).

Macrophages in tumor microenvironment originate from blood monocytes (50,
51). Circulating blood monocytes are recruited to primary tumor by various growth
factors (CSF-1) and chemokines (CCL-2, CCL-8, CXCL8) released by tumor cells (47,
50). At the primary tumor site, these monocytes will differentiate into macrophages.
Moreover, cytokines secreted by cancer cells can educate these macrophages to adopt an
M2 phenotype. Some in vivo studies have also reported that tumor-associated
macrophages can proliferate at the tumor site (52, 53). Macrophages in primary tumor
sites commonly reside in the area of tumor cell invasion, mostly at stromal-tumor
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boundary (47, 54) (Fig. 1.4B). These macrophages secrete a variety of different growth
factors, cytokines, reactive oxygen species, and MMPs that could promote malignancy.
Specifically, macrophages secrete reactive oxygen and nitrogen species that enhance
carcinogenesis (22, 26). In addition, macrophages release angiogenic factors (VEGFa,
VEGFc, TNFa) that assist in the formation of tumor blood vessels, which provide cancer
cells with nutrient and the route for escape from primary tumor site (26, 55, 56).
Moreover, macrophages secrete proteases (MMP2, MMP9, MMP12, MMP7, uPA) that
facilitate basement membrane breakdown. Furthermore, TGFP released by macrophages
can promote immune suppression by inhibiting the proliferation and activation of
cytotoxic T cells, NK cells, and dendritic cells while enhancing the generation of anti-
inflammatory Teg cells (57). Finally, macrophages release various growth factors and
cytokines (TNFa, EGF, FGF, HGF, TGFps) (26, 29, 45). These macrophage-released
growth factors and cytokines have been speculated to assist cancer cell migration and
intravasation (Fig. 1.5). A few experiments have directly demonstrated that macrophage-
released EGF could increase cancer cell invasion and intravasation (28, 30, 58). Indeed,
an EGF/C SF- 1 paracrine loop was recently identified as an important interaction between
cancer cells and macrophages that contributes to metastasis. Specifically, it was
discovered that in certain tumors, cancer cells secrete CSF-1 to attract macrophages,
while macrophages secrete EGF to promote cancer cell invasion and intravasation (30).
Despite this discovery, more studies are needed to gain a detailed understanding of how
other macrophage-released molecules, such as TNFa and TGF 1, affect cancer cell
migration, especially the temporal dynamics of migration. In the next section, we will
discuss the dynamics of cell migration in detail.

MCD

VEGFa CCL2 l do
TNFa VEGFc
bFGF uPA<-- --
CXCL8 IL-1 o
NO iNOS

MMP2 MMP9 t
MMP7 MMP12 <- - - - - -v- -
uPA tPA

TNFa Wnt5a
NF-KB IL-1i/a
CSF-1 EGF <- - - tr rand n,cytokines
VEGF FGF induced invasion/intravasatio
HGF TGFP _

(Adapted from Pollard 2004)
Hatum ReviIwsCar
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Fig. 1.5 Macrophages contribute to tumor progression and metastasis via various pathways.
Macrophages release reactive oxygen and nitrogen species to enhance carcinogenesis, and secrete
angiogenic factors (e.g. VEGF, TNF) to promote tumor angiogenesis. Macrophages also
produce a myriad of MMPs, growth factors, and cytokines to induce cancer cell invasion and
intravasation. Modified from (59).

1.2.2: Cancer cell migration -- the importance of 3D migration and the dynamics of
migration

The migration behavior of cancer cells is a key determinant of tumor metastasis. It
dictates how cancer cells break through basement membrane and invade the tissue
surrounding the primary tumor. It also determines how cancer cells transmigrate through
the tumor endothelium and enter the blood stream. All these processes are important
components of metastatic cascade (60). To study cancer cell migration, many researchers
employ the transwell migration assay, an assay in which cancer cell motility is assessed
as the number of cells that transmigrate through a plastic 2D membrane (60, 61). This 2D
transwell assay cannot accurately mimic physiological conditions, as it fails to account
for the existence of 3D ECM in the tumor microenvironment (62, 63). In addition,
various reports indicate that there are differences between cancer cell movement in 2D
and 3D (61, 63-65). For example, FAK is absolutely crucial for an effective 3D cell
migration, while the defect in the migration of FAK-null cells on 2D substrate can be
compensated by over-expressing other cell migration machineries (66). Moreover, it has
been discovered that cell migration speed and persistence on 2D substrate do not
correlate with the speed and persistence of migration in 3D ECM (64).

Transwell experiments also have the disadvantage of being an end-point assay.
With this approach, only the end-point readout of the number of cancer cells that have
transmigrated through the membrane can be obtained. Hence, the temporal dynamics of
cell migration, such as how fast (speed) or how persistently (persistence) the cell moves,
cannot be captured using this assay (63). These subtle details of migration dictate the
metastatic potential of cancer cells. For example, a stimulus that increases both cancer
cell migration speed and persistence can greatly enhance metastasis. More importantly,
speed and persistence can be modulated independently of one another by a single
stimulus. For example, inhibiting P1 integrin has been shown to decrease cancer cell
migration speed but have no effect on persistence (67). On the other hand, interstitial
flow can increase cancer cell migration persistence without altering the speed of
migration (36). Finally, a stimulus can affect speed and persistence of migration
differently when cells are cultured on 2D substrates compared to in 3D matrix.
Specifically, EGF has been shown to increase cancer cell migration speed and decrease
persistence when cells are migrating on 2D surfaces. However, this same growth factor
enhances both cancer cell migration speed and persistence when cells are cultured in 3D
ECM (68). Since these dynamics are important characteristics of cell migration and they
could be influenced independently of one another, a detailed quantification of these
dynamics is needed to gain a deeper insight into cancer cell migration (69-7 1).

Finally, it is now well-appreciated that cell heterogeneity is an important aspect of
metastatic diseases (64, 71). It has been shown that different subpopulations of cancer
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cells within the tumor contribute to tumor progression and metastasis differently. Indeed,
cancer cell migratory behavior can vary greatly between different cells in the same
population. Hence, transwell assays, which can only produce an averaged migration
statistic for the entire population, often fail to reveal important subpopulation variation in
cancer cell migration (69). Therefore, to address these disadvantages of the transwell
assay, we have to assess 3D cancer cell migration dynamics and any heterogeneity in
these dynamics by using a microfluidic 3D migration assay.

1.2.3: The effects of macrophages on cancer cell migration -- possible roles of TNFa
and TGFp1

Besides EGF, macrophages in the tumor microenvironment also secrete a large
amount of TNFa and TGFP1 that are speculated to affect cancer cell migration through a
3D ECM (26, 72). TNFa is a cytokine that is predominantly produced by
monocytes/macrophages (73, 74), such as Raw 264.7 macrophages, primary murine bone
marrow-derived macrophages (BMDM), and primary monocyte-derived macrophages
(MDMD) (75, 76). In addition, previous reports have shown that co-culture of
macrophages with cancer cells increases the macrophage expression of TNFa (72). TNFa
is now known to be a major contributor of cancer inflammation and progression (77).
Several in vivo studies have revealed that skin cancer cannot develop in mice lacking
TNFa. Moreover, recombinant TNFa treatment could lead to liver metastasis in mice
(78). These results have led researchers to speculate that TNFa can promote cancer cell
growth and invasion. Indeed, in vitro studies revealed that exogenously supplied TNFa
could increase the motility of many types of breast and colon cancer cells (79).
Specifically, treating MDA-MB-231 breast carcinoma cells with recombinant TNFa can
increase cell migration as measured by a 2D wound healing assay and transwell assays
(80-82). Furthermore, TNFRI, a major TNFa receptor, is expressed on many cancer cell
types such as MDA-MB-231 cells (77, 83). Several recent reports have also evaluated the
importance of TNFa in the promotion of cancer cell invasion by macrophages.
Hagemann et al. showed that co-culture of macrophages with MCF7 breast cancer cells
led to a TNFa-dependent enhancement of macrophage MMP expression and cancer cell
invasion (29). In subsequent papers, they also found that co-culture of macrophages with
MCF7 cells led to TNFa-mediated increases in NF-KB activity in MCF7 cells and Wnt 5a
expression in macrophages (84-86). These results demonstrate that TNFa plays a major
role in the crosstalk between cancer cells and macrophages. However, since these studies
were performed using an end-point transwell assay, they could not reveal any information
on how macrophage-released TNFa affects 3D migration dynamics (speed and
persistence) of cancer cells.

A major TGFp isoform secreted by macrophages, such as Raw 264.7
macrophages, BMDM, and MDM(D, is TGF1 (87-91). Previous reports have revealed
that co-culture of macrophages and tumor cells can lead to an up-regulation of TGFp 1 in
macrophages (26, 54, 72). TGFpI is thought to be a pro-tumorigenic growth factor, as the
existence of TGFP1 in the breast tumor tissue has been linked to metastasis and poor
prognosis (88, 92). Indeed, TGFpl is believed to be responsible for the initiation of
epithelial-to-mesenchymal transition (EMT) and cancer cell invasion in tumor (93, 94).
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Exogenously supplied TGFp 1 can induce EMT in pre-transformed epithelial cells.
Exogenously supplied TGFP 1 could also increase the motility of metastatic cancer cells,
such as MDA-MB-231 breast cancer cells, as measured by 2D wound-healing and
transwell assays (95-97). In recent years, several groups have evaluated whether tumor-
associated macrophages play a role in the induction of EMT. Their experiments showed
that macrophages could promote the EMT of pre-transformed epithelial cells through
their release of TGFPl (98, 99). However, whether macrophage-released TGFPl affects
the 3D migration dynamics of metastatic cancer cells remains to be investigated. To
address these gaps in knowledge, we used a microfluidic 3D migration assay, in
combination with time-lapse imaging, to assess how macrophages affect the temporal
dynamics of cancer cell 3D migration. We also evaluated how macrophage-released
TNFa and TGFPl affect cancer cell migration dynamics. We hypothesized that
macrophages can alter the dynamics of cancer cell 3D migration, and that this
macrophage-assisted cancer cell migration is controlled by TNFa and TGFP I released by
macrophages.

1.3: Role of interstitial flow (IF) in tumor metastasis

1.3.1: The origin of elevated interstitial flow in tumor tissue

Interstitial flow is the movement of interstitial fluid from the blood vessels,
through porous extracellular matrix (ECM), and into the lymphatic vessels (100). Recent
discoveries have demonstrated that heightened interstitial flow occurs inside neoplastic
lesions (101, 102). This elevated flow is a consequence of over-permeabilized tumor
blood vessels, which allow excess blood plasma to leak into the interstitial space and
increase the total volume of interstitial fluid inside tumor tissue. Excess interstitial fluid
needs to be drained into the lymphatic vessels. However, the growth of solid tumor
causes the collapse of tumor lymphatic vessels, blocking the lymphatic drainage of
interstitial fluid. This blockage causes the buildup of interstitial fluid pressure inside
tumors, leading to a high pressure gradient and interstitial fluid flow (1-4 pim/s compared
to 0.1 im/s in normal tissue) from the center of the tumor to tissue surrounding the
neoplastic lesions (32, 63, 103) (Fig. 1.6). The interstitial flow velocity is believed to be
highest near the tumor margin (33). Since this is where tumor-associated macrophages
tend to reside, we expect that these macrophages will experience an elevated IF in vivo.
Therefore, it is important to study how this tumor-associated physical factor affects
macrophages to gain a detailed understanding of the tumor microenvironment.
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Fig. 1.6: Schematic showing the build-up of interstitial fluid pressure (IFP) inside the tumor
tissue, resulting in the flow of interstitial fluid (blue arrow) from the center of the tumor
tissue toward the tissue surrounding the neoplastic lesion. The interstitial fluid from the tumor
will drain into normal post-capillary blood vessels and lymphatic vessels surrounding the tumor.

1.3.2: The effects of interstitial flow on cells

Much clinical data has demonstrated that elevated interstitial flow correlates with
poor prognosis (34, 63). Recent studies have revealed that interstitial flow acts as a
biomechanical factor that enhances progression of the neoplastic lesion by affecting the
migration, morphology, and growth factor/cytokine expression of cancer cells and tumor-
associated stromal cells. For example, Polacheck et al., using a microfluidic device,
demonstrated that 3.0 pm/s interstitial flow leads to alignment and migration of MDA-
MB-231 breast cancer cells against the direction of flow (upstream). They also found that
this alignment and migration are mediated via the flow-induced phosphorylation of focal
adhesion kinase (FAKs) (36). In a subsequent paper, the authors further demonstrated
that this upstream migration results from the polarization of cancer cell migration
machinery against the flow. Specifically, they show that interstitial flow produces a
tension on the integrins located at the upstream face of the cells, which results in the
activation of integrin and subsequent localization of vinculin, FAK, and paxillin at the
upstream facing membrane (Fig. 1.7B). Besides this mechanotransduction pathway,
interstitial flow was also shown to create a micro-gradient of cell-secreted CCL21, which
directs the movement of cancer cells expressing CCR7 in the direction of flow
(downstream) through autologous fashion (autologous chemotaxis) (37) (Fig. 1.7A).
Furthermore, the responses of cancer cells to interstitial flow also depend on cell seeding
density. Polacheck et al. discovered that when interstitial flow is applied to a population
of cancer cells with low cell seeding density, cancer cells tend to move downstream
through autologous chemotaxis mechanisms. However, when the same level of interstitial
flow is applied to cancer cell population with high seeding density, the
mechanotransduction pathway seems to be dominant and cells tend to migrate upstream.
This phenomenon is attributed to the fact that high seeding density created an
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unfavorable environment for the generation of the autocrine gradient, as the chemokines
secreted by nearby cells can mask this gradient (36). Finally, a very recent study has
revealed that tumor cells' responses to interstitial flow are also heterogeneous (69).
Specifically, it shows that a subpopulation of cells that move in the direction of flow has
low migration speed but high migration persistence. Conversely, the subpopulation of
cells that move against the flow has high migration speed but low migration persistence
(69). These results, which could not be obtained from an end-point transwell assay,
highlight the importance of assessing the temporal dynamics of cell migration.

Sttic FlowB Flow-nduced mechanotransduction

101 Matrix Degradation ay

LA

Asmo-1 TGFp

Fig. 1.7. Mechanisms of interstitial flow-induced cellular responses. (A) Interstitial flow can
induce the migration of cancer cells in the direction of flow via autologous chemotaxis. Under
static conditions (left image), chemokines released by a cell will distribute symmetrically around
the cell. However, under the physiological interstitial flow condition (right image), the
symmetric distribution of chemokine is altered to create a transcellular micro-gradient that can
direct cell migration in the direction of flow. (B) Interstitial flow could also induce cellular
responses through mechanotransduction pathways. Cells sense interstitial flow using integrin
and glycocalyx. Interstitial flow (IF) stimulates integrin, which leads to the activation of
FAK and downstream up-regulation of TGFP. The activation of FAK could also lead to the
activation of ERK, which further leads to the up-regulation of MMPs. Modified from (6, 37).

Interstitial flow could also affect stromal cells. Interstitial flow-induced sprouting
of endothelial cells, which is mediated by integrin and Src, has been observed (104-106).
Moreover, Ng et al. discovered that interstitial flow could increase the expression of
TGFP1 in fibroblasts (107). They further demonstrated that cells could sense this
interstitial flow through p1 integrin. A later study performed by Shi et al. found that
interstitial flow increased the migration of fibroblasts through the up-regulation of
MMPL. Subsequent experiments demonstrated that this up-regulation of MMP1
expression was linked to interstitial flow-induced phosphorylation of ERKl/2 and
expression of c-Jun. Recent study also introduces the possibility that glycocalyx, such as
syndecan, are involved in cell sensing of interstitial flow (108-110) (Fig. 1.7B).
Furthermore, interstitial flow has also been shown to affect the interaction between
cancer cells and stromal cells. Interstitial flow was reported to induce the release of
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proteases by tumor-associated fibroblasts. This led to priming of the ECM by fibroblasts,
which allowed cancer cells to migrate through the matrix easily (38). In summary, all
these studies suggest that many different types of cells can sense interstitial flow through
P 1 integrin and glycocalyx.

1.3.3: The effects of interstitial flow on macrophages and macrophage-cancer cell
interaction - possible mechanisms

Despite the advances from the studies presented above, the effects of interstitial
flow on tumor-associated macrophages, a key contributor to tumor malignancy, and their
interaction with cancer cells, have not been investigated. Since many cellular pathways
and molecules that are used by cells to sense and respond to interstitial flow are
conserved in macrophages, we expect that interstitial flow can elicit responses from
macrophages. Indeed, macrophages have been demonstrated to respond to their
mechanoenvironment (111). They have also been shown to respond to different substrate
stiffness, and their ability to phagocytose has been linked to the stiffness of the target
(112, 113). Macrophages could also use podosomes, an adhesive structure with
proteolysis activity, to sense the mechanical cues and transmit them inside the cell (115-
117). Specifically, Raw 264.7 macrophages, which were used in our study, possess
podosomes, and integrin is found in these podosomes (118-122). Integrins, which are
important in cell sensing of interstitial flow, also play a pivotal role in macrophage
migration (123) and the release of cytokines (124-126). Macrophages express abundant
p1 integrin, which is in contrast to monocytes (127, 128). Specifically, the expression of
both alpl (125, 129) and a2Pl (130-132) has been found on macrophages. Recent in
vivo and in vitro reports have shown that macrophages adhere to collagen I gel (118, 130,
131) through p1 integrin such as alpl and a2P1 integrin. Indeed, Raw 264.7 cells can
adhere to collagen I (118, 133), and they do so using either alpl or a2P1 integrin.
Moreover, macrophages also use mesenchymal migration to navigate inside the dense
collagen I matrix (123), and 01 integrin and podosomes are heavily involved in this
process (131, 134). Macrophages also express glycocalyx, another possible sensor of
interstitial flow. Macrophage is actually a main producer of heparin sulfate proteoglycans
(HSPGs), a major component of glycocalyx (135). Macrophages have been shown to
produce syndecan-1, syndecan-2, and syndecan-4 (135, 136). Specifically, Raw 264.7
macrophages have been reported to produce syndecan-1 (137, 138). All in all, these
results point to the possibility that macrophages could sense interstitial flow since they
express major flow sensors (integrin and glycocalyx).

Besides flow sensors, macrophages also express FAK and ERK1/2, which are the
major transducers of cellular signals initiated by interstitial flow (121, 139, 140). It has
long been known that P1 integrin and FAK co-localize inside the adhesive structure of
macrophages (139). Additionally, Raw 264.7 macrophages express FAK, and the
phosphorylation of FAK at tyrosine 397 has been observed (141). Macrophages lacking
FAK have impaired ability to migrate and form protrusion (140, 142-144). ERK1/2 is
another important molecule in macrophages, and it plays important roles in macrophage
cytokine release. Many previous studies have reported that the crosslinking of P1 integrin
promotes the release of cytokines by macrophages (124, 126, 145). Moreover, the

18



adhesion of macrophages to substrate is crucial for its cytokine production (124, 126).
Indeed, blocking p1 integrin-mediated macrophage adhesion inhibits TNFa production
(125, 146). Further research has revealed that ERK1/2 is involved in this integrin-assisted
cytokine production, as artificially-induced integrin activation leads to the
phosphorylation of ERK1/2 in macrophages (125, 147), and the inhibition of this ERK1/2
phosphorylation leads to a decreased cytokine production. Besides promoting the release
of cytokines, ERK1/2 phosphorylation and activation could also lead to increased
macrophage proliferation (148-150).

Finally, we hypothesized that the polarization of macrophages could be affected
by interstitial flow, since kinases and transcription factors that control this process have
been shown to be mechanosensitive in other cell types. It is well known that cytokines,
such as IL-4 and IL-10, can induce the expression of M2 markers in macrophages
through the transcription factors STAT3 and STAT6. Once IL-4 and IL-10 bind to their
respective receptors on macrophage surface, they activate kinases such as JAK1, JAK3,
and Tyk2. These kinases can further phosphorylate and activate STAT3 and STAT6,
which, upon activation, translocate to the nucleus and initiate the production of M2
cytokines. In contrast, the activation of transcription factors STAT1 and STAT5 leads to
the production of MI markers in macrophages treated with LPS and IFN-y (Fig. 1.8)
(41). Recent reports suggest that the STAT and JAK pathways are mechanosensitive in
cardiomyocytes and osteoblasts. Specifically, Pan et al. have shown that mechanical
stretch could induce the phosphorylation (activation) of JAKI, JAK2, and Tyk2 in
cardiomyocytes, leading to the downstream activation of STAT1 and STAT3 (151).
Moreover, Zhou et al. reported that fluid shear stress can enhance the phosphorylation of
STAT3 in osteoblasts (152). However, whether STAT and JAK pathways are
mechanosensitive in macrophages has not been explored. All in all, it is important to
understand how interstitial flow affects macrophage polarization, since it determines
whether the macrophages are anti- or pro-metastatic in the context of tumor progression.

19



M1 M2
IFN-y IL-4 IL-10

IFNGR-1 IFNGR-2 I[4Rul YC IL-OR1 IL-10R2

JAK2
JAKIJAKI JAK3 Tyk2

UTAT JAK1
STAT6 STAT I3r STAT5

T P 4 jSTAT1

STATI IRsSA6STAT3

Fig. 1.8: JAK-STAT pathways in macrophages. (Left) The chemical induction of Ml
polarization in macrophages starts with the binding of IFNy to its receptors, leading to the
downstream activation of kinases JAKI and JAK2. These two kinases further activate
transcription factors STAT2 and STAT1, which induce the production of Ml markers. (Right)
M2 macrophages are produced by stimulating naYve macrophages with cytokines such as IL-4
and IL-10. These cytokines, when bind to their receptors, signal the downstream activation of
JAKI, JAK3, and Tyk2, leading to the phosphorylation of transcription factors STAT6 and
STAT3. These phosphorylated transcription factors then transmigrate into the nucleus, leading to
the production of M2 markers. Modified from (41).

Based on current literature presented above, we hypothesized that macrophages in
the tumor microenvironment could sense, through their surface expression of integrin or
glycocalyx, the elevated interstitial flow in the tumor tissue. This could lead to the
phosphorylation of FAKs and ERK1/2 in tumor-associated macrophages. Since integrin,
FAK, and ERKs are involved in macrophage migration and cytokine production, we
further hypothesized that interstitial flow could affect these important biological
processes in macrophages. Specifically, we expected that interstitial flow could influence
the polarization of macrophages, since molecules that are involved in this process, such
as STATs and JAKs, have been shown to be mechanosensitive in other cell types.
Finally, we speculated that the changes in macrophage phenotypes due to interstitial flow
treatment could lead to changes in how macrophages interact with cancer cells, resulting
in flow-induced changes in the tumor microenvironment.

20



1.4: Aims and Overview

1.4.1: Thesis Aims

Metastasis, which accounts for 90% of cancer death, critically depends on the
ability of cells from the primary tumor to navigate through the dense extracellular matrix
in and surrounding the tumor tissues. As discussed in the previous sections, it is now well
established that multiple factors within the tumor microenvironment can influence tumor
growth and metastasis. Specifically, non-cancerous tumor associated-stromal cells, such
as macrophages, have been shown to assist cancer cell invasion. Moreover, biophysical
forces within the tumor microenvironment, especially interstitial flow (IF), can modulate
the behavior of cancer cells and tumor-associated fibroblasts. Nevertheless, there are still
several shortcomings in our current understanding of how the tumor microenvironment
controls cell migration and metastasis. Most importantly, a detailed characterization of
the temporal dynamics of macrophage-assisted cancer cell migration (e.g. speed and
persistence) in 3D ECM remains lacking. Furthermore, whether IF could affect
macrophages, as well as their ability to promote metastasis, is still largely unknown.

To further fulfill our knowledge of the tumor micro-environmental control of
metastasis, we established the following two aims:

Aim 1: Investigate the effects of macrophages on the dynamics of cancer cell
migration under static (no-flow) conditions. The overall dissemination of a cancer cell
population from a primary tumor site is influenced by the migratory speed and
persistence of each individual cancer cell (67). These characteristics of cancer cell
migration, collectively called migration dynamics, can be modulated independently of
one another by a single stimulus (69). Hence, a detailed quantification of how
macrophages affect these migration dynamics, especially in 3D ECM that closely mimics
the in vivo tumor tissue, is needed to gain a deeper insight into cancer cell migration. To
determine if macrophages can affect the distinct aspects (speed vs. persistence) of cancer
cell migration in different ways, we employed a microfluidic 3D time-lapse migration
assay to quantify the migration dynamics of cancer cells co-cultured with macrophages.
The mechanisms of observed effects were also investigated.

Aim 2: Investigate the effects of interstitial flow on macrophages and their
ability to promote metastasis. The growth of solid tumors often results in an elevated
interstitial fluid flow from the center of the tumor to the surrounding stroma, where
tumor-associated macrophages reside (33). Macrophages express integrin and FAK,
which have been found to be activated by interstitial flow in other cell types (125, 153).
Since these molecules are involved in macrophage migration and protein expression, we
hypothesized that elevated interstitial flow could modulate macrophage phenotype. We
developed microfluidic and transwell flow assays to assess the effects of interstitial flow
on macrophage migration and polarization, as well as macrophage's ability to promote
cancer cell migration. The mechanisms of observed effects were meticulously
interrogated.
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1.4.2: Thesis Overview

In Chapter 2, we discuss the assays and methodologies used to address the two
aims of this thesis. We first review the complexity of cancer cell migration processes, as
well as the limitation of traditional assays employed by scientists to study cell migration.
We then introduce the microfluidic 3D migration assay, which we used to study the
effects of macrophages on cancer cell migration dynamics. This microfluidic system
addresses several key shortcomings of traditional cell migration assays. We also discuss
the development and characterization of the microfluidic and transwell flow assays used
to study the effects of interstitial flow on macrophage migration and protein expression.

In Chapter 3, we discuss the effects of macrophages on the temporal dynamics of
cancer cell migration (Aim 1). We found that macrophages enhanced both cancer cell
migration speed and persistence through 3D ECM in an MMP-dependent fashion. We
further identified two independent pathways used by macrophages to promote cancer cell
migration speed and persistence. Specifically, macrophage-released TNFa and TGFl
synergistically enhance cancer cell migration persistence, and this increase in persistence
was due to the synergistic induction of NF-KB-dependent MMP1 expression in cancer
cells. In contrast, macrophages enhance cancer cell migration speed primarily through
TGF Il-induced MTl-MMP expression.

In Chapter 4, we describe the effects of interstitial flow on macrophage migration
and polarization (Aim 2). We report that macrophages, a key tumor-associated immune
cell type, can sense and respond to interstitial flow (IF). Surprisingly, we discovered that
IF enhanced the ability of macrophages to promote metastasis. Specifically, we
demonstrated that IF promoted macrophage migration against the flow direction, thereby
recruiting macrophages from stroma into tumor tissues. Additionally, we show that IF
polarized macrophages to a pro-metastatic M2 phenotype via integrin/Src-mediated
STAT3/6 activation. Finally, we revealed that macrophages treated with flow had an
enhanced ability in promoting cancer cell migration.

In Chapter 5, we conclude this thesis by discussing the implications of our results.
Based on the results presented in Chapter 3, we provide evidence that different aspects of
cancer cell migration (speed vs. persistence) can be modulated independently of each
other, and a careful quantification of the effects of a stimulus on these two metrics could
improve our understanding of metastasis. We further argue, based on the results
discussed in Chapter 4, that interstitial flow plays crucial roles in shaping the tumor
immune environment and promoting metastasis. We end this chapter by discussing
possible future studies that could further enhance our understanding of how the tumor
microenvironment modulates cell migration and metastasis.
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Chapter 2. Development of Methods

2.1: Introduction

We developed and optimized microfluidic and transwell assays to address the
specific aims set out by this thesis. In particular, we utilized an existing microfluidic
platform, which we called the "static platform", to quantify the effects of macrophages on
cancer cell migration speed and persistence in an ECM that closely mimics the tumor
tissues in vivo. We also optimized this microfluidic 3D assay for live-cell imaging.
Furthermore, to quantify the effects of interstitial flow on macrophage migration, we
developed a novel microfluidic flow platform that allows for the precise application of
defined and quantifiable levels of interstitial flow to cells cultured in a 3D ECM. Finally,
we developed a transwell assay to investigate the effects of interstitial flow on the protein
expression of cells. In this chapter, we will discuss the development and optimization of
methods used in this thesis.

2.2: The advantage of microfluidic assay in studying cell migration

In the primary tumor site, cancer cells and tumor-associated stromal cells are
constantly migrating in respond to the chemical and physical stimuli they receive from
their environment (1). The migration of cancer cells is the primarily driver of metastasis.
In this process, cancer cells break down basement membrane surrounding the tumor,
invade into the stromal tissues, and spread into lymphatic and blood vessels. In addition
to cancer cell migration, the migration of tumor-associated stromal cells, such as
macrophages and fibroblasts, can also contribute to metastasis (2). For example, the
migration of fibroblasts in the tumor stromal tissues has been shown to create micro-
tracks that could assist cancer cell invasion (3). Moreover, the migration of macrophages
into the tumor tissues allows these immune cells to promote tumor progression and
metastasis (4).

Cell migration in the tumor microenvironment is a complex process that is often
difficult to model accurately in traditional in vitro systems (5). In vivo, cells are
surrounded by a 3D extracellular matrix (ECM) comprised of mostly collagen I matrix
(6). To migrate through the dense ECM that often characterizes the tumor and tumor-
associated stromal tissues, cells must first breakdown this matrix. Indeed, ECM functions
as an obstacle to cell migration, and many cells in the tumor microenvironment,
especially cancer cells, have enhanced ability to move through this matrix. For example,
cancer cells use kinases to form protrusions, matrix metalloproteases (MMPs) to
breakdown ECM, and integrins to adhere to the matrix to generate movement (7) . The
activities and expression of these migration-associated molecules are elevated in cancer
cells compared to cells in normal tissues. Besides ECM, a myriad of chemical stimuli,
such as cytokines released by tumor-associated stromal cells, and physical stimuli, such
as the fluid force imparted on the cells by interstitial flow, can guide cell migration (8, 9).
Adding to this complexity, as discussed in Chapter One, different aspects of cancer cell
migration (such as speed vs. persistence) can be modulated independently of each other
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by a single stimulus (10). Therefore, in order to study cell migration in a detailed,
quantitative, and realistic fashion, we will need an in vitro system that:

1) Incorporates a 3D ECM to mimic the tissues in vivo,
2) Allows for the application of cellular, chemical, or mechanical stimuli in

controlled fashion,
3) Allows for the simultaneous observation and quantification of different aspects of

cell migration, such as speed and persistence.

Traditionally, a transwell assay is used to quantify cell migration. This assay
incorporates a transwell insert in a standard cell culture well. The insert contains a
polycarbonate membrane with micron-size holes. Cells are seeded on top of the
membrane, and allowed to migrate through the holes in the membrane. To quantify cell
migration, the total amount of cells that migrate through the membrane is measured after
a given-period of time (11, 12). Although the transwell assay is pivotal in enhancing our
understanding of cell migration, it has the following shortcomings (Fig. 2.1):

1) It only provides an end-point readout of cell migration. Transwell assay
measures amount of cells passing through the membrane in a given period of
time. It provides no information on how a stimulus affects the temporal details
(dynamics) of cell migration, such as migration speed and persistence. For
example, when a transwell assay is used to quantify migration, a stimulus that
increases cell migration speed but decreases migration persistence will be
indistinguishable from a stimulus that increases migration persistence but
decreases migration speed.

2) It only provides a population-average readout of cell migration. When the
transwell assay is used, a single averaged value of cell migration is reported for
each sample. This value does not contain any information on the heterogeneity of
cell migration behaviors. Hence, the transwell assay cannot be used to determine
whether a subpopulation of cell adopts a different migration characteristic from
the rest of the cells.

3) It does not mimic the in vivo environment. Most transwell assays do not
incorporate ECM in the transwell insert. Hence, the cells only need to migrate
through the transwell membrane to reach their destination. This does not
accurately reflect the in vivo scenario, in which cells are surrounded by a dense
extracellular matrix that hinders their movement. In recent years, some transwell
assays have been upgraded so that cells need to migrate through a 10 Pm Matrigel
layer in addition to the membrane. However, this 10-pm layer is much thinner
than the tissues inside the body. Moreover, type I collagen, a major component of
stromal ECM in vivo, is missing in Matrigel (13).
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Fig. 2.1: Shortcomings of transwell assays. Transwell assay provides an end-point, population-
average read out. It does not give its user any information on the temporal dynamics of cell
migration (e.g. speed and persistence), nor any information on whether a subpopulation of cells
behaves differently from the rest. Finally, the transwell assay does not mimic the in vivo
environment, since ECM is usually not incorporated in the insert of the transwell.

In recent years, the advent of live-cell imaging has allowed scientists to observe
and quantify the temporal dynamics (speed and persistence) of cell migration. However,
most of these migration experiments are performed with cells cultured on 2D petri dishes.
These plastic petri dishes do not contain any ECM molecules present in vivo, and they are
also much stiffer than the tissues in the body. Since ECM is a crucial barrier to cell
migration in vivo, and substrate stiffness can affect cell migration (14), these 2D
migration experiments produce results that often do not reflect the in vivo scenario.

The shortcomings in the traditional cell migration assays highlight the need for a
sophisticated in vitro system that can mimic key aspects of in vivo conditions, while at
same time allows its user to study the migration process in a controlled and reproducible
manner. Microfluidic technology has recently emerged as a new tool to model cell
migration processes, and many microfluidic cell migration assays have been developed to
address the limitations of traditional assays. These microfluidic systems generally contain
a cell culture micro-chamber connected to micro-channels containing growth media.
These systems allow the users to apply a controlled chemical or mechanical stimulus to
cells cultured in a physiologically relevant microenvironment. For example, user-defined
fluid flow can be generated through the micro-channels to quantify the effects of fluid
forces on cell migration (15). Moreover, spatially controlled complex chemokine
gradients can be established to study how cells migrate in response to chemoattractants
(16). Cells can also be seeded with extracellular matrix that mimics the in vivo tissues
(17). Different cell types can also be arranged in the microfluidic devices in a
configuration that mimics their organization within the body (18). Finally, since
microfluidic systems are fabricated with polydimethylsiloxane (PDMS), a polymer that is
transparent and gas permeable, live-cell imaging can easily be performed on samples
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cultured within the microfluidic systems (19). Moreover, the small thickness (-microns)
of the microfluidic system facilitates the high-resolution confocal imaging of 3D samples
cultured within the device. All in all, microfluidic systems are perfect platforms for
studying the complex processes of cell migration in a physiologically relevant
environment with precise controls of experimental conditions.

2.3: Microfluidic Device Design and Fabrication

2.3.1: Microfluidic Static Platform Design

Two different microfluidic platforms (static platform and flow platform) were
used in this thesis. To investigate the effects of macrophages on cancer cell migration
dynamics under static (no-flow) conditions, we utilized the static platform previously
developed by our laboratory (19) (Fig. 2.2). This microfluidic system is fabricated by
plasma-bonding a PDMS slab with micro-features to a 0.16 mm glass coverslip. The
device contains two microchannels that are 1.5 cm in length, 500 Pm in width, and 120
tm in height. Each microchannel is connected to two media ports that are 3 mm in

diameter. Growth media can be introduced into the microchannels through these ports. A
cell culture chamber that is 1 cm in length, 1.3 mm in width, and 120 iim in height is
positioned in between the microchannels. Collagen I gel can be introduced into the cell
culture chamber through 1.2 mm gel-filling ports to mimic the ECM surrounding cancer
cells, since Type I collagen is the most abundant component of ECM in the tumor
microenvironment (20). Cancer cells and macrophages were suspended, in 3D fashion, in
the collagen gel to mimic the in vivo condition. The microchannels are connected to the
cell culture chamber, so growth media can be supplied to the cells seeded in the gel.

The cell culture chamber is lined with an array of 72 PDMS micro-posts, 36 on
each side. These posts keep collagen I gel in the chamber during the gel filling process,
and prevent the gel from leaking into the microchannels through surface tension. The
geometries of the posts and the inter-post distance were design to maximize this surface
tension. The height of cell culture chamber was designed to be only 120 pm to facilitate
the imaging of the cells suspended in the 3D ECM by confocal microscopy. To further
facilitate the imaging of the cell culture chamber, the coverslip used to fabricate the
device is thin (0.16 mm). The cell culture chamber design, combined with the fact that
PDMS is fully transparent and gas permeable, allows this PDMS microfluidic system to
be used for high-resolution time-lapse observation of cancer cell-macrophage interactions
and the quantification of the temporal dynamics of migration.
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Fig. 2.2: Microfluidic static platform for studying macrophage-assisted cancer cell
migration under static (no-flow) conditions. Schematics showing the top view (A) and cross
sectional view (B) of the microfluidic device. This microfluidic device consists of a collagen I
gel flanked by two micro-channels containing growth media (A). Cancer cells (green) and
macrophages (red) were suspended in 3D collagen I ECM (orange) (B). (C) Photograph of the
microfluidic static platform.

2.3.2: Microfluidic Flow Platform Design

To study the effects of interstitial flow (IF) on macrophage migration, we
developed a novel PDMS microfluidic flow platform that allows for precise manipulation
of interstitial fluid flow through a collagen I ECM seeded with macrophages. This system
consists of a bottom layer containing a microfluidic device and a top layer containing two
large media reservoirs (Fig. 2.3). The bottom layer of this system has similar design to
the static platform. It contains a cell culture chamber sandwiched between two micro-
channels connected to 3 mm media ports. However, the size of the cell culture chamber is
drastically reduced compared to the static platform. Specifically, the micro-channel and
the cell culture chamber are both 2.31 mm in length, 500 pm in width, and 200 gm in
height. The chamber is separated from the micro-channels by an array of 10 PDMS
micro-posts, five on each side. Macrophages suspended in the collagen I gel were
introduced into the cell culture chamber through the gel-filling ports. Except for the
micro-posts, the boundary of the collagen gel is in direct contact with the media in the
micro-channels.
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Fig. 2.3: Microfluidic flow platform for studying interstitial flow-directed macrophage
migration. (A) Schematic of the two-layered microfluidic flow platform. The bottom layer
consists of a microfluidic chamber containing 3D collagen I ECM seeded with macrophages. The
top layer contains two media reservoirs, from which hydrostatic pressure gradient can be
established by media-height differences. The hydrostatic pressure difference drives an IF of 3
pm/s through the ECM containing macrophages. (B) Photograph of the microfluidic flow
platform.

The top layer of the flow platform is comprised of two large media reservoirs (2.5
cm x 4 cm), in which hydrostatic pressure gradient, generated by media-height
difference, can be established between the reservoirs. Since the micro-channels are
connected to the reservoirs through the 3 mm media ports, this pressure gradient can be
transmitted through the collagen gel containing macrophages, resulting in an interstitial
fluid flow through the gel. The velocity of this interstitial flow can be controlled by
varying the media-height difference according to Darcy's law (see Eq. 1 in Section 2.6).
Moreover, the cross-sectional area of the media reservoirs is designed to be 2000 times
that of the collagen gel to ensure that no appreciable changes (~6%) in media-height
difference and IF velocity were observed during the course of the experiment (see Eq. 2
in Section 2.6). Therefore, this PDMS flow platform allows us to precisely control the
interstitial fluid flow through the 3D collagen ECM containing cells, while
simultaneously monitor the migration dynamics of the cells through live-cell imaging. All
in all, both static and flow platforms satisfy the criteria, outlined in previous section, for
excellent experimental systems to study cell migration.
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2.3.3: Microfluidic Platform Fabrication

The static platform, as well as the bottom layer of the flow platform, was
assembled according to previously described methods using soft lithography (21, 15).
Briefly, PDMS pre-polymer (Dow Corning) was mixed with curing agent (Dow Corning)
at a ratio of 10:1. The mixture was poured over a silicon wafer containing the features of
the microfluidic devices and cured overnight at 80 'C. The cured PDMS slab containing
the features was removed from the silicon wafer. The media reservoirs and gel filling
ports were subsequently fabricated using 3 mm and 1.2 mm biopsy punches, respectively.
The PDMS slabs were autoclaved and dried overnight in an 80 'C oven. The microfluidic
device was assembled by treating the sterile PDMS slab with plasma (Harrick Plasma)
for 90 secs before binding it to a sterile coverslip (Corning). The device was then coated
with 1 mg/mL poly-D-Lysine (PDL), washed, and dried in the 80 'C oven overnight. The
positively charged PDL enhances the binding of negatively charged collagen I ECM to
the surfaces of the cell culture chamber. Moreover, overnight drying helps the device to
recover its hydrophobicity so that collagen I gel can be contained within the cell culture
chamber during the gel filling process.

2.4: Cell Seeding in the Microfluidic Devices

In order to set up the microfluidic assays, macrophages and/or cancer cells have to
be incorporated into the collagen I ECM embedded in both static and flow platforms.
Considerable effort has been made to optimize the cell seeding protocol. Briefly, cancer
cells or macrophages were harvested from tissue culture plates with 0.05% trypsin or a
cell lifter, respectively. Cancer cells and/or macrophages were suspended in 2.5 mg/mL
rat-tail collagen I ECM (BD Bioscience), and the collagen gel containing cells was
carefully injected into the cell culture chamber through the gel filling port. The collagen
gel was allowed to polymerize for 30 min at 37 'C and pH of 8-8.5. During the
polymerization process, the device was flipped to prevent cells from settling to the
bottom of the device, thus ensuring all cells were distributed evenly along the z-axis in
the 3D ECM. After polymerization, fresh growth media were introduced into the micro-
channels through the media reservoirs. The cells were incubated at 37 'C and 5% CO2
overnight. To study the effects of macrophages on cancer cell migration, 2.3x106
cells/mL of cancer cells and/or 0.92x10 6 cells/mL of macrophages treated with Cell
Tracker Red CMTPX (Invitrogen) were seeded in the static platform. In contrast, 1.3x1 06
of macrophages were seeded in the flow platform to study the effects of interstitial flow
on macrophage migration.

Multiple types of cancer cells and macrophages were used in our study to ensure
that our results can be generalized. GFP expressing MDA-MB-231 (MDA23 1) human
breast carcinoma cells (gift from Dr. Frank Gertler, MIT), PC3 human prostate carcinoma
cells (ATCC), Du145 human prostate carcinoma cells (ATCC), and MDA-MB-435S
(MDA435) human melanoma cells (ATCC) were used as model cancer cells. For
macrophages, Raw 264.7 (Raw) mouse macrophages (ATCC), as well as primary murine
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bone marrow-derived macrophages (BMDM) and human monocyte-derived macrophages
(MDMD), were used. MDA231, MDA435, and Raw cells were cultured in DMEM. PC3
and Du145 cells were cultured in RPMI. Media were supplemented with 10% fetal
bovine serum (FBS, invitrogen) and 100 U/mL penicillin/streptomycin (Sigma). Cell
lines were authenticated using Short Tandem Repeat profiling (Promega).

To generate primary bone marrow-derived macrophages (BMDM), bone marrow
cells were first isolated from freshly dissected femurs of C57BL/6 mice. These cells were
then differentiated in RPMI supplemented with 10% FBS, 100 U/mL
penicillin/streptomycin, 1% HEPES (Invitrogen), 40 ng/mL MCSF (Peprotech) and 50
pM P-Mercaptoethanol (Sigma) for 7 days to produce BMDM. Primary human
monocyte-derived macrophages (MDMD) were generated from monocytes isolated from
whole blood (Research Blood Component) using a Ficoll-Paque gradient (GE). Monocyte
population was enriched using the EasySepTM Monocyte Enrichment Kit (StemCell
Tech.), and cultured with IMDM (Lonza) supplemented with 2% L-glutamine
(Invitrogen) and 2% AB serum (Sigma) for 7 days to generate MDMD. All cells were
cultured in a humidified incubator at 5% CO2 and 37 'C. The primary macrophages were
used immediately for experiments.

2.5: Microfluidic Cell Migration Assay

Microfluidic cell migration assay was performed using the static platform to
evaluate the effects of macrophages on cancer cell migration dynamics. Briefly, after
overnight incubation, live-cell imaging was performed on the cells cultured in the static
platform. A glass coverslip was first gently placed on top of the microfluidic device. This
is performed to ensure that the microfluidic device will not dry out during the live-cell
imaging process. The device was then moved onto a fluorescent microscope (Zeiss) fitted
with a humidified environmental chamber operating at 37 'C and 5% CO2. Time-lapse
microscopy was employed to record cell movement in the collagen I ECM. Fluorescent
and phase contrast images were taken every 15 mins for 18 hrs with a focus at the mid-
plane of the gel along the z-axis. This is to ensure all the cells that were tracked for
analysis were truly migrating in 3D ECM, not on the glass bottom or PDMS top surface.
Cancer cells were distinguished from macrophages either by the GFP signal in the
cytosol of cancer cells (when MDA231 cells were used) or by the CMPTX signal in
macrophages. Images obtained from time-lapse microscopy were saved for later analysis
(See Section 2.7).

To evaluate the effects of macrophages on cancer cell migration, we set up two
experimental groups using the microfluidic migration assay. The control group, which
contains cancer cells cultured in collagen I ECM alone, was compared to the treatment
group with cancer cells and macrophages co-cultured in the collagen I ECM. To study the
molecular mechanisms of the observed effects, we treated cells with various neutralizing
antibodies, small molecule inhibitors, and growth factors. A detailed list of these reagents
can be found in Appendix A.
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2.6: Microfluidic Interstitial Flow Migration Assay

We used the flow platform described previously to perform microfluidic
interstitial flow experiments. This flow assay was carried out to investigate the effects of
interstitial flow on macrophage migration. In this section, we will describe the methods to
model interstitial flow using Darcy's law, establish interstitial flow, validate interstitial
flow velocity, and monitor cell migration.

2.6.1: Interstitial Flow Calculation and Hydraulic Permeability Estimation

As discussed in Section 2.3.2, the interstitial fluid flow was induced through the
collagen I ECM containing macrophages by establishing and maintaining a media-height
difference across the top layer of the flow platform. The media-height difference needed
to induce a desirable velocity of interstitial flow can be determined by Darcy's law. This
law describes the relationship between pressure drop (AP) and volumetric flow rate (Q)
across a collagen gel scaffold:

Q(t) K AP(t)
A - (Eq.1)A It W

where hydraulic permeability is K, viscosity is u, surface area of the gel is A, and length
of the gel scaffold in the direction of the flow is W (22). Since hydrostatic pressure
gradient is related to media-height differences (Ah) in the microfluidic system, Darcy's
law can be transformed and integrated to describe the change in interstitial flow velocity
(v) over time in the microfluidic device (22):

pgKAho _2KpgAt
v(t) = e W Ar (Eq. 2)

where p is density of the media, A, is the cross-sectional area of the reservoirs, and Aho is
the initial media height difference of the reservoirs (22). From this equation, we can
calculate media-height difference (Aho) required to establish the pressure gradient to drive
a desirable interstitial flow velocity in the device:

Aho = Vj (Eq. 3).
Kpg

However, as shown in Eq. 3, we need hydraulic permeability to calculate the
media-height difference. Hydraulic permeability is an intrinsic property of a hydrogel that
depends on the pore size and fiber density of the gel. This property needs to be
empirically determined.
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Darcy's law was used to estimate the hydraulic permeability of the 2.5 mg/mL
collagen I ECM according to protocols described previously. Briefly, plastic media
reservoirs were connected to the microfluidic device, and a media-height difference (Ah)
of 1.5 cm was established to introduce a pressure drop across the 2.5 mg/mL collagen I
gel scaffold. As the media flowed through the collagen gel, the drop in the media level in
the high-pressure reservoir was monitored over time. Since Darcy's law can be re-written
to show the change in volume of media in the reservoir (A V) over time:

2KpgA In 1 2AV(t) (Eq 4)
pWAr ArAho

we plotted "- In (1 - 2 "1/(t) versus time. Hydraulic permeability (K) was

subsequently calculated from the slope of the plot. Based on the measured change in
media level and the geometry of the microfluidic device, the hydraulic permeability of
the 2.5 mg/mL of collagen I gel scaffold was determined to be -7xl1-W m2

According to the geometry of the gel scaffold in the microfluidic device, as well
as the measured hydraulic permeability, the media-height difference needed to induce a
~3 pm/s interstitial flow in the microfluidic flow platform was estimated to be 1.5 mm.
The change in the interstitial flow velocity over time was calculated using Eq. 2. We
estimated that since the area of media reservoirs (Ar) is ~2000 times that of collagen gel
(A), the change in IF velocity should be negligible (6%) in an 18-hr experiment. We
tested this hypothesis by empirically measuring the changes in interstitial flow velocity
over time, as shown in the following section.

2.6.2: Establishing and Measuring Interstitial Flow

After seeding macrophages into the bottom layer of the flow platform, the
microfluidic device was incubated at 37 'C and 5% CO2 overnight. Subsequently, this
bottom layer was sealed against a PDMS layer containing two large (2.5 cm x 4 cm)
media reservoirs (top layer) that were surface activated by plasma for 10 minutes. A
media-height difference of 1.5 mm was established between the two reservoirs to
generate a hydrostatic pressure gradient (-15 Pa) across the gel region, which we
estimated, based on the measured collagen gel hydraulic permeability of 7x10-4 M2 , to
drive interstitial fluid flow with a mean velocity of ~3 jim/s through the collagen gel
containing macrophages. We chose the velocity of 3 jm/s to match the level of IF in the
tumor tissues measured in vivo (23). In addition, the media-height difference of 1.5 mm
was established by supplying 6.5 mL of growth media to one reservoir and 5 mL of
growth media to the other. Since the cross-sectional area of the reservoirs is 10 cm 2, the
media-volume difference of 1.5 mL created a media-height difference of 1.5 mm.

The velocity of the interstitial flow was also experimentally measured. To
quantify the velocity of the IF, 200 nm FITC-conjugated micro-beads (Invitrogen) were
introduced to the upstream reservoir (reservoir with higher pressure). The media-height
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difference of 1.5 mm was established as previously described. The movement of the
micro-beads through the collagen I ECM was recorded using a fluorescent microscope
(Nikon). Image J (NIH) was used to track the bead movement, and Ibidi Chemotaxis and
Migration software (Ibidi) was used to quantify the velocity of beads flowing in the 3D
ECM. Using this method, we verified that interstitial flow velocity established in our
experiments was indeed ~3 Vtm/s. Moreover, we determined that even after 18-hr of
interstitial flow treatment, interstitial flow velocity remains at ~3 tm/s (Fig. 2.4).

A) B)

3-
C e gTheoretical Velocity

.O> I

0 hr 18hr

Fig. 2.4: Interstitial flow velocity measurement. (A) To validate the interstitial flow velocity
used in the microfluidic flow assay, time-lapse microscopy was used to track the movement of
fluorescent micro-beads (200 nm) through the collagen gel in the device. The micro-beads were
introduced into the media in the high-pressure channel. (B) Quantification of micro-beads
movement shows that a media-height difference of 1.5 mm resulted in an IF velocity of 3.47
pm/s, similar to theoretical velocity obtained from Darcy's law (red line; 3.34 Ym/s). After 18
hours of the flow treatment, the movement of fluorescent micro-beads was tracked again, and the
flow velocities of the beads were again quantified. The interstitial flow velocity measured after
18-hr flow treatment remains around 3.47 pim/s. Bars represent mean SEM of data (n=3, n=#
of independent experiments; ns=not significant).

2.6.3: Monitor Cell Migration

Immediately after the establishment of the flow, the microfluidic flow system was
transferred to a light microscope (Zeiss) fitted with a humidified environmental chamber
operating at 37 'C and 5% CO 2 . A microscope slide was placed on top of the media
reservoirs to prevent the evaporation in the humidified chamber. The macrophages were
treated with IF for a total of 18 hrs. Time-lapse microscopy was used to record the
movement of macrophages in the 3D ECM. Phase contrast images were taken every 2
mins for 18 hrs with a focus at the mid-plane of the gel along the z-axis. To ensure that
macrophages had enough time to respond to the IF, only the last 10 hrs of the 18 hrs
movie were used for analysis.

40



2.7: Quantification of Cell Migration

For both microfluidic migration assays, Image J (NIH) was used to track the
movements of the cells in the 3D ECM to produce cell trajectory plots. For Aim 1 of the
thesis, cancer cell migration was tracked and quantified. In contrast, macrophage
migration was quantified for Aim 2 of the thesis. From the cell trajectory plots, we
quantified cell migration total speed (total distance cell travelled divided by migration
time) and migration directedness (ratio between displacement and total distance travelled)
using Ibidi Chemotaxis and Migration software (Ibidi) (Fig. 2.5). Migration total speed

Total Speed= - -

Start\ Directedness=-P Start\ ..

D D L

'End *End

Upstream Dup
Velocity t

Upstream _-Du
Directedness L

+ is Upstream; - is Downstream

determines how fast a cell moves, while directedness determines the persistence of cell
movement.

Fig. 2.5: Definition of Migration Dynamics. (Left) Definition of cell migration total speed and
directedness. L represents total migration distance; D represents net displacement; t represents
time. Total speed is L/t, while directedness, a measure of persistence, is D/L. (Right) Definition
of upstream velocity and upstream directedness (+ upstream, - downstream, 0 no preference) used
to quantify the upstream migration of macrophages. Upstream velocity is defined as the
displacement of cell against flow direction (D5,) divided by the migration time (t). Upstream
directedness is defined as D5 P divided by the total distance (L).

For interstitial flow study, additional migration metrics were used to quantify the
migration of macrophages under flow. For instance, we calculated upstream velocity
(length of the displacement vector against the direction of flow divided by migration
time) and upstream directedness (ratio between the length of the displacement vector
against the direction of flow and total distance travelled), which quantify the directional
migration of macrophages (Fig. 2.5). Numbers of the cells that travelled upstream
(against flow direction) and downstream (with flow direction) were also quantified.
Finally, the angle of the displacement vector of each cell was quantified to generate Rose
plots.
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2.8: Transwell Flow Assay

To study the effects of interstitial flow on macrophage protein expression, we
need to perform Western blot analyses on cell lysates. For an accurate detection of
protein expression level with Western blot, a large volume of cell lysate, usually
collected from around a million cells, is required. Since each microfluidic device only
contains a few thousand cells, the microfluidic flow assay is not suitable for studying the
effects of interstitial flow on macrophage protein expression. To circumvent the problem
of low cell number, we developed a transwell flow chamber. This chamber consists of a
large transwell insert (diameter=24 mm, Falcon) situated in a well of the six-well plate.
Macrophages were suspended inside the collagen I ECM in the transwell insert. A media-
height difference was established between the inside and the outside of the insert, which
created a hydrostatic pressure gradient (fluid pressure inside the insert is higher than
outside the insert) that drove an interstitial flow through the gel seeded with
macrophages. To maintain this media-height difference, a positive displacement pump is
connected to the transwell system that re-circulates media from the outside to the inside
of the insert (Fig. 2.6).
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Fig. 2.6: Transwell flow chamber. (A) Transwell flow chamber used to study the effects of IF
on macrophage protein expression. This chamber consists of a transwell system that is connected
to a re-circulating pump, maintaining a media-height difference and hydrostatic pressure gradient
that drives IF through a collagen gel containing macrophages. (B) Photograph of transwell flow
chamber connected to the pump. Six flow chambers can be placed into one six-well plate. Flow
was introduced in three of the six chambers, while the other three chambers serve as no-flow
control.
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We calculated the media-height difference that is required to produce 3 gm/s
interstitial flow in the transwell system. Since the flow of interstitial fluid through
collagen I ECM situated in the transwell insert is again governed by Darcy's law, Eq. 3
was used to calculate the media-height difference (Aho) necessary to achieve a desirable
interstitial flow velocity (v) in the transwell flow chamber. Based on this equation, as
well as the previously measured hydraulic permeability (K) and the length of the collagen
gel in the transwell, the media-height difference needed to establish a 3 gm/s interstitial
flow in the transwell flow chamber is ~10 mm.

We also tested the ability of the re-circulatory pump to maintain the media-height
difference. As shown in Fig. 2.7, without media recirculation, the height difference
between inside and outside of the insert is reduced to zero in an hour. However, when the
transwell system is connected to the pump, the media-height difference, and thus
interstitial flow, can be maintained for 360 mins. Subsequent experiments demonstrate
that this media-height difference can be maintained for at least 48 hours in the transwell
flow chamber. Furthermore, we verified that fluid pressure inside the insert did not
significantly compress the collagen I ECM, as collagen I gel treated with flow has similar
height and fiber density as that of the gel that was not treat with flow (Fig. 2.8). This
result suggests that forces due to compression do not significantly affect macrophages
seeded in our system.
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Fig. 2.7: Recirculating pump maintains the media-height level differences. (A) Pictures
showing that recirculating pump maintains a media-height level difference in the transwell
chambers. (B) Quantification of media-height level differences over time showing that when the
transwell system was connected to the pump, media-height difference was maintained at 9 mm
for at least 360 mins. However, when the transwell system was not connected to the pump, the
height difference dropped to zero in 60 mins. (C) After 48 hours of interstitial flow treatment
with the transwell flow chamber, the media-height difference in the chamber is still maintained.
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Fig. 2.8: High fluid pressure inside the transwell insert does not compress the collagen gel in
the transwell flow system. A 10 mm media-height difference was maintained over a 2.5 mg/mL
collagen gel in the transwell flow chamber for 48 hours. Confocal reflectance images (scale
bars=50 ptm) of the collagen gel were taken to compare the height, as well as the structures, of the
collagen I gel treated with interstitial flow (A) with that of the gel not treated with flow (B). No
significant change in the height of collagen I gel (top) or the fiber density of the gel (bottom) was
observed when the gels were treated with interstitial flow for 48 hours. This indicates that the
method we used to induce interstitial flow through the collagen gel does not compress the gel.

To set up the transwell flow assay, 800,000 cells/mL of Raw 264.7 macrophages
were seeded in a 2.5 mg/mL collagen I gel contained inside the transwell insert (Falcon).
The collagen scaffold containing the cells was allowed to polymerize in a humidified
incubator for 30 mins at 37 'C and pH of 8. Following the polymerization, transwell
inserts were placed into a six-well plate and supplied with growth media. The cells were
cultured for 24 hrs in a humidified incubator at 5% CO 2 and 37 'C.

To treat macrophages with IF, growth media were added to the inside of the
transwell insert to establish a media-height difference of 10 mm between the inside and
outside of the insert. This media-height difference contributes to a hydrostatic pressure
difference that drives a flow of 3 pim/s through the collagen gel containing macrophages.
To maintain the hydrostatic pressure difference, a pump was connected to the transwell
system that continuously re-circulated media from the outside of the insert back into the
inside of the insert. For the no-flow control group, same amount of media as the flow
treatment group was added into the transwell system. However, instead of introducing the
media only into the inside of the insert, the media was distributed equally between
outside and the inside of the transwell insert so that no media-height difference was
established. This procedure is done to ensure that although flow treatment and no-flow
control groups receive same amount of growth media, media-height difference will only
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be established in the control group. For the experiments that evaluated the effects of IF on
protein expression, cells were treated with flow for 48 hrs. On the other hand, for
experiments that evaluated the effects of IF on phosphorylation, cells were treated with
flow for 15 min~60 min. With this transwell flow chamber, approximately two million
cells per condition can be collected for western blotting analysis. When appropriate,
macrophages in the transwell chamber were treated with various inhibitors and blocking
antibodies to investigate the molecular mechanisms of the observed effects. A detailed
list of these reagents, as well as concentrations used, can be found in Appendix B.

Finally, the microfluidic assays and transwell assay described here were used in
combination with various other traditional techniques and assays. For a detailed
description of the methodology used in this thesis, as well as a complete list of all the
reagents, please see Appendix A and B.
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Chapter 3: Effects of Macrophages on Cancer Cell
Migration Dynamics

3.1: Abstract

This chapter contains contents from a manuscript entitled "Macrophage-secreted
TNFa and TGFP1 Influence Migration Speed and Persistence of Cancer Cells in 3D
Tissue Culture via Independent Pathways" with authors Ran Li, Jess Hebert, Tara
Lee, Hao Xing, Alexandra Boussommier-Calleja, Richard Hynes, Douglas
Lauffenburger, and Roger Kamm. This manuscript is recently published in Cancer
Research.

The ability of a cancer cell to migrate through the dense extracellular matrix
(ECM) within and surrounding the solid tumor is a critical determinant of metastasis.
Macrophages enhance invasion and metastasis in the tumor microenvironment but the
basis for their effects is not fully understood. Using a microfluidic 3D cell migration
assay, we found that the presence of macrophages enhanced the speed and persistence of
cancer cell migration through a 3D extracellular matrix in a matrix metalloproteinases
(MMP)-dependent fashion. Mechanistic investigations revealed that macrophage-released
TNF a and TGF 3 1 mediated the observed behaviors by two distinct pathways. These
factors synergistically enhanced migration persistence through a synergistic induction of
NF- rK B-dependent MMP1 expression in cancer cells. In contrast, macrophage-released
TGF 3 1 enhanced migration speed primarily by inducing MTl-MMP expression. Taken
together, our results reveal new insights into how macrophages enhance cancer cell
metastasis, and they identify TNF a and TGF 3 1 dual blockade as an anti-metastatic
strategy in solid tumors.

3.2: Introduction and Cancer Cell Migration Dynamics

As discussed in Chapter One, tumor microenvironment is a complex system that
contains cancer cells, non-cancerous tumor-associated stroma cells, tumor-associated
ECM, and tumor-associated biophysical factors. Within this microenvironment, ECM
acts as a barrier to metastasis, and cancer cells have enhanced capabilities to navigate
through the dense 3D collagen ECM surrounding the tumor (1). To migrate through the
ECM, cancer cells employ proteases such as matrix metalloproteinases (MMPs) to
degrade ECM, kinases to assist in forming protrusions, and integrins to adhere to the
matrix to enable movement (2). Indeed, the activities and/or expressions of these
molecules have been shown to be elevated in cancer cells (3-5).

Tumor-associated macrophages have recently emerged as a key regulator of
tumor growth and metastasis. Various clinical data have revealed that the infiltration of
macrophages in tumor tissues correlates with poor prognosis in cases of breast cancer,
prostate cancer, and melanoma (6, 7). Moreover, in vivo and in vitro studies have shown
that macrophages enhance cancer cell intravasation (8, 9) and invasion through various
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signaling pathways (10, 11). However, many of these in vitro migration studies were
performed on 2D tissue culture substrates, which fail to capture the 3D microenvironment
present in vivo. In addition, the majority of these studies were carried out using transwell
assays, which only yield an end-point readout of cell behaviors (12) and thereby provide
little information on how macrophages affect different aspects of cancer cell migration,
such as how fast or how persistently the cancer cell moves. These distinct features of
migration (speed vs. persistence) describe cell migration dynamics, and they can be
quantified using metrics such as total speed and directedness. Total speed (the total
distance that cell migrated divided by the migration time) defines how fast a cancer cell
migrates. In contrast, directedness (the ratio of cell displacement to the total distance that
the cell travelled) measures the persistence of the cell movement (12, 13).

Cell migration dynamics, the subtle details of cell migration behaviors, are
important, but frequently overlooked, concepts. Recently, it has become increasingly
clear that migration dynamics, such as speed and persistence, determine the metastatic
potential of a cancer cell (14), and stimuli that increase both of these factors can greatly
enhance metastasis. More importantly, speed and persistence can be modulated
independently of one another by a single stimulus. For example, inhibiting integrin has
been shown to decrease cancer cell migration speed but has no effect on persistence (14).
On the other hand, interstitial flow can increase cancer cell migration persistence without
altering the speed of migration (15). Lending further complexity, a stimulus can affect
speed and persistence of migration differently when cells are cultured on 2D substrates
compared to in 3D matrix. Specifically, EGF has been shown to increase cancer cell
migration speed and decrease persistence when cells are migrating on 2D surfaces.
However, this same growth factor enhances both cancer cell migration speed and
persistence when cells are cultured in 3D ECM (16). Collectively, these results
highlight the importance of characterizing how a stimulus affects different aspects
of cancer cell migration (i.e. speed and persistence) in 3D ECM to gain a detailed
and quantitative understanding of metastasis. However, to our knowledge, the
effects of macrophages on the dynamics (speed and persistence) of cancer cell
migration in 3D ECM have not been explored.

In the present study, we employed a microfluidic 3D migration assay to examine
how macrophages affect different aspects (speed and persistence) of cancer cell
migration. This microfluidic assay allows us to perform real-time high-resolution
imaging of cancer cells migrating in 3D collagen I ECM in the presence of macrophages,
which recapitulates key aspects of their interactions in the primary tumor sites in vivo. By
tracking the movement of cancer cells within the 3D ECM, we can evaluate the effects of
macrophages on the dynamics of cancer cell migration in a more physiologically relevant
environment than 2D in vitro assays. In addition, this microfluidic assay is better suited
for the detailed mechanistic study of macrophage-assisted cancer cell migration than in
vivo assays (such as intravital imaging), as it is easier to operate and offers a tightly
controlled experimental environment. Using this microfluidic assay, we show that
macrophages release TNFa and TGFP 1 that increase both migration speed (total speed)
and persistence (directedness) of cancer cells in 3D ECM. Interestingly, macrophage-
released TNFa and TGF 1 were found to promote cancer cell migration speed and
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persistence through two different mechanisms. Specifically, macrophages enhance cancer
cell migration speed mainly through TGFPI-induced MT1-MMP expression in cancer
cells. In comparison, macrophage-released TNFcc and TGF1 synergistically enhance
cancer cell migration persistence via NF-xB-dependent MMP1 expression. These results
demonstrate, for the first time, that speed and persistence of cancer cell migration in 3D
can be modulated by macrophages via different pathways, which strongly suggests that
both of these pathways need to be targeted to effectively mitigate macrophage-induced
metastasis.

3.3: Methods

To study the effects of macrophages on cancer cell migration speed and
persistence, we utilized the microfluidic 3D migration assay discussed in the Chapter
Two. Cancer cells (MDA-MB-231 GFP breast carcinoma cells, MDA-MB-435S
melanoma cells, and PC3 prostate cancer cells) were seeded with or without macrophages
(Raw 264.7 macrophages, primary murine bone marrow-derived macrophages, and
primary human monocyte-derived macrophages) inside a 2.5 mg/mL collagen I ECM
embedded in the microfluidic devices. The migration of cancer cells was tracked over
time (18 hrs) to produce migration trajectory. From the trajectory, cancer cell migration
total speed and directedness were computed. Total speed measures how fast a cancer cell
migrates, while directedness measures the persistence of cell migration. The mechanisms
behind macrophages' effects on cancer cell migration were investigated using various
biochemical assays. For a detailed description of the experimental procedures and assays
used in this study, please see Chapter Two and the Appendix A.

All statistical analyses were performed using GraphPad Prism with a P-value of
<0.05 considered statistically significant. The difference between groups was evaluated
by two-tailed student t-test or one-way ANOVA. In all figures, ns represents not
significant, * represents p<0.05, ** represents p<0.01, and *** represents p<0.001. For
cell migration quantification, bars represent mean standard error of mean (SEM) of data
from 40-100 cells from 3 independent experiments. For western blot and qRT-PCR
quantification, bars represent mean SEM of data (fold increase relative to no-treatment
or mono-culture control) from at least 3 independent experiments.

3.4: Macrophages enhance cancer cell migration total speed and
directedness in 3D ECM

To determine the effects of macrophages on the dynamics of cancer cell migration
in 3D matrix, we tracked the movement of cancer cells inside the collagen I ECM in the
microfluidic devices. We chose to use collagen I ECM to mimic the tumor matrix since
collagen I has been shown to be the major component of tumor-associated stromal tissue
(1, 17) and it has also been implicated in metastasis (18). From the cell tracking, we
quantified cancer cell migration total speed and directedness (defined in Fig. 2.5), and we
compared the migration dynamics of cancer cells cultured alone with that of cancer cells
co-cultured with Raw macrophages (Fig. 3.1). We found that Raw macrophages
significantly enhanced cancer cell migration total speed and directedness (Fig. 3.2A) in
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3D ECM for MDA-MB-231, PC3, and MDA-MB-435S cells. Similar to Raw
macrophages, primary macrophages such as human MDM(D and murine BMDM were
also observed to increase cancer cell migration total speed and directedness (Fig. 3.2B) in
3D ECM. These results indicate that macrophages allow cancer cells to move faster and
more persistently, contributing to increases in cancer cell invasion rate (ratio between the
displacement of cell and migration time), which is an end-point measurement of cell
invasiveness (Fig. 3.3). These results are in stark contrast to results obtained from a 2D
migration assay, where we found that macrophages only slightly enhanced cancer cell
migration total speed but markedly reduced cancer cell migration directedness (Fig. 3.4).
Moreover, the abilities of macrophages to enhance cancer cell migration dynamics in 3D
ECM were not affected by the seeding ratio of the cells or the addition of Matrigel into
the collagen I ECM (Fig. 3.5). Hence, these results suggest that there are fundamental
differences in how macrophages affect cancer cell migration on 2D substrates versus in
3D ECM.
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Fig. 3.1: Macrophages assist cancer cell migration in the microfluidic devices. Cancer cells
and macrophages were suspended in a 3D collagen I ECM encased in the microfluidic device. (A)
Representative cancer cell migration trajectories (top) and fluorescent micrograph (bottom) for
GFP-expressing MDA231 cancer cell monoculture (green, MDA23 1). (B) Representative cancer
cell migration trajectories (top) and fluorescent micrograph (bottom) for co-culture of GFP-
expressing MDA231 cancer cell and cell-tracker-red treated Raw 264.7 macrophages (MCD)
(green, MDA231; red, Raw 264.7).
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Fig. 3.2: Macrophages enhance cancer cell migration total speed and directedness in 3D
ECM. (A) Co-culture of Raw macrophages (M(D) with cancer cells significantly enhanced cancer
cell migration total speed (top) and directedness (bottom) for MDA231 cells, PC3 prostate cancer
cells, and MDA-MB-435S melanoma cells (MDA435). (B) Co-culture of primary human
monocyte-derived macrophages (MDM(D), as well as murine bone marrow-derived macrophages
(BMDM), with MDA231 cells enhanced migration total speed (top) and directedness (bottom) of
MDA231 cells. Bars represent mean +/- SEM of data from 40-100 cells from at least 3
independent experiments. (**: p<0.01; ***: p<0.001).
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Fig. 3.3: Macrophages increase cancer cell invasion rate in 3D ECM. (A) Cancer cell invasion
rate, an end-point migration measurement, is defined as the displacement of a cell divided by
migration time (Dit, t=18 hrs). (B-D) Raw macrophages (MD) enhanced cancer cell invasion rate
for MDA-MB-231 breast cancer cells (B), PC3 prostate cancer cells (C), and MDA-MB-435S
melanoma cells (D). Invasion rate is an end-point measurement of cancer cell migration and
invasiveness. (E) Primary human monocyte-derived macrophages (MDMG) and murine bone
marrow-derived macrophages (BMDM) enhanced MDA231 cell invasion rate, similar to Raw
macrophages. Bars represent mean +/- SEM of data from 40-100 cells from at least 3 independent
experiments. (***: p<O.O0l).
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Fig. 3.4: macrophages increase cancer cell migration total speed but decrease directedness
on 2D substrates. The effects of Raw 264.7 macrophages (MCD) on cancer cell migration
dynamics are different in 3D compared to 2D. (A) On 2D substrates, macrophages led to a slight
increase in cancer cell migration total speed (top), but a decrease in cancer cell migration
directedness (bottom) when cancer cells were co-cultured with macrophages at high macrophage
seeding density (ratio of cancer cells to macrophages = 1:7.5). (B-C) No changes in cancer cell
migration total speed and directedness were observed when cancer cells were co-cultured with
macrophages on 2D substrate at low macrophage seeding density (ratios of 2.5:1 or 1:5). Bars
represent mean +/- SEM of data from 40-100 cells from at least 3 independent experiments. (ns:
not significant; *: p<0.1; **: p<0.01).
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Fig. 3.5: Effects of seeding ratio and complex ECM on macrophages' ability to enhance
cancer cell migration dynamics in 3D. (A) Macrophages increased cancer cell migration total
speed and directedness in 3D collagen I ECM when cancer cells were co-cultured with
macrophages at a seeding ratio of 1-to-1. Similar results were obtained when cancer cells were
cultured with macrophages at a seeding ratio of 2.5-to-i in 3D ECM. (B) Macrophages enhanced
cancer cell migration total speed and directedness when both cells were cultured in a complex
ECM containing collagen I and the Matrigel. Bars represent mean +/- SEM of data from 40-100
cells from at least 3 independent experiments. (*: p<0.05; ***: p<0.001).
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3.5: Macrophage-induced cancer cell migration in 3D ECM is mediated
via cancer cell MMP expression

Next, we investigated the molecular mechanisms that control how fast and how
persistently the cancer cell migrates in 3D ECM. We hypothesized that MMPs produced
by cancer cells are involved, since the migration of cells in the dense 3D matrix critically
depends on their ability to degrade ECM (2, 16). To test this hypothesis, we treated
MDA231 cancer cells with a pan-MMP inhibitor GM6001. We found that inhibiting
MMP activities in cancer cells significantly reduced cancer cell migration total speed and
directedness (Fig. 3.6B and C). Further evidence for the role of MMPs was obtained
using confocal reflectance microscopy, which revealed that the migration of MDA231
cells in ECM produced micro-tracks of empty space (Fig. 3.6A). However, when these
cells were treated with GM6001, the formation of cell protrusions, as well as the ability
of cells to degrade ECM, was reduced compared to control samples (Fig. 3.7). These
results illustrate that cancer cells migrate in our experimental system in an MMP-
dependent fashion, and the production of MMPs is a critical determinant of cancer cell
migration dynamics (total speed and directedness) in 3D ECM.

A)yB) 8. Q 020 n ) m
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Fig. 3.6. Cancer cell migration speed and directedness are MMP-dependent. (A)
Representative confocal image showing MDA231 cells (green) migrating through dense collagen
I ECM (magenta) by degrading the matrix, leaving behind a micro-track (arrow). (B and C)
Compared to the untreated and DMSO controls, inhibition of MMP activity by GM6001
significantly reduced MDA231 migration total speed (B) and directedness (C). Bars represent
mean +/- SEM of data from 40-100 cells from at least 3 independent experiments. (ns: not
significant; *: p<0.05; ***: p<0.001).
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Fig. 3.7: GM6001 treatment inhibits cancer cell protrusion formation and ECM
degradation. (A) Representative fluorescent confocal reflectance images showing MDA231
cancer cells (actin, green; nucleus, blue) interacting with ECM (imaged by reflectance
microscopy, magenta) when cancer cells were treated with DMSO (DMSO control, top panel) or
GM6001 MMP-inhibitor (GM6001, bottom panel). When cancer cells were not treated with
GM6001 (top panel), they were able to form protrusion (blue arrow) in the collagen gel and
degrade the gel leaving a micro-track behind (white arrow). However, when cancer cells were
treated with GM6001 (bottom panel), the protrusion formation was reduced. The formation of
collagen micro-track was also reduced (scale bar=15 [tm). (B) Cancer cell aspect ratio
quantification (left) and DQ-collagen I release assay quantification (right) showing that GM6001
significantly reduced cancer cell protrusion formation (left), as well as cancer cells' ability to
degrade collagen I ECM (right). (B) Cancer cell aspect ratio data: bars represent mean +/- SEM
of data from 40-100 cells from at least 3 independent experiments. (***: p<0.001). DQ-Collagen
I release data: bars represent mean +/- SEM of data (fold change relative to DMSO control) from
at least 3 independent experiments (ns: not significant; **: p<0.01).

Based on these findings, we examined the role of macrophages in regulating
MMP1 and MT1-MMP expression by cancer cells. We chose to study these two MMPs
since these proteases are responsible for the breakdown of collagen I matrix. Moreover,
MT1-MMP and MMPl have been shown to be present in the tumor microenvironment,
and they have been implicated in tumor metastasis (19-23). To study how macrophages
influence MMP expressions in cancer cells, we co-cultured cancer cells with
macrophages in a transwell system, and assessed the cancer cell expression of MMP1 and
MT1-MMP via western blotting. We found that co-culture of MDA231 cancer cells with
Raw macrophages, as well as BMDM, significantly enhanced cancer cell expression of
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MMP1 and MT1-MMP (Fig. 3.8). This result was reproduced in PC3 prostate cancer
cells co-cultured with macrophages (Fig. 3.8D).
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Fig. 3.8: Macrophages enhance cancer cell MMP expression. (A and B) Representative
western blot images (left) and quantification (right) showing that co-culture of Raw macrophages
with MDA231 cells (MDA231 Cocul) in 3D collagen I gels significantly enhanced the expression
of MMP1 (A) and MT1-MMP protein (B) in MDA231 relative to monoculture control
(MDA23 1, Ctrl=Control). (C) Representative western blot images (bottom) and quantification
(top) showing that co-culture of MDA231 cells with BMDM (MDA231 Cocul (BMDM)) resulted
in enhanced MMP1 (left) and MTl-MMP (right) expressions in MDA231 cells compared to the
monoculture control (MDA231, Ctrl=control). (D) Representative western blot images (left) and
quantification (right) showing that co-culture of PC3 prostate cancer cells with Raw 264.7
macrophages (PC3 Cocul) increased PC3 expression of MT1-MMP when compared to PC3
monoculture control (PC3). Bars represent mean +/- SEM of data (fold change relative to
monoculture control; Ctrl=Control) from at least 3 independent experiments (ns: not significant;
*: p<0.05).
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Next, we tested whether it is necessary for macrophages to be in direct physical
contact with cancer cells to promote migration. Instead of culturing Raw macrophages
together with MDA231 cancer cells in the ECM, we cultured macrophages in the micro-
channels flanking the ECM (Fig. 3.9). The macrophages seeded in the micro-channels
were not in physical contact with the ECM or the cancer cells, but they were able to
communicate with the cancer cells via the secretion of paracrine factors. Interestingly,
we found that macrophages cultured in the micro-channel increased cancer cell migration
total speed and directedness to the same degree as macrophages cultured in the collagen
ECM (Fig. 3.9), suggesting that direct contact between macrophages and cancer cells is
not necessary to enhance cancer cell migration. We also found that the conditioned media
from Raw macrophages and BMDM significantly up-regulated the expression of MMP1
and MT1-MMP (Fig. 3.10 A-E) in cancer cells. These results indicate that the effects of
macrophages on cancer cell migration dynamics and MMP expressions are mediated
primarily through paracrine factors secreted by macrophages.
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Fig. 3.9: The ability of macrophages to enhance cancer cell migration dynamics is primarily
attributed to the paracrine factors secreted by macrophages. (A) Schematics showing the
experimental conditions designed to test the effects of macrophage-released paracrine factors on
cancer cell migration dynamics. (Left) Control condition with MDA-MB-231 cancer cell
cultured alone (MDA231). (Middle) Treatment condition with MDA-MB-231 cancer cell
cultured with Raw 264.7 macrophages inside the collagen I gel (MDA231 M(D). (Right)
Treatment condition with MDA-MB-231 cancer cell cultured in the collagen I gel and Raw 264.7
macrophages cultured in the micro-channels (MDA231 MD in Cha). In the "MDA231 MD in
Cha" condition, macrophages were not in direct contact with cancer cells and collagen I gel, so
the effects of macrophages on cancer cells in this condition should be attributed mostly to the
paracrine factors secreted. (B) Quantification of migration dynamics with experimental
conditions presented in (A). Culturing Raw 264.7 macrophages in micro-channel (MDA231 MD
in Cha) significantly increased cancer cell migration total speed (left) and directedness (right)
when compared to cancer cell monoculture (MDA23 1), to a level that is similar to the condition
in which macrophages were cultured in the gel (MDA231 M(D). Bars represent mean +/- SEM of
data from 40-100 cells from at least 3 independent experiments. (ns: not significant; *: p<0.05;
***: p<0.001).
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Fig. 3.10: The abilities of macrophages to enhance cancer cell expression of MMPs are
primarily due to the paracrine factors secreted by macrophages. (A) Western blot
quantification (right) and representative images (left) showing that the treatment of MDA-MB-
231 cultured in 3D collagen I ECM with conditioned media from Raw 264.7 macrophages
(MDA23 1 +Condi) significantly enhanced MMP1 protein expression by MDA231 cells relative to
no-treatment control (MDA231, Ctrl=control). (B) Western blot quantification (right) and
representative images (left) showing that the treatment of MDA231 cultured in 3D collagen I
ECM with conditioned media from Raw 264.7 macrophages (MDA231+Condi) significantly
enhanced MT1-MMP protein expression by MDA231 cells relative to no-treatment control
(MDA231, Ctrl). (C-D) Western blot quantification (right) and representative images (left)
showing that the treatment of MDA231 cells with conditioned media from BMDM
(MDA231+Condi(BMDM)) significantly up-regulated cancer cell expression of MMP1 (C) and
MT1-MMP (D) proteins relative to no-treatment control (MDA231, Ctrl=Control). (E) Western
blot quantification (top) and representative images (bottom) showing that the treatment of MDA-
MB-435S cancer cells with conditioned media from Raw 264.7 macrophages (MDA435+Condi)
significantly up-regulated cancer cell expression of MMP1 protein relative to no-treatment
control (MDA435, Ctrl=Control). (F) ELISA quantifications (total amount of protein secreted
(left) or amount secreted per cell per day (right)) demonstrating that Raw 264.7 macrophages
secrete TNFa and TGFP 1, and the secretions of these two factors are much larger than cancer cell
secretions of TNFa and TGF 1. (A-E) Bars represent mean +/- SEM of data (fold change relative
to no-treatment control, Ctrl=control) from at least 3 independent experiments. (F) Bars represent
mean +/- SEM of data from at least 3 independent experiments (ns: not significant; *: p<0.05; **:
p<0.01, ***: p<0.001).
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3.6: Macrophage-released TNFa and TGF$1 are responsible for the
increases in cancer cell migration total speed and directedness.

We next performed experiments to identify the paracrine factors released by
macrophages that were responsible for the increases in cancer cell migration dynamics.
We hypothesized that TNFa and TGF 1 secreted by macrophages are involved in
promoting cancer cell migration, since these two factors are major secretory products of
macrophages in the tumor microenvironment (24-27), and they have been implicated in
tumor metastasis (28, 29). Indeed, primary macrophages such as MDM(D and BMDM
have been shown to secrete TNFcE and TGFP1 (30-33). We first verified, using ELISA,
that Raw macrophages used in our study also secreted TNFa and TGF I (Fig. 3.1OF). To
test our hypothesis further, we treated cancer cell-macrophage co-culture with
neutralizing antibodies against TNFa and/or TGFP 1, and measured cancer cell migration
total speed and directedness as before. The antibodies used in this study were designed to
act against mouse TNFa and TGFIl. This allowed us to specifically inhibit TNFa and
TGFP1 secreted by Raw 264.7 mouse macrophages. Antibody blocking results showed
that neutralizing TNFa in co-culture slightly decreased macrophage-enhanced cancer cell
migration total speed, while blocking TGF31 almost completely abrogated the effects of
macrophages on total speed (Fig. 3.1 lA-B). Co-blocking both TNFa and TGFP 1 did not
further reduce cancer cell migration total speed when compared to the blocking of only
TGFP1 (Fig. 3.11 C). These results suggest that TGFP 1 is primarily responsible for the
ability of macrophages to enhance cancer cell migration total speed.
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Fig. 3.11: Macrophage-released TNFa and TGF$1 are responsible for the increase in cancer
cell migration total speed and directedness. MDA231 cancer cells (CC) co-cultured with Raw
cells (M(D) were treated with neutralizing antibodies against TNFa (a-TNFa) and/or TGF 1 (a-
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TGFP1). (A, B, and C) Neutralizing TNFa released by macrophages (CCM'1 a-TNFa) led to a
decrease in MDA231 migration total speed compared to no-treatment control (CCMCI) (A).
However, inhibiting macrophage-released TGF 1 (CCMG a-TGF 1) led to an almost complete
inhibition of macrophage's effect on MDA231 migration total speed (B), similar to the
simultaneous inhibition of both TNFcc and TGFP1 (C). (D, E, and F) Neutralizing macrophage-
released TNFa (CCMJ a-TNFa) or TGF 1 (CCMI a-TGFI 1) alone did not significantly
reduce MDA231 migration directedness (D and E). However, simultaneous inhibition of both
TNFa and TGF 1 led to an almost complete abolishment of macrophage-enhanced MDA231
migration directedness (F). Bars represent mean +/- SEM of data from 40-100 cells from at least
3 independent experiments. (ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001).

Surprisingly, when we assessed the effects of antibody blocking on cancer cell
migration directedness, we found that inhibiting either TNFct or TGFP1 in co-culture did
not lead to significant decreases in cancer cell migration directedness (Fig. 3.1 iD-E). In
contrast, blocking TNFa and TGFP1 simultaneously almost completely abolished the
ability of macrophages to promote migration directedness (Fig. 3.1 IF), suggesting that
both TNFa and TGF 1 are important to macrophage-enhanced migration directedness.
Interestingly, this result is in contrast to the antibody blocking results for total speed,
which seems to suggest that macrophage-enhanced cancer cell migration total speed and
directedness are controlled by two different pathways. Finally, to verify if blocking
antibody treatments were specific to macrophage-secreted TNFa and TGFP 1, we treated
cancer cell monocultures with anti-mouse neutralizing antibodies that we used in co-
culture experiments. We found this to have no significant effect on MDA231 cell
migration total speed and directedness (Fig. 3.12), indicating that the antibody inhibition
was macrophage-specific.
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Figure 3.12: Neutralizing antibody blocking is specific to factors released by macrophages.
(A and B) Treatment of MDA-MB-23 1 cancer cell monoculture with neutralizing antibody
against mouse TNFct (CC a-TNFct) did not affect cancer cell migration total speed (A) or
directedness (B) when compared to no-treatment control (CC) and IgG isotype-treatment control
(CC IgG; IgG: Goat IgG). (C and D) Treatment of MDA-MB-23 1 cancer cell monoculture with
neutralizing antibody against mouse TGF3 1 (CC a-TGF 1) did not significantly affect cancer cell
migration total speed (C) and directedness (D) when compared to no-treatment control (CC) and
IgG isotype-treatment control (CC IgG; IgG: Rabbit IgG). Bars represent mean +/- SEM of data
from 60-100 cells from at least 3 independent experiments (ns: not significant).
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We next demonstrated that co-blocking of both TNFa and TGFP 1 in co-culture
resulted in almost complete inhibition of macrophage-induced MMP 1 and MT 1 -MMP
protein expression in cancer cells (Fig. 3.13A and 3.14). These results further support our
previous conclusion that macrophage-enhanced cancer cell migration total speed and
directedness in 3D ECM are controlled by MMPs. Finally, as expected, since both
migration total speed and directedness contribute to cancer cell invasion rate (Fig. 3.3),
blocking of TNFa or TGF 1 cannot completely abrogate macrophage-enhanced cancer
cell invasion rate. In contrast, when both macrophage TNFQ and TGFP1 were inhibited,
cancer cell invasion rate in co-culture was reduced to the level of the cancer cell
monoculture control (Fig. 3.13B).
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Fig. 3.13: Blocking TNFa and TGF$1 secreted by Raw 264.7 macrophages significantly
reduced macrophage-induced MMP expression and macrophage-enhanced cancer cell
invasion rate. (A) Representative western blot images showing that co-blocking of TNFa and
TGF 1 secreted by Raw 264.7 macrophages using neutralizing antibodies against these two
factors (MDA231 Cocul Antis) significantly reduced macrophage-induced MMP1 (top) and
MT1-MMP expression (bottom) in MDA231 cells when compared to no-treatment (MDA231
Cocul) and IgG-treatment controls (MDA231 Cocul IgGs). (B) MDA-MB-231 cancer cell (CC)
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invasion rate quantification showing that co-blocking of TNFa and TGF 1 (CCMCD a-TNFa a-
TGFP 1, bar 5) secreted by Raw 264.7 macrophages using neutralizing antibodies reduced MDA-
MB-231 cancer cell invasion rate to the level that is similar to cancer cell monoculture (CC, bar
1). In contrast, blocking of TNFo (CCM4) a-TNFa, bar 3) or TGF$1 (CCMcD a-TGF, bar 4)
alone cannot completely abrogate the increase in cancer cell invasion rate caused by
macrophages. (B) Bars represent mean +/- SEM of data from 60-100 cells from at least 3
independent experiments (ns: not significant; *: p<0.05; ***: p<0.001).
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Fig. 3.14: Blocking TNFa and TGF$1 secreted by bone marrow-derived macrophages
significantly reduced macrophage-induced MMP expression. Representative western blot
images showing that co-blocking of TNFa and TGF 1 secreted by bone marrow-derived
macrophages (BMDMs) using neutralizing antibodies against these two factors (MDA231 Cocul
Antis) significantly reduced macrophage-induced MMP1 (bottom) and MT1-MMP expression
(top) in MDA231 cells when compared to no-treatment (MDA231 Cocul) and IgG-treatment
controls (MDA231 Cocul IgGs).

3.7: Macrophage-released TGFP1 enhances cancer cell migration total
speed via MT1-MMP, while macrophage-released TNFa and TGF$1
synergistically increase cancer cell migration directedness via MMP1

We then proceeded to examine the detailed mechanisms by which macrophage-
released TNFa and TGF 1 affect cancer cell migration dynamics. We also sought to
elucidate the seemingly distinct pathways that are involved in promoting migration total
speed and directedness. Since it is difficult to perform a detailed and well-controlled
study on molecular mechanism with blocking antibodies alone, we elected to treat cancer
cell monocultures with TNFa and/or TGF 1 and assess the resulting cell migration
dynamics and MMP expressions. We found that the treatment of MDA231 cancer cell
with TNFa slightly increased cancer cell migration total speed, while TGF 1 treatment
significantly enhanced total speed. No additional increase in migration total speed was
observed for TNFct and TGF 1 co-treatment over the TGF 1 mono-treatment condition

(Fig. 3.15A). These results parallel the blocking antibody experiments and further support
our prior conclusion that macrophage-released TGF 1 is the main contributor to the
increase in cancer cell migration total speed.
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Fig. 3.15: TGFP1 increases cancer cell migration total speed via the induction of MT1-MMP
expression, while TNFa and TGFP1 synergistically increase cancer cell migration
directedness via the induction of MMP1 expression. MDA231 monoculture (CC) was treated
with TNFa and/or TGFP 1, and the resulting cell migration dynamics and MMP expressions were
analyzed. (A-C) Treatment of MDA231 with TGF1 (CC TGF1) led to larger increases in
MDA231 migration total speed (A), MTl-MMP mRNA (B) and protein (C) expressions than
TNFa mono-treatment (CC TNFa). However, co-treatment of both TNFt and TGFP1 led to no
further increase in migration total speed, MT1 -MMP mRNA and protein expressions compared to
TGF1 mono-treatment. Data in (A), (B), and (C) follow a similar trend. (D-F) TNFa and
TGF3 1 synergistically increased MDA231 migration directedness (D), MMP1 mRNA expression
(E), and MMP1 protein production (F) when compared to mono-treatment conditions. Data in
(D), (E), and (F) follow a similar trend. Data in (C) and (F) were obtained from cells cultured in
3D collagen I ECM. (A, D) Bars represent mean +/- SEM of data from 40-100 cells from at least
3 independent experiments. (ns: not significant; *: p<0.05; ***: p<0.001). (B, C, E, F) Bars
represent mean +/- SEM of data (fold change relative to no-treatment control) from at least 3
independent experiments (ns: not significant; *: p<0.05; **: p<0.01; * * *: p<0.00 1).
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In contrast to its effects on total speed, TNFa or TGFP1 mono-treatment did not
significantly enhance cancer cell migration directedness. When the cancer cells were
treated with both TNFa and TGF I, however, there was a synergistic increase in cancer
cell migration directedness that cannot be explained by the additive effects of TNFa and
TGFP1 mono-treatment (Fig. 3.15D). Combined, these results provide further evidence
that macrophage-induced cancer cell 3D migration total speed and directedness are
controlled by two distinct mechanisms. Specifically, cancer cell migration total speed is
controlled primarily by macrophage-released TGFP 1, while the directedness is controlled
by the combined effects of macrophage-released TNFa and TGFP1. Finally, we found
that co-treatment of cancer cell monoculture with TNFa and TGF 1 led to levels of
migration total speed and directedness (Fig. 3.16) comparable to those in co-culture,
indicating that TNFca and TGF 1 from macrophages are, indeed, the main factors
responsible for the enhancement in cancer cell migration.
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Fig. 3.16: TNFi and TGF$1 secreted by macrophages mostly accounts for macrophage-
enhanced cancer cell migration total speed and directedness. (A and B) Treatment of
MDA231 cancer cells (CC) with TNFa and TGF 1 produced similar levels of cancer cell
migration total speed (A) and directedness (B) compared to that of cancer cell-macrophage co-
culture (CCMFD). Bars represent mean +/- SEM of data from 60-100 cells from at least 3
independent experiments (ns: not significant; **: p<0.01; ***: p<0.001).

For further verification that cancer cell migration total speed and directedness are
controlled through two distinct pathways, we varied the concentration of TNFa and
TGFP1 in the co-treatment condition. Specifically, we treated MDA231 cancer cells with
5 ng/mL TNFQ + 0.5 ng/mL TGF 1, or 0.5 ng/mL TNFa + 5 ng/mL TGFP 1, or 5 ng/mL
TNFcc + 5 ng/mL TGF 1. Interestingly, treating cancer cells with a low concentration of
TGF 1 (0.5 ng/mL), even in the co-treatment conditions, resulted in slight or no increase
in the migration total speed (Fig. 3.17A). These results further illustrate that cancer cell
migration total speed is mainly controlled by TGF 1. In comparison, treating cancer cells
with various concentrations of TNFa or TGF 1 in the co-treatment regimen resulted in
similar levels of increase in cancer cell migration directedness over the no-treatment
control. Moreover, addition of even a minute amount (0.5 ng/mL) of TGF 1 to TNFct
mono-treatment resulted in sharp increases in cancer cell migration directedness. A
similar response was observed when a minute amount of TNFa (0.5 ng/mL) was added to
TGFP1 mono-treatment (Fig. 3.17B). These results further verify that TNFa and TGF1
synergistically enhance cancer cell migration directedness.
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Figure 3.17: TGFP1 has a larger effect on cancer cell migration total speed than TNFa.
TNFa and TGF$1 synergistically increase cancer cell migration directedness. MDA-MB-
231 cancer cells were treated with 5 ng/mL of TNFa and 5 ng/mL of TGF3 1 or 5 ng/mL of
TNFa and 0.5 ng/mL of TGFP1 or 0.5 ng/mL of TNFa and 5 ng/mL of TGFP1 or 0.5 ng/mL of
TNFa and 0.5 ng/mL of TGF 1. Cancer cell migration total speed and directedness under these
co-treatment conditions were compared to that of no-treatment control as well as mono-treatment
conditions. (A) Co-treatment of different concentrations of TNFa and TGF3 1 led to different
levels of increases in cancer cell migration total speed over the no-treatment control, with
conditions containing 5 ng/mL of TGFP 1 producing the largest increase in cancer cell migration
speed (Bar 5 and Bar 6). (B) Co-treatment of different concentrations of TNFa and TGF 1 led to
similar levels of increases in cancer cell migration directedness relative to the no-treatment
control (Bar 4, 5, 6, 7 vs. Bar 1). This is in contrast to mono-treatment conditions (Bar 2 and 3),
where no noticeable increase in cancer cell migration directedness over the no-treatment control
was observed. Bars represent mean +/- SEM of data from 40-100 cells from at least 3
independent experiments (ns: not significant; ***: p<0.001).

Since cancer cell migration in 3D ECM depends on the cell's ability to express
MMPs, it seemed that the effects of TNFcc and TGFP 1 on cancer cell migration dynamics
might also be mediated through MMPs. To test for this hypothesis, we treated MDA231
monoculture with TNFa and/or TGF 1 and evaluated the resulting MMP1 and MTl-
MMP mRNA and protein expression. We found that the treatment of cancer cells with
TNFa resulted in a slight increase in MT1-MMP mRNA and protein expression. In
comparison, the treatment of cells with TGFP1 alone markedly enhanced MT1-MMP
mRNA and protein expression, while co-treatment of both TNFa and TGFP1 led to no
further increase in MT1-MMP expressions (Fig. 3.15B-C). We noted that these trends in
the increases in MT1-MMP mRNA and protein expressions match the trend in the
increases in cancer cell migration total speed (Fig. 3.15A). This observation points to the
possibility that TGFPl-induced increase in cell migration total speed is mediated mainly
via MTl-MMP. Furthermore, we observed that TNFa and TGF1 synergistically
enhanced cancer cell expression of MMP1 mRNA and protein (Fig. 3.15E-F). These
findings are similar to the observation that TNFa and TGF 1 synergistically promote
cancer cell migration directedness (Fig. 3.15D), suggesting that TNFa/TGF I-induced
cancer cell migration directedness is mediated mainly by MMP1 expression. Indeed,
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Pearson correlation analysis revealed that MT1-MMP expression levels resulting from
TNFa and/or TGF l treatments strongly correlate with cancer cell migration total speed,
but not directedness Similarly, MMP1 expression levels in cancer cells strongly correlate
with migration directedness, but not total speed (Fig. 3.18). These results led us to
hypothesize that macrophage-induced cancer cell migration total speed is controlled by
MT1-MMP expression in cancer cells, while the directedness is controlled by MMPl
expression.
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Fig. 3.18: Cancer cell migration total speed is correlated with cancer cell expression of
MT1-MMP, while cancer cell migration directedness is correlated with cancer cell
expression of MMP1. MDA-MB-231 (MDA231) cancer cells were treated with TNFa and/or
TGF 1, and the cell migration total speed and directedness resulting from the treatments were
plotted against the expression levels of MMP1 and MT1-MMP protein (fold change relative to
control; relative=Rel., control=Ctrl). (A and B) Pearson correlation analysis revealed that the
expression of MT1-MMP in MDA-MB-231 cancer cell correlated with cancer cell migration total
speed (A, p-value=0.0442) but not directedness (B, p-value=0.4189). (C and D) Pearson
correlation analysis revealed that the expression of MMP1 in MDA-MB-231 cancer cell
correlated with cancer cell migration directedness (D, p-value=0.0039) but not total speed (C, p-
value=0.5385). The R-value and p-value for each Pearson correlation analysis are displayed next
to the graph, with p<0.05 deemed statistically significant correlations.
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To test whether or not macrophage-induced cancer cell migration total speed and
directedness are controlled by two different MMPs, we treated cancer cell-macrophage
co-culture with blocking antibodies against MT1-MMP and MMPL. We found that
treating the co-culture with anti-MT1-MMP antibody resulted in a significant decrease in
cancer cell migration total speed with little effect on directedness (Fig. 3.19A-B). In
contrast, we observed that blocking MMP1 in co-culture with anti-MMP1 antibody had
almost no effect on macrophage-induced increase in cancer cell migration total speed,
while the increase in cancer cell migration directedness was significantly reduced (Fig.
3.19C-D). Furthermore, we treated cancer cell monoculture with exogenously supplied
recombinant MMP1 and observed an enhancement in cancer cell migration directedness
but no significant change in migration total speed (Fig. 3.19E-F). These findings, coupled
with previous observations that macrophage-released TNFa and TGF1 up-regulated
cancer cell expression of MMPs (Fig 3.13 and 14), strongly support the conclusion that
macrophage-induced MMP1 expression is responsible for the increase in cancer cell
migration directedness, while the induction of MT1-MMP expression is responsible for
the increase in total speed. Taken together, these results demonstrate that macrophages
influence cancer cell migration in 3D ECM via two different mechanisms: 1)
macrophage-released TGF 1 increases cancer cell migration total speed (speed) via the
up-regulation of MT1-MMP expression, and 2) macrophage-released TNFa and TGF 1
synergistically enhance cancer cell migration directedness (persistence) through the
induction of MMP1 expression. Hence, these results strongly suggest that both of these
two pathways need to be inhibited in order to effectively reduce metastasis. Indeed, using
a 4T1 orthotopic breast tumor model in BALB/c mice, we found that inhibiting both
TNFa and TGF 1 in these mice resulted in a more significant reduction in lung
metastasis formation compared to inhibiting TNFa or TGF3 1 alone (Fig. 3.20).

Finally, we found a similar synergistic response in MMP1 secretion due to TNFQ
and TGF 1 co-treatment (Fig. 3.21), which mirrors the results of cancer cell migration
directedness (Fig. 3.15D). The synergistic induction in MMP1 protein production was
also observed in MDA435 and PC3 cells (Fig. 3.22).
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Fig. 3.19: Macrophage-induced cancer cell migration total speed is mediated via MT1-
MMP, while directedness is mediated by MMP1. MDA231 cancer cells (CC)-Raw
macrophages (MO) co-culture was treated with blocking antibodies against MT1-MMP or
MMPL. (A and B) Treatment of co-culture with anti-MT1-MMP antibody (CCM4I a-MT1-
MMP) decreased MDA231 migration total speed (A) but not directedness (B). (C and D)
Treatment of co-culture with anti-MMP1 antibody (CCM4) a-MMP1) reduced MDA231
migration directedness (D) while having a minimal effect on total speed (C). (E and F) Treatment
of MDA231 cancer cell monoculture with recombinant MMP1 (CC MMP1) enhanced MDA231
migration directedness (F), while having a minimal effect on total speed (E). Bars represent mean
+/- SEM of data from 40-100 cells from at least 3 independent experiments (ns: not significant; *:
p<0.05; ***: p<0.001).
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Fig. 3.20: Inhibiting both TNFa and TGFP1 in a mice model of breast tumor effectively
reduces lung metastasis. 4T1-tumor bearing mice were treated with anti-TNFa and/or anti-
TGF 1 antibodies, and the formation of metastatic lesion in the lung of the animal was compared.
(A) Representative H&E-stained lung sections from control (CON) mice, mice treated with anti-
TNFa antibody (anti-TNFa), anti-TGFP1 antibody (anti-TGFP1), and both antibodies. Black
arrows point to metastatic lesions. Treatment of mice with both antibodies greatly reduced the
occurrence of the metastatic lesions in lungs. (B) Quantification of the percent of lungs (by area)
with metastatic lesion (% metastatic burden) showing that co-treatment of both antibodies led to
the most pronounced reduction in metastatic formation in lung. Bars represents mean +/- SEM of
data from 5 mice each group (ns=not significant, *: p<0.05).
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Fig. 3.21: TNFa and TGFP1 co-treatment synergistically up-regulate cancer cell MMP1
protein production and secretion. (A) TNFi and TGF3 1 co-treatment synergistically increased
the secretion of MMPl by MDA-MB-231 cancer cells. Conditioned media from MDA-MB-231
cancer cells under various treatment conditions (as indicated) were collected. Western blot
analysis was performed to measure the relative levels of MMP1 in the conditioned media.
Representative western blot images (bottom) and quantification (top) are shown (Top
band=glycosylated active MMP1, 47 kDa; bottom band=unglycosylated active MMP1, 42 kDa).
(B) TNFa and TGF 1 co-treatment synergistically enhanced MDA435 cancer cell production of
MMP1 protein compared to no-treatment control. Western blot quantification (top) and
representative western blot image (bottom) are shown. (C) TNFa and TGF 1 co-treatment
synergistically enhanced MMP1 protein production in PC3 compared to no-treatment control.
Western blot quantification (top) and representative western blot images (bottom) are shown.
Bars represent mean +/- SEM of data (fold change relative to no-treatment control) from at least 3
independent experiments (ns: not significant; *: p<0.05; *** p<0.001).
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Fig. 3.22 TGFP1 is mainly responsible for the increase in MT1-MMP protein production.
Representative western blot images showing that TGFP1 is mainly responsible for the increase in
MT1-MMP expression in MDA435 cancer cells.

3.8: TNFa and TGF1 synergistically increase nuclear localization of
NF-xB

To further understand the synergistic effects of TNFa and TGF 1 on the
expression of MMP1 in cancer cells, we tested whether TNFa and/or TGF1 could alter
the expression or nuclear localization of NF-xB, a transcription factor for MMP1 (34).
We first treated MDA231 cancer cells with TNFQ and/or TGF 1 for 48 hrs, and found
that these two factors did not change the protein production of NF-xB by cancer cells
(Fig. 3.23A). We then tested whether the treatment of these two factors could alter the
nuclear localization of NF-xB. Indeed, co-treatment of TNFct and TGFP1 synergistically
enhanced NF-xB expression inside the nucleus of the cancer cells (Fig. 3.23B-C). These
results support the conclusion that TNFa and TGF 1 act together to enhance the
expression of MMP1 via the synergistic induction of NF-xB nuclear translocation.
Similar results were also observed in MDA435 cells (Fig. 3.24).
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Figure 3.23: TNFa and TGFP1 synergistically increase NF-xB nuclear localization. (A)
Western blot quantification (top) and representative images (bottom) showing 48-hr TNFa and/or
TGF 1 treatments of MDA231 cells did not alter the production of NF-xB (NF-xB total). (B
and C) Western blot quantifications (top) and representative images (bottom) showing 2-hr
TNFa and TGF 1 co-treatment of MDA231 synergistically increased the level of NF-xB in the
nuclear fraction of MDA231 (NF-xB Nuc, C), but not in the cytoplasmic fraction of the cells
(NF-xB Cyto, B). Bars represent mean +/- SEM of data (fold change relative to no-treatment
control, Ctrl=control) from at least 3 independent experiments (ns: not significant; *: p<0.05).
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Figure 3.24: TNFa and TGFP1 co-treatment synergistically enhance NF-xB nuclear
localization in MDA-MB-435S cells. (A) Western blot quantification (top) and representative
western blot images (bottom) showing no changes in the levels of NF-xB in the cytoplasmic
fraction of MDA-MB-435S (MDA435) under various treatment conditions as indicated. (B)
Western blot quantification (top) and representative western blot images (bottom) showing TNFa
and TGF 1 co-treatment synergistically increased the level of NF-xB in the nuclear fraction of
MDA435 compared to no-treatment control. Bars represent mean +/- SEM of data (fold change
relative to no-treatment control, Ctrl=control) from at least 3 independent experiments (ns: not
significant; ***: p<0.001).

3.9: Discussion

Macrophages in the tumor microenvironment are key promoters of cancer cell
metastasis (35), suggesting that the control of these cells and their released factors can be
a viable strategy in treating metastasis. Yet, it is still unclear how macrophages affect
different aspects of cancer cell migration, such as speed and persistence, especially in 3D
ECM that closely mimics the in vivo tumor microenvironment. To address this gap in
knowledge, we utilized a microfluidic 3D cell migration assay that allows us to study, in
high resolution, the effects of macrophages on cancer cell migration speed (total' speed)
and persistence (directedness) in 3D ECM.

From our study, we found that macrophages increase cancer cell migration speed
and persistence in 3D collagen I ECM, suggesting that macrophages may help cancer
cells to invade and gain access to intravasation sites more efficiently. In contrast to the
3D results, we discovered that on 2D tissue culture plastic, macrophages tend to increase
cancer cell migration speed but decrease persistence, so that cancer cells move faster, but
more randomly. This disparity, similar to results obtained from previous works, illustrates
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a fundamental difference in how cancer cells migrate in 2D compared to 3D (16). We
also note that the cancer cells in our 3D microfluidic system migrated at a total speed of
5-11 pm/hr, a value which closely matches the speed values obtained from in vivo
intravital imaging experiments (36). In sum, these results demonstrate the advantages of
our microfluidic assay, which allows us to perform physiologically relevant studies with
precise control of experimental conditions.

In 3D, cell migration critically depends on the ability of cancer cells to degrade
ECM. Indeed, MMP expression is dispensable for 2D cell migration, but not for 3D (16).
In the present study, we showed that macrophages enhanced cancer cell migration in 3D
ECM via the up-regulation of MMP expression in cancer cells. We further identified that
macrophage-released TGFP1 increased cancer cell migration speed, while macrophage-
released TNFa and TGFp1 synergistically enhanced cancer cell migration persistence.
Previous studies have shown that EGF released by macrophages can promote cancer cell
migration (11). Here, we report that macrophage-released TNFa and TGFP1 can also
promote cancer cell migration. The clinical relevance of this finding is demonstrated by
the fact that the expression levels of TNFa and TGF 1 in tumor-associated macrophages
correlates with metastasis for human tumors (24, 37). Moreover, this study, to our
knowledge, is the first to report that macrophage-released TNFa and TGFPl control
different aspects of cancer cell migration (speed vs. persistence) differently. Thus,
although prior studies have implicated TNFa and TGFpl in cancer cell invasion and
metastasis (28, 29), our results now demonstrate subtle but important differences in their
effects on cancer cell migration.

We also found that TGFp1 released by macrophages promotes cancer cell
migration speed through up-regulation of MT1-MMP. We suspect this is due to the fact
that MTl-MMP can influence cell intrinsic migration behaviors as well as cell extrinsic
matrix properties, both of which are known determinants of cell migration speed in 3D
matrix (16, 38). Two examples of cell intrinsic behaviors that control cell migration
speed are the activities of kinases and the expression of integrin. It has been shown that
intermediate levels of integrin a2pl contribute to an optimum cell migration speed (39,
40); and inhibiting integrin could lead to a decrease in cell migration speed, but not
persistence (14). Similarly, inhibiting Akt/PI3K activities in cells has been reported to
result in a decrease in migration speed (41). In addition to cell intrinsic properties, cell
extrinsic matrix properties, such as the pore size of the matrix that can be modified by
MMPs, also affect cell migration speed in 3D (38). Unlike MMP1, which primarily
degrades collagen I matrix to alter the cell extrinsic properties, MTl-MMP modifies both
cell intrinsic and cell extrinsic properties. Besides degrading collagen I matrix, MT1-
MMP can process integrin (42), mediate Akt phosphorylation (43), and promote
syndecan shedding (44), all of which are parts of cell intrinsic pathways of migration.
Hence, since both intrinsic and extrinsic properties control cell migration speed, it stands
to reason that MT1-MMP should be the major determinant of migration speed over
MMPl.

We further demonstrated that macrophage-enhanced cancer cell migration
persistence, in contrast to total speed, was mediated primarily by the expression of

74



MMP1, but not MTl-MMP. This result may be explained by the fact that MMPl is more
efficient in degrading collagen I matrix and altering extrinsic matrix properties (pore size)
than MT1-MMP (45). Although cell intrinsic properties (such as Rac activities (46))
control migration persistence in 2D, it has been reported that cell extrinsic matrix
properties seem to dominate over intrinsic property as the primary determinant of 3D
migration persistence (16, 47). Since MMP1 is more efficient in degrading collagen I
ECM and altering extrinsic matrix properties than MTl-MMP, MMPl should therefore
be a major contributor to migration persistence.
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Fig. 3.25: Proposed mechanism explaining the effects of macrophages (MO) on cancer cell
(CC) migration speed and persistence. Macrophage-released TNFa and TGF 1 synergistically
enhance NF-xB nuclear localization in cancer cells, leading to synergistic increases in cancer cell
MMP1 mRNA expression, protein production, and protein secretion. This increase in MMP1
secretion by cancer cells leads to an increase in cancer cell migration persistence (directedness).
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Meanwhile, macrophages increase cancer cell migration speed (total speed), mainly through
TGF3 1-induced cancer cell expression of MT1-MMP.

Based on our findings, we propose a novel mechanism whereby macrophages
promote cancer cell migration speed (total speed) and persistence (directedness) via two
distinct mechanisms (Fig. 3.25). First, macrophage-released TNFa and TGFp1
synergistically induce nuclear translocation of NF-KB in cancer cells, leading to
synergistic increases in the expressions of MMP1, which results in a synergistic
enhancement in cancer cell migration persistence. In contrast to the mechanism for the
persistence, macrophages increase cancer cell migration speed, mainly through TGFPl,
by the up-regulation of cancer cell MT1-MMP expression. These findings establish that
TNFa and TGFP1 released by macrophages influence speed and persistence of cancer
cell migration differently, and both of these factors need to be targeted to effectively
inhibit macrophage-assisted cancer cell 3D migration and metastasis. Moreover, these
findings also broaden our current view on the molecular determinants of 3D migration,
suggesting that MT1-MMP primarily controls cell migration speed, whereas MMP1
mainly controls migration persistence. In conclusion, our findings provide new insights
into macrophage-assisted cancer cell migration in 3D tumor microenvironment, and these
could ultimately lead to novel therapeutic strategies to effectively inhibit tumor invasion
and metastasis.
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Chapter 4. Effects of Interstitial Flow on Macrophage
Migration and Polarization

4.1: Abstract

This chapter contains contents from a manuscript entitled "Interstitial Flow
Promotes Macrophage Migration and Polarization in 3D ECM" with authors Ran Li,
Hao Xing, Tara Lee, Hesham Azizgolshani, and Roger Kamm. This manuscript has been
submitted to the Proceedings of the National Academy of Sciences, and it is currently
under review.

The growth of solid tumor is often accompanied by an increase in interstitial fluid
flow from the center of the tumor to the surrounding stroma. Recent studies have shown
that interstitial flow (IF) can influence the migration of cancer cells and fibroblasts.
However, the effects of IF on macrophages, one of the key tumor-associate immune cell
types, have not been explored. We used microfluidic and transwell assays to investigate
how tumor-associated IF affects macrophage migration and protein expression. We found
that IF not only promoted macrophage migration in 3D extracellular matrix, but also
directed macrophages to migrate against the flow. Moreover, IF significantly enhanced
macrophage expression of pro-metastatic M2 markers arginase-I (ArgI) and TGFP
through Pl integrin/Src-mediated activation of STAT3/6. Consistent with this flow-
induced pro-metastatic M2 polarization, macrophages treated with IF were shown to have
an enhanced ability to promote cancer cell migration. Taken together, these results
suggest that IF can contribute to metastasis through its effects on macrophages.
Specifically, since macrophages migrate against the flow, IF, which emanates from the
center of the tumor to the surrounding stromal tissues, can act as a mechanical stimulus to
recruit macrophages into the tumor. Moreover, IF can polarize these macrophages toward
a pro-metastatic M2 phenotype to further promote metastasis and immunosuppression.
Therefore, our study demonstrates that IF can be a critical regulator of macrophage
phenotypes and immune microenvironment.

4.2: Introduction

In Chapter Three, we investigated how chemical factors secreted by macrophages
in the tumor microenvironment affect subtle, yet important, features (speed vs.
persistence) of cancer cell migration. However, in addition to these chemical factors,
biophysical forces within the tumor microenvironment can also affect tumor progression
and metastasis. As discussed in Chapter One, fluid force produced by elevated interstitial
flow (IF) is a key biomechanical factor inside the tumor microenvironment. This flow of
interstitial fluid through the extracellular matrix (ECM) is the result of pressure gradients
and lymphatic drainage within the tissue (1). In the normal tissue, IF is estimated to be
around -0.5 g m/s. However, in the tumor tissue, the build-up of fluid pressure in the
tumor core increases IF emanating from the center of the tumor and draining into the
surrounding stroma (2). This tumor-associated IF, ranging from 1-5 pm/s, is highest at
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the tumor margin (1-3). Previous studies have shown that IF can influence the migration
of cancer cells (4-6) (7), fibroblasts (8), endothelial cells (9, 10), and smooth muscle cells
(11) via mechanotransduction pathways or flow-induced gradients of autocrine factors.
Nevertheless, the effects of this crucial tumor-associated biophysical force on
macrophages, a key immune cell type in the tumor microenvironment, have not been
explored.

As shown in Chapter Three, macrophages play critical roles in tumor metastasis
(12). Macrophages are innate immune cells that can rapidly adopt different phenotypes
based on the stimuli they encounter in their environment. These functionally plastic cells
can polarize toward a pro-inflammatory M1 phenotype or an immunosuppressive, pro-
metastatic, and pro-wound healing M2 phenotype (13). Macrophages in the tumor
microenvironment often adopt an M2 phenotype, and the number of M2 macrophages
that reside in the tumor tissues correlates with metastasis and poor prognosis (14).
Indeed, M2 macrophages produce various growth factors and cytokines that promote
cancer cell migration, intravasation, and immune escapes (13, 15). In contrast, Ml
macrophages are thought to promote tumor suppression by activating anti-tumor
immunity.

The dual roles that macrophages (Ml vs. M2) play in tumor progression make
them attractive targets for anti-tumor therapy. Tumor-associated macrophages tend to
reside near the tumor margin (15-17). Since IF is highest there, we expect these
macrophages to experience an elevated IF in vivo. Therefore, it is important to study how
this tumor-associated physical factor affects macrophages to gain a detailed
understanding of the tumor microenvironment. This in turn can aid in the design of
cancer immunotherapy. Moreover, integrin and glycocalyx, both of which have been
implicated in flow-induced mechanotransduction in cancer cells and smooth muscle cells,
are conserved in macrophages (18, 19). Since these molecules play important roles in
macrophage migration and protein production (20-23), we hypothesized that IF could
influence macrophage movement and protein expression.

In this study, we investigated the effects of tumor-associated IF (-3 [im/s) on
macrophages seeded inside a 3D ECM. Using the microfluidic flow assay discussed in
Chapter Two, we demonstrate that IF significantly enhances macrophage migration speed
and persistence. Interestingly, IF treatment leads to the accumulation of actin and
formation of protrusions on the flow-facing (upstream) side of the cell, resulting in the
migration of macrophages against the flow direction (upstream). Next, we used the
previously discussed transwell flow assay to show that IF activates FAK and Akt, kinases
involved in macrophage migration. More importantly, we provide evidence that IF up-
regulates the macrophage expression of M2 markers ArgI and TGF-P via 31 integrin/Src-
mediated activation of STAT3/6. Concomitantly, IF treatment enhances the ability of
macrophages to promote cancer cell migration and protrusion formation. Taken together,
our results reveal, for the first time, that IF induces macrophage upstream (against the
flow) migration and polarization toward a pro-metastatic M2 phenotype. Since IF
emanates from the center of the tumor, these results suggest that IF can enhance
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metastasis by promoting not only macrophage M2 polarization but also macrophage
infiltration into the tumor core.

4.3: Method

To study the effects of interstitial flow on macrophage migration and protein
expression, we utilized the microfluidic and transwell flow assays discussed in Chapter
Two. Briefly, for the microfluidic flow assay, macrophages were seeded in a 2.5 mg/mL
collagen I ECM embedded in the microfluidic device with two large media reservoirs
attached to the top of the device. The collagen I ECM containing the cells was flanked by
two media channels connected to the reservoirs. A media-height difference of 1.5 mm
was established between the two reservoirs to generate a hydrostatic pressure gradient
across the gel region, which we estimated, based on the measured collagen gel hydraulic
permeability of 7x10- 4 M2 , to drive interstitial fluid flow with a mean velocity of ~3 pm/s
through the collagen gel containing macrophages. We chose the velocity of 3 pm/s to
match the level of IF in the tumor tissues measured in vivo. Time-lapse microscopy was
used to track macrophage migration under the effects of IF, and macrophage migration
dynamics were computed as discussed in Chapter Two.

To investigate the effects of IF on macrophage protein expression, the transwell
flow assay was used. Macrophages were seeded inside a 2.5 mg/mL collagen I ECM
loaded into a transwell insert. Growth media-height difference (~10 mm) was established
between the inside and the outside of the insert to drive an IF of ~3 pm/s through the
collagen gel containing macrophages. To maintain the media-height difference, the
transwell system was connected to a pump that re-circulates media from the outside to the
inside of the insert. After IF treatment, cell lysates were collected for western blot
analysis. A detailed description of the experimental procedures and assays used in this
study can be found in Chapter Two and Appendix B.

All statistical analyses were performed using GraphPad Prism with a P-value of
<0.05 considered statistically significant. The difference between groups was evaluated
by two-tailed student t-test. In all figures, ns represents not significant, * represents
p<0.05, ** represents p<0.01, and *** represents p<0.001. For cell migration
quantification, bars represent mean standard error of mean (SEM) of data from 40-100
cells from 3 independent experiments. For western blot quantification, bars represent
mean SEM of data (fold increase relative to no-flow control) from at least 3
independent experiments.

4.4: Interstitial flow (IF) enhances macrophage migration in 3D ECM

Using the microfluidic flow assay, we treated macrophages in the 3D ECM with 3
pm/s IF, and we tracked the movement of macrophages to map cell migration
trajectories. Two aspects of macrophage migration were quantified: speed and
persistence. Speed was quantified by measuring migration total speed, which is defined
as the total distance that a macrophage travelled divided by time. Persistence was
quantified by measuring migration directedness, which is defined as the ratio between the
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displacement and the total distance travelled (Fig. 2.5). Trajectory plots (Fig. 4.IA) and
migration quantification (Fig. 4.1B) show that IF significantly increased both migration
total speed and directedness of Raw 264.7 macrophages (Raw) and primary bone
marrow-derived macrophages (BMDM). These results indicate that IF promotes
macrophages to migrate faster and more persistently in the 3D ECM. Finally, we verified
that IF treatment did not alter the viability of macrophages as assessed through live/dead
assay (Fig 4.2).
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Fig. 4.1: Interstitial flow (IF) promotes macrophage migration in 3D ECM. (A)
Representative migration trajectories for Raw macrophages in ECM under no-flow (top) and flow
(bottom) conditions. The arrow indicates flow direction. (B) 3 [im/s IF increased macrophage
migration total speed (top) and directedness (bottom) for both Raw macrophages and BMDM.
Bars represent mean standard error of mean (SEM) of data from 60-100 cells (n=3, n = # of
independent experiments; ***: p<0.001).
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Fig. 4.2: IF did not affect macrophage viability. Raw 264.7 macrophages seeded in the
microfluidic device were treated with 3 pm/s interstitial flow for 48 hrs, and the viability of the
macrophages was assessed using live-dead assay. (A and B) Fluorescent micrographs showing
the live/dead staining of macrophages treated with (B) or without interstitial flow (A) in the

83

z z

................. I .... ..........



microfluidic devices (Green=live cell; Red=dead cell). (C) Quantification of the live-dead
staining shows that interstitial flow treatment did not change the % live cell count compared to
no-flow control. Bars represent mean SEM of data (n=3, ns=not significant).

Since Akt and FAK phosphorylation can increase macrophage motility (24, 25),
we conducted experiments in a transwell flow chamber to determine if IF could induce
the activation (phosphorylation) of these two kinases. Using the transwell flow chamber,
we treated macrophages with IF for 1 hr and collected the cell lysates for western blot
analysis. We found that, compared to no-flow control, IF induced 2-3 fold increases in
the phosphorylation of Akt and FAK at Ser473 and Tyr397, respectively (Fig. 4.3). These
results suggest that flow-enhanced migration of macrophages may be the results of IF-
induced activation of Akt and FAK.
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Fig. 4.3: IF activates Akt and FAK. IF activates kinases involved in cell migration. Western
blot quantification (right) and representative images (left) showing that 1-hr IF (-3 im/s)
treatment up-regulated the phosphorylation of Akt at Ser473 (A) and FAK at Tyr397 (B) in Raw
264.7 macrophages. Bars represent mean SEM of data (fold change relative to no-flow control,
Ctrl=control; n=3; *: p<0.05, **: p<0.01).

4.5: IF directs macrophage migration against flow

Upon a closer examination of cell trajectories, we noticed that IF biased
macrophage migration against the flow direction (upstream). This is evident by the center
of the mass of macrophage migration, which represents the population average of
macrophage migration end-points. Cell trajectory plots show that IF shifted the center of
mass of macrophage migration (red dot in Fig. 4.1) against the direction of the flow. This
is in contrast to the no-flow control condition, which shows that the center of mass
remained at origin (no directional preference in cell migration). This upstream migration
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was further verified by Rose plots (Fig. 4.4 A and
macrophages migrated upstream under IF treatment
number (-50%) migrating in both directions for no-flow

B), which show that -70% of
compared to roughly an equal
control (Fig. 4.4 C).
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Fig. 4.4: IF directs macrophage migration upstream. (A and B) Rose plots showing the
distribution of angles of net migration vectors for Raw macrophages in no-flow (A) and IF
conditions (B). The red arrow represents the direction of flow. Note that more macrophages
migrated upstream (against the direction of the flow). (C) Quantification of the percentage of the
Raw macrophages that migrated upstream and downstream. More macrophages migrated
upstream under flow conditions.

To further quantify this upstream migration, we calculated upstream velocity and
upstream directedness of macrophage migration. Upstream velocity is calculated as the
vector component of macrophage displacement against the flow direction (Dup) divided
by time (t). Upstream directedness is defined as Du, divided by the total distance travelled
(L), and represents how persistently the macrophages migrate against the flow (Fig. 2.5).
Hence, a cell traveling upstream will have positive upstream velocity and directedness
values, while a cell traveling downstream will have negative values. When treated with
IF, macrophages migrated with positive mean upstream velocity and upstream
directedness for both Raw cells and BMDM. By comparison, macrophages that were not
treated with flow have population average values near zero, indicating no directional
preference in migration (Fig. 4.5 A and B). Further analysis of the histograms of
upstream migration velocity and directedness verified that IF induced more macrophages
to migrate against the direction of flow. In addition, the histograms reveal that there
seems to be a subpopulation of macrophages that migrated with higher upstream velocity
and directedness than the rest of the cells (Fig. 4.6). This result indicates there may be
heterogeneity in macrophages' responses to IF. Moreover, IF also increased the
accumulation of actin and the formation of the protrusions on the upstream (flow-facing)
side of the macrophages (Fig. 4.7). Collectively, these results demonstrate that IF
promotes the actin accumulation and protrusion formation favoring the upstream side of
the macrophages, resulting in a preferential migration against the direction of flow
(upstream velocity and directedness).
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Fig. 4.7: Interstitial flow promotes the accumulation of actin and protrusion formation
against the direction of flow. (A and B) Representative confocal fluorescent microscopy images
(green=actin, blue=nucleus) showing actin localized to the periphery of the Raw macrophages
when cells were cultured in 3D ECM. IF (-3 im/s) treatment led to the accumulation of actin
(green) and formation of protrusion (blue arrow) at the upstream (flow-facing) side of the
macrophages (white arrow represents flow direction) (A). This is in contrast to no-flow control
condition (B). (C) Actin distribution in macrophages was quantified with actin distribution score
(ADS), which is defined as the difference between the average fluorescent intensities of actin on
the upstream (<Iup>) and downstream side of the cell (<Idown>) divided by the average fluorescent
intensity of the entire cell. Positive ADS indicates actin is accumulated on the upstream side,
while a negative ADS indicates actin is accumulated on the downstream side. Zero ADS indicates
no spatial preference. (D) Interstitial flow treatment resulted in a positive population average
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ADS, indicating that actin accumulated to the upstream side in most macrophages treated with IF.
This is in contrast to macrophages that were not treated with flow, which showed a population
average ADS of zero. (E) The spatial distribution of macrophage protrusion was quantified by
protrusion distribution score (PDS), which is defined as the difference between the perimeters of
upstream side (Pup) and downstream side (Pdow.) of the cells divided by the average. Positive PDS
means protrusion preferentially formed on the upstream side, while negative PDS means
protrusion formed on the downstream side. Zero PDS indicates no spatial preference. (F) IF
treatment resulted in a positive population average PDS, meaning IF drives the formation of
protrusion against the flow direction. Bars represent mean SEM of data from 40-80 cells (n=3;
**: p<0.01).

4.6: IF promotes macrophage M2 polarization via the activation of
STAT3/6

M2 macrophages inside the tumor tissues can promote metastasis by enhancing
tumor angiogenesis and migration (13). Since elevated IF has been shown to correlate
with metastasis (2), we hypothesized that IF could promote macrophage M2 polarization.
To test this hypothesis, we treated macrophages with IF for 48 hrs in absence of any
externally applied chemical stimulus, and assessed the effects of IF on macrophage
expression of M2 and MI markers. We found that IF up-regulated the protein expressions
of M2 markers arginase-I (ArgI) and TGFP by ~12 folds and 6 folds, respectively.
Concomitantly, IF slightly reduced the expression of the Ml marker iNOS compared to
the no-flow control (Fig. 4.8). Hence, we conclude that IF can polarize macrophages
toward an M2 phenotype.
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Fig. 4.8: IF induces macrophage M2 polarization. Western blot quantification (top) and
representative images (bottom) showing 48-hrs IF (~3 pm/s) treatment up-regulated protein
expression of M2 markers ArgI and TGFP (left and center), and slightly down-regulated protein
expression of M1 marker iNOS (right) in Raw macrophages. Bars represent mean SEM of data
(fold change relative to no-flow control, Ctrl=control; n=3; *: p<0.05; **: p<0.01).

89



STAT3 and STAT6 are known transcription factors, when activated
(phosphorylated), leading to the production of M2 markers in macrophages (26, 27). To
further probe the mechanisms of flow-induced M2 polarization, we tested the effects of
IF on the activation of STAT3/6 pathways in macrophages. We found that 15-60 min IF
treatment enhanced the phosphorylation of STAT6 at Tyr641, as well as STAT3 at both
Tyr705 and Ser727 (Fig. 4.9). In contrast, IF treatment did not activate STATI, a
transcription factor for MI polarization (Fig. 4.10) (27). Collectively, these results
illustrate that IF induces the M2 polarization of macrophages via the selective activation
of M2-associated STAT3/6 pathway. Indeed, when we inhibited the phosphorylation of
STAT3/6 with ruxolitinib, flow-induced expression of ArgI and TGFP was reduced (Fig.
4.11).
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Fig. 4.9: IF induces activation of STAT3 and 6 in macrophages: Western blot quantification
(top) and representative images (bottom) showing that 15-min IF (3 pm/s) treatment increased the
phosphorylation of STAT6 at Tyr641 (left) and STAT3 at Tyr705 (center). In addition, 60-min IF
treatment resulted in an increase in the phosphorylation of STAT3 at Ser727 (right). Bars
represent mean SEM of data (fold change relative to no-flow control, Ctrl=control; n=3; *:
p<0.05; **: p<0.01).
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Fig. 4.10: Interstitial flow did not promote the activation of STAT1. (A) Representative
western blot images showing that IF did not promote the phosphorylation of STAT1, a
transcription factor for MI polarization, in Raw macrophages compared to no flow control. In
fact, no STAT1 phosphorylation was observed for both no-flow and flow conditions. (B) Un-
treated macrophages (Ctrl) and macrophages treated with 20 ng/mL mouse IL-4 were used as
negative controls for STAT1 activation. Meanwhile, macrophages that were treated with 20
ng/mL mouse IFNy were used as a positive control for STATI phosphorylation.

A)
DMSO Ruxo

No No
Flow Flow Flow Flow

Argi

1-actin m

2.5.

2.0-
ns

< 0.5

0.0.
No Flow Flow No Flow Flow

DMSO ' Ruxo

B)
DMSO Ruxo

No No
Flow Flow Flow Flow

TGF@ 0 1-I,-

P-actin I . F,..

2.5-

C 2.0-

01.5.

~-a)
.2 1.0-

0.5-

0.0-

Il I

No Flow Flow No Flow Flow

DMSO Ruxo

Fig. 4.11: STAT3 and 6 activations are crucial for flow-induced M2 polarization. Raw 264.7
macrophages were treated with ruxolitinib, an inhibitor of STAT3/6 activation, and subjected to
IF treatment for 48 hrs. (A) Representative western blot images (up) and quantification (down)
showing that ruxolitinib (Ruxo) treatment diminished flow-induced ArgI expression compared to
DMSO controls. (B) Representative western blot images (up) and quantification (down) showing
that ruxolitinib (Ruxo) treatment diminished flow-induced TGFP expression compared to DMSO
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controls. Bars represent mean SEM of data (fold change relative to no-flow control) from at
least 3 independent experiments (*: p<0.05; **: p<0.01; ns=not significant).

We next considered which molecules are responsible for flow-induced STAT3/6
activation and subsequent M2 polarization. We suspected that integrin could be involved
in this process, since it is a known flow-sensor, and crosstalk between STAT and
integrin-Src pathways has been observed (28, 29). To test this hypothesis, we treated
macrophages with Src inhibitor PP2 or anti-P1 integrin blocking antibody, and subjected
these macrophages to IF. We found that inhibiting Src and 1 integrin greatly decreased
flow-induced STAT3 and 6 phosphorylation (Fig. 4.12). These results reveal that 1
integrin and Src play an important role in IF-induced STAT3/6 activation. Finally, we
also found that inhibiting 1 integrin led to a reduction in flow-induced phosphorylation
of Akt and FAK (Fig. 4.13), indicating that 1 integrin is involved in the activation of
these two kinases in macrophages treated with IF.
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Fig. 4.12: Src and P1 integrin play crucial roles in flow-induced STAT3/6 activation. (A)
Representative western blot images (left) and quantification (right) showing that the treatment of
Raw macrophages with Src inhibitor PP2 abolished flow-induced STAT3 Tyr705 and STAT6
Tyr641 phosphorylation compared to DMSO control. No statistically significant difference in
phosphorylation was observed between flow and no-flow conditions for cells treated with PP2.
(B) Representative western blot images (left) and quantification (right) showing that anti- 1
integrin neutralizing antibody decreased the flow-induced STAT3 Tyr705 and STAT6 Tyr641
phosphorylation compared to IgG isotype control. Bars represent mean SEM of data (fold
change relative to no-flow control; n=3; *: p<0.1; **: p<0.01; ns=not significant).
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Fig. 4.13: P1 integrin plays a key role in IF-induced Akt and FAK activation. Raw 264.7
macrophages were treated with anti-P1 integrin blocking antibody and subsequently subjected
to IF treatment for 15 mins. Representative western blot images showing that inhibiting 1
integrin resulted in reductions in flow-enhanced phosphorylation of Akt at Ser473 (A) and FAK
at Tyr397 (B) compared to IgG isotype control.

Finally, we wonder whether there is any connection between flow-enhanced
macrophage migration (Fig. 4.1) and M2 polarization (Fig. 4.8). To test this hypothesis,

we first treated Raw 264.7 macrophages with lipopolysaccharide (LPS) or IL4 to
chemically polarize these cells to M1 or M2 phenotype, respectively. We then measured
the total speed and directedness of these polarized macrophages migrating within the 2.5
mg/mL collagen I ECM. In these experiments, Ml and M2 macrophages were not treated
with interstitial flow. We found that similar to macrophages treated with IF, M2
macrophages had higher migration total speed and directedness compared to control (no
flow) and MI macrophages. More importantly, the migration total speed and directedness
of M2 macrophages are similar to that of macrophages treated with IF ( Fig. 4.14A and
B). However, in contrast, no directional migration of MI and M2 macrophages was
observed, since the upstream velocity and directedness of these two types of
macrophages were close to zero (Fig. 4.14C). These results seem to suggest that the flow-
enhanced macrophage motility, but not directional migration, may be the phenotypic
consequence of flow-induced M2 polarization.
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Fig. 4.14: Interstitial flow promotes M2 migration characteristic. Un-polarized Raw 264.7
macrophages were treated with interstitial flow (-3 pm/s) and the resulting migration
characteristics (speed, directedness, upstream velocity, and upstream directedness) were
compared to that of macrophages that were not treated with flow, macrophages that were
chemically polarized to Ml phenotype with LPS (Ml), and macrophages that were chemically
polarized to M2 phenotype with mouse IL4 (M2). It should be noted that MI and M2
macrophages were not treated with flow. (A) Representative migration trajectory plots of Ml (up)
and M2 (down) macrophages showing M2 macrophages were more motile than Ml macrophages.
(B) Macrophages treated with interstitial flow have similar migration total speed (up) and
directedness (down) compared to M2 macrophages, but not Ml macrophages. (C) Macrophages
treated with interstitial flow showed elevated upstream migration velocity (up) and directedness
(down) compared to no-flow control, Ml macrophages, and M2 macrophages. Bars represent
mean +/- SEM of data from 60-100 cells from at least 3 independent experiments (**: p<0.01;
***: p<0.001; ns=not significant).

4.7: IF promotes pro-metastatic phenotype of macrophages

Knowing that IF polarizes macrophages toward an M2 phenotype, we next
examined whether IF-treated macrophages are also functionally pro-metastatic. We pre-
treated macrophages (MO) seeded inside the 3D collagen I ECM with -3 Pim/s IF for 48
hrs, and then co-cultured these macrophages with cancer cells using a transwell system
for an additional 24 hrs (treatment group). We first compared the ability of flow-
conditioned macrophages to alter cancer cell morphology with that of macrophages that
were not treated with flow (control group) (Fig. 4.15A). We found that co-culture of
MDA-MB-435S (MDA435) melanoma cells with IF-pretreated macrophages resulted in
the elongation of cancer cells (suggesting a migratory phenotype) compared to the control
group (Fig. 4.16A). Indeed, quantification of cancer cell morphology showed that
MDA435 cells, MDA-MB-231 (MDA231) breast cancer cells, and Dul45 prostate cancer
cells co-cultured with macrophages that were pretreated with IF have higher aspect ratio
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(Fig. 4.16B) and lower circularity (Fig. 4.16C) than cells co-cultured with macrophages
that did not receive IF pre-treatment.
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Fig. 4.15: Schematics of experiments designed to test the effects of IF on macrophages'
abilities to promote cancer cell migration and protrusion formation. Macrophages were first
seeded in a collagen I ECM contained within the transwell flow chamber. Half of the
macrophages were subsequently pre-treated with IF for 48 hrs in the chamber (A), while the other
half were not subjected to IF (control macrophages, B). After the flow treatment, conditioned
media from the transwells were collected. MDA-MB-231 GFP breast cancer cells that were pre-
seeded in a collagen I ECM in the microfluidic device were treated with these conditioned media.
The migration of cancer cells was tracked to quantify their movement. In a separate experiment,
the transwell inserts containing macrophages were removed from the flow chamber after IF
treatment and then placed into a six-well plate pre-seeded with MDA-MB-231 GFP breast cancer
cells (MDA231), MDA-MB-435S melanoma cells (MDA435), or Dul45 prostate cancer cells
(Dul45). The macrophages were co-cultured with cancer cells for an additional 24 hrs in absence
of flow to assess the effects of macrophages on cancer cell morphology.
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Fig. 4.16: IF enhances the ability of macrophages to promote cancer cell protrusion
formation. Raw macrophages were pre-treated with IF (3 gm/s for 48 hrs) and subsequently co-
cultured with cancer cells to assess their effects on cancer cell morphology and migration. (A)
Representative fluorescent micrographs (green=actin, blue=DAPI) showing that MDA435 cancer
cells co-cultured with Raw macrophages pre-treated with IF (MDA435 MCD [Flow] Cocul,
bottom) were more protrusive than cancer cells co-cultured with macrophages that were not pre-
treated with flow (MDA435 MFD [No Flow] Cocul, top). (B) Quantification of cancer cell
morphology showing that cancer cells (MDA231, MDA435, and Dul45) co-cultured with
macrophages pre-treated with IF have higher aspect ratio than ones co-cultured with control
macrophages that were not treated with flow. (C) Cancer cells (MDA231, MDA435, and Dul45)
co-cultured with macrophages pre-treated with IF have lower circularity than those co-cultured
with control macrophages. Bars represent mean SEM of data from 35-70 cells (n=3; **:
p<0.01, ***: p<0.001).

96



A)
MDA231+M$ [No Flow] MDA231+M$ [Flow]

Condi Media Condi Media
.............. ................

0 - 0. -
1.1-

13)s15 -iso -so 0 so 0 1so s1o5 10 i 5c 0 so 50 so sou s
x saxis [urn] x axis [pm[

0.25-

10- C 0.20

P 0.15-

5. 0 0010-

S0.05-

Co1d1 0.001

MDA231+ MDA231+ MDA231+ MDA231+
MO [No Flow] MD [Flow] M<D [No Flow] M [Flow]
Condi Media Condi Media Condi Media Condi Media

Fig. 4.17: IF enhances the ability of macrophages to promote cancer cell migration. (A)
Representative cancer cell migration trajectories of MDA231 cancer cells treated with
conditioned media collected from macrophages pre-treated with flow (MDA231+M c [Flow]
Condi Media, right) and cancer cells treated with conditioned media from control macrophages
(MDA231+M (P [No Flow] Condi Media, left). (B) MDA231 cancer cells treated with
conditioned media from IF-primed macrophages show a higher migration total speed (left) and
directedness (right) than cells treated with conditioned media from control macrophages. Bars
represent mean SEM of data from 45-100 cells (n=3; **: p<0.01; ***: p<0.001).

We then tested whether macrophages conditioned with IF have enhanced abilities
to promote cancer cell migration. We treated MDA231 cancer cells seeded inside a 2.5
mg/mL collagen I ECM with conditioned media collected from Raw macrophages pre-
treated with -3 pn/s IF (Fig. 4.15B). We then tracked the movement of these cancer cells
and quantified their migration total speed and directedness. We found that conditioned
media collected from macrophages primed with IF resulted in higher cancer cell
migration total speed and directedness than conditioned media collected from
macrophages that were not pre-treated with flow (Fig. 4.17). Taken together, these results
verify that IF promotes the pro-metastatic phenotypes of macrophages.
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4.8 Discussion

Cells in the tumor microenvironment are constantly exposed to dynamic
mechanical stimuli that influence cell behaviors and contribute to tumor progression (1,
30). Of particular importance is the role that tumor-associated interstitial flow (IF), which
results from the buildup of interstitial fluid pressure inside the tumor tissue, plays in
metastasis. Indeed, previous studies have shown that IF can direct cancer cell migration
(4, 6), promote fibroblast activation (8), and induce endothelial monolayer sprouting (9,
10). However, the effects of this tumor-associated flow on macrophages, the most
abundant immune cells in the tumor tissues and a key player in tumor progression (12,
15), have yet to be studied. Macrophages in the tumor microenvironment often adopt a
pro-metastatic phenotype, suggesting that there may be therapeutic benefits in targeting
these cells to reduce tumor metastasis. Therefore, it is important to understand how IF
affects these immune cells to gain a deeper insight into the mechanobiology of the tumor
microenvironment. In this study, we demonstrate, for the first time, that macrophages can
sense and respond to IF.

We reveal that IF enhances the migration speed and directedness of macrophages
in 3D ECM. Consistent with this observation, we found that IF increases the
phosphorylation of FAK and Akt, kinases that are known to promote macrophage
migration (24, 25, 31). We provide evidences that 131 integrin, a known mechanosensor
on cancer cells, fibroblasts and endothelial cells (4, 8, 9), is involved in the flow-induced
activation of these two kinases. Together, these results suggest that IF may induce
macrophage movement by promoting integrin-mediated Akt and FAK activation. This is
supported by the fact that integrin is involved in regulating macrophage migration and
podosome formation (21, 32). Moreover, integrin activation can contribute to the auto-
phosphorylation of FAK at Tyr397 and the downstream activation of Akt pathways (33,
34). Alternatively, the glycocalyx, which has been shown to interact with integrin and act
as a flow sensor in smooth muscle cells (11), may be involved in flow-induced
macrophage migration, as macrophages are major producers of syndecans, and
glycocalyx plays a key role in macrophage migration (19, 22, 35).

We also demonstrate that IF can direct the migration of macrophages upstream.
Migration against flow was previously reported for cancer cells and endothelial cells (5,
9, 10). In this study, we extend this observation to immune cells such as macrophages.
Polacheck et al. have shown that IF promotes the migration of cancer cells against flow
through flow-induced activation of P1 integrin located on the upstream side of cells (4).
Besides this mechanotransduction pathway, IF-generated transcellular autocrine
chemotactic gradients (autologous chemotaxis) have been shown to induce the migration
of cells in the direction of flow (downstream) (6). However, we believe that autologous
chemotaxis is unlikely to play a dominant role in this study, since we found that
macrophages moved preferentially upstream, rather than downstream, in response to IF.
In addition, the high cell seeding density used in this study (to mimic densely packed
tumor tissues) created an unfavorable environment for the generation of this autocrine
gradients, as the chemokines secreted by nearby cells can mask this gradient (5).
Therefore, because integrin is involved in macrophage migration, we suspect that
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localized activation of integrin at the upstream side of macrophages could account for the
migration of macrophages against flow.

The observation that macrophages migrate against the direction of IF has
significant implications in tumor metastasis. In vivo, macrophages tend to reside near the
tumor margin (14, 16, 17). Since the interstitial flow rates are highest at this margin (1),
IF-induced forces have potential to drastically affect macrophages that reside there.
Additionally, interstitial fluid flows from the tumor core to tumor margin. Therefore, the
observation that macrophages migrate against the flow suggests that IF, in addition to
chemoattractants secreted by cancer cells (12, 36), can act as a stimulus to guide
macrophage recruitment into the tumor. Because the infiltration of macrophages into
tumors correlates with poor prognosis (14), this result strongly suggests that IF could
promote metastasis though its ability to recruit macrophages.

Interestingly, we found that IF can induce the polarization of macrophages toward
a pro-metastatic M2 phenotype as is evident from the up-regulation of M2 markers ArgI
and TGFP. We further demonstrate that this flow-induced M2 polarization leads to the
enhanced abilities of macrophages to promote cancer cell migration and protrusion
formation. It is well known that macrophage polarization can be induced by chemical
stimuli (growth factors and chemokines) or physical confinement (13, 37). For instance,
externally supplied cytokines such as IL-4 and IL-10 are known to induce the expression
of M2 markers in macrophages. In contrast, LPS and IFNy are used to initiate the
production of macrophage MI markers (38). Our results are the first to demonstrate that
interstitial flow can polarize macrophages into M2 phenotype. Moreover, the finding that
IF induces the production of TGFP by macrophages is significant in the context of tumor
progression since TGFP can promote epithelial-to-mesenchymal transition (EMT) and
cancer cell migration (39). Furthermore, TGFP promotes immune suppression by
inhibiting the proliferation and activation of cytotoxic T cells, NK cells, and dendritic
cells while enhancing the generation of anti-inflammatory T cells (40). Therefore, our
results suggest that IF-induced TGFP expression by macrophages could contribute to
tumor progression by promoting tumor cell motility and the suppression of immune
responses.

We also report that flow-induced M2 polarization is mediated by the activation of
STAT3/6 pathway, leading us to conclude that this pathway is flow-sensitive in
macrophages. It is well known that cytokines can activate STAT3/6 in macrophages (41,
42). Moreover, mechanical stretch has been reported to induce STAT3 phosphorylation
in cardiomyocytes (43). However, this study is the first to report that forces produced by
IF can mechanically activate STAT3/6 in macrophages. We further demonstrate that P1
integrin and Src, known mechanosensors in cancer cells and endothelial cells (10, 14), are
involved in flow-induced STAT3/6 activation in macrophages. This result is supported by
the fact that considerable crosstalk between STAT and integrin/Src pathways has been
reported (28). For example, Src and Akt, which are activated by FAK downstream of 1
integrin, are known to influence the phosphorylation of STAT3 at multiple sites (44, 45).
Therefore, our results strongly suggest that mechanotransduction pathways containing 1
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integrin, Src, and STAT3/6 are involved in the flow-induced M2 polarization of
macrophages.
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Fig. 4.18: Proposed models for the effects of IF on macrophages. (A) IF enhances macrophage
migration via Akt/FAK activation and M2 polarization via Src/ 1 integrin-mediated STAT3/6
activation. IF also directs macrophages to migrate upstream. (B) IF can promote metastasis by
inducing macrophage upstream migration and M2 polarization. Tumor tissue has higher
interstitial fluid pressure (IFP) than the surrounding stromal tissue, which drives an IF from tumor
tissues to the stroma. Since IF induces upstream migration of macrophages, IF could promote
macrophages that reside near the tumor boundary to infiltrate into tumor tissue and drive
metastasis. IF could further promote metastasis by polarizing macrophages toward a pro-
metastatic M2 phenotype.

In summary, we propose a new model whereby interstitial flow contributes to
metastasis by promoting macrophage migration and M2 polarization. IF activates
macrophage FAK and Akt, leading to an enhanced macrophage migration in 3D ECM. IF
also induces the preferential migration of macrophages against the flow. Moreover, IF
treatment, through P1 integrin/Src-mediated activation of STAT3/6, promotes
macrophage transition to a pro-metastatic M2 phenotype evident by flow-induced
ArgI/TGFP expression and enhanced abilities to promote cancer cell motility (Fig.
4.18A). Since interstitial fluid flows from the tumor core to the tumor margin,
macrophages could be directed by this flow to migrate upstream and infiltrate into tumor
tissues. IF also promotes M2 polarization of macrophages, allowing them to produce
cytokines, such as TGFP, to promote EMT, immunosuppression, and metastasis (Fig.
4.18B). Finally, our findings also have implications in wound healing, as elevated IF
often accompanies tissue inflammation (2). Our results suggest that IF could promote
wound healing by polarizing macrophages at the inflamed site toward an M2 phenotype.
Taken together, our study provides novel insights into the mechanobiology of
macrophages and suggests that IF could play a key role in shaping the immune
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environment. Therefore, we propose that the effects of IF on macrophages need to be
considered in designing therapies to target macrophages in tumor and inflamed tissues,
and a better understanding of the mechanotransduction pathways in macrophages could
aid in the design of these immunotherapies.
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Chapter 5: Conclusions, Implications, and Future
Works

5.1: Conclusions

Cancer is a group of systemic diseases that are marked by uncontrollable growth
and dissemination of abnormal, cancerous cells (1). Metastasis, the dissemination of
cancer cells from the primary tumor site to a secondary one, accounts for the majority of
cancer death (1-3). However, most current treatment strategies against metastasis remain
unsuccessful. This is due to the fact that metastasis is a complex process that depends on
both cancer cells themselves and the environment that surrounds them. Indeed, recent
advances in tumor biology have revealed that tumor microenvironment at the primary
tumor site is a crucial regulator of tumor metastasis. For examples, tumor-associated
stromal cells (fibroblast and macrophages), ECM, and biophysical forces (elevated
interstitial flow and altered ECM stiffness) have all been shown to contribute to cancer
cell growth, invasion, or intravasation (4, 5). Hence, a successful anti-metastatic therapy
will have to take into account the interaction between the tumor and its
microenvironment. However, since the importance of tumor microenvironment has only
recently been recognized, our knowledge of its effects on metastasis is still inadequate.

The migration behavior of cancer cell is a key determinant of tumor metastasis. It
dictates how cancer cells break through basement membrane and invade the ECM-rich
tissue surrounding the primary tumor. Recently, it has become clear that the overall
dissemination of a population of cancer cells from a primary tumor site is influenced by
the migration speed and persistence of each individual cancer cell (6). These
characteristics of cancer cell migration, collectively called migration dynamics, can be
modulated independently of one another by a single stimulus (7). Moreover, a stimulus
can affect speed and persistence of migration differently when cells are cultured on 2D
substrates compared to in 3D matrix. Collectively, these results highlight the importance
of characterizing how a stimulus affects the dynamics of cancer cell migration (i.e. speed
and persistence) in 3D ECM to gain a detailed, quantitative, and realistic understanding
of metastasis.

Macrophages are one type of the most abundant stromal cells in the tumor
microenvironment (8). These immune cells can quickly adopt different phenotypes (i.e.
Ml pro-inflammatory phenotype vs. M2 anti-inflammatory phenotype) based on stimuli
in their microenvironment. Various clinical data have revealed that the infiltration of M2
macrophages in tumor tissues correlates with poor prognosis in cases of breast cancer,
prostate cancer, and melanoma (8, 9). Moreover, in vivo and in vitro studies have shown
that macrophages enhance cancer cell intravasation (10, 11) and invasion through various
signaling pathways (12, 13). However, the majority of these studies were carried out
using transwell assays, which only yield an end-point readout of cell behaviors (14) and
thereby provide little information on how macrophages affect different aspects of cancer
cell migration, such as how fast or how persistently the cancer cell moves. As such, the
effects of macrophages on the dynamics (speed and persistence) of cancer cell
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migration in 3D ECM remain to be characterized. In addition to macrophages, the
growth of solid tumors often results in an elevated interstitial fluid flow inside the tumor
microenvironment. This flow, which originates from the tumor tissues and drains into the
surrounding stroma, has been shown to influence the migratory behaviors of cancer cells
and fibroblasts. However, whether interstitial flow affects macrophages, a key tumor-
associate immune cell type, is still unknown. Therefore, this thesis aims to address
these two gaps in our current knowledge of tumor microenvironment.

To study the effects of macrophages on the dynamics of cancer cell migration, we
utilized a microfluidic 3D migration assay that allows us to perform real-time high-
resolution tracking of cancer cell migration in a 3D ECM containing macrophages. This
assay enables us to quantify the effects of macrophages on the speed and persistence of
cancer cell migration in an environment that better mimic the in vivo tumor
microenvironment than traditional in vitro transwell assay. We found that macrophages
significantly enhance cancer cell migration speed and persistence in the 3D ECM by up-
regulating cancer cell expression of matrix metalloproteases (MMPs). Moreover, we
found that these enhancements in cancer cell migration are mediated by macrophage-
secreted TNFQ and TGFI 1 through two distinct pathways. Specifically, macrophage-
released TGF 1 enhances cancer cell migration speed through the induction of MT1-
MMP expression in cancer cells. In contrast, macrophage-released TNFcC and TGFPI
synergistically promote cancer cell migration persistence through the induction of NF-
xB-dependent MMP1 expression in cancer cells.

We also utilized microfluidic and transwell flow assays to investigate how tumor-
associated IF (~3 um/s) affects macrophage migration and protein expression in 3D
extracellular matrix (ECM). Using the microfluidic assay, we demonstrate that IF not
only enhances macrophage migration, but also directs macrophages to move against the
direction of flow (upstream). Surprisingly, we found that IF promotes macrophage
expression of pro-metastatic M2 markers Arg I and TGF- via integrin/Src-dependent
STAT3/6 activation. Consistent with this flow-induced M2 polarization, macrophages
primed with IF have an enhanced capability in promoting cancer cell migration. Since
interstitial fluid flows from tumor core to the surrounding stroma, these results suggest
that IF can promote metastasis by not only recruiting macrophages from stroma into
tumor (since IF directs macrophage migration against flow), but also enhancing the M2
polarization of macrophages in the tumor microenvironment.

5.2: Implications

5.2.1: Cancer cell migration dynamics and their implication in therapy

Our study demonstrated, for the first time, that macrophages affect speed and
persistence of cancer cell migration in 3D ECM via different pathways. Specifically, we
found that macrophage-released TNFQ and TGF1 synergistically enhance cancer cell
migration persistence in 3D ECM, whereas increase in cancer cell migration speed is
mainly attributed to TGFI secreted by macrophages. Since both the speed and
persistence of migration are important determinants of cancer cell invasiveness, these
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results suggest that TNF a and TGF 3 1 dual blockade could be a possible anti-metastatic
strategy in solid tumors. We have already begun to explore the effectiveness of this
therapeutic strategy. Specifically, we treated BALB/c mice bearing 4T1 breast tumors
with anti-TNFu and/or anti-TGF 1 blocking antibodies, and we evaluated the results of
these treatment regimens on metastatic formation in lung. We found that mono-treatment of
anti-TNFa or anti-TGFP1 blocking antibody led to a noticeable, but not statistically
significant, reduction in the formation of metastatic lesions in the lungs of the mice.
However, co-treatment of both anti-TNFa and anti-TGFP1 blocking antibodies led to a
substantial and statistically significant reduction in the metastatic formation (Fig. 3.20).
Therefore, this in vivo result points to the possibility that this treatment regimen could be
useful in combating metastasis. However, additional in vivo studies are needed to fully
characterize and develop this dual blockade therapy.

This study also broadens our current view of 3D migration by showing that MTI-
MMP mainly controls migration speed while MMPI primarily regulates migration
persistence. This result raises an interesting possibility of controlling the migration
behaviors of the cells (i.e. how fast and how persistently the cells migrate), as therapeutic
and tissue engineering strategies, by modulating their MT1-MMP and MMP1
expressions. Since morphogenesis, angiogenesis, and wound healing critically (15-17)
depend on cells' ability to breakdown ECM and migrate, regulating MMP expression,
either by inhibiting the expression of specific MMP or introducing cells engineered with
a pre-defined MMP expression profile (i.e. cell therapy), could be a useful strategy in
controlling these processes.

5.2.2: Interstitial flow as a regulator of immune environment and its implication in
immunotherapy

Our study reveals, for the first time, that macrophages can sense and react to
interstitial flow. Specifically, we show that interstitial flow skews the polarization of
macrophages toward an M2 phenotype. In addition, interstitial flow promotes
macrophage migration and directs macrophage movement against the flow. These results
broaden our current view on the tumor mechanobiology by suggesting that interstitial
flow can promote metastasis by inducing macrophage M2 polarization, as well as
macrophage infiltration into the tumor core. Since interstitial flow seems to play an
important role in shaping the immune microenvironment in tumor, its effects on immune
cells need to be considered in designing anti-tumor immunotherapy. For instance, our
findings suggest that therapies that aim to re-educate macrophages toward an anti-tumor
MI phenotype (18) may be more effective when used in combination with therapies that
reduce interstitial flow in tumors.

Finally, in this thesis, we have started to investigate the mechanisms of interstitial
flow-induced M2 polarization and migration. We demonstrated that STAT3/6 activation,
mediated by 11 integrin and Src, controls flow-induced M2 polarization. In contrast,
interstitial flow promotes macrophage migration through the activation of FAK and Akt.
Although we have shed light on the mechanisms that govern these flow responses, a more
detailed mechanistic study is needed to completely understand these phenomena.
Knowledge from this future study could be used to engineer macrophages (as a possible
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immunotherapy) that can be promoted by elevated interstitial flow to infiltrate into tumor
tissues while at same time maintaining an Ml anti-tumor phenotype.

5.3: Future Works

5.3.1: Synergistic responses of cancer cells to TNFa and TGF$1 treatment.

As shown in Chapter 3, we found that TNFct and TGFP 1 co-treatment results in a
synergistic induction of NF-xB nuclear translocation, leading to a synergistic increase in
cancer cell MMP1 expression. The detailed mechanism behind this synergy is still
unknown. We suspect this is the result of the convergence of TNFa and TGFP 1 pathways
at TGF-j-activated kinase 1 (TAKI) (19). In TNFct 'pathway, TAK1 mediates the
activation of NF-xB pathway upon the binding of TNFQ to its receptor. Specifically, it
phosphorylates IxB kinase (IKK), which when activated, phosphorylates the inhibitor of
kappa B (IxBcL). When IxBa is phosphorylated, it dissociates from NF-xB complex,
allowing NF-xB to translocate into the nucleus. Recent report suggests that in addition to
TNFa treatment, TGFP1 stimulation can also induce TAKI phosphorylation. Hence, it is
possible that the synergistic response of cancer cells to TNFC and TGFP 1 co-treatment is
mediated by TAKI. In addition, SMAD7 could also be involved in this synergistic
response, since it is present in both TNFa and TGF31 pathways (19). In an effort to
understand this synergism, a detailed computational study of the possible interactions
between TNFa and TGFI 1 pathways is currently being performed in collaboration with
Dr. Mohammad Zaman's lab at Boston University.

5.3.2: Differential controls of cell migration dynamics by different MMPs.

We discovered that MMP1 controls cancer cell migration persistence, while MT 1-
MMP mainly controls cancer cell migration speed. We hypothesize that this is due to the
fact that MT 1 -MMP and MMP 1 affect cell intrinsic and extrinsic properties of migration
differently. MT1-MMP can influence cell intrinsic migration behaviors (activities of
kinases and expression of integrin), as well as cell extrinsic matrix properties (ECM pore
size). This is in contrast to MMP 1, which primarily degrades collagen I matrix to alter the
cell extrinsic properties. Since both intrinsic and extrinsic properties are known
determinants of cell migration speed in 3D matrix (20, 21), MT1-MMP should be the
primarily determinant of cell speed. In contrast, MMP1 is more efficient in degrading
collagen I ECM and altering extrinsic matrix properties than MT1-MMP (22). Since cell
extrinsic matrix properties seem to dominate over intrinsic property as the primary
determinant of 3D migration persistence (20, 23), MMP1 should therefore be the major
contributor to migration persistence. Needless to say, this hypothesis needs to be tested.
Since it is difficult to perform in vitro experiments to validate this hypothesis, an in silico
approach may be needed. We are currently seeking collaboration to build a computational
model of cell migration that incorporates matrix degradation and cell intrinsic properties
(kinase activities and syndecan shedding).
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5.3.3: Interstitial flow's effects on macrophages: polarization subtypes, population
heterogeneity, and mechanisms

In this thesis, we have demonstrated that interstitial flow induces the M2
polarization of macrophages. However, in recent years, it has become evident that
subtypes of macrophages exist within the M2 classification. M2 macrophages can be
further divided into M2a, M2b, or M2c subtypes. M2a macrophages are induced by IL-4
or IL-13. They are anti-inflammatory and promote cell migration. M2b macrophages, on
the other hand, result from LPS and IL-I stimulation. They secrete TNFu and VEGF, and
they are considered immune-regulatory and pro-angiogenic. Finally, M2c macrophages
are immunosuppressive. They are induced by TGFP or IL-10 stimulation, and they
secrete a large amount of TGF and CCL18 in response (24). Since these subtypes are
functionally distinct, it will be interesting to investigate which types of M2 macrophages
can result from the interstitial flow treatment. It is possible that flow treatment could
induce subpopulations of macrophages to adopt different M2 phenotypes. This is
supported by the fact that interstitial flow treatment induced the activation of both
STAT3 and STAT6, which are transcription factors for M2a and M2c polarization,
respectively. Moreover, from the histogram of macrophage upstream migration velocity
(Fig. 4.6), we can clearly identify two subpopulations of cells with different migratory
responses to flow treatment. Therefore, we hypothesize that interstitial flow treatment
could induce a population heterogeneity in macrophage M2 polarization, with a
subpopulation of cells adopting an M2a phenotype while the other adopting an M2c
phenotype. Current efforts are focused on addressing this hypothesis.

As mentioned previously, the mechanisms of interstitial flow-induced M2
polarization still need to be fully characterized. As such, many un-answered questions
remain. For example, even though we know that P1 integrin is involved in this
mechanotransduction process, how exactly does integrin participate in the activation of
STAT3 and 6 is still unknown. Moreover, whether other molecules, especially cytokine
receptors, participate in flow-induced M2 polarization is yet to be elucidated. Finally, the
involvement of cytoskeleton, a key regulator of cell mechanics (25), is unexplored. All
these unanswered questions can be bases for future research.

108



5.4: References

1. Chambers AF, Groom AC, MacDonald IC (2002) Dissemination and growth of cancer cells in
metastatic sites. Nat Rev Cancer 2(8):563-72.

2. Mehlen P, Puisieux A (2006) Metastasis: a question of life or death. Nat Rev Cancer 6(6):449-58.
3. Steeg PS (2006) Tumor metastasis: mechanistic insights and clinical challenges. Nat Med

12(8):895-904.
4. Joyce JA, Pollard JW (2009) Microenvironmental regulation of metastasis. Nat Rev Cancer

9(4):239-52.
5. Wirtz D, Konstantopoulos K, Searson PC (2011) The physics of cancer: the role of physical

interactions and mechanical forces in metastasis. Nat Rev Cancer 11(7):512-22.
6. Maheshwari G, Lauffenburger D a (1998) Deconstructing (and reconstructing) cell migration.

Microsc Res Tech 43(5):358-68.
7. Haessler U, Teo JCM, Foretay D, Renaud P, Swartz M a (2012) Migration dynamics of breast

cancer cells in a tunable 3D interstitial flow chamber. Integr Biol (Camb) 4(4):401-9.
8. Lewis CE, Pollard JW (2006) Distinct role of macrophages in different tumor microenvironments.

Cancer Res 66(2):605-12.
9. Chen P, et al. (2011) Tumor-associated macrophages promote angiogenesis and melanoma growth

via adrenomedullin in a paracrine and autocrine manner. Clin Cancer Res 17(23):7230-9.
10. Wyckoff JB, et al. (2007) Direct visualization of macrophage-assisted tumor cell intravasation in

mammary tumors. Cancer Res 67(6):2649-56.
11. Zervantonakis IK, et al. (2012) Three-dimensional microfluidic model for tumor cell intravasation

and endothelial barrier function. Proc Natl Acad Sci 109(34):13515-13520.
12. Patsialou A, et al. (2009) Invasion of human breast cancer cells in vivo requires both paracrine and

autocrine loops involving the colony-stimulating factor-I receptor. Cancer Res 69(24):9498-506.
13. Goswami S, et al. (2005) Macrophages promote the invasion of breast carcinoma cells via a

colony-stimulating factor- 1/epidermal growth factor paracrine loop. Cancer Res 65(12):5278-83.
14. Polacheck WJ, Zervantonakis IK, Kamm RD (2013) Tumor cell migration in complex

microenvironments. Cell Mol Life Sci 70(8):1335-56.
15. Armstrong DG, Jude EB (2002) The role of matrix metalloproteinases in wound healing. J Am

Podiatr Med Assoc 92(1):12-8.
16. Rundhaug JE Matrix metalloproteinases and angiogenesis. J Cell Mol Med 9(2):267-85.
17. Simian M, et al. (2001) The interplay of matrix metalloproteinases, morphogens and growth factors

is necessary for branching of mammary epithelial cells. Development 128(16).
18. Pyonteck SM, et al. (2013) CSF-1R inhibition alters macrophage polarization and blocks glioma

progression. Nat Med 19(10):1264-1272.
19. Freudlsperger C, et al. (2013) TGF-P and NF-xB signal pathway cross-talk is mediated through

TAK1 and SMAD7 in a subset of head and neck cancers. Oncogene 32(12):1549-1559.
20. Kim H-D, et al. (2008) Epidermal growth factor-induced enhancement of glioblastoma cell

migration in 3D arises from an intrinsic increase in speed but an extrinsic matrix- and proteolysis-
dependent increase in persistence. Mol Biol Cell 19(10):4249-59.

21. Wolf K, et al. (2013) Physical limits of cell migration: control by ECM space and nuclear
deformation and tuning by proteolysis and traction force. J Cell Biol 201(7):1069-84.

22. Imai K (1997) Membrane Type IMatrix Metalloproteinase Digests Interstitial Collagens and Other
Extracellular Matrix Macromolecules. J Biol Chem 272(4):2446-245 1.

23. Wu P-H, Giri A, Sun SX, Wirtz D (2014) Three-dimensional cell migration does not follow a
random walk. Proc Natl Acad Sci U S A 111(11):3949-54.

24. Gensel JC, Zhang B (2015) Macrophage activation and its role in repair and pathology after spinal
cord injury. Brain Res 1619:1-11.

25. Fletcher DA, Mullins RD (2010) Cell mechanics and the cytoskeleton. Nature 463(7280):485-92.

109



Appendix A: Supplementary Materials and Methods for
Chapter 3

Reagents used in Microfluidic 3D cell migration assay

As appropriate, 100 piM GM6001 (Sigma), 2 gg/mL anti-mouse TNFa antibody
(R&D), 10 pg/mL anti-mouse TGFP1 antibody (Thermo), 200 gg/mL anti-MMP-1
antibody (R&D, Clone#36665), 30 gg/mL anti-MT1-MMP (Abcam, Clone#LEM-
2/63.1), 2 pg/mL goat IgG isotype control (R&D), 10 pg/mL rabbit IgG isotype control
(Thermo), 200 pg/mL mouse IgG isotype control (R&D), 5 or 10 ng/mL TNFa
(Peprotech), 5 or 10 ng/mL TGFpl (Peprotech), or 0.5 pg/mL of MMP1 (Peprotech) was
added to the cell culture media and the gel.

2D Cell Migration Assay

100,000 of GFP-expressing MDA-MB-231 breast cancer cells were seeded with
750,000 of Raw 264.7 macrophages on a 35 mm MatTek dish (MatTek Corp.). After
overnight incubation in a humidified incubator operating at 37 'C and 5% CO2, the co-
culture was transferred to a fluorescent microscope (Zeiss) fitted with an environmental
chamber operating at 37 'C and 5% CO2. Time-lapse microscopy was used to record
cancer cell movement on the-2D glass substrate. Fluorescent and phase-contrast images
were taken every 15 min. for 18 hrs. Image J (NIH) was used to track the movement of
the MDA231 cancer cells, and Ibidi Chemotaxis and Migration software (Ibidi) was used
to quantify the total speed and directedness of cancer cell migration. Total speed and
directedness are defined as before.

Immunofluorescent staining, confocal microscopy, and DQ-Collagen I Release
Assay

4% para-formaldehyde was perfused into the microfluidic device to fix the cells in
the collagen I ECM. Confocal microscopy images of the cells were taken with confocal
microscope fitted with a camera (Olympus). Cells were stained with rhodamine-
phalloidin and DAPI (Invitrogen) to visualize the actin and nucleus. Confocal reflectance
images were taken at high magnification to visualize collagen I fibers surrounding the
cells. The lack of collagen I fibers surrounding the cells indicates microtrack resulting
from ECM degradation. The ability of cells to degrade collagen I ECM was assessed
using fluorescein conjugated DQ-Collagen I according to manufactures' protocol
(Invitrogen).

ELISA

75,000 MDA-MB-231 cancer cells or Raw 264.7 macrophages were cultured for
3 days. The conditioned media were subsequently collected and immediately frozen at -
70 'C. The concentrations of mouse TNFa and mouse TGFP1 in the conditioned media
of Raw 264.7 cells, as well as the concentrations of human TNFa and human TGFp1 in
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the conditioned media of MDA231 cells, were determined using ELISA (enzyme-linked
immunosorbant assay) kits (R&D).

Cancer cell-macrophage co-culture for western blot analysis

To assess the effects of macrophages on cancer cell expression of MT1-MMP and
MMP1, MDA-MB-231 breast cancer cells, PC3 prostate cancer cells, or MDA-MB-435S
melanoma cells were co-cultured with Raw 264.7 macrophages in a transwell system.
Briefly, 100,000 cancer cells were seeded in the wells of six-well plates (Falcon).
Separately, 100,000 Raw 264.7 macrophages were seeded in the transwell inserts
(Falcon). After overnight incubation in a humidified incubator operating at 37 'C and 5%
C0 2, the transwell inserts containing macrophages were washed and placed in the wells
containing cancer cells. The cancer cells and macrophages were co-cultured for 48 hrs,
after which the transwell inserts containing macrophages were discard, and cancer cell
lysates were collected for western blot analysis. In some experiments, both cancer cells
and macrophages were cultured in 2.5 mg/mL rat-tail collagen I ECM (BD Bioscience).
As appropriate, the co-cultures were treated with 2 ptg/mL anti-mouse TNFa antibody
(R&D), 10 pg/mL anti-mouse TGFP1 antibody (Thermo), 2 ptg/mL goat IgG isotype
control (R&D), or 10 pg/mL rabbit IgG isotype control (Thermo).

Treatment of cancer cells for western blot analysis

MDA-MB-231 and MDA-MB-435S cancer cells were treated with conditioned
media collected from Raw 264.7 macrophages. Briefly, 1,375,000 Raw 264.7
macrophages were cultured and the conditioned media was collected. 500,000 of cancer
cells were treated with the conditioned media from macrophages for 48 hrs, and cancer
cell lysates were collected for western blot analysis. In some experiments, both cancer
cells and macrophages were cultured in 2.5 mg/mL rat-tail collagen I ECM (BD
Bioscience) as before.

To assess the effects of TNFa and TGFP1 on cancer cell expression of MT1-
MMP and MMP1, 50,000 MDA-MB-231, PC3, or MDA-MB-435S cancer cells were
treated with 5-10 ng/mL of TNFa and/or 5-10 ng/mL of TGFP 1 for 24-48 hrs. The cancer
cell lysates were collected for qRT-PCR and western blot analyses. To assess the effects
of TNFa and TGFP1 on cancer cell secretion of MMP1, 50,000 MDA231 cells were
cultured in DMEM supplemented with bovine serum albumin (BSA, Sigma) instead of
FBS. After 48 hrs of treatment with TNFa and/or TGFP1, the conditioned media was
collected for western blot analysis. In some experiments, cancer cells were cultured in 2.5
mg/mL rat-tail collagen I ECM (BD Bioscience).

Protein isolation and western blot analysis

In some experiments, the cellular lysates were extracted from cells cultured inside
a collagen I ECM. To extract lysates from these samples, the collagen gel containing the
cells was transferred to an Eppendorf tube. RIPA buffer containing protease inhibitors
was added, and the cell-gel mixture was mechanically homogenized using a 1 -mL
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syringe. The samples were incubated on ice for at least 30 mins, after which the lysates in
the supernatant were separated from the ECM via a centrifuge.

The nitrocellulose membranes were probed with mouse anti-MMP1 antibody
(R&D, clone#36665) at 1:250, rabbit anti-MT1-MMP antibody (Cell Signaling,
clone#DlE4) at 1:500, rabbit anti-NF-KB p65 antibody (Millipore) at 1:2000, rabbit anti-
$ actin antibody (Sigma) at 1:20,000, mouse anti-P actin antibody (Thermo,
clone#BA3R) at 1:20,000, mouse anti-GAPDH antibody (Thermo, clone#GA1R) at
1:20,000, or mouse anti-Lamin B 1 antibody (Invitrogen, clone#L-5) at 1:500. Following
the primary antibody incubation, the membranes were incubated with appropriate
secondary antibodies conjugated to horseradish peroxidase (Cell Signaling). The
immunoreactive bands were detected with ECL Chemiluminescent substrate (Invitrogen).
Densitometry analysis was performed using Alpha Innotech software (Alpha Innotech) to
quantify western blot data. P-actin, GAPDH, or Lamin B1 was used as loading control.
The nuclear fraction and the cytoplasmic fraction of the cells were extracted using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Thermo) according to
manufacturer's protocol.

Total RNA extraction and mRNA detection

The sequences of primers used were as follows: MMP-1-F
CATGCTTTTCAACCAGGCCC; MMP-1-R GTCCAAGAGAATGGCCGAGT; MT1-
MMP-F GTGGTCTCGGACCATGTCTC; MT1-MMP-R
AGCCATATTGCTGTAGCCAGG; GAPDH-F CCACATCGCTCAGACACCAT; and
GAPDH-R ACCAGAGTTAAAAGCAGCCCT.

In vivo metastasis assay

Spontaneous metastasis formation was assayed by transplanting 4T1 murine
mammary carcinoma cells (ATCC) into the mammary fat pad of 7-week-old female
BALB/C mice (Taconic). Mice were anesthetized through inhalation of 3% isoflurane,
followed by IP injection of 100 l of 12 [tg/ml buprenorphine for analgesia. A small
incision was made in the right flank, and 2.5 x 10' cells in 25 W of HBSS were injected
into the right number four fat pad. Mice received three additional IP injections of 100 P1
of 12 gg/ml buprenorphine at 12-hr intervals following the surgery. Twice weekly, each
mouse was given 100 p1 IP injections of PBS (vehicle control), 250 gg anti-TNF-a
antibody (Bio X Cell), 250 gg anti-TGF- 1 antibody (Bio X Cell), or 250 [ig each of both
antibodies. After four weeks, the animals were sacrificed and the lungs were inflated and
fixed in 3.8% (wt/vol) formaldehyde for 24 hrs, then embedded in paraffin and sectioned.
Area of the metastatic lesion in lungs was quantified using Image J (NIH) following H&E
staining. This area was normalized to the total area of the lung to calculate % metastatic
burden. All animal care and experimental procedures were performed according to
approved institutional guidelines and protocols.
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Appendix B: Supplementary Materials and Methods for
Chapter 4

Reagents used for transwell flow assay

When appropriate, macrophages in the transwell chambers were treated with 5
ptM ruxolitinib (Invivogen), 20 pM PP2 (Abcam), 15 ptg/mL anti-mouse P1 integrin
antibody (Clone#HMbl-1, ebioscience), 15 ptg/mL IgG isotype control antibody
(Clone#299Arm, ebioscience), or dimethyl sulfoxide (DMSO, Sigma).

Immunofluorescent staining and confocal microscopy

4% para-formaldehyde (PFA, EMS) was perfused into the microfluidic devices to
fix the cells in the collagen I ECM. To visualize the nucleus, the cells were stained with
DAPI (diamidino-2-phenylindole, Sigma). The cells were also stained with Alexa-fluor
488 conjugated phalloidin (Invitrogen) to visualize actin. Confocal microscopy images
of the cells were taken with Olympus confocal microscope fitted with a camera.

The confocal images were analyzed to quantify the distribution of the actin inside
the macrophages as describe previously (2). Mid-plane of the cell was selected for image
analysis. The image of the cell was divided at the centroid using an Image J script. The
average fluorescent intensities of the actin at the upstream <IvP> and downstream <Idown>
sides of the cell were calculated. The actin distribution score (ADS) for each cell was
quantified using the following formula:

< I, > -< Idown >ADS= =
< Iup > +< Idown >

2

Additionally, the same confocal images were analyzed to quantify the distribution
of the protrusion as describe in previous studies (2). The image of the cell was divided at
the centroid as before. The perimeters of the upstream side (P0 p) and the downstream side
(Pdown) were quantified using Image J. The protrusion distribution score (PDS) of each
cell was calculated as:

Sup down

PDS =, 4 ,jPup + down
2

To test the effects of IF on the macrophage viability, Raw macrophages were first
treated with IF (~3 pm/s) for 48 hrs in the microfluidic device. Cell viability was
subsequently assessed using live/dead viability kit (Invitrogen) according to the
manufacturer's protocol.

Protein isolation and western blot analysis
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Protein was extracted from the cells in the transwell flow chamber. Collagen I gel
containing cells was washed two times with ice-cold IX PBS and transferred into an
Eppendorf tube. RIPA buffer (Cell Signaling) containing protease inhibitor (Sigma) and
PMSF (Cell Signaling) was used to extract the cell lysates. A syringe was used to
homogenize the gel to facilitate lysate extraction. We quantified the total protein
concentration using BCA protein assay kit (Pierce) according to manufacturer's protocol.
Equal amount of the total protein (30 ptg-60 pg) was resolved on 4-12% NuPAGE
electrophoresis gels (Invitrogen) and subsequently transferred onto nitrocellulose
membranes (BioRad). The membranes were probed with rabbit anti-arginase I antibody
(Thermo) at 1:1000, rabbit anti-TGFP antibody (Cell Signaling) at 1:1000, mouse anti-
iNOS antibody (Cell Signaling) at 1:500, rabbit anti-phospho STAT3 (Serine 727)
antibody (Cell Signaling) at 1:600, rabbit anti-phospho STAT3 (Tyrosine 705) antibody
(Cell Signaling, Clone#D3A7) at 1:600, rabbit anti-phospho Akt (Serine 473) antibody
(Cell Signaling) at 1:1000, rabbit anti-phospho FAK (Tyrosine 397) antibody (Cell
Signaling) at 1:1000, rabbit anti-phospho STAT6 (Tyrosine 641) antibody (Abcam) at
1:1000, rabbit anti-phospho STAT1 (Tyrosine 701) antibody (Cell Signaling,
Clone#D4A7) at 1:500, mouse anti-STAT3 antibody (Cell Signaling, Clone#124H6) at
1:1000, rabbit anti-STAT6 antibody (Cell Signaling, Clone#D3H4) at 1:1000, mouse
anti-Akt antibody (Cell Signaling, Clone#40D4) at 1:1000, rabbit anti-FAK antibody
(Cell Signaling) at 1:1000, rabbit anti-STAT 1 antibody (Cell Signaling) at 1:1000, mouse
anti-p actin antibody (Thermo, clone#BA3R) at 1:20,000, or mouse anti-GAPDH
antibody (Thermo, clone#GA1R) at 1:20,000. After the primary antibody incubation, the
membranes were incubated with appropriate secondary antibodies conjugated to
horseradish peroxidase (Cell Signaling). ECL Chemiluminescent substrate (Invitrogen)
was used to detect the immunoreactive band. Densitometry analysis, performed using
Alpha Innotech (Alpha Innotech) software, was used to quantify western blot images. P-
actin or GAPDH was used as loading control. When appropriate, stripping buffer
(Thermo) was used to allow for the re-probing of nitrocellulose membranes.

Cancer cell morphology and migration experiment

800,000 cells/mL of Raw 264.7 were first seeded in a 2.5 mg/mL collagen I gel
and then pretreated with IF for 48 hrs using transwell flow chamber. After the flow
treatment, the transwell insert containing the macrophages was transferred into a well
containing 200,000-300,000 cells/mL of MDA231, MDA435, or Du145 cancer cells so
that the macrophages can be co-cultured with cancer cells. After 24-hr co-culture, cancer
cells were fixed using 4% PFA and stained with DAPI and Alexa-fluor 488 conjugated
phalloidin (Invitrogen). Phase-contrast and fluorescent images of cancer cells were taken
using a fluorescent microscope (Nikon) fitted with a camera. The aspect ratio and
circularity of cancer cells were quantified using ImageJ (NIH) to assess the morphology
of the cells.

800,000 cells/mL of Raw 264.7 were pretreated with IF for 48 hrs using the
Transwell flow chamber. After the flow treatment, conditioned media were collected
from the transwell. Meanwhile, lx106 cells/mL of MDA231 GFP cells were seeded
inside a 2.5 mg/mL collagen I ECM within a microfluidic device. These MDA231 cells
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were treated with the conditioned media from macrophages, and their migration was
monitored using a fluorescent microscope (Zeiss) fitted with an environmental chamber
operating at 5% CO2 and 37 'C. Image J (NIH) was used to track cancer cell migration to
produce cell trajectory plots. Ibidi Chemotaxis and Migration software (Ibidi) was used to
calculate cell migration metrics such as total speed (total distance travelled divided by
migration time) and directedness (ratio between the displacement of the cells and distance
that cell travelled).
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Appendix C: Cell Passage Protocol

Cell should be passaged when they reach 80-90% confluence. It is best to have cells
adhered to the plate for 3 days between the passage.

1. Precoat the culture dish with collagen solution for at least 30 min (If HUVECs or
HMVECs are used).

2. After 30 min, aspirate the collagen solution, wash the culture dish once with PBS
and replace with GM (10 mL for T75 flask). Place in the incubator to warm up.
(If HUVECs or HMVECs are used).

3. Meanwhile, warm up media, PBS, and trypsin used for cell passage.
4. Aspirate media from the cells.
5. Add 10 mL of PBS to each T75 flask (5 mL to each T25 flask). Swirl flask to

rinse cells. Remove PBS.
6. Add 3 mL of trypsin to each T75 flask (1 mL to each T25 flask). Lay horizontally

in the incubator for 5-10 mins.
7. Check via microscope to see if cells have detached.
8. Add 3 to 7 mL of media to each T75 flask to neutralize the trypsin, mix the

solution up/down. Pipet trypsin/GM/cell solution from flask into centrifuge tubes.
Centrifuge for 5 minutes at 1200 rpm. (4 mL to each T25 flask)

9. Aspirate supernatant off cell pellets in each centrifuge tube.
10. Resuspend cells in desirable amount of growth media depending on the splitting

ratio. For new T75 flask, each flask requires 5 mL of resuspension. Resuspend
cells by up and down pipetting for at least 10 times.

11. Transfer the cell solution to new flasks.
12. Check under microscope. Label flasks with name, cell type, date, and passage

number. Return them to incubator.
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