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ABSTRACT

90% of cancer related deaths are due to metastatic disease and there is a need for a better
understanding of cell-microenvironment interactions to identify new therapeutic targets. A key
step during cancer metastasis is cancer cell intravasation (entry of cancer cells into the blood
vessels) that results in tumor cell dissemination into distant organs. During this process, tumor
cells navigate a complex microenvironment and interact with multiple cell types. This thesis is
aimed to develop a microfluidic-based intravasation assay that allows for direct observation of
tumor cell motility combined with quantitation of the endothelial barrier function. Compared
with traditional in vitro assays, microfluidic assays enable "user-defined" design of the cellular
and acellular microenvironment with spatio-temporal control and live high-resolution imaging.

Formation of confluent endothelial layers in the device was confirmed with immunofluorescence
staining for endothelial cell-cell junctions and we compared our diffusive permeability values
with published in vivo and in vitro data. We employ this microfluidic assay to investigate the role
of endothelial barrier function during tumor cell intravasation to address a critical question in
cancer research: does tumor cell intravasation require a leaky endothelium? To induce vessel
leakiness we perturb the barrier using biochemical factors, endothelial cells with low expression
of basement membrane proteins and signaling with macrophages. Under all these conditions,
tumor cell intravasation rates increased and we confirmed these results for multiple tumor cell
types. Characterization of macrophage secreted factors and M1/M2 polarization status, identified
that blocking macrophage-secreted TNF-a restored endothelial permeability and reduced tumor
cell intravasation. In agreement with these results, we also found that the number and dynamics
of tumor-endothelial interactions were dependent on endothelial barrier function. A novel feature
of the developed assay is the ability to image in real-time the process of tumor cell intravasation,
while also enabling accurate control and quantitation of the functional characteristics of the
endothelial barrier. Our results not only demonstrate the important role of cell-cell paracrine
signaling and biochemical factors in regulating tumor cell intravasation, but also have important
implications for strategies aimed to disrupt or normalize vasculature in vivo.
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Chapter 1: Introduction and Background

Cancer metastasis

The number of individuals diagnosed with cancer is increasing every year, rendering cancer a
major public health problem with estimations that one in 3 women and one in 2 men in the
United States will develop cancer in their lifetime (1). Since, the declaration of "war" on cancer
by US President Nixon in his State of the Union speech in 1971 (2), there has been significant
and continued progress in understanding the biological mechanisms of cancer (3), in improving
cancer treatment approaches and in developing targeted therapies (4). However, treating patients
with metastatic disease remains a major challenge (5). Cancer metastasis, the process by which
tumor cells migrate from the primary tumor to one or multiple distant organs, is responsible for
90% of all cancer-related deaths (6). In particular, in patients presenting distant cancer metastasis
five-year survival rates are very low with 4%, 4%, 12%, 23%, 27% and 29% for liver, lung,
colon, breast, ovarian and prostate cancer (7). In comparison, the five-year survival rates for
breast cancer patients with localized ductal carcinoma in situ, is dramatically higher and is
estimated to be 95% (8). The multi-step invasion-metastasis cascade (Figure 1) illustrates the
different steps of cancer metastasis in solid tumors (9). This process consists of multiple
sequential and interconnected steps: 1. vascularization of the primary tumor, 2. invasion through
surrounding tissue, 3. intravasation, 4. extravasation, and 5. colonization at a distant organ.

Angiogenesis Invasion Intravasation Transport in circulation Extravasation
Primary tumor

Colonization
at distant site

Figure 1: The invasion-metastasis cascade model illustrating the different sequential and interconnected steps that
carcinoma cells need to complete in order to form a metastatic tumor [figure modified from (10)]

Ongoing research in the last years has succeeded in implicating specific molecules with different
steps in the metastatic cascade (9). However, a number of fundamental questions regarding the
nature of carcinoma metastases remain unanswered and research into its molecular basis is
relatively limited compared to studies of oncogenic transformation (11). Understanding the
mechanisms of cancer metastasis during each step of the metastatic cascade at the molecular,
cellular, and cell population levels will significantly impact targeted cancer therapies.
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Complexity in the tumor microenvironment

Tumor cells interact not only with biochemical and biophysical factors during each step of the
metastatic cascade but also with other cell types known as stromal cells (Figure 2), resulting in a
complex network of cell-cell interactions. Studies in human clinical specimens (12) and animal
models (13) have shown that these interactions are critical for metastatic spread. Genetically
engineered animal models and elegant in vitro assays have been helpful in highlighting the
diversity of mechanisms tumor cells utilize to invade and their dependence on interactions with
the tumor microenvironment (14). For example, cell-cell communication between tumor cells,
macrophages and fibroblasts, has been shown to be essential for early tumor cell invasion into
the surrounding tissue (15). Interestingly, the interactions of tumor cells with their
microenvironment may play a supportive or inhibitory role during cancer cell metastasis and
they have been identified as promising therapeutic targets. A complicating factor is that these
interactions are dynamic and can evolved with tumor progression, since tumors recruit immune
cells into the tumor microenvironment that can be "educated" to perform pro-invasive functions
(16). Novel microfluidic-based assays are uniquely suited to model and dissect the complexity of
the tumor microenvironment, via integration of culture of multiple cell types under precisely
controlled biochemical and biophysical condition, enabling both basic discoveries in cancer
research and allowing for high throughput drug screening.

Paracrine
signals

Recruited
Immune

cells

A

Autocrine
signals

EMT

ECMV
remodeling

No Basement
membrane

Figure 2: Complexity in the Tumor Microenvironment: different cell types and biological mechanisms that have been
shown to have critical factions on dissemination of tumor cells [figure modified from (17)]
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Tumor endothelium and endothelial cell phenotypes

Blood vessels are present in most human organs and consist of a single layer of endothelial cells,
lining their inner surface. Functional studies of the vasculature originate in 1896 by Ernest
Starling who also hypothesized that water and solute exchange movement across the vessel wall
would cease when the forces governing fluid movement across the barrier are balanced (18).
Successful culture and characterization of human endothelial cells was first established in 1973
(19, 20) and has been crucial for our understanding of the role of endothelial cells in healthy and
diseased tissues. Endothelial cells play important roles in organ function, such as blood flow
regulation through thrombosis, transport of nutrients, growth-factors and oxygen, and control of
immune cell trafficking (21).

Franses et al discusses the evolution of the endothelial regulatory role in vascular disease, and
the diverse endothelial cell functions in response to biochemical and biophysical signals
originating from the blood or the tissue interstitium (22). Importantly, endothelial cells can have
different properties depending on their organ of origin, whereas their phenotypic state can be
critically influenced by different pathologies (23). Dudley et al provides an overview of studies
that have characterized tumor-derived endothelial cells, with diverse patterns of altered gene
expression depending on tumor type and stage (21). Understanding these abnormal patterns is
critical for developing effective tumor therapies.

Tumor vasculature

Pioneering work from Dr. Judah Folkman established that growth of solid tumors requires the
formation of new blood vessels (neovascularization), especially for tumors larger than 2 mm in
size (24). Studying tumor vessels in vivo is challenging, because they comprise only a small
fraction of the tumor, and also because vessel function is influenced by tumor-related
inflammation and necrosis. Dvorak and colleagues developed a mouse model where VEGF-A16
is injected into different tissues and the structural and functional characteristics of the formed
vessels are studied in detail (25). Later work from the same group, described the different types
of tumor vessels formed in this system, and how they differ from the hierarchical arrangement of
the artery-arteriole-capillary-venule-vein (Figure 3C) in healthy tissues (26). VEGF
overexpression in these tumors resulted in enlargement of vessel circumference and total surface
area in all the new vessels formed compared to the normal venules (Figure 3D, E and F).
Moreover, among the different surrogate tumor vessels formed in this model, Nagy et al showed
that the vessels with the largest diameter, termed as mother vessels, have thin walls, are
hyperpermeable and have poor pericyte coverage.

Studies in clinical specimens from prostate cancer patients (27) have confirmed these structurally
abnormal characteristics of tumor blood vessels (Figure 3) in experimental tumors in mice.
Hashizume et al performed a detailed scanning electron microscopy study on tumor vasculature
in mouse mammary carcinomas and characterized the cytoplasmic projections, transcellular and
intercellular pores in tumor endothelial cells (28). The study findings demonstrated that tumor
vessels are highly heterogeneous with about 14% of vessels having a defective cellular lining,
composed of disorganized and loosely connected endothelial cells. Transcellular holes were
measured in the range of 0.2 - 0.9ptm and intercellular gaps in the range of 0.3 - 4.7pm. Later
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studies from the same group examined the organization of the basement membrane in tumor
vessels in mammary carcinomas (29). Although laminin coverage in tumor vessels was mostly
complete, structural abnormalities were identified compared with normal blood vessels in
agreement with the formation of endothelial sprouts in tumors. A comprehensive understanding
of the tumor vessel structural and functional properties is critical for characterizing transport in
the tumor and has important implications for cancer treatment, as reviewed by Goel et al (30).

Normal Wood vesse4 Tfmor Wood vessl

Figure 3: Schematic of structural characteristics in normal (A) and tumor blood vessels (B) showing inter- and
intracellular gaps in the defective endothelial layer, as well as abnormal cytoskeletal projections (sprouts) inside the
lumen and in the surrounding tissue. Immunofluorescence staining for endothelial cells (green: CD31) and pericyte
markers (red: alpha-smooth muscle actinin or desmin) of a normal arteriole and venule (C), normal capillary (D),
compared with abnormal vessels from MCa-IV (E) and LLC (F) tumors in mice. Scalebar: (C): 15um, (D): 80um, (E-F):
30um [figure adapted from (21) and (30)]

Tumor cell intravasation

Tumor cell intravasation, the process by which cancer cells enter into blood vessels (Figure 4), is
one of the early rate-limiting steps in cancer metastasis (31). Increased tumor cell intravasation
rates result in higher circulating tumor cell (CTC) numbers and increase the risk for the
formation of lethal metastases (32). Clinically, lymphovascular invasion (LVI), which refers to
tumor invasion of the lymphatic and blood vessels is a strong predictor of outcome in patients
with invasive breast cancer and correlates both with breast cancer specific survival time and
distant metastasis free survival time (33). Traditionally, metastatic dissemination is considered a
late event in cancer development (34). Recent evidence, however, has raised an important
question in cancer metastasis, as to whether tumors can shed tumor cells into the circulation
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during early stages of cancer development (35). Enumeration of circulating tumor cells in Stage
I-III breast cancer patients, having no clinically detectable metastases, revealed that an average
of 60 CTC/ml were found in the blood, providing more evidence that intravasation is an early
event. In comparison an average of 126 CTC/ml was found in patients with metastatic cancer
(36).

Due to the challenges of studying tumor cell intravasation in vivo and the lack of physiologically
relevant in vitro systems, a number of important issues remain poorly understood. In particular,
although it is well established that entry of tumor cells into the circulatory system can occur both
via the lymphatic and blood vessels, the mechanisms regulating the early steps in lymphatic
metastasis (37) and hematogenous metastasis (11) are largely unknown, hampering the
development of effective metastasis therapies. Regional lymph node metastasis represents the
first step of tumor dissemination for many common cancers such as melanoma, breast and
prostate cancers (37). However, it is debated whether lymphatic invasion is a driving force for
distant organ metastasis (38), particularly since tumor cell entry into blood vessels is what allows
direct access to distant organs. The differences between tumor cell invasion across blood and
lymphatic barriers and their underlying mechanisms have only recently been investigated in
vitro. Kerjaschki et al showed that tumor spheroids cultured on top of endothelial monolayers
were significantly more effective in clearing lymphatic endothelial cells compared to blood
vessel endothelial cells (39).
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Figure 4: Active (left) and passive (right) mechanisms of tumor cell intravasation. Only a few single tumor cells (purple
cells out of brown cells) invading from the left to the right in response to a chemokine gradient towards a blood vessel. A
mass of tumor cells (green) collectively invading the blood vessel, passively shedding alive (green) and apoptotic/necrotic
(gray) tumor cells into the circulation. [figure from (40)]

Another topic of debate in cancer cell intravasation is whether tumor cells migrate actively
towards the blood vessels (Figure 4) or whether they are shed passively into the circulation (40).
Multiphoton imaging studies in tumors in vivo support a model where intravasating tumor cells
actively migrate towards signals present in the tumor microenvironment (13) and due to transient
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activation of TGF-P signaling (41). On the contrary, there is also evidence supporting a
collective mode of invasion, particularly into the lymphatic vessels, when TGF-$ signaling is
blocked (41). The mode of invasion will likely also depend on cell-cell and cell-extracellular
matrix (ECM) adhesion molecule expression levels, expression of epithelial to mesenchymal
transition (EMT) markers and interaction with the blood vessels.

Another important open question, is whether tumor cells invade into the vessels across the
endothelial cell body (transcellular) or across endothelial cell-cell junctions (paracellular).
Elegant recent studies of neutrophil transendothelial migration characterized the dynamics and
involvement of endothelial junctional molecule (JAM-C) in paracellular and transcellular
migration across the venular endothelium in inflamed tissue (42). In vitro studies on 2D surfaces
showed that the mode of tumor cell transendothelial migration was dependent on the actomyosin
contractile function of the endothelial cytoskeleton (43). Although these studies provide insight
into the mechanisms of tumor cell intravasation, they did not recapitulate tumor-endothelial
interactions in a physiologically relevant setting. Furthermore, although there has recently been
progress in understanding the mechanism of transendothelial migration of leukocytes (44), it is
unclear to what degree the adhesion molecules and paracrine signals critical for leukocytes may
also be involved in tumor cell intravasation (45).

Despite progress in identifying regulators of tumor-cell autonomous intravasation mechanisms
(46, 47), recent experimental evidence suggests that factors in the tumor microenvironment can
also regulate tumor cell dissemination (31). In particular, recent studies have showed that
macrophages (13) and neutrophils (16) promote tumor cell intravasation in murine mammary
carcinomas. The association of macrophages with blood vessel invasion has also been confirmed
by histologic examination of human tumors from breast cancer patients (12). Not surprisingly,
characterization of tumor associated macrophages has revealed a heterogeneous macrophage
population (48) with both pro- and anti-tumorigenic functions. Blood vessels in tumors are
known to be hyperpermeable and become abnormal early during carcinogenesis (49). Although
the functional and structural characteristics of these vessels have been characterized (50), it is not
clear whether vascular remodeling is important in the process of intravasation and whether the
ability of tumor cells to enter the blood stream depends on the endothelial barrier integrity. In
vivo studies have found high tumor cell counts in the portal venous blood in tumors with higher
blood vessel density (51), suggesting a positive correlation between tumor angiogenesis and
tumor cell dissemination. In support of this hypothesis, studies using a zebrafish model (52) have
also shown that the ability of tumor cells to induce vascular remodeling via secretion of
angiogenic factors can facilitate vascular invasion.

A comprehensive understanding of the underlying biological mechanisms in cancer cell
intravasation both at the intracellular and tumor microenvironment levels will be critical for the
development of novel targeted therapies. In vitro systems, capable of dissecting the role of
extrinsic signals and cell-autonomous programs would aid in reaching these goals. In Table 1,
we summarize different mechanisms that have been linked with intravasation, and a more
detailed discussion will be presented in the introductory sections of chapters 3 and 4.
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Table 1: Summary of different mechanisms that have been implicated in cancer cell intravasation

Tumor cell autonomous mechanisms

Human fibrosarcoma (HT1080) and squamous carcinoma (HEp3) cell intravasation and invasion in the (53)
chick embryo chorioallantoic membrane model (CAM) was reduced by inhibiting CD151
HEp3 intravasation into the CAM assay was reduced by MMP inhibition (54)

siRNA silencing of MMP-9 in HT1080 cells increased intravasation in CAM (55)

Comparison of HT1080 variants in CAM assay showed: TIMP-2 decreased, while TF, JAM-C, NCAM- (56)
1 increased intravasation levels
VEGF and uPA expression correlated with intravasation and angiogenesis in prostate cancer (PC3) cells (57)

miR-10b overexpressing SUM149 cells form metastases when orthotopically injected in mice (58)

Twist silencing in 4T1 cells reduced tumor blood burden in orthotopically injected BALBc mice (47)

VEGF and RhoC overexpression enhanced MDA-435 early intravasation in fish vessels. Fish vasculature (52)
was found to be permeable
MenaINV expression in MTLn3 cells increased tumor burden in murine mammary carcinomas (46)

Knockdown of N-WASP reduced intravasation of MTLn3 cells in murine mammary carcinomas (59)

MTLn3 cells overexpressing EGFR showed higher tumor blood burden in Rag gs -/- mice (lacking natural (60)
killer cells)
Transient TGF-p signaling is required for MTLn3 invasion into blood vessels (41)

Tumor microenvironment dependent mechanisms

Macrophage depletion and EGFR blocking reduced intravasation in a murine carcinoma model (13)

PC-3 & HT1080 tumors recruited MMP-9 positive neutrophils, increasing intravasation and angiogenesis (16)

Basal-to-apical transendothelial migration of neutrophils and macrophages

In this section, we review studies that have investigated the intravasation of non-transformed
cells. Intravasation is also sometimes described as "basal-to-apical transendothelial migration",
where cells attached on the basal endothelial surface migrate across the endothelial barrier and
attach on the apical surface. For example, neutrophils, which are the most abundant leukocyte
cell type and are critical for defense against microbial infections, have been shown to be able to
intravasate in zebrafish larvae (61) and in mice (42). This discovery is of particular interest in
adaptive immunity, because unlike the classical view of neutrophil death in the site of wounding,
it raises a very important question regarding the possible functions of these neutrophils once they
enter back into the circulatory system (62). Mathias et al demonstrated intravasation, also termed
as reverse migration, of neutrophils by tracking GFP expressing neutrophils in a transgenic
zebrafish after a wound was formed. Interestingly, their results suggest that reverse
transmigration was a robust active process, since both forward and reverse migration had similar
velocity and directionality values (61). The studies in zebrafish however have raised criticism
due to possible zebrafish embryo specific effects (e.g. developing vasculature). Woodfin et al
performed intravital imaging of neutrophil transendothelial migration in a mouse model of
intrascrotal inflammation and found that out of the total transendothelial migration events, 10%
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were reverse transendothelial migration events (42). Woodfin et al also showed that this
percentage increased to 50% in mice with endothelial cells lacking JAM-C. Interestingly, the
mechanism by which JAM-C regulates neutrophil transendothelial migration remains unknown,
however Woodfin et al suggest three different possible mechanisms: a) by regulating VE-
Cadherin junctions and barrier integrity, b) by providing an adhesive ligand for neutrophil ligand
Mac-1 and c) by regulating directionality of transmigration. In vitro studies using human cells
have provided additional evidence for neutrophil reverse migration and showed that neutrophils
that exhibited reverse transmigration expressed a distinct surface marker signature for CD lbhigh
CD54high and CXCR1 compared to CD11b hih, CD 5 4high and CXCR1 OW in freshly isolated
neutrophils (63). Apart from neutrophils, monocyte derived mononuclear phagocytes have also
been shown to undergo reverse transmigration across human umbilical vein endothelial cell
(HUVEC) monolayer in vitro (64). The rate of reverse transmigration could be increased by
treating HUVECs with IL-I and was blocked by antibodies against ICAM-1.

Targeted Cancer Therapies

In this section, we review different targeted anti-cancer drugs that have been approved by the US
Food and Drug Administration (FDA) for various cancer types against alterations in both tumor
cells and the tumor microenvironment. We also discuss preclinical studies in animal models
aimed to develop specific anti-cancer drugs for metastatic cancer. Despite the remarkable
success of the targeted drug imatinib for chronic myelogenous leukemia (CML), with survival
rates up to 96-99%, different small molecule kinase inhibitor drugs against human epidermal
growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2) and insulin-
like growth factor I receptor in solid tumors have been far less successful (65). In particular, 70%
of patients respond to imatinib (targets BCR-ABL) in CML compared with much lower rates for
kinase inhibitors against solid tumors. For example, the response rates are 10% for Erlotinib
(targets EGFR) in non small cell lung cancer and 15-26% for Trastuzumab (targets HER2) in
metastatic breast cancer (66). In comparison, the response rates to non-specific cytotoxic
chemotherapy for metastatic breast cancer are 27-69 % (66), however drug resistance and side
effects are significant clinical problems.

In addition to interfering with mutations in tumor cells, targeting the tumor microenvironment is
an emerging concept with the ultimate goal to isolate the cancer cells from their multiple
supportive networks and kill them (31). Tumor anti-angiogenesis therapy, pioneered by Dr.
Judah Folkman (24) is a promising approach to target blood vessels and starve tumors.
Bevacizumab, a monoclonal antibody against Vascular Endothelial Growth Factor A (VEGF-A),
was first approved by the US-FDA in 2004 for colorectal cancer and subsequently in 2006, 2008
and 2009 for non small cell lung carcinoma, HER2 negative breast cancer and glioblastoma
respectively (65). Small molecule inhibitors have also been developed to target tyrosine kinase
receptors, including the VEGF receptor, and a number of drugs (e.g. Sorafenitib, Sunitinib,
Temsilolumus, Pazopanib) have received FDA approval for treating mainly renal cell carcinomas
(67). Results from clinical trials have shown that clinical efficacy of targeted VEGF therapy
requires addition of cytotoxic chemotherapy and the clinical benefits in progression free survival
and response rate are low but encouraging (68). For example, in a 2003 clinical trial in metastatic
renal-cell carcinoma patients, Bevacizumab prolonged the time to disease progression by 3-6
months and increased response rate by 8-30% (69). For a discussion on different classes of
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targeted anticancer therapies along with other approaches targeting tumor vasculature we refer
the reader to (67).

Although surgical resection and targeted or cytotoxic therapy are effective against localized
primary tumors, metastatic cancers are largely incurable because of the cancer spread in distant
organs and resistance to existing therapeutic agents (9). An important consideration for the
development of anti-metastatic drugs is the requirement of targeting tumor cell proliferation and
invasion at the distant site and potentially targeting the stromal cells as well. In the previous
paragraph, we have mainly discussed already approved US-FDA drugs. Below we review
preclinical studies that have focused on targeting molecular mechanisms of tumor-
microenvironment interactions during both early and late steps in the metastatic cascade. Zijlstra
showed that blocking the integrin-associated tetraspanin CD151 dramatically increased cell-
extracellular matrix (ECM) adhesion, resulting in inhibition of intravasation and invasion in
avian and murine models (53). Blocking Colony Stimulating Factor 1 (CSF-1) signaling in
tumor-associated macrophages using CSF-1R antagonists, reduced macrophage recruitment and
resulted in slower tumor growth and fewer pulmonary metastasis in a mouse mammary
carcinoma model (70). Apart from immune cells, the role of other cell types interacting with the
endothelial wall has been in investigated in cancer metastasis. Cooke et al showed that poor
pericyte coverage of the blood vessels correlates with poor prognosis in breast cancer patients
(71). Using a mammary carcinoma mouse model the same authors demonstrated that pericyte
depletion increases pulmonary metastases. Another metatastatic cancer target that has received
considerable attention is the vascular cell adhesion protein 1 (VCAM-1). This adhesion molecule
is expressed on the breast tumor cell surface and mediates pro-metastatic tumor-stromal
interaction at the distant organ (72). Blocking a4-integrin, receptor for VCAM-1, disrupted the
tumor and bone marrow stromal cell interactions and had tumor suppressive effects in a mouse
model of myeloma (73). A number of studies have also investigated the possibility of interfering
with already established metastasis. Inhibition of the proto-oncogene tyrosine-protein kinase Src
impaired the survival of already extravasated breast tumor cells in mouse xenografts and blocked
the formation of distant bone metastases (74). Valastyan et al showed that miRNA miR-31
expression could prevent the outgrowth of established metastases via Akt-mediated signaling and
induction of the pro-apoptotic signal Bim (75). For a recent review on different signaling
pathways that are under investigation in clinical trials for treating metastatic disease we refer the
reader to (6).

Bates et al emphasized that a very comprehensive understanding of the underlying biological
mechanism is required for successful drug development. Despite significant progress in
understanding the pathways that control the invasion-metastasis cascade and the identification of
potentially clinically useful biomarkers to characterize metastatic efficiency, discovery of
effective anti-metastatic targeted therapy lags behind (9). Poor understanding of the underlying
biological mechanisms hampers effective treatment of metastatic cancers. For example, the role
of stromal cells during each step of the metastatic cascade is just beginning to be appreciated (9).
Hence, the development of physiologically relevant assays that can recreate the tumor
microenvironment will not only aid in furthering our understanding of the underlying
mechanisms, but will also provide powerful and versatile drug development platforms.
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Microfluidic cell culture

Significant progress has been made in the area of microfluidic cell culture in the last 10 years,
with constantly new biological assays being developed ranging from single-molecule (76) to
whole organism (77) levels. An important milestone in the expansion of microfluidic cell culture
platforms was the introduction of polydimethylsiloxane (PDMS) - based soft lithography
microfluidics, which are easily fabricated and allow for the rapid development of cell culture
compatible and easy to fabricate platforms (78). Berthier et al provide a historical timeline of
microfluidics (Figure 5) and a very comprehensive comparison between traditional polystyrene-
based cell culture and microsystems PDMS-based culture (79).

Tumor and stromal cell function in the tumor microenvironment is regulated by a variety of
factors, such as biochemical signals secreted and sensed by the same cell type (autocrine) or by a
different cell (paracrine) and biophysical signals, such as fluid flow and matrix mechanical
properties (17). Microfluidic technology allows for the development of novel in vitro assays that
enable the study of cellular behavior under tightly controlled microenvironments with high
spatiotemporal resolution. Modeling the tumor microenvironment by integrating interactions
among multiple cell types with biochemical and biophysical factors is a very attractive target for
microfluidics. A number of microfluidic platforms have been developed to study growth-factor
gradients in cancer cell migration (80), tumor-stromal cell interactions (81) and tumor-
endothelial cell interactions (82). Studies employing transwell inserts do not allow for
visualization of interaction events in real-time nor do they allow for user-defined control of
growth-factor gradients (83).

On the other hand although live animal studies have demonstrated the highly dynamic interaction
between tumor and endothelial cells (52), they require complex imaging setups and do not allow
for accurate control of the tumor microenvironment factors in order to delineate the underlying
mechanisms. At the same time and despite the advantages of (i) user-defined assay design, (ii)
accurate control of intercellular distance and microenvironmental cues, (iii) excellent imaging
and (iv) multiplex capabilities, a number of challenges also need to be taken into account. PDMS
can adsorb small hydrophobic molecules into the material bulk and leaching of uncured PDMS
oligomers can affect cellular phenotype (84). Future research is needed to address these
challenges using integrated systems incorporating multiple cell types with integrated on-chip
analysis and novel fabrication materials.
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Figure 5: Milestones in the development of microfluidic technologies and cell culture [figure from (79)]

Thesis aims and overview

Thesis aims

This thesis is aimed to investigate the role of tumor microenvironmental factors on cancer cell
intravasation. In particular, we employed a new microfluidic assay to test the hypothesis that
cancer cell intravasation is regulated by factors present in the tumor microenvironment, such as
macrophages and inflammatory cytokines. Addressing this question is not only important for
understanding the molecular mechanisms and identifying potential targets for cancer therapy, but
it also has implications for FDA approved vessel normalization drugs and cancer drug delivery.
We developed, characterized and validated a microfluidic assay to model cancer - endothelial
cell interactions in a physiologically relevant 3D microenvironment including macrophages,
tumor and endothelial cells. The assay was designed to enable direct observation of tumor cells
during intravasation across a well-characterized endothelial barrier and accurate control of
biomolecular transport in the device.
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Thesis overview

In the first chapter we introduce cancer metastasis, targeted therapies and discuss the critical
players in the tumor microenvironment. We describe the functional and structural characteristics
of tumor blood vessels, provide a review of recent work in tumor cell intravasation and relate it
to studies of non-tumor cells that are also able to intravasate. Next, we describe the potential of
microfluidic technology for engineering novel models of the tumor microenvironment.

Experimental methods to characterize tumor-endothelial interactions are described in detail in
chapter 2. We compare different classes of in vitro and in vivo systems to model tumor-
endothelial cell interactions. Experimental methods to characterize diffusive permeability of
endothelial cells in culture and single microvessels are described next. The remaining part of the
chapter is devoted to present the design considerations for the 3D microfluidic-based
intravasation assay, along with validation studies of the endothelial monolayer functional and
structural characteristics. Tumor cell intravasation studies with an aggressive fibrosarcoma cell
line are presented and we discuss our assay and results in comparison with other in vitro assay,
while also describing challenges and opportunities for further improvement.

A description of the molecular and cellular mechanisms of tumor-endothelial interactions is
provided in chapter 3. In particular, we discuss critical molecular players that have been
implicated in tumor invasion, tumor transendothelial migration and endothelial permeability.
Next, we present the tumor-endothelial interaction analysis framework and our findings on the
number and dynamics of tumor-endothelial interactions under conditions of endothelial barrier
impairment. Chapter 4 is devoted to the role of macrophages in cancer metastasis and the
regulation of endothelial permeability by different cell types in the tumor microenvironment.
Characterization of macrophage secreted cytokines, localization and polarization status in the
device were performed to investigate the role of these inflammatory cells in tumor cell
intravasation. Blocking antibody experiments, and dosing with different concentrations of tumor
necrosis factor alpha (TNF-a) were also carried out to assess the effects on the endothelial barrier
function. We conclude this chapter with a systematic comparison of our results with in vitro and
in vivo studies on the role of macrophages in cancer, while we also discuss the experimental
limitations and suggest future experiments to address them.

In chapter 5, we discuss the role of TNF-a signaling in cancer metastasis and in endothelial
phenotypes. To further explore the relationship between endothelial permeability and cancer cell
intravasation, we present our experiments under conditions of altered endothelial permeability
and compare them to our results in the previous chapter. Finally, in the last chapter we
summarize our findings, discuss the implications for cancer metastasis and present a number of
interesting directions for future research.

In summary, this thesis describes the development of a novel assay and approach to
simultaneously investigate tumor cell invasion and endothelial permeability. This assay was
employed to address a critical question in cancer research as to whether tumor cell can
intravasate across an "intact" endothelial barrier. The results suggest that endothelial barrier
function is critical during this process and that it can be modulated via factors in the tumor
microenvironment to regulate intravasation.

20



Chapter 2: Device Design, Characterization and Validation

In chapter 2 we present a review of different experimental methods to investigate tumor-
endothelial interactions. The design criteria for the 3D microfluidic assay are discussed next,
together with validation studies of endothelial monolayer formation and intravasation of an
aggressive human tumor cell line. The chapter concludes with a comparison of published in vivo
and in vitro data.

2.1 Experimental approaches to investigate tumor-endothelial signaling

Tumor cell (TC) - endothelial cell (EC) interactions are involved in every step of the invasion-
metastasis cascade (Figure 6). These interactions can occur via paracrine signaling, where
soluble factors secreted by the growing tumor mass signal to the endothelial cells lining the pre-
existing blood vessels, and/or via direct physical contact during the process of tumor cell entry
into the blood vessels. Despite the effective results of the FDA approved anti-angiogenic drugs
in targeting VEGF signaling in animal models, the results in the clinic are far less impressive
(85). For successful translation into the clinic the underlying mechanisms of tumor-endothelial
interactions in the context of tumor metastasis need to be better understood. Development of in
vitro platforms that allow for physiologically relevant phenotypes to be assayed, combined with
in vivo validation can enable the discovery of new drug targets.

Tumor-endothelial cell interactions in vitro

In vitro assays offer a valuable tool for investigation of cellular interactions in model systems
amenable to tight experimental conditions. Furthermore, these systems are ideally suited for high
throughput drug discovery due to lower experimentation costs. In the following sections we
review the different classes of in vitro models that have been employed to investigate tumor-
endothelial interactions in the context of cancer metastasis.

2D Coversllp 2D Micropatterned 2D Transwell

3D Macroscale 3D Microfluidic Orthotopic xenograft

fat pad

Figure 6: Experimental assays to study tumor-endothelial cell interactions. [figure adapted from (43), (86), and (87)]
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Two-dimensional and conventional transwell assays

Tumor transendothelial migration is typically assayed using the transwell assay or Boyden
chamber, which consists of a stiff filter located between an upper and a lower well. Endothelial
cells are usually seeded on the top surface of the filter, which can be coated with a thin layer of a
3D ECM and subsequently tumor cells are seeded on the upper chamber (88). This configuration
is used to investigate extravasation, since the tumor cells encounter the apical surface of the
endothelial monolayer first. Less frequently investigators seed the endothelial cells on the lower
surface to mimic intravasation, as the tumor cells will encounter the basal surface of the
endothelial barrier first. Li et al (83) presented a modified Boyden assay by incorporating two
endothelial monolayers on the top and bottom filter surfaces and used radioactive labeling to
allow for accurate quantification of the transendothelial migration events. In contrast to the
conventional assays that identify the tumor cells in contact with the endothelium by imaging, this
system enabled the characterization of the tumor cells that detached from the endothelial
monolayer and are typically not included in the imaging analysis discussed previously. To
investigate the dynamics of tumor-endothelial cell interactions many investigators use a two-
dimensional assay, where an endothelial monolayer is formed on a matrix-coated collagen glass-
coverslip and tumor cells are added in suspension (89). A more physiologically relevant version
of this assay includes forming the monolayers on a 3D ECM, typically collagen type I matrix,
which allows one to also model tumor cell invasion in a 3D environment following
transmigration in an apical to basal configuration (90).

Roussos et al described a transwell-based subluminal-to-luminal transendothelial migration
assay, designed to characterize intravasation (46). In this system, a thin layer of ECM is placed
on the bottom surface of the transwell filter and endothelial cells are seed on this basement
membrane-like matrix. Subsequently tumor cells are seeded on the upper well of the filter and
invade through the basement membrane and across the basal surface of the endothelial barrier.
Despite the simplicity of this assay, it is not possible to visualize intravasation in real time, and
the authors did not characterize endothelial barrier function. Ingthorsson (91) investigated the
effects of endothelial cells on the formation of spheroid colonies of normal epithelial and tumor
cell lines. Interestingly, under direct contact conditions in a reconstituted basement membrane
endothelial cells consistently increased the spheroid size for normal epithelial and tumor cell
lines, whereas under conditions of paracrine communication there was a mixed response.
Spheroid sizes were smaller compared to those cultured in direct contact, with the largest
difference for the normal epithelial cells (MCF1OA and D382) and smaller or insignificant
changes for malignant tumor cell lines (MCF7, T47-D and MDA23 1). Using a micro-patterning
approach Stine et al investigated the effects of different tumor-endothelial interaction
architectures on melanoma cell gene expression patterns and endothelial cell collective motility
(86). Although this coculture model did not include any 3D ECM and biophysical stimuli, the
system design allowed for simultaneous investigation of genotypic and phenotypic changes to
reveal molecular mediators of these interactions.

Three-dimensional macroscale assays

Although 2D culture models have greatly advanced our understanding of many fundamental
biological processes, in vivo cells are usually organized in three-dimensional environments.
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Baker and Chen provide a recent review on how 3D cell culture conditions can alter cellular cues
compared to 2D cultures (92). Novel 3D models integrating multiple cell types, biochemical and
biophysical factors can help bridge the gap between conventional 2D cell culture assays and
animal models (93). Pioneering work from the Bissel and Brugge labs in 3D culture models has
demonstrated the role of oncogenic pathways and the changes in the ECM in maintaining tissue
organization (94, 95). Importantly, compared to 2D the use of 3D models has been shown to
mimic drug resistance to cytotoxic drugs (96) and targeted drug inhibition, which is also seen in
vivo. Kenny et al performed a very comprehensive study comparing transcriptional profiles and
cell morphologies of 27 breast cancer cell lines in 2D and 3D culture conditions (97). Although,
future studies are required to characterize the changes on post transcriptional regulation (e.g.
phosphorylation), the authors showed that there was a significantly altered gene expression
signature involving 14 genes including, integrin p1. Fischbach investigated the role of 2D and
3D cultures on cancer cell angiogenic potential, and demonstrated that although VEGF secretion
rates were insensitive to culture dimensionality, 3D culture enhanced secretion of IL-8 via an
integrin dependent mechanisms (98). Khuon et al described a coculture assay, where breast
carcinoma cells and endothelial cells were uniformly seeded in a 3D collagen type I matrix, and
endothelial cytoskeleton activation pathways were investigated using FRET sensors (43).
Although, this presents a simple 3D assay, it was not possible to establish gradients to guide cell
migration in this culture model and it was unclear if tumor cells could intravasate across the
single-cell vessel lumens.

Microfluidic assays

The advances in microfluidic systems have enabled the development of novel methods for
studying in detail the effects of fluid flow, externally imposed cytokine gradients in endothelial
cells and gradients established via coculture with other cell types (99). Tien and coworkers have
described protocols for forming endothelial tubes into collagen gels, which contain open
channels and allow for endothelial tube perfusion and transport characterization (100). Wong et
al demonstrated that the use of cyclic adenosine monophosphate (cAMP) containing medium
was critical for forming stable and intact endothelial tubes (101). Due to the capabilities of
microfluidic technology to control intercellular distance, and integrate 3D ECM and high
resolution imaging, a number of groups have developed microfluidic models (Figure 7) that
mimic tumor-endothelial interactions in the context of angiogenesis, tumor cell adhesion and
extravasation.

Chung et al described a microfluidic design incorporating 3D ECM, which enables the
investigation of angiogenic sprouting in response to tumor cells that were seeded in a separate
channel and secreted angiogenic factors (102). Using a dual layer microfluidic device Song et al
fabricated a microfluidic device that incorporated fluid flow and was able to deliver spatially
restricted cytokine stimulation to endothelial monolayers (82). The authors showed that cytokine
activation and shear stress had synergistic effects on tumor cell adhesion. Kaji et al presented a
co-culture assay to study the effect of tumor-endothelial cell paracrine signaling by controlling of
the flow direction on cell migration (103). Interestingly, directing the flow from the endothelial
cells to the tumor cells had no effect on the movement of either cell type, whereas switching the
flow direction from the tumor cells to the endothelial cells resulted in a retraction of endothelial
cells. These results suggest that tumor cells modulate endothelial migration by paracrine factors,
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whereas endothelial cell derived factors did not have any effect on tumor cell motility. A similar
design was presented recently by Zheng et al who used integrated microvalves to control the
intercellular distance between tumor and endothelial cells in order to monitor cell migration
(104). Shin et al described a microfluidic chip that integrates two cell culture chambers that are
interconnected via valves to simultaneously assay intra- and extravasation. Although the authors
demonstrated the device's ability to differentiate between aggressive and benign tumor cells,
they did not investigate endothelial monolayer functional and structural characteristics (105).
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Figure 7: Microfluidic based assays to investigate tumor-endothelial cell interactions Ifigure adapted from (82), (102),
(103) and (104)]

Despite significant progress in developing novel in vitro models to mimic the tumor
microenvironment, there are still important challenges in terms of incorporating multiple
physiologically relevant signals (e.g. fluid flow, 3D ECM and hypoxia) simultaneously and using
more than only two cell types.

In vivo models of tumor-endothelial cell interactions

Findings from in vitro experiments need to be validated by comparing the observed phenotypes
with in vivo studies, both with animal models in the pre-clinical setting, as well as with human
tumors in patients in the clinical setting. Although, in vivo studies are more physiologically
relevant, there are a number of challenges with studying the underlying mechanisms of tumor
cell intravasation in vivo. Real-time intravital imaging typically requires specialized setups (e.g.
dorsal skin window), which may perturb tumor pathophysiology (106). Dissecting the underlying
molecular mechanisms of cellular interactions in vivo is further complicated due to the adaptive
response of the microenvironment, such as recruitment of immune cells from distant organs.
Furthermore, although many studies employing xenografts (subcutaneous or orthotopic) of
human cancer cell lines in mice have shown similarities to human tumor histology, the chronic
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evolution of stroma in human tumors and the usually compromised immune system in mice
represent important differences (87). Genetically engineered mouse (GEM) models (e.g. the
MMTV mammary tumor model) provide an improved model to study some types of tumors, but
there are still notable differences in histology compared to human tumors and these models
cannot recapitulate many aspects of human disease (87).

Most in vivo studies of tumor cell intravasation have been focused on mammary carcinomas
utilizing orthotopic injection of rat adenocarcinoma MTLn3 or mouse carcinoma 4T1 into the
mammary fat pat (46, 47, 60). Orthograft models in immunocompromised mice typically form
spontaneous metastases through the invasion of the implanted tumor cells in the surrounding
stroma, entry into the blood vessels and arrest in distant organs (e.g. lungs). The efficiency of
tumor cell intravasation has been assayed with a number of different methods: a) by real-time
multiphoton intravital imaging, b) by measuring the number of viable tumor cells in blood
(tumor cell blood burden) and c) by histological examination of tumor sections at the primary
tumor or at metastatic sites. Quigley and coworkers have developed the chick embryo
chorioallantoic membrane (CAM) model, for comparative intravasation studies of different
human tumor cell populations. In this model, tumor cells are grafted on the CAM membrane and
tumor cell intravasation is assayed with live imaging, and collection of tumor cells from distant
organs (55). The transparent zebrafish model is a useful model for studying the tumor invasion
dynamics in vivo, where human tumor cells are injected in the fish peritoneal cavity, however, a
fundamental limitation is that tumor cell size is larger than vessel size in this system (52).
Another metastasis assay to study tumor-endothelial cell interactions in the context of
extravasation is the experimental metastasis assay, where tumor cells are injected directly into
the circulatory system of the animal through the tail vein (87). Intravasation in tumors in patients
is characterized by histological examination of the biopsied tumor (12) and circulating tumor cell
enumeration (51).

In Table 2 we summarize the previously described experimental systems, including their
advantages and disadvantages.

Table 2: Comparison of different assays to investigate tumor-endothelial interactions

2D cell +Easy to use -Physiological relevance (66)

culture +High-throughput -Live imaging (transwell)
-Two cell types

3D cell +Cell-ECM (integrin activation) - Confocal imaging (98)
culture +Drug resistance - Modifications for spatial organization (96)

Microfluidic +Cell-cell signaling - Low cell numbers (107)
cell culture +Gradients and Fluid Flow - Biochemical assays

In Vivo +Physiological relevance - Species difference (87)
+Drug response - Tumor evolution
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2.2 Experimental methods to measure endothelial permeability

Curry and collaborators (108) have pioneered methods (Figure 8) to measure the permeability of
single capillaries in vivo in the frog mesentery using an apparatus including two micropipettes
that switch immediately between clear and colored perfusates. The diffusive permeability (PD
[m/s]) of the endothelium is computed from the ratio of the area-normalized flux (J [moles / (sec
x m2 )]) to the concentration drop (AC [moles/m 3]) across the endothelium:

PD J / AC

The flux (J) is calculated using conservation of mass in a control volume around the capillary
(Figure 8) and by monitoring the temporal changes in tracer intensity inside the tissue
interstitium. Price and Tien describe a similar protocol for characterizing the diffusive
permeability of single endothelial tubes formed in collagen gels using a fluorescent imaging
method (100). The permeability coefficient PD is computed in a similar way as described
previously, by measuring the intensity drop across the endothelial barrier (Al, proportional to the
tracer concentration) and the rate of intensity change inside the collagen gel dI/dt (see Appendix
Al and Supplementary Figure S7).

Different experimental methods have also been described to characterize endothelial
permeability, which do not require real-time imaging of solute transport across the capillary wall.
These methods are routinely employed to measure endothelial diffusive permeability in transwell
systems and are based on sampling the temporal change of the soluble tracer (e.g. dextran)
concentration in the upper and lower transwell (Figure 8) compartments (109). Recently, a
number of microfabricated systems have been used to characterize endothelial permeability. An
elegant two-layer membrane system was presented by Young et al, to measure diffusive
permeability across an endothelial monolayer on a polycarbonate membrane using fluorescence
imaging coupled with a convection-diffusion transport model (110). Douville et al described a
low-cost, easy to fabricate PDMS-based device as an alternative to the transwell-based
transendothelial resistance assay, which integrates commercial electrodes to measure
transendothelial or transepithelial electrical resistance (111). However, both of the above
systems utilize stiff substrates and the presence of the lower chamber makes real-time high-
resolution imaging difficult.

An important consideration when studying endothelial permeability in cultured endothelial
monolayers, is that the diffusive permeability values are typically one to two orders of
magnitudes higher compared to values in intact capillaries in vivo (112). In vivo studies that
investigated the effects of tumor growth on vascular permeability, used intravital imaging to
characterize dextran distribution in the dorsal skin window in a mouse xenograft (113) and in a
transparent zebrafish injected with human breast carcinoma cells (52).

26



In vitro in vivo
Transwell assay Single microvessel assay

ce. Testing
Measurement chemical

micropette IF1kcrfu.j micirppette

di/dt

time time
Figure 8: In vitro and in vivo systems for measuring endothelial diffusive permeability using fluorescent tracers. Left:
Transwell assay monitoring the intensity time profile in the bottom chamber. Right: Single microvessel assay monitoring
the intensity time profile inside a measurement window [figure modified from (114)]

The discussion of endothelial permeability in this thesis is focused on diffusive permeability,
which accounts for transport of soluble molecules across the endothelial barrier through
diffusion. Studies of endothelial barrier function have also investigated transport of water
(hydraulic permeability) and electrical current (transendothelial resistance). Comparison of
diffusive and hydraulic permeability values has shown that there is a positive correlation
between them, suggesting that water and diffusible molecules share common transport routes
across the endothelium (112).

2.3 Assay development

In this section we describe the design requirements for the microfluidic intravasation assay, the
methods to measure endothelial permeability and the framework to quantify tumor cell
intravasation.

Design requirements and proposed design

We considered the following points in order to model a physiologically relevant intravasation
phenotype

1. Tumor cell invasion in a 3D ECM, that models the extravascular space in which tumor
cells invade prior to entering into the blood vessels

2. Ability to perform live cell imaging at single cell resolution to investigate the underlying
molecular mechanism (e.g. paracellular vs. transcellular) of tumor cell intravasation
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3. Microchannel design to allow for access to the basal and apical endothelial surfaces for
polarized cytokine stimulation and introduction of multiple cell types

4. Microchannel design to allow for the establishment of stable fluid flow and dextran
gradients to quantify endothelial barrier transport properties. These gradients should be
applied across the endothelium and the 3D ECM matrix and can be established via the
secretion of soluble factors by a third cell type (e.g. macrophages) or exogenously
applied (e.g. by addition of an EGF solution)

5. Large number (n>30) of experimental regions to increase the number of tumor cells in
contact with the endothelium, which will enable reliable observation and quantification of
rare, low probability intravasation events.

These design requirements were met by developing a device design in collaboration with Dr.
Waleed Farahat and Dr. Levi Wood for the study of endothelial sprouting (115). This design
includes two independently accessible microchannels (Figure 9A), where tumor and endothelial
cells are seeded. These two channels (referred to as tumor and endothelial channels) are
interconnected via a 3D ECM hydrogel, which includes 37 regions (each region is highlighted by
a dashed window in Figure 9B) enabling multiple simultaneous observations within a single
device. The tumor cells invade in 3D (Figure 9C) in response to externally applied growth-factor
gradients (e.g. EGF, Figure 10B) or paracrine signals by other cell types (e.g. macrophages). On
the 3D ECM-endothelial channel interface a continuous endothelial monolayer is formed, which
enables the observation of cancer cell intravasation across a hollow vascular lumen and allows
for access to the basal and apical surfaces through the microchannels. The endothelial monolayer
is formed by seeding a single cell suspension of endothelial cells in the endothelial channel and
allowing 48hours for cell attachment. The microfluidic intravasation assay may also be used to
mimic different configurations of tumor cell invasion (Detailed protocols in Appendix A6 and
Supplementary Figure 1). For example, the tumor cells can also be seeded as a single cell
suspension or as a multicellular spheroid inside the 3D ECM, so that they are already in close
proximity to the endothelial barrier at the beginning of the experiment.
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Figure 9: Microfluidic Intravasation assay design. (A) Schematic of the PDMS-based device showing the two
interconnected channels (green and red) via a Y-junction (black arrow) and the 3D ECM gel region (grey region). (B)
Phase contrast image corresponding to the dashed black rectangle in (A) showing an invasive human tumor cell line (red)
invading towards an endothelial monolayer (green). (C) A 3D rendering of a single gel region, corresponding to the white
dashed rectangle in (B). scalebar: (a) 1.5mm, (b) 150um, (c) 50 um.

Immunostaining of endothelial and tumor cells in the microfluidic device

After 48hours of tumor-endothelial cell interaction, devices were fixed with 4% PFA (Sigma-
Aldrich) for 30minutes, washed twice with PBS (Invitrogen) for ihour, permeabilized with 0.2%
Triton-X (Sigma-Aldrich) for 10minutes, blocked with 10% Goat Serum (Invitrogen) in PBS for
2 hours and incubated overnight with primary detection antibodies. The next day, devices were
washed twice with PBS for ihour and a mixture of secondary antibodies (Alexa488, Alexa568,
Alexa647), DAPI and Phalloidin were added and incubated for 2hours, after which devices were
finally washed twice with PBS prior to confocal imaging. A detailed protocol is included in the
Appendix A6.

Fluorescence-based imaging method to measure diffusive endothelial permeability

Apart from structurally characterizing the endothelial barrier, we also developed a method to
characterize its function as a transport barrier, by monitoring diffusion of fluorescent dextran
across the endothelial monolayer. This method is particularly important for the detailed
investigation of the interplay between endothelial permeability and intravasation, and will
become very useful for testing the hypothesis of increased tumor cell intravasation under
conditions of impaired endothelial barrier function.

After confluent endothelial monolayers had been formed we used fluorescent dextran solutions at
a concentration of 12.5 pg/ml to establish a diffusion-based mass flux across the endothelial
monolayer (Figure 10A). Fluorescent images of dextran distribution were acquired using a Leica
TCSPII confocal microscope equipped with a iOX NA=0.3 objective with live cell imaging
capabilities (Figure 10B, C), for at least 10 gel regions per device. After adding the dextran
solution in the endothelial channel only, devices were placed on the microscope stage and
images were acquired after 30minutes to allow for thermal equilibration. Confocal z-stacks (15
z-slices with a Az step of 10 m) were acquired every 10minutes for a duration of 2hours to
ensure steady-state conditions for the evaluation of concentration profiles.
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The endothelial diffusive permeability coefficient PD was computed using:

- dC / dx

AC

where C is the dextran concentration (proportional to fluorescence intensity), AC is the change
in concentration across the monolayer, 3 is an area correction factor, dC / dx is the slope of the
concentration profile and D is the dextran diffusion coefficient in the ECM.

The equation PD = 3 -D was derived by considering mass conservation inside the ECM
AC

gel region at steady state, where the total dextran flux PD AC AmONOLAYER across the endothelial

monolayer into the gel region is equal to the dextran outflux D. dC -AEL The area correction

factor mentioned in the main text is given by 3 = AGL MONOLAYER and accounts for the change in
cross-sectional area along the direction of dextran transport. The diffusion coefficients of the
1OkDa and 70kDa dextrans were assumed to be 9x10'I m 2/s and 4.5x10-" m2 /s, based on a
scaling law for soluble factor diffusion in buffer solutions (DBUFFER) (116). These values are very

similar ( DGE 0.94) to the diffusion coefficients (DGEL) in 2.5mg/ml collagen gels, that
DBUFFER

have a very large pore size (~0.1-1pm) compared to the hydrodynamic radius (~1-3nm) of the
dextrans (117). The raw fluorescent intensity images were analyzed in MATLAB to compute the

concentration gradient (dC dx ) and step drop in concentration (AC ) across the endothelium. To

obtain a single value of d and AC for each hydrogel region, we performed averaging across

30 pixel lines over the y-axis. The concentration gradient was evaluated at a distance 300pm
away from the endothelial barrier where it was constant along the lateral direction, because of a
constant cross-sectional area.

A finite element model was developed in COMSOL for analyzing transport across the
endothelial monolayer within the microfluidic device and validating the evaluation framework.
Constant concentration boundary conditions were defined at the inlet (CSOURCE) and sink
conditions at the outlet (CSINK) of the control channel and at the gel filling port (Supplementary
Figure 2). The numerical grid consisted of approximately 70 000 finite elements.
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Figure 10: Fluorescence-based imaging method to measure endothelial permeability in the microfluidic assay. (A)
Channel configuration with dextran and control (dextran-free) solutions to establish a diffusive mass flux across the
endothelial monolayer. (B) Fluorescent image (top) and concentration profile (bottom) of 70kDa dextran distributubion
inside a single gel region without an endothelial monolayer. (C) In the presence of an endothelial monolayer, there is a
sharp drop in the intensity profile (bottom) and in the dextran distribution (top).

Intravasation metrics

Our assay allows for high-resolution real-time imaging of tumor cells located next to a hollow
vascular lumen, enabling direct observation of tumor cell intravasation dynamics under a well-
controlled microenvironment. For the intravasation studies, we used high-resolution confocal
microscopy (63X water objective NA=1.2, Az~2pm) to confirm the formation of an endothelial
monolayer with continuous endothelial cell-cell junctions and to identify the exact location of
tumor cells with respect to the endothelial monolayer (Figure 11A). We only analyzed tumor
cells that where in contact with the endothelium (defined by a maximum distance of 1 Opm of the
cell nucleus from the endothelial cell body), and manually identified whether the tumor cell was
located on the basal or apical surface of the endothelial layer. Tumor cells that had adhered on
the apical endothelial surface and were observed inside the vascular lumen were considered to
have intravasated, whereas tumor cells that were in contact with the basal endothelial surface and
were observed inside the 3D ECM were considered to be in the process of intravasation. This
scoring scheme is schematically depicted in Figure 13A. We calculated the intravasation
efficiency as the ratio of intravasated cells (cells on the apical surface) to the total cells in contact
with the endothelial surface (sum of cells on apical and basal surfaces):

Intravasation efficiency = cells on apical surface
total cells in contact

This metric was computed for each device, by analyzing at least 20 gel regions, which
corresponded to scoring at least 100 tumor cells. To minimize the experiment duration, we
seeded human fibrosarcoma HT1080 tumor cells expressing an mCherry cytoplasmic marker
inside the 2.5mg/ml collagen type I 3D matrix (seeding density 0.4 x 106 cells/ml) in order to
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reduce the distance between tumor and endothelial cells and hence the time required for tumor
cells to migrate towards the endothelial barrier. EGF gradients were established in these
experiments to specifically bias tumor cell migration towards the endothelial barrier and to
increase the number of intravasation events.

2.4 Assay Validation

In this chapter validation experiments are presented to characterize the intravasation efficiency of
an aggressive tumor cell line, HT1080, which is already known to intravasate in vivo (56). The
response of the endothelial barrier to different biochemical stimulation conditions was also
investigated.

Figure 11: Validation of endothelial monolayer formation via immunofluorescence staining. (A) 3D rendering of
endothelial cell-cell junctons in a single gel region (shown in white dashed rectangle in Figure 9B). (B) Formation of
endothelial monolayer in the presence of invading fibrosarcoma cells. (C) A single confocal slice showing continuous
endothelial Ve-cadherin junctions (green) in the presence of a single invading human HT1080 fibrosarcoma cell (red). (D)
Confirmation of basement membrane deposition on the 3D ECM - channel interface by the HUVEC monolayers.
Scalebar: (A-B) 50ptm, (C-D) 30pm.

Formation of confluent monolayers and basement membrane deposition

To demonstrate the formation of confluent, 3D endothelial barriers (Figure 11A), we visualized
the endothelial cell-cell junctions using a vascular endothelial cadherin antibody. We used two
primary endothelial cell types, human microvascular dermal endothelial cells (HMVEC) and
human umbilical vein endothelial cells (HUVEC), and demonstrated that they formed continuous
cell-cell junctions spanning the full area of the microchannel surface and the 3D ECM -
endothelial channel interface. These confluent endothelial monolayers formed in the presence of
invading tumor cells in 3D (Figure 11B, C). To further demonstrate the structural integrity of the
endothelial barrier, we also stained for the basement membrane deposited by the endothelial cells
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on the 3D ECM-channel interface and found localized staining on the basal surface of the
endothelial cells (Figure 11D).

Measurement of endothelial permeability for multiple endothelial cell types under different
biochemical conditions and dynamic response to TNF-a

In order to validate the permeability measurement framework and to demonstrate the utility of
our assay we performed diffusive permeability measurements for a number of different
endothelial cell types and biochemical conditions. We compared the experimental distribution of
fluorescent dextran at steady state (Figure 12A) with the computational simulations (Figure
12B) to validate our evaluation framework. A characteristic fluorescent intensity profile is
shown in (Figure 12C) with the concentration step drop across the endothelial barrier and the
concentration slope inside the 3D ECM. Endothelial permeability values were significantly lower
for the high molecular weight dextran (70kDa) compared to the low molecular weight (1OkDa),
suggesting that the endothelial monolayer in the microfluidic device formed a size-selective
barrier.
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Figure 12: Characterization of endothelial permeability. (A) Experimental measurement of 10kDa fluorescent dextran
distribution in a single gel region (as outlined in Figures 9 and 10). Darker red color indicate high intensity, whereas blue
color indicates low intensity. Scalebar: 50pm. (B) Computation simulation of the dextran distribution. (C) Intensity
profile along the dashed line shown in (A). (D) Time plot of permeability evaluation after addition of TNF-a at t=0hr,
demonstrating barrier selectivity (E) Endothelial permeability to 70kDa dextran dose response of TNF-a and to 0.5mM of
cAMP for a HUVEC monolayer. Average values for n=12 regions per condition. (F) Characterization of different
endothelial cell lines, HUVEC, HUVEC cell line knockdown for Perlecan (shPerl) and murine brain endothelial cell line.
Average values for n=6 regions per condition. Error bars represent standard error of the mean.

By monitoring the intensity profiles in time, we also measured the dynamics of endothelial
permeability upon stimulation with TNF-a (at t=Ohr). We found that permeability remained
relatively constant for 8hrs and then gradually increased by approximately 4-fold and 2-fold for
the 10 and 70kDa respectively (Figure 12D). Experiments to characterize the endothelial
permeability response to biochemical factors that can impair (TNF-a) or enhance (cyclic
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adenosine monophosphate [cAMP]) the endothelial barrier were performed to demonstrate the
utility of our assay as a discovery platform (Figure 12E). Different doses of TNF-a (0, 0.2, 2 and
20 ng/ml) where applied to a confluent HUVEC endothelial monolayer for 48hours and the
permeability to 70kDa molecular weight was measured. A graded response was measured, where
stimulation with 0.2ng/ml did not result to significant changes (p=0.16) compared with the
control, whereas stimulation with 2 and 20ng/ml resulted in significant differences (p=0.008 and
p=3x10~4). We also stimulated the endothelial barriers with cAMP to test whether we could
enhance endothelial barrier function. Endothelial diffusive permeability in confluent HUVEC
monolayers stimulated with cAMP (0.5mM) for 48hours was significantly (p=4x10-4) decreased
by 2.8fold compared to the control.

In Figure 12F we present the diffusive permeability to lOkDa dextrans for wild-type primary
human endothelial cells (HUVEC), the same primary cells expressing lower levels of Perlecan
(22) and mouse brain immortalized endothelial cells line (BrEnd3). We used the shPerlecan-
HUVEC line as a model of "dysfunctional" endothelial cells, which may mimic tumor
endothelial cells (22), and the mouse brain endothelial cells as a model of immortalized
continuous cell lines. The wild-type HUVEC cells exhibited a significantly lower permeability
(2.8 x 10-5 cm/s) compared to the mouse endothelial cells (1.2 x 104 cm/s, p=7.1x10~4) and
HUVEC-shPerlecan (2.6 x 10~4cm/s, p=0.0048). Most of the experiments described in this thesis
are conducted using HUVEC cells, given their lower permeability and their ability to form
reliably monolayers.
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Figure 13: (A) Schematic showing method to identify a tumor cell (TC) in contact with the endothelial barrier located on
the basal surface and a TC that has intravasated and is on the apical surface (B) Single confocal slice showing a single
fibrosarcoma cell (HT1080) that has intravasated across a HUVEC monolayer (white arrow). Scalebar: 25pm. (C)
Quantification of HT1080 intravasation rates for microvascular (MVEC) and macrovascular (HUVEC) monolayers.
Average values for n=3 devices per condition. Error bars represent standard error of the mean.

Intravasation metrics for a human metastatic cancer cell line

To demonstrate the ability to observe tumor cell intravasation, we used a highly aggressive
fibrosarcoma cell line (HT1080), which has been used previously for investigating the molecular
mechanism of intravasation (53). Tumor cells (TC) were seeded inside the 3D ECM (2.5mg/ml
collagen type I), allowed to interact with HUVEC and microvascular endothelial cells (MVEC),
then fixated and confocal imaging was performed to identify intravasation events. A tumor cell
that was located on the apical endothelial surface (Figure 13A, B) was scored as a tumor cell that
has intravasated, whereas tumor cells that was located inside the 3D matrix and was in contact
with the basal endothelial surface was identified as a tumor cell in contact. By calculating the
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ratio of intravasated to total cells (percentage of TC that had intravasated Figure 13C) we
showed that the cancer cells were able to cross the endothelial barrier at statistically similar
(p=0.45) efficiencies with 7.14% and 11.9% for the MVEC and HUVEC monolayers.

2.5. Assay comparison with other systems and discussion of limitations

Due to the challenges of imaging tumor cell motility in vivo and recreating a physiologically
relevant microenvironment in vitro, the underlying mechanisms of tumor cell intravasation
remain largely unknown. Experimental systems to investigate tumor-endothelial interactions in
the context of intravasation include the Boyden chamber and xenograft or transgenic animal
models. These systems however, typically do not allow accurate control of important
microenvironment factors and tumor cell imaging at single cell resolution. We have developed a
microfluidic assay that enables real-time visualization and quantification of the interactions
between tumor cells and an endothelial monolayer in the context of tumor cell invasion and
intravasation. In this chapter we discussed the design considerations of our assay and presented
experimental methods to investigate tumor cell intravasation and endothelial barrier function. We
validated this microfluidic assay by characterizing structurally and functionally the transport
properties of the endothelial barrier for different endothelial cell lines and under various
biochemical conditions. Finally, we used a highly metastatic human fibrosarcoma cell line to
demonstrate the assay's utility for studying intravasation.

Comparison with other tumor-endothelial cell interaction assays

Compared to other in vitro models of tumor-endothelial cell interactions, the assay presented in
this thesis has the advantages of a well-characterized endothelial barrier with a hollow lumen on
a 3D matrix and the inclusion of a third cell type (macrophages: see chapter 4). Previous
microfabricated designs by Kaji et al (103), Zheng et al (104) and Stine et al (86) investigated
tumor-endothelial interactions on 2D stiff substrates. Khuon et al (43) investigated tumor-
endothelial cell interactions using a 3D collagen type I matrix, but did not include growth factor
gradients and did not characterize the functionality of the endothelial barrier.

Permeability characterization method

Due to the use of a fluorescence-imaging based method to characterize diffusive transport of
passive macromolecules across the endothelial barrier, we can acquire spatially resolved
measurements of endothelial permeability in each gel region (out of the total 37). In contrast, the
traditional transwell method provides a single measurement of PD across the entire monolayer.
The method presented in this thesis allows for a detailed regional investigation of endothelial
barrier function with respect to different tumor cell numbers and also enables accurate
measurements of endothelial permeability dynamics (in cm/s) for direct comparison of
endothelial barrier function between different studies. Measuring PD is an important
consideration for studies employing the transwell assay, since the endothelial barrier function
may critically influence tumor-endothelial interactions and intravasation.

35



The developed analysis framework in this thesis is based on a quasi steady state assumption to
evaluate the intensity profiles. This assumption may introduce errors, especially for transient
changes in local intensity values due to pressure-induced flow disturbances. To ensure steady
state conditions, dextran transport was monitored for long durations (2hours or 20hours for the
invasive growth experiments). A further improvement in the experimental system would be to
integrate a fluid flow-based system to deliver constant concentration on the source and sink
dextran channels and simplify experimental conditions (i.e. constant boundary condition) for
analysis. Alternatively, a transient analysis framework could also be implemented to more
accurately capture the dextran concentration profile changes in time. We also compared our
analysis method with the method previously described by Curry et al (108) and found similar
values of diffusive permeability (Appendix Al and Supplementary Figure 7).

Endothelial permeability values

The endothelial monolayers formed in the microfluidic device exhibit size-selective
transendothelial transport with a ratio of 5.5 for the low molecular weight (10kDa) to the high
molecular weight (70kDa) permeability values. Previous measurements of this ratio for the same
molecular weight dextrans showed lower ratios, 2.5 for HUVEC monolayers in vitro (101) and
3.5 for tumor blood vessels in mouse xenografts (113). The absolute PD values for the larger
molecular weight dextrans in our system (7.5x10-6 cm/s) is in the same order of magnitude with
measurements for the same dextran size across bovine fetal aortic endothelial cells (5.6x10~
6 cm/s) in transwell systems (109) and in engineered HUVEC monolayers (2x10-6cm/s) in 3D
matrices (118). However, the permeability values in our microfluidic device are significantly
higher compared to measurements in normal intact venules (5x10 7 cm/s) in vivo (112), but are in
the same order of magnitude with permeability values to 70kDa dextrans (lx10~6cm/s) in mouse
xenografts (113).

Our permeability measurements of TNF-a dose response are in agreement with previous
measurements (119) of transendothelial electrical resistance that also showed a graded dose
response to TNF-a. More specifically, the lowest TNF-a concentration (-2ng/ml) to induce a
significant increase in endothelial permeability and the time (6-8hr) required to notice changes in
endothelial permeability are in agreement with other studies on cultured endothelial monolayers
(120). In addition, the 2.8-fold enhancement in endothelial barrier function to 70kDa dextran via
the addition of cAMP is in agreement with measurements of engineered HUVEC monolayers in
3D matrices (101). Finally, the assay sensitivity is also highlighted by the permeability
measurements of different endothelial cell lines.

Future work is required to investigate methods to reduce the endothelial permeability values to
more closely mimic in vivo conditions. These experiments could include culture under serum-
reduced and growth-factor reduced medium, since all endothelial growth cultures reported in this
thesis were performed with complete EGM-2MV medium containing (5% fetal bovine serum)
and relatively high (-10ng/ml) concentration of VEGF. Another factor to be investigated is
whether the addition of EGF modulates endothelial permeability, although this is probably
unlikely since a previous study has shown that human lung microvascular endothelial cells
express low levels of EGF receptors (121). It would also be interesting to explore the structural
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integrity of the endothelial basement membrane and whether it correlates with the permeability
measurements.

Finally, another experiment that could be performed in this direction is to investigate whether the
integration of a thin ECM coating that would mimic the basement membrane on the
microchannels could lower the endothelial permeability. Although, it is unclear whether this
addition will significantly impact permeability, it will be a step towards forming more
physiologically relevant monolayers with a homogeneous basement membrane coating across the
channel-gel-PDMS interfaces. Studies performed in transwell systems showed, that filter coating
with collagen, fibronectin or gelatin had small effects on regulating endothelial permeability to
dextran or albumin (122).

Quantification of intravasation events

Since the quantification method used in this thesis relies on the manual identification of the
tumor cell position with respect to the endothelial monolayer, two independent observers were
asked to analyze the same experimental dataset. Both observers were given the same criteria of
how to identify an intravasation event and each observer did not know the results of the other
observer's analysis in order to avoid bias in the quantification. Although, both observers
identified intravasation events, there was a two-fold but statistically insignificant (p=0.0675)
difference (5.33% vs. 9.8%) in the intravasation scores.
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Figure 14: (A) Comparing bias in scoring intravasation events between different observers. (B) Raw data of confocal z-
stack for scoring intravasation events. Average values for n=3 devices per observer. Error bars represent standard error
of the mean. (C) Segmented z-stack of the original z-stack in (B) for automatic quantification.

To overcome the previously mentioned limitation we established a collaboration with Prof.
Carlos Ortiz's group in University of Pamplona (Spain), to develop image analysis methods for
automatically scoring intravasation events. This approach is based on segmenting the fluorescent
confocal z-stacks to identify the tumor cells and the endothelial monolayer. Scoring of the
intravasation events can be performed by computing the distance of the tumor cell centroid from
the endothelial barrier interface, in a similar approach as the one presented in the next chapter to
quantify tumor-endothelial interaction events.

37

I

Original Z stack Segmented Z-stack



Assay limitations and improvements

In the intravasation assay configuration, where tumor cells are already embedded in the 3D
matrix, and therefore tumor cells may have already migrated on the endothelial channel during
the process of endothelial monolayer formation. Even though, our results of low tumor cell
numbers observed on the luminal endothelial surface suggest that this is unlikely, we propose a
modification to the device design to overcome this limitation: the introduction of an additional
cell-free 3D matrix between the existing gel region and the endothelial monolayer, that the tumor
cells would have to invade prior to interacting with the endothelial barrier. It is noted that this
issue is not applicable to the invasive growth assay configuration, where the endothelial
monolayer is already formed prior to tumor cell seeding on the opposite channel.

Although, the role of edge effects on tumor cell migration and intravasation has not been
investigated here, an important direction for future work is the development of microfluidic
devices, which do not require in-plane PDMS posts to confine the 3D matrix between two media
channels. Liu et al present a "post-less" design, which includes a stop-flow junction and is
capable of incorporating a cell-laden 3D ECM next to a medium containing channel (123). The
possibility that tumor cell invasion and intravasation could be influenced by the presence of the
stiff 2-D surfaces (top PDMS wall and bottom glass coverslip) should also be investigated by
designing devices of different channel heights. Interestingly, in the intravasation experiments, we
observed that the tumor cells that had intravasated were located on multiple z-levels. Further
quantification is required to investigate whether there are any trends on preferential intravasation
along the top and bottom stiff substrates compared to the mid-plane z-levels.

Another important consideration is the large device-to-device (inter-device) variability among
control permeability values. In the TNF-a dosing experiments we evaluated the diffusive
permeability values for at least 10 regions per device and included data from at least 3 devices
when reporting average permeability values to different TNF-a concentrations. This large inter-
device variability could be explained by differences in endothelial seeding. To reduce inter-
device variability, improved methods to accurately control the endothelial cell seeding density in
the microchannel (e.g. using syringe pumps) and enhance the monolayer formation via timing of
soluble factors delivery (e.g. growth signals, such as VEGF) would be necessary.

Translation of the device for use in the industrial setting by pharmaceutical companies would
require that different fabrication materials be utilized. Small hydrophobic molecules that can be
secreted by cells under control or drug testing conditions can be adsorbed by PDMS (84), and
result in altered cellular responses compared to traditional cell cultures, since the available
concentration of the various factors (e.g. autocrine factors) may be affected by PDMS. Ongoing
work in the Kamm lab includes the development of microfluidic devices using hard plastic,
which is the standard material for drug screening assays in the pharmaceutical industries.
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Chapter 3: Tumor-Endothelial Interactions

The molecular and cellular mechanisms of the tumor-endothelial cell interactions in the context
of tumor cell invasion, extravasation, intravasation and the effects of tumor cells on the
endothelial monolayer structural and functional characteristics are discussed in this chapter.
Experiments to investigate the effect of endothelial permeability on the number and dynamics of
tumor-endothelial cell interactions are presented and compared with published results.

3.1. Mechanisms of Tumor-Endothelial Cell Interactions

Endothelial and tumor cell interactions involve bi-directional paracrine and juxtracrine signaling
loops, with both cell types secreting and sensing soluble factors and modulating their migratory
behavior. Importantly, apart from the well-established pro-angiogenic role of tumor cells, many
studies suggest that endothelial cells have an active role in regulating tumor cell invasiveness,
which can be mediated by the secretion of different soluble factors with both promoting (88) and
inhibitory (22) functions.

Role of tumor-endothelial cell interaction on endothelial monolayer structure, endothelial
phenotype and endothelial permeability

Endothelial junctional molecule expression of VE-Cadherin and PECAM- 1 has been shown to be
reduced during coculture with invasive breast tumor cells (MDA-MB-23 1) in a matrix
metalloproteinase (MMP)-dependent mechanism, whereas less invasive breast carcinoma cells
(MCF-7) did not affect endothelial cell junction expression (90). In these studies Mierke et al
used a 3D extravasation assay and demonstrated that endothelial monolayers are not a passive
barrier, but rather they become altered in the presence of tumor cells. Interestingly, magnetic
bead based measurements of endothelial cell biomechanical properties, demonstrated that tumor
cell contact reduced endothelial stiffness, which could play a critical role in transendothelial
migration. Recently, Haidari et al investigated in detail the molecular mechanism of endothelial
barrier disruption upon contact with invasive tumor cells in vitro (124). Contact of breast cancer
cells (MDA-MB-23 1) with HUVEC monolayers induced tyrosine phosphorylation of VE-
Cadherin, followed by dissociation of p-catenin from the cell-cell junctions and resulted in
endothelial cell retraction. These phosphorylation events were mediated by activation of the H-
Ras/Raf/MEK/ERK signaling pathway via the a2pl integrin on the tumor cells while
transendothelial migration was inhibited by blocking H-Ras and Myosin Light Chain (MLC).
The authors also confirmed that this mechanism was involved in VE-Cadherin remodeling by
different tumor cell lines, including prostate and ovarian cancer cells. This study however, was
mainly focused on the biochemical pathways and immunofluorescence imaging of VE-Cadherin
junctions and did not investigate functional changes of the endothelial barrier.

Studies by Voura et al (89) and Peng et al (125) have also shown that melanoma cells can induce
remodeling of endothelial cell-cell junctions. Using a micropatterned coculture system, Stine et
al showed that upon melanoma-endothelial cell coculture, melanoma cells upregulated
Neuropilin 2, which resulted in enhanced tumor cell proliferation and promoted endothelial cell
migration (86). The authors showed that the enhanced endothelial cell migration was inhibited by
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a blocking antibody against Neuropilin 2, whereas tumor cell lines of different cancer types
showed variability in their effects on endothelial cell migration. All the studies reviewed above,
include interactions of single tumor cells with an endothelial barrier. Heyder et al showed that
interaction of human bladder cancer spheroids with a HUVEC monolayer irreversibly damaged
the endothelium at the site of extravasation, raising questions about potential differences between
single cell and collective tumor cell behavior during tumor-endothelial interactions (126).

Role of tumor-endothelial cell interactions on endothelial barrier function

Endothelial permeability can be regulated by biochemical factors in the tumor
microenvironment, which can be secreted from tumor cells. In vitro studies from different groups
demonstrated that paracrine factors from ovarian cancer (127) and melanoma cells (128) can
impair endothelial barrier function (see chapter 4 for detailed discussion). In vivo studies in
zebrafish injected with VEGF overexpressing tumor cells (52) and in murine tumors (113) have
confirmed these observations. Weis et al investigated the role of endothelial barrier function in
extravasation (129). Tail vein injection of tumor cells overexpressing VEGF resulted in
enhanced extravasation, and the effects of increased permeability were shown through
intravenous injection of different VEGF doses.

Tumor-endothelial cell interactions in the context of tumor cell invasion

Apart from the well-established effects of tumor cell secreted factors (e.g. VEGF) on endothelial
cell proliferation and migration, a number of studies have shown that endothelial cells can
enhance tumor cell invasion via paracrine signaling. Kenig et al showed that Stromal Derived
Factor 1 (SDF-1) secreted by endothelial cells resulted in increased invasion of glioblastoma
cells via upregulation of MMP-9 (130). Mierke et al showed that endothelial cells show tumor
pro-invasive effects in a 3D extravasation model mediated by endothelial cell specific secretion
of IL-8 and Gro-P (131). Similar findings were reported by Issa et al who showed that lymphatic
endothelial cells promoted melanoma cell proteolytic activity and cell motility via a paracrine
loop involving tumor cell secreted VEGF-C and lymphatic endothelial cell secreted CCL21
(132). Franses et al showed that normal endothelial cells secrete factors that have inhibitory
effects on tumor cell invasion and resulted in overexpression of MMP inhibitors in the tumor
cells (22). Interestingly, in the same study, shRNA induced reduction in the expression of the
basement membrane protein perlecan resulted in IL-6 overexpression in the endothelial cells
which increased invasion in breast and lung carcinoma cells (22).

Tumor-endothelial cell interactions in the context of extravasation

Tumor-endothelial cell juxtracrine signaling and endothelial cell receptors are critical on tumor
cell transmigration. Liang et al showed that lectin-like oxidized-low-density lipoprotein receptor
1 (LOX-1) promotes tumor cell adhesion and extravasation on TNF-a treated endothelial cells
(133). This study however, did not investigate whether tumor cells specifically interacted with
LOX-1 and whether endothelial barrier integrity was affected. A series of articles from Voura
and colleagues have investigated the heterotypic cell-cell interactions during melanoma
transendothelial migration. The first study from this group revealed that melanoma cells form
heterotypic N-Cadherin contacts, which localized at the endothelial homotypic VE-Cadherin and
PECAMI junctions which were redistributed as the tumor cells extravasated (89). Further studies
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investigated the role of PECAM 1, which is required for leukocyte extravasation, and found that
antibody blocking of PECAMI did not affect melanoma cell extravasation (134). Finally, the
role of melanoma cell a5P3 expression was shown to be critical for successful melanoma
extravasation (135). Further studies on heterotypic cell-cell junctions have shown that inhibition
of tetraspanin CD9, which was found to localize in tumor-endothelial cell regions of contact,
reduced the ability of melanoma cells to transmigrate. Kargozaran et al showed that endothelial
cells can have a permissive role in facilitating tumor cell extravasation via secretion of MMP-2
(88). Although, the authors showed that siRNA knockdown or pharmacologic inhibition of
endothelial secreted MMP-2 reduced the ability of aggressive MDA-MB-231 carcinoma cells to
transmigrate, they did not investigate the mechanism of MMP-2 upregulation and whether
MMP-2 impaired endothelial cell-cell junctions or basement membrane architecture.

Tumor-endothelial cell interactions in the context of intravasation

Most studies of tumor cell intravasation have taken a tumor cell centric approach, focusing on
genetic and transcriptional changes on tumor cells only. Twist, a critical regulator of epithelial to
mesenchymal transition has been shown to be essential for metastasis formation in an orthotropic
murine mammary xenograft (47). Yang et al showed that siRNA mediated silencing of the
transcription factor Twist, which is critical for embryonic morphogenesis, reduced the tumor
blood burden and also increased cell migration when expressed in normal epithelial cells.
Another study by the Weinberg lab, further demonstrated the role of epithelial to mesenchymal
transition regulators in facilitating tumor cell entry into the blood stream. Tumor cells induced to
overexpress the microRNA miR-10b showed increased invasion in vivo and formed lung
metastases (58). Investigation of the underlying molecular mechanism showed that Twist induces
miR- 1 Ob, which resulted in overexpression of the pro-metastatic gene RhoC. In vivo and in vitro
studies from the Condeelis group have investigated the role of different actin regulatory proteins
on tumor cell migration and intravasation in murine mammary tumors. In particular, it was
shown that N-WASP is required for intravasation, since N-WASP silencing or overexpression of
a dominant negative form resulted in a marked decrease in invadopodia formation and
intravasation (59). In a relevant study, the role of the actin binding protein MenaINV was
investigated and it was shown that expression of MenaINV increased tumor cell sensitivity to
EGF and was associated with increased invasion and intravasation (46). The critical role of EGF
pathways in intravasation has also been demonstrated by Le Devecek et al who demonstrated
that rat adenocarcinoma MTLn3 cells overexpressing the epidermal growth factor receptor
ErbB 1 showed increased tumor blood burden when injected orthotopically in Rag2'~ yc~ mice
lacking natural killer cells (60).

41



Tumor cell "centric" Tumor vasculature Tumor microenvironment

Macrophages ,.

Stoletov & Klemke lab, 2007 . EGF

McDonald lab, 2010 ,EGF-wdhEGF eM"O

-/Condeelis lab, 2007-2012
Neutrophils

Jain lab

Quigley lab, 2008 *0..,U
Khuon, 2010 Bekes, Deryugina & Quigley, 2011

Figure 15: An overview of studies that have investigated the role of altered signaling pathways in tumor cells, the role of
endothelial cells and the role of cells in the tumor microenvironment [figure adapted from (13), (16), (29), (43), (52) and
(56)]

In addition to the previously discussed studies on EMT pathways and actin regulatory proteins,
Kim et al investigated the role of proteases in intravasation using the chorioallantoic membrane
assay (54). Using human cancer cell lines (HEp3, HT1080, MCF7, MDA231) of different
metastatic capacities they showed that MMP inhibition resulted in reduced intravasation in the
chick embryo CAM assay. Studies from the Quigley group reported an unexpected effect of
increased intravasation for MMP-9 siRNA silenced human fibrosarcoma cells (55), suggesting
that tumor-derived MMPs may have different effects than stromal cell derived MMPs and raising
important questions about the mechanisms of intercellular MMP regulation in the tumor
microenvironment. Quigley et al serially cultured HT1080 cells in the CAM assay to select for
tumor cells that displayed high intravasation efficiency and compare the expression of cell
surface proteins between high and low intravasation efficiency populations (56). Comparison of
the two populations demonstrated that TIMP-2 expression reduced intravasation efficiency,
whereas the surface proteins NCAM-1, JAM-C and TF increased intravasation efficiency.
Interestingly TIMP-2 has also been linked with tumor cell transendothelial migration by Peyri et
al in a breast cancer cell line (136). Apart from the previously described pathways, a
comprehensive study from the Quigley group investigated the effects of Tetraspanin CD151 on
tumor cell intravasation (53). In vivo studies of human tumor cells in mouse and avian models
showed that blocking the integrin-associated CD151 reduced intravasation efficiency in a
mechanism associated with increasing cell-ECM adhesion and therefore impaired tumor cell
migration. Elegant intravital imaging studies from Sahai and coworkers have also shown the
critical role of cell motility in intravasation (41). Using a TGF-p live cell reporter, it was shown
that transient TGF-p activation promoted single cell motility and invasion into the blood vessels,
whereas cohesively migrating cells that were only able to invade the lymphatic vessels did not
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express active TGF- signaling. Quigley and coworkers also performed comparative analyses of
cell populations with different intravasation efficiencies in prostate cancer cells (57). Expression
of VEGF and the serine protease urokinase-type plasminogen activator (uPA) correlated with
higher intravasation levels, and this cell population also showed increased angiogenic and
invasive potentials. Stoletov et al also showed that overexpression of VEGF enhanced the early
intravasation steps of human breast cancer cells injected in zebrafish (52). Also, in relation to the
actin cytoskeleton regulation studies reviewed previously, Stoletov et al also investigated the role
of RhoC, a member of the small family of GTPases involved in actomyosin contractility, and
found that in combination with VEGF it significantly increased the ability of tumor cells to
complete early intravasation steps. The association between pro-angiogenic effects and highly
efficient tumor cell intravasation is also supported by studies in human colorectal tumors that
show a positive correlation between tumor vessel density and circulating tumor cell counts (51).

Apart from the important role of tumor cell intrinsic factors in intravasation, elegant work from
the Condeelis group has shown that perivascular macrophages are also associated with tumor cell
intravasation (13). Experiments in mice defective for CSF-1 production, showed a six-fold
decrease in tumor associated perivascular macrophages and a 16-fold reduction in tumor cells in
the blood, indicating the critical role of macrophages in intravasation. A less dramatic, five-fold
reduction was observed when an EGFR inhibitor was used in the presence of macrophages to
interfere with the EGF/CSF-1 paracrine loop. The involvement of macrophages in facilitating
increased intravasation has also been demonstrated in human tumors using immunohistochemical
staining in tumor sections from patients with metastatic breast cancer (12). Bekes et al
investigated the role of another immune cell type, neutrophils (16). HT1080 and PC-3 tumors
grown in murine and avian models recruited MMP-9 expressing neutrophils, which released a
TIMP-free proMMP-9 to enhance tumor angiogenesis and facilitate intravasation. In addition to
the in vivo studies described previously, Khuon et al used a 3D coculture in vitro assay to
investigate the role of endothelial myosin light chain kinase (MLCK) and myosin I-regulatory
light chain (RLC) during transendothelial migration (43). The authors found that tumor-
endothelial contact resulted in upregulation of endothelial MLCK, while RLC activity was
elevated during transcellular transendothelial migration. Although the authors suggested that this
assay modeled intravasation, the transcellular invasion assays were performed on 2D surfaces,
which is not necessarily physiologically relevant. Furthermore, in the 3D experiments it was
unclear whether tumor cells could completely intravasate across the vessel-like endothelial
networks.

Taken together, the above described studies indicate that tumor cell intravasation can be
regulated by diverse signal transduction pathways and tumor microenvironment modifications,
including actin cytoskeleton regulatory (MenaINV and RhoC) proteins, chemotactic pathways
(EGF), invadopodium formation (N-WASP), EMT regulators (Twist and TGF-p), proteases
(TIMP-2, MMP-9 and uPA), ECM adhesion (CD151), macrophages, neutrophils and blood
vessel remodeling (VEGF). However, most of these studies did not address the question of
whether these regulators are also involved in remodeling the tumor microenvironment. This is an
important question that can be addressed with the in vitro microfluidic assay developed in this
thesis, to elucidate mechanisms of tumor-microenvironment interactions in tumor cell
intravasation.
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Table 3: Mechanisms of tumor-endothelial cell interactions

Tumor cell Endothelial hyperpermeability by VEGF secreted by TC (127)
secreted paracrine tumor cell factors
factors
Tumor cell Endothelial cell migration regulated Neuropilin-2 overexpressed by tumor cells upon (86)
secreted by paracrine tumor cell factors coculture enhanced
factors
Tumor cells Endothelial cell migration regulated Tumor-secreted factors, specific factors not (103)
secreted by paracrine tumor cell factors identified
factors
Tumor cell Tumor cell transendothelial TC bound to EC via a2plI integrin induced H-Ras (124)
contact migration by modulating pathway activation leading to VE-Cad

endothelial cell-cell junction phosphorylation resulting in b-catenin dissociation
Tumor cell Enhanced tumor cell extravasation a5pl 1gh TC extravasated more effectively (90)
contact by TC overexpressing integrins

Tumor cell contact regulate Reduction in VE-Cadherin and PECAM-1 (90)
endothelial cell-cell junction expression via an MMP-dependent and tumor cell
expression via proteolysis type specific mechanism

Tumor cell Trans- vs paracellular invasion route Endothelial MLCK and RLC mediated (43)
contact determined via endothelial cell

cytoskeletal contraction
Tumor cell MenaINV tumor cells show Higher sensitivity to EGF (46)
Cytoskeletal coordinated cell invasion and

intravasate more efficiently in vivo

Tumor cell N-WASP controls invadopodium Reorganization of actin cytoskeleton (59)
Cytoskeletal formation and intravasation

Tumor cell Tumor cell adhesion and LOX-i mediated (133)
adhesion and extravasation across TNF-a treated
extravasation endothelial monolayers

Tumor cell extravasation Inhibiting a5P3 integrin reduced extravasation (135)
Tumor cell VEGF overexpressing colon cancer VEGF impaired endothelial barrier via activation of (129)
extravasation cells enhanced extravasation Src to disrupt VE-Cadherin
Endothelial Increased tumor cell invasion by Normal EC medium upregulated TIMP2 expression (22)
cell secreted dysfunctional endothelial cells in TC. Dysfunctional EC secreted IL-6
factors
Endothelial Increased tumor cell invasion HUVEC, MVEC secreted IL-8 and Gro-P (131)
cell secreted
factors

Endothelial TC-EC paracrine interactions TC secreted VEGF-C induced lymphatic EC (132)
cell secreted inhibit TC proteolytic activity and secreted CCL2 1, driving CCR-7 TC chemoinvasion
factors can be perturbed by EC basement

membrane integrity
Endothelial Increased tumor cell MMP-2 secretion by EC (88)
cell secreted transendothelial migration
factors
Endothelial TC-EC paracrine interactions EC secreted SDF-1 induces upregulation of TC (130)
cell secreted increase tumor cell proteolytic derived MMP-9
factors activity and tumor invasion
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3.2. Analysis framework for characterizing tumor-endothelial interactions

Tumor-endothelial cell interaction experiments

To investigate the effects of endothelial permeability on tumor-endothelial cell interactions, we
used a highly invasive human fibrosarcoma (HT1080) cell line in order to observe single cell
migration after tumor cells were seeded in the tumor channel. On the contrary, when breast
tumor cells (MDA23 1) of epithelial origin were used, they invaded collectively and drastically
remodeled the 3D ECM, resulting in gel contraction that made characterization of tumor-
endothelial cell interaction events challenging.

Tumor cells were seeded at a density of 3x 106 cells/ml inside the tumor channel and cultured for
3 days under a 20ng/ml/mm EGF gradient to enhance cell invasion. Endothelial monolayers were
formed using the same method described in chapter 2 and the devices were prepared for live cell
imaging 48hours after endothelial cell seeding, when tumor cells were located at approximately
500pm away from the endothelial barrier. In the biochemical stimulation experiments, TNF-a at
2ng/ml in complete medium containing 20ng/ml EGF was added to the endothelial channel only.
Confocal z-stacks were acquired every 1hour for more than 10hours to monitor tumor cell
invasion dynamics (Figure 16A, B) and dextran transport across the endothelial barrier. Tumor
cells were transfected with a pMSCV-mCherry vector (Gertler lab, MIT) and were sorted using
Flow Cytometry to ensure the presence of a cell population with homogeneous expression of
fluorescent intensity, while endothelial cells were stained with 5tM green cell tracker 5-
chloromethylfluorescein diacetate (Invitrogen) each time a new experiment was performed. The
fixation, staining and image acquisition protocols for both live and end-point high resolution
staining are described in chapter 2.

Quantifying tumor-endothelial cell interactions

To quantify the tumor-endothelial interaction events and their dynamics, we characterized the
location of each tumor cell with respect to the endothelial barrier interface (Figure 16). Semi-
automatic tracking (Figure 16E) of tumor cells was performed in 3D using the Spot Tracking
module in Imaris (Bitplane) using a spot diameter of 1 0pjm. Since, tumor cells were infected with
a cytosolic fluorescent marker and exhibited significant shape changes, manual editing of the
spot tracking in Imaris was necessary in some cases to correct for errors in spot detection (i.e.
whenever cell shape deviated significantly from a spherical shape and multiple spots were
assigned to a single cell). The interface of the endothelial barrier with the 3D ECM was detected
in Imaris also using the Spot Tracking module by identifying the CellTracker stained endothelial
cells located on the gel interface. We constrained our analysis to 2D (only the X-Y-, coordinates
of the tumor cell centroid and endothelial interface spot locations), since tumor cells were
predominantly observed in one confocal z-plane. The Matlab script calculated the distance
(Figure 16D) of each tumor cell centroid from the endothelial monolayer at each time point and
a tumor-endothelial interaction event was defined when the tumor cell had migrated beyond the
3D ECM-endothelial channel interface. To characterize these tumor-endothelial cell interaction
events we counted the number of tumor cells that were within a distance of 250p m from the
endothelium and the number of tumor cells that had already migrated beyond the tumor-
endothelial cell interface and interacted with the endothelial barrier (Figure 16D).
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Figure 16: Methods to characterize tumor-endothelial cell interactions. (A) 3D rendering of HT1080 cells (red) invading
towards an endothelial monolayer at t=Ohr. Insert shows the location inside the device. (B) 3D rendering at t=10hrs. (C)
2D projection of tumor cell centroids at t=Ohr (black circles) and t=10hr (green squares) and location of endothelial
barrier (blue line) interface. (D) Histogram of tumor cell centroid location along the x-axis in panel (C) at t=O and 10hrs.

(E) Wind-rose plot of tumor cell trajectories. (F) Distance of a single tumor cell from the endothelial monolayer to
quantify the time required to cross the endothelial barrier.

To characterize the dynamics of tumor-endothelial cell interactions, the time required for each
tumor cell to migrate 60ptm across the ECM-endothelial channel interface was computed (Figure
16F). The migration dynamics of tumor cells inside the 3D ECM were also analyzed by
computing the average migration speed (VRMS)
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where xi,yi,zi are the coordinates [pm] of the tumor centroid at the i-th time-step and 8t [sec] is
the time-step of observation.

3.3. Dynamics of Tumor-Endothelial Cell Interaction Events

Tumor-endothelial cell interaction events

To mimic the microenvironment of highly aggressive tumors, tumor cells were seeded on the
non-endothelial cell coated channel (red channel in Figure 9A), which formed an invasive and
growing tumor mass in the 3D collagen type I matrix in the presence of endothelial monolayers
(green channel in Figure 9A). Single tumor cells were observed to invade in 3D with a
characteristic "spindle-like" fibroblastic morphology (Figure 11C) and tumor cell shape and
endothelial monolayer cell-cell junction morphology could be monitored. Confocal z-stacks of
tumor cells invading towards the endothelial barrier were acquired and the number of tumor cells
within a single gel region, their centroid location and the endothelial monolayer location were
quantified. A tumor-endothelial cell interaction event is defined as a tumor cell in direct physical
contact with the endothelial monolayer in the endothelial channel. These interaction events
occurred either in the endothelial channel where the tumor cells could be located on the basal or
apical surface of the endothelial monolayer or on the ECM-endothelial channel interface, while
tumor cells were in the process of migrating out of the 3D matrix onto the endothelial channel.
The number of tumor cells that were located within 250m from the endothelium and the number
of TC-EC interactions increased from T=0 (Figure 16A) to T=10hours (Figure 16B), as the
tumor cells were migrating in response to the EGF gradient (Figure 16C, D).

Effects of biochemical stimulation with TNF-a on tumor-endothelial cell interaction events

We hypothesized that the high permeability values of the tumor blood vessels could regulate the
number of tumor cells interacting with the endothelial monolayer. To perturb the endothelial
barrier function the endothelial monolayer was stimulated with 2ng/ml TNF-a in the presence of
tumor cells. Under these conditions the barrier impairment was confirmed by measuring
significantly higher (p=0.0017) permeability values (Figure 17C) compared to the control, which
is in agreement with the endothelial cell monoculture studies (chapter 2). Under these conditions,
the number of tumor-endothelial cell interaction events increased significantly (p=0.006) by 1.7-
fold compared to the control condition (Figure 17D). A similar number of tumor cells located
250pm from the endothelium under both conditions was identified, confirming that the observed
difference was due to an enhanced ability to interact with the endothelium on the channel
(Supplementary Figure 3). The dose of 2ng/ml TNF-a was selected to ensure the presence of a
confluent monolayer 24 hours after stimulation (Supplementary Figure 3).
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Figure 17: Tumor cell centroids and endothelial monolayer locations for the TNF-a stimulated endothelial barriers at t=O
(A) and t=10hrs (B). (C) Normalized change in 10kDa endothelial permeability of the endothelial barrier in the presence
of tumor cells. (D) Quantification of the percentage of tumor cells that migrated beyond the EC-matrix interface
(highlighted with the thick black line in panels A,B) for the control and TNF-a stimulated endothelial barriers. Average
values for n=3 devices per condition. Error bars represent standard error of the mean.

Tumor-endothelial cell interaction dynamics

Imaging the tumor-endothelial cell interactions in the context of intravasation is critical for
gaining mechanistic insight into the underlying mechanism. For example, it is particularly
important to investigate whether tumor cells transmigrate through endothelial cell-cell junctions
or through the cell body. The microfluidic-based intravasation assay allows for high-resolution
real-time imaging of tumor-endothelial cell interactions, due to the height (< 200pm) of the
microfabricated channels, which is compatible with high numerical aperture objectives.

Qualitative characterization of tumor cell migration at a 3D endothelial monolayer with a well-
defined lumen can offer insight into the timescales, spatial organization and mechanism of tumor
cell intravasation. The human fibrosarcoma HT1080 cell line was used due to its ability to invade
in 3D with high migration speeds compared to the MDA231 cancer cells of epithelial origin.
Analysis of time-series images of single tumor cells located within 60pm of the endothelium
(Figure 18) led to a number of interesting observations:

(i) Tumor cells formed dynamic protrusions to probe their surrounding
microenvironment

(ii) The shape of tumor cells changed significantly as they migrated from the 3D matrix,
adhered to the endothelial barrier and migrated across it on the endothelial channel
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(iii) Tumor cells migrated preferentially towards remodeled regions of the endothelial
monolayer

To further investigate the effects of endothelial barrier function on tumor-endothelial interaction
dynamics the time required for tumor cells to migrate a total distance of 60pm across the
endothelial monolayer was quantified. We found that TNF-a-induced endothelial barrier
impairment led to significantly (p=0.024) faster (Figure 18D) tumor cell migration (1.35 ±
0.25h) compared to the control condition (2.42 ± 0.38h). On the other hand, we quantified tumor
cell migration in the 3D matrix prior to interactions with the endothelial barrier and found no
significant difference in cell migration speeds (29.59 ± 2.57 pm/h vs. 29.53 4.16 gm/h,
Supplementary Figure 3) under control and TNF-a treated conditions.
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Figure 18: (A) Time series of a single confocal slice showing a single HT1080 cell (red, black arrow) invading towards the
endothelial monolayer. Trajectories of at least n=10 tumor cells under control (B) and TNF-a (C) stimulated endothelial
barriers. (D) Quantification of the time to migrate beyond the EC-matrix interface using the methods described in figure
16F. Average values for n=10 trajectories per condition. Error bars represent standard error of the mean.

Tumor cell - induced endothelial permeability impairment and endothelial cell-cell junction
remodeling

To address the question of whether the presence of tumor cells induced vessel leakiness, we
performed endothelial permeability measurements under endothelial monoculture and coculture
with tumor cells in the absence of any biochemical stimulation. HUVEC monolayers in devices
seeded with breast carcinoma cells (Figure 19A) were found to have a significantly (p=0.036)
higher permeability value of 3.89 x 10-5 cm/s compared to 2.80 x 10-5 cm/s for control devices.
In addition to the live cell imaging described in the previous section, we also performed detailed
end-point immunofluorescence staining to visualize endothelial cell-cell junction integrity and
actin cytoskeleton (Figure 19B, C). Interestingly, endothelial cell-cell junctions appeared
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remodeled with an irregular morphology when tumor cells were located in close contact to these
junctions compared with continuous undisturbed endothelial cell-cell junctions distally from the
tumor cell (Figure 19B). Staining of the actin cytoskeleton also showed patterns of local actin
remodeling in locations of VE-Cadherin gap formation (Figure 19C). Although in the present
analysis (Figure 19C) it is not possible to distinguish between tumor and endothelial cell actin,
we hypothesize that actin remodeling in both cell types is critical. In particular, endothelial cell-
cell junction will likely need to be remodeled and tumor cell shape may change as the tumor cell
transmigrates across small gaps in the endothelial monolayer.
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Figure 19: (A) Increase in endothelial permeability due to the presence of breast carcinoma cells inside the 3D ECM.
Average values for n=12 regions per condition. Error bars represent standard error of the mean. (B,C)
Immunofluorescence staining of endothelial VE-Cadherin junctions (green) in MVEC monolayers showing the
remodeling of the actin cytoskeleton and the endothelial cell junctions at the point of a fibrosarcoma cell contact (white
and orange arrows) compared to distally located VE-Cadherin junctions (dashed white arrow) and the formation of gaps
in the endothelial monolayer (purple arrow). Scalebars: (B) 5pm, (C) 10pm.

3.4. Discussion of Tumor-Endothelial Cell Interaction events

The ability to image tumor cell migration in real-time in combination with monitoring
transendothelial transport allowed us to investigated the role of endothelial permeability on
tumor-endothelial cell interactions. We also visualized the diverse array of tumor cell
phenotypes: 3D invasion in response to growth-factor gradients, direct physical contact with, and
migration on the endothelial monolayer. In addition to our measurements in chapter 2 of
endothelial permeability and tumor cell intravasation, the results in this chapter on the effects of
endothelial permeability on tumor cell invasion provide insight into the role of the tumor
microenvironment on tumor-endothelial cell interactions.

Metrics of tumor-endothelial cell interactions

Using single-cell tracking we followed the migratory paths of these invasive tumor cells and
characterized the timescales of tumor-endothelial cell interactions. Interestingly, we found that
under conditions of perturbed endothelial barrier function, tumor cells migrated faster and in
larger numbers across the endothelial barrier. These results are in agreement with in vivo studies
in a zebrafish tumor model, where the ability of human tumor cells to extend invasive
protrusions into the fish vasculature was increased when tumor cells overexpressed angiogenic
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factors, such as VEGF (52). Furthermore, the time-scales of tumor cell migration on the
endothelial channel are comparable with in vivo measurements in transgenic murine mammary
tumors using intravital microscopy (13). Comparison of the tumor cell migration speed (29
tm/hr) inside the 3D collagen type I matrices in our devices is in the same order of magnitude
with measurement of the same cell type in the chicken embryo assay (23 pm/hr) by Zijlstra et al
(53). Although, we did not investigate the variability in the tumor-endothelial cell metrics, this is
an interesting direction for future work. Different factors can contribute to this variability. For
example, Dubois et al showed that in a 3D migration assay the cell migration speeds ranged from
14 to 52 pm/hr, which is in the same order of magnitude as our measurements (137). Our results
of a 1.7-fold increase in tumor-endothelial cell interactions in the presence of TNF-a is in
agreement with a transwell study which found a 2-fold increase in the number of HT1080 that
invaded across TNF-a (1ng/ml) stimulated HUVEC coated transwell filters (138). Along these
lines, it would be interesting to investigate whether endothelial cells can influence tumor cell
migration, since previous studies (see Table 3) have shown that it can occur via growth-factor
and protease secretion. Not surprisingly, preliminary comparison of tumor cell migration speeds
in the 3D matrix and on the endothelial channels showed differences in the migration speed
magnitude (Supplementary Figure 3).

Quantification of tumor-endothelial cell interactions

The accurate tracking of tumor cells required manual editing of trajectories, especially in regions
with high tumor cell density, where tumor cell trajectories merged and identification of a single
tumor cell was challenging. This is an important point for the design of experiments on invasive
growth and should be considered in future studies. In particular, we selected experimental
conditions (collagen gel density, EGF gradient and timing of cell seeding) so that we could easily
track the tumor cells. In vivo tumor cells are highly packed and this might affect tumor-
endothelial cell interactions as well. A possible way to overcome this challenge is to use tumor
cells that express fluorescently tagged H2B (fluorescent nuclei), which would make tracking of
single cell easier. We used this cell line in preliminary experiments and single cell tracking was
more straightforward, further studies are needed to demonstrate the ability to track tumor cell
migration at higher cell densities, which may better mimic in vivo tumor conditions.

To simplify the analysis of tumor-endothelial cell interactions, we only analyzed the x-y-
components of the tumor cell migration tracks and assumed that the endothelial barrier location
did not vary along the vertical z-axis. Our methods could be easily extended to perform a 3D
analysis, by using the segmentation methods described in the discussion section of chapter 2, or
by simply tracking the endothelial barrier interface for every z-slice and computing an in-plane
tumor-endothelial cell distance for more accurate tumor-endothelial interaction metrics.

Interaction of tumor cells with the endothelial monolayer

Our microfluidic assay offers a unique platform to investigate the role of paracrine and
juxtracrine tumor-endothelial cell interactions on tumor cell invasion, and intravasation and on
endothelial permeability. This is of particular importance for a detailed understanding of the
critical molecular players involved, which is required to design effective targeted cancer
therapies. Interestingly, qualitative observation of the tumor cell phenotypes during interaction
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with the endothelial barrier indicated that tumor cell migration beyond the endothelial barrier
showed preferential migration along pre-existing paths that were taken by leader tumor cells
(Supplementary Figure 3). This observation of "hotspots" of tumor-endothelial cell interactions
suggests possible tumor-tumor cell cooperation during endothelial monolayer invasion and active
tumor-endothelial signaling which could be mediated by various mechanisms. One possibility is
that tumor cells can induce VE-Cadherin remodeling in a p1-integrin dependent mechanism as
described by Haidari et al (124). To specifically investigate tumor-induced endothelial
remodeling, VE-Cadherin junction remodeling should be quantitatively characterized by
analyzing their morphology and the gap area formed.

Further studies are required to investigate this interesting observation of "hotspots" and assess
whether there are specific ligand-receptor interactions between the two cell types. This is
particularly important in the context of tumor cell intravasation, where it is unknown whether
tumor cell utilize specific receptors on the apical endothelial surface for adhering and
transmigrating. The microchannel design allows for high-resolution imaging of tumor-
endothelial contact to investigate the possible role tumor-endothelial cell adhesion molecules.

It would also be interesting to test whether tumor cell secreted factors (growth factors or
proteases) can remodel the endothelial monolayer. Our results of increased endothelial
permeability in the presence of tumor cells suggest that paracrine factors can modulate
endothelial barrier integrity, and are in agreement with other in vitro studies (127). Interestingly,
preliminary analysis of the effects of tumor cell growth on endothelial permeability has shown
that within a single microfluidic device, gel regions with higher tumor cell counts tend to show
higher permeability values. An important direction for future investigation would be to study the
role of juxtracrine interactions on endothelial permeability and whether these changes are
reversible. These results would have important implications for clinical studies aimed to
normalize tumor vasculature as a therapeutic strategy (30). Engineering tumor cells to express
fluorescent actin would allow for a detailed investigation of juxtracrine tumor-endothelial
interactions and would elucidate the dynamics and mechanism of endothelial cell-cell junction
remodeling (Figure 19C). Elegant work from Khuon et al has shown that tumor cell contact with
the endothelial actin cytoskeleton resulted in endothelial MLCK phosphorylation and actin
contraction (43), however the role of physical forces generated via the tumor actin cytoskeleton
in transendothelial migration has not been explored.

One of the challenges with characterizing the ability of tumor cells to intravasate as they interact
with the endothelial barrier, is the requirement for finely resolved confocal slice sampling in the
z-axis to accurately determine whether tumor cells have migrated through the endothelial barrier
or whether they are simply migrating along the endothelial cells without crossing the barrier. To
address this question, a high numerical aperture objective is required (NA>0.8), similar to the
one used for the end-point confocal imaging in chapter 2 and 4 (see Figure 13 and Figure 21).
The experiments to investigate tumor-endothelial interaction dynamics were performed with a
10X NA=0.3 objective making it challenging to identify whether tumor cells had crossed the
endothelial barrier. Hence, we refer to the tumor cells that have migrated beyond the ECM-EC
channel interface as tumor cells interacting with the endothelial barrier.
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Finally, one improvement of the experimental protocol for monitoring more physiologically
relevant tumor-endothelial interactions would be the integration of a thin ECM coating on the
microchannel and ECM-channel interface, as discussed in the previous chapter. The advantage of
this modification would be to promote adhesion of the endothelial cells on the PDMS interfaces,
resulting in a more homogeneous endothelial barrier with the aim to reduce the frequent
endothelial monolayer remodeling observed towards the edges of the PDMS-3D matrix interface,
especially under TNF-a stimulation.

Interactions of other cell types with endothelial monolayers

Preliminary experiments with a number of different cell types were performed to demonstrate
that the tumor-endothelial interaction assay can also be employed for studying invasive growth
and interactions of various cell types with endothelial monolayers, such as different cancer cell
lines (fibrosarcoma and breast cancer cells), human mesenchymal stem cells and human dermal
fibroblasts (Supplementary Figure 4).
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Chapter 4: Role of Macrophages in tumor cell intravasation and
endothelial barrier function

The role of different cellular and acellular factors in the tumor microenvironment on cancer cell
invasion, intravasation and endothelial permeability are described in this chapter. Next, the
methods developed to culture tumor-endothelial-macrophages in 3D matrices and to characterize
tumor cell intravasation in the presence of macrophages are presented. A series of experiments
designed to identify and investigate the role of macrophage-secreted factor on endothelial
permeability and intravasation are discussed. Finally, we compare our results with studies in the
literature and discuss the underlying biological mechanisms.

4.1 Macrophages in Cancer Metastasis

Macrophages in cancer

Cancer related inflammation is a critical component of the tumor microenvironment, where
immune cells infiltrate into the solid tumor and regulate tumor progression (139). Macrophages
are derived from monocyte differentiation and have been shown to play diverse roles (Figure 20)
in many aspects of cancer, ranging from inflammation-induced mutagenesis to metastasis (140).
Macrophage subsets can be broadly classified in the "classically activated" M1 state and
"alternatively activated" M2 state (48). M1 macrophages are classically activated by exposure to
interferon-y or lipopolysaccharides (LPS) and elicit tissue destructive activities by secreting high
levels of cytokines such as TNF-a, IL-12 and IL-i. M2 macrophages secrete high levels of
VEGF, MMPs and IL-10 and have tissue remodeling and immunosuppressive activities.

Figure 20: Diverse macrophage phenotypes: invasive, immunosuppressive and angiogenesis-related in cancer progression,
invasion and metastasis [figure from (140)]

Hagemann using an in vitro transwell assay showed that macrophages promoted invasion of
aggressive tumor cell lines only, via secretion of the inflammatory cytokine TNF-a and MMP
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enzymes (141). Wang et al showed that coculture of tumor cells with macrophages resulted in
IL-6 overexpression in the macrophages, which in turn acted in an autocrine fashion to polarize
macrophages (142). Although, the authors showed that macrophages were polarized towards an
M2 phenotype, they did not investigate the mechanism by which tumor cells promoted IL-6
overexpression in the macrophages. Zhang et al showed that M2 macrophages enhance
lymphangiogenesis in a mouse lung adenocarcinoma model in vivo and increased lymphatic
endothelial cell migration in vitro (143).

Targeting macrophages in the tumor microenvironment has been proposed as a therapeutic
approach (144), and therefore, a comprehensive understanding of the underlying tumor-
endothelial-macrophage interactions in the context of tumor cell dissemination is needed. The
effects of macrophages in modulating endothelial barrier function remain largely unknown, and
because macrophage can secrete both pro-inflammatory and anti-inflammatory cytokines,
macrophage-endothelial interactions will likely depend on macrophage polarization status.

Endothelial barrier function regulation in the tumor microenvironment

Interaction of endothelial cells with stromal cells in the microenvironment of each organ is
critical for proper organ function and may be differentially regulated under physiological and
pathological conditions. One example of endothelial-stromal cell interactions in healthy tissues is
the blood-brain barrier, which has been shown to be regulated by endothelial-astrocyte
interactions resulting in high transendothelial resistance and enhanced endothelial barrier
function (145). In the tumor microenvironment, the barrier function of the endothelium can be
controlled by biochemical factors, which can be secreted by different cell types. In particular,
tumor-secreted VEGF has been shown to result in increased permeability values in a coculture
model of ovarian cancer cells with HUVEC monolayers and these effects could be inhibited by
VEGF neutralization (127). Tumor cell mediated changes to endothelial permeability have also
been demonstrated for melanoma cell conditioned medium (128). Zenker et al used a transwell
system to perform coculture of brain capillary endothelial cells with human blood-derived
macrophages (146). Surprisingly, the presence of macrophages resulted in endothelial barrier
function enhancement, measured by increased transendothelial resistance, even under pro-
inflammatory conditions when macrophages were stimulated with LPS. In contrast to these
results, two other studies showed that macrophages impaired the endothelial barrier in a
mechanism dependent on activation status and nitric oxide signaling. Wakamoto et al showed
that conditioned medium from peripheral blood mononuclear monocytes, stimulated with plasma
containing HLA Class II antibodies resulted in high endothelial permeability values, which could
be inhibited by blocking antibodies against TNF-a and IL-l IP (147). Farley et al showed that high
macrophage/endothelial cell ratios and alveolar macrophages expressing inducible nitric oxide
synthase resulted in increased endothelial permeability (148). On the contrary, bone marrow
derived progenitor cells have been shown to have a reversing effect on thrombin-induced barrier
impairment via a mechanism involving MLC phosphorylation and strengthening of cell-cell
junctions via Cdc42 (149).

Not surprisingly, apart from immune cells and mesenchymal cells, red blood cells and platelets
have also been shown to regulate endothelial permeability. Treatment of bovine endothelial cells
with platelet-conditioned medium resulted in enhanced endothelial barrier function, measured by
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an increased transendothelial resistance in a cAMP/PKA and cGMP/PKG independent
mechanism (150). Curry et al showed that diffusive and hydraulic permeability in rat
microvessels in vivo was decreased by erythrocyte containing or erythrocyte conditioned
medium, via a sphingosine 1-phosphate (SIP) dependent mechanism (151). Interestingly, SiP
was also shown to be involved in the protective role of pericytes in enhancing endothelial barrier
function (152). Furthermore, the barrier enhancing effects of paracrine mediated Si P signaling
was also recently demonstrated in dendritic cell - endothelial cell interactions (153).

A more detailed description of endothelial barrier regulation by different biochemical and
biophysical factors is presented in chapter 5. In the next table we summarize the role of different
cell types on endothelial permeability (on vascular endothelial cells only). Based on the above
studies, an important direction for future exploration is the investigation of the relative role of
juxtracrine and paracrine endothelial-stromal cell interactions.

Table 4: Roles of different cell types in endothelial permeability regulation

Celr Tpe Efet o ermeabliyrenmaim Rereirenres

[+] Breast carcinoma cells increase Paracrine and juxtracrine (154)

Tumor cells diffusive permeability (needs to be confirmed)

[+] Ovarian cancer cells increase VEGF (127)

diffusive permeability
[+] Melanoma cell conditioned medium Paracrine (128)
increased endothelial permeability (needs to be confirmed)

[+/o] Diffusive Permeability increase TNF-a and IL- 1P (147)

Macrophages by paracrine factors from monocyte
activated with plasma containing HLA
Class II antibodies
[+/o] Dependent on alveolar Inducible nitric oxide synthase (148)
macrophage number and iNOS
expression

[+] Diffusive Permeability Increase TNF-a (154)

[-] Blood-derived macrophages Paracrine factors (146)

decreased transendothelial resistance

Epithelial [+] Diffusive Permeability Increase Paracrine and juxtracrine (154)

cells (needs to be confirmed)

Dendritic cells [-] Diffusive permeability reduced by SIP secreted by dendritic cells (153)
paracrine factors from dendritic cells

Astrocytes [-] Contact transwell coculture resulted Tight junctions reinforcement. (145)

in increased transendothelial resistance

Red blood [-] Decreased hydraulic and diffusive Si P secreted by red blood cells (151)

cells permeability in rat microvessels in vivo

Platelets [-] Enhance barrier function via Unknown, but independent of (150)
increased transendothelial resistance cAMP/PKA and cGMP/PKG

Pericytes [-] Enhanced barrier function via SIP secreted by pericytes (152)
increased transendothelial resistance

[+]: increased, [-]: decreased, [o]: no change in permeability. All studies are performed in vitro, unless

otherwise noted. No studies with fibroblast- or neutrophil-endothelial coculture and measurements of

permeability were found in PubMed (search on 10/15/2012)
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Role of cAMP in endothelial permeability

Growth factors and hormones binding to receptors on the cellular plasma membrane can
stimulate target cells via second messenger pathways. These mechanisms involve activation of
receptor coupled GTP-binding proteins which can stimulate the enzyme adenylyl cyclase and
thus convert ATP to cyclic adenosine monophosphate (cAMP) (155). The second messenger
cAMP has been shown to regulate many physiologic processes (156) and is well known for its
role in enhancing endothelial barrier function (112). Intracellular cAMP levels are regulated by
cAMP-dependent protein kinase (PKA), the exchange protein activated by cAMP (Epac) and by
the enzyme phosphodiesterase (157). Beese et al investigated the role of cAMP and its
derivatives on tight junction formation and paracellular permeability to 10 and 70 kDa dextrans
(158). Treatment of HUVEC monolayers with pCPT-cAMP and 8-Br-cAMP/Na derivatives
improved formation of continuous tight junctions (Zona occluden- 1 and Claudin5) and reduced
paracellular permeability.

Tumor cell intravasation and the tumor microenvironment

To enter into the circulatory system, tumor cells must first successfully navigate a complex
microenvironment comprised of biochemical and biophysical signals and ultimately transmigrate
across the blood vessel wall. An important question in cancer research is whether the barrier
function of the endothelium plays a role in tumor cell intravasation. Interestingly, immune cells
such as neutrophils (16) and macrophages (13) that have a pro-inflammatory role have been
associated with intravasation. However it is not clear whether these immune cells also regulate
endothelial permeability. In addition to the tumor cell autonomous programs described in chapter
3 (e.g. EMT), we designed experiments to investigate the interplay between tumor cell
intravasation and endothelial permeability in the presence of extrinsic tumor cell factors, such as
macrophages.

4.2. Methods for tumor-endothelial-macrophage culture

Intravasation experiments

To investigate the role of macrophages, we used the highly aggressive breast carcinoma cell line
MDA231 engineered to express the MenaINV actin binding protein for two reasons: a) to
recreate a physiologically relevant phenotype, since macrophages have a critical role in breast
cancer (139) b) to increase the incidence of intravasation (12). In order to minimize the tumor-
endothelial cell distance, a 3D collagen type I ECM (2.5mg/ml) seeded with breast carcinoma
cells and murine macrophages (RAW264.7) at a cell seeding density of 0.8 x 106 cells/ml and 0.4
x 106 cells/ml respectively was injected into the gel regions. Endothelial cells were seeded in the
endothelial channel (2 x 106 cells/ml) to form monolayers 24hours after filling the ECM
containing tumor and macrophage cells, and all three cell types were allowed to interact for
48hours. EGF gradients (20ng/ml/mm) were established in all experiments and in the devices
with macrophages we also seeded macrophages at a 0.25 x 106 cells/ml density in the endothelial
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channel. The same intravasation experiments were also performed with a human fibrosarcoma
cell line and the results were described in chapter 2.

Staining, imaging protocols and the methods for confocal stack visualization and quantification
of the intravasation events are described in chapter 2. Briefly, macrophages were stained with a
PE/Cy5 anti-mouse CD 11b (Clone M1/80; Biolegend) antibody and the characterization of their
localization with respect to the endothelial surface was performed with the same approach as that
used for the identification of an intravasation event. Blocking antibody experiments were
performed to investigate the role of macrophage secreted TNF-a. We used an antibody against
murine soluble TNF-a (polyclonal; R&D Systems) and an IgG conrol antibody (R&D Systems).
We selected the antibody concentration to be 2pg/ml, corresponding to a 10 times higher dose
than the ND 50 supplier suggested neutralization dose. To confirm the intravasation events
observed in the end-point imaging, we also performed live cell imaging to monitor macrophages,
tumor cells and endothelial cells in real-time. All intravasation metrics were calculated as
averages from at least three independent devices (n=3).

Effect of macrophages on endothelial permeability

Endothelial permeability to 70kDa dextran was measured in all the intravasation experiments,
using the method described in chapter 2, after 48hours of tumor-macrophage-endothelial
interactions and right before fixation of the devices. To investigate whether the macrophage-
associated endothelial impairment is specific to this cell type we compared the ability of
macrophages, breast carcinoma and epithelial (MCF 1 OA) cells to regulate endothelial
permeability. 24 hours prior to endothelial cell seeding, the different cell types were seed at a
density of 0.4 x 106 cells/ml inside the 3D ECM (collagen I, 2.5mg/ml), similar to the conditions
in the intravasation experiments. We allowed interactions for 48hours after the endothelium had
formed before measuring endothelial permeability to 70kDa dextran. The same experimental
protocol and quantification framework were used, as the ones described in chapter 2. Due to
device-to-device variability, the reported permeability values were calculated as an average from
twelve (n=12) gel regions, where each gel region was treated as an independent experiment and
data from at least two independent devices were included.

Characterization of macrophage secreted factors and macrophage polarization

To further validate the ability of macrophages to increase endothelial permeability, we
characterized the macrophage-secreted cytokines. RAW264.7 cells were seeded in a 24 well
plate, at 100 000 cells/well in 400pl of medium and were stimulated with 1 Ong/ml LPS (Sigma)
or lOng/ml IL-4 (PeproTech) to polarize the cells in a Ml or M2 phenotype. 24hours after cell
seeding and stimulation, culture medium supernatant was collected, centrifuged to remove cell
debris and stored at -80C. We used the Bio-Plex bead-based cytokine array (BioPlex) for the
murine cytokine TNF-a (Ml marker) and IL-10 (M2 marker) and experiments were repeated
twice.

To investigate whether intravasation and endothelial permeability impairment is associated with
a specific macrophage phenotype, we also studied macrophage polarization upon interaction with
tumor and endothelial cells. Ml or M2 polarization status was assessed by immunostaining
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against IL-12 (Clone C17.8; eBiosciences) and CD206 (Clone MR5D3; Santa Cruz Biotech).
Macrophages were seeded in 3D ECM under conditions of: a) control monoculture (RAW264.7

only), b) monoculture with LPS, c) IL-4 stimulation as described above and d) tumor-
macrophage-endothelial coculture, similar to the intravasation experiments. Imaging was
performed with the same protocol as described in chapter 2 and the expression of M1 (IL-12) and
M2 (CD206) markers was quantified for at least 10 cells per condition using ImageJ and a
previously described method (159).

4.3 Tumor cell intravasation and endothelial permeability

Role of macrophages in tumor cell intravasation and endothelial permeability

Previous work from the Condeelis lab has shown that macrophages increased the invasiveness of

murine carcinoma cells and facilitated higher intravasation rates through an EGF/CSF-1
paracrine loop (160). Experiments were designed to investigate the role of the endothelial barrier
during intravasation and test the hypothesis that macrophages may regulate endothelial barrier
function. Breast carcinoma cells and macrophages were seeded inside a 3D collagen type I
matrix to mimic a physiologically relevant intravasation phenotype (Figure 21). An EGF
gradient was applied across the endothelial barrier and macrophages were also seeded in the
endothelial channel to bias tumor cell invasion towards the endothelium in order to maximize the
number of possible intravasation events that could be observed. The presence of macrophages
resulted in endothelial barrier impairment, as measured by a 2.83 fold increase (p=0.03) in
endothelial permeability to 70kDa dextran (Figure 21E). A nine-fold increase (p=0.048) was
measured in the number of tumor cells (Figure 21D) that had intravasated (13 out of 289 cells)
and intravasation efficiency (4.08 ± 0.87 %) compared to control conditions (2 out of 304 cells;
0.45 ± 0.28 %). We also quantified the number of tumor cells in contact with the endothelium
and found a similar number under both conditions (Supplementary Figure 5), which confirmed
that our results were not biased by a difference in the number of tumor cells interacting with the

endothelium. Intravasation events were also validated by performing live cell imaging (Figure
21C), where tumor and endothelial cells were labeled with fluorescent markers and macrophages
could be identified based on their distinct spherical morphology.

Characterization of macrophage secreted factors and TNF-a blocking

To gain insight into the mechanism of macrophage-induced increases in intravasation and

endothelial barrier function, we characterized the macrophage-secreted factors using a cytokine

array. We confirmed that the RAW264.7 secreted significant levels of TNF-a that could also be
modulated by stimulation with IL-4 and LPS. Antibody neutralization experiments against the

soluble murine TNF-a were performed to investigate the role of macrophage secreted TNF-a in
intravasation and endothelial permeability. Blocking TNF-a resulted in a significant 2.45 fold

(p=0.03) reduction in intravasation, and a significant 1.67 fold (p=0.04) reduction in endothelial

permeability to 70kDa dextran compared to stimulation with the control IgG antibody (Figure
21E).
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Figure 21: Macrophages facilitate tumor cell intravasation and impair endothelial barrier function. (A) Upper panel: Top
and side views showing the device schematic with the endothelial monolayer and tumor cells. Lower panel: Breast
carcinoma cell (green) that has intravasated across the endothelial monolayer (red). Scalebar: 30pm. (B) Tumor cells
located on the basal side, unable to intravasate. (C) Time sequence of a single confocal slice showing a tumor cell (green)
intravasating across an endothelial monolayer (magenta). The endothelial barrier location is highlighted with a white
dashed line. Scalebar: 30pm. (D) Quantification of the percentage of tumor cell that had intravasated. Average values for
n=3 devices per condition (E) Quantification of endothelial permeability. Average values for n=12 regions per condition.
Error bars represent standard error of the mean.

Macrophage localization in the intravasation experiments and specificity of macrophage-
induced endothelial impairment

To investigate whether macrophages preferentially localized to the apical or basal endothelial
surfaces, we characterized their localization (Figure 22A). Similar (p=0.61) numbers of
macrophages attached on both surfaces, with 6.42 ± 1.88 macrophages located in subluminal
compartments and 5.29 ± 1.00 in the luminal compartment (Figure 22B). To further investigate
whether the observed endothelial permeability increases were specific to macrophages,
permeability measurements for endothelial monolayers that interacted with different cell types
were performed. In particular, devices were prepared with 3D ECM seeded with macrophages

60



only, tumor cells only and mammary epithelial cells only. Not surprisingly, the presence of all
cell types resulted in different levels of endothelial barrier impairment (Figure 22C). The
presence of macrophages resulted in the highest permeability value (5.6 x 10-5 cm/s), 24% and
44% higher than the values for the mammary cell (4.5 x 10-5 cm/s) and tumor cell (3.9 x 10-5
cm/s) conditions.
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Figure 22: (A) Localization of macrophages (magenta) on the luminal or subluminal sides of the endothelial monolayer
(red) in the presence of tumor cells (green) in the intravasation experiments. Scalebar: 30pm. (B) Quantification of
macrophage counts in the luminal and subluminal compartments. (C) Specificity of different cell types to impair
endothelial barrier function (EC: endothelial cells only, Mp: macrophages, TC: MDA231MenaINV tumor cells, 1OA:
MCF10A epithelial cells). Average values for n=12 regions per condition. Error bars represent standard error of the
mean.

Macrophage ability to modulate intravasation for different tumor cell lines

To further investigate whether carcinoma cells of different invasive potential would also exhibit
differences in intravasation efficiency in the presence of macrophages, the intravasation assay
was performed for the parental MDA23 1 GFP cells and the same cell line expressing the
MenaINV protein (Figure 23A). The breast cancer cells expressing the MenaINV were more
efficient in intravasating (13 of 289 cells, 4.08%) compared to the parental cells (5 of 196 cells,
2.32%). The presence of macrophages in the parental cells also led to a significant increase
(p=0.019) in intravasation levels, when compared with intravasation in the absence of
macrophages (2 of 304, 0.53%).

Intravasation for endothelial cell of different origin and with defective basement membrane

The intravasation assay was carried out with different endothelial cell lines to investigate
whether the endothelial cell phenotype plays a role in tumor cell intravasation. The differences in
endothelial permeability among the different endothelial cell lines were described in chapter 2.
We did not find a significant difference in intravasation rates between the control HUVEC and
MVEC line (Supplementary Figure 5). On the contrary, endothelial monolayers that displayed
basement membrane defects (HUVEC-shPerlecan) resulted in increased (p=0.39) intravasation
levels with a rate of 4.32% (6 out of 212 cells) compared to wild type HUVEC that had a low
intravasation rate of 0.45% (2 out of 304 cells) for the MDA231 parental cell line (Figure 23B).
Similar results were observed in the presence of macrophages, where the intravasation rate was
increased (p=0.0021) by 2.65-fold with 6.61% (28 out of 458) for the shPerlecan-HUVEC cells
compared to only 2.31% (5 out of 196) for the control HUVEC monolayers.
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Figure 23: (A) Expression of actin binding proteins in the breast carcinoma cell lines can enhance tumor cell intravasation
in the presence of macrophages. (B) Intravasation efficiency is regulated by the endothelial cell phenotype. HUVEC
Perlecan knockdown cells showed increased baseline and macrophage-induced intravasation levels for the MDA231-
MenaINV carcinoma cells. Average values for n=3 devices per condition. (C) Stimulation with 0.5mM cAMP reduced
endothelial permeability in the intravasation experiments with the breast carcinoma MDA231-MenaINV cell line in the
presence of macrophages. Average values for n=6 regions per condition. (D) Small reduction in intravasation rate upon
stimulation with cAMP. Average values for n=3 devices per condition. Error bars represent standard error of the mean.

Effects of cAMP-induced endothelial barrier enhancement on intravasation

To further investigate the hypothesis that endothelial permeability regulates tumor cell
intravasation, we designed experiments to enhance barrier function and measure any changes in
the tumor cell intravasation rates. In these experiments, we used the coculture condition with
macrophages as a control, which demonstrated high intravasation rates and endothelial
permeability, and added a high concentration (500pM) of cAMP to the endothelial channel only.
PD measurements to 70kDa confirmed that endothelial permeability was reduced (Figure 23C)
and the number of tumor cells that had intravasated was also reduced (Figure 23D). However,
despite the 2.34-fold reduction (p=1.9 x 10-4) in permeability, the intravasation rate was only
reduced by 21.5% (p=0.95).

Characterization of macrophage polarization state

The polarization of macrophages into an M1 or M2 phenotype has important implications on the
mechanism by which macrophages may regulate cancer metastasis. To characterize the
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macrophage phenotype in the intravasation experiments we measured the cytokine secretion
levels and expression of MI and M2 markers using immunostaining. Under control conditions
TNF-a concentration in the supernatant was 2.97 pg/ml. This secretion rate was decreased to
0.16 pg/ml when macrophages were stimulated with 1 Ong/ml IL-4 to become polarized towards
an M2 phenotype, whereas it could be increased to 38.91 pg/ml by activating macrophages using
lOng/mi LPS towards an MI phenotype (Figure 24A). We also characterized macrophage
secreted IL-10 under control, IL-4 and LPS conditions and measured secretion rates of 47.75
pg/ml, 258.55 pg/ml and 65.92 pg/ml respectively.

Under the conditions described above, the ability to polarize macrophages in the microfluidic
device towards Ml or M2 phenotypes was confirmed using immunostaining against IL-12 and
CD206 (Figure 24). More specifically, under stimulation with 1Ong/ml LPS to polarize cells in
an M1 phenotype, expression of the Ml marker IL-12 and secretion of TNF-a increased by 9.53-
fold and 13.10-fold respectively (Figure 2 4A, D), while these markers were downregulated when
the cells were stimulated with 1Ong/ml IL-4 to drive cells into an M2 phenotype (Figure 24B, E).
Similarly, during IL-4 stimulation, expression of CD206 and secretion of IL-10 were increased
by 9.10-fold and 5.41-fold, while the expression of Ml markers and secretion of Ml associated
cytokines was reduced. However, there was no significant difference in Ml and M2 marker
expression under macrophage coculture with tumor and endothelial cells compared with the
macrophage monoculture condition. Furthermore, macrophages in the microfluidic device
showed a heterogeneous population with respect to M1 and M2 marker expression.
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Figure 24: Characterization of TNF-a (A) and IL10 (B) secretion rates under control, M1 and M2 macrophage
polarization conditions. Average values and standard error of the mean for two independent experiments. (C)
Immunofluorescence staining of M1 (IL12) and M2 (CD206) macrophage markers in the microfluidic device under
macrophage monoculture, coculture with breast carcinoma and endothelial cells, and M2 (long/mi IL-4) and M1
(10ng/mI LPS) polarization conditions. (D,E) Quantification of fluorescent intensity of IL12 and CD206 markers under
the conditions shown in panel (C). Average values for n=10 cells per condition. Error bars represent standard deviation.

4.4. Discussion

We employed our intravasation assay to investigate a critical question in cancer research, as to
whether macrophages can promote cancer cell intravasation. Studies using different cancer and
endothelial cell lines demonstrated that the presence of macrophages resulted in a significant
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increase in the number of tumor cells that intravasated and was associated with a leaky
endothelial barrier. Blocking antibody studies demonstrated that macrophage-secreted TNF-a is
involved in the macrophage-mediated intravasation increase, and characterization of macrophage
polarization status demonstrated that they form a heterogeneous M1/M2 population. To further
investigate the ability of macrophages to impair endothelial barrier function, we compared their
potency in increasing endothelial permeability with human tumor and epithelial cells and found
that macrophage coculture resulted in the largest permeability values.

The results of macrophage-mediated barrier impairment and the associated increase in
intravasation taken together with our findings of increased tumor-endothelial interactions by
TNF-a stimulation (chapter 3) highlight the role of the endothelium as a barrier to tumor
invasion. Interestingly, although cAMP stimulation resulted in enhancement of endothelial
barrier function, intravasation rates were only slightly reduced. Moreover, qualitative
observations of macrophages being proximal to the intravasation site suggested that apart from
soluble signals, juxtracrine macrophage-endothelial interactions may also regulate tumor cell
transendothelial migration.

Intravasation efficiency

An important finding of our work is that, under conditions of intact endothelial barrier function,
breast carcinoma cell intravasation is a rare event, with less than 1% being able to migrate across
the endothelial barrier. This was a very challenging aspect in the beginning of our work, since we
had very few events to quantify and we were looking for ways to increase the intravasation
efficiency. One possible way to increase the number of tumor cells intravasating over a specific
time period was to reduce the 3D matrix collagen density. However, reducing the collagen gel
density led to matrix contraction, which distorted the interface and made it difficult to observe
intravasation events. Although a structurally irregular endothelial barrier might be more
physiologically relevant, we chose experimental conditions (2.5mg/ml collagen type I matrix,
tumor cell seeding density and endothelial monolayer seeding protocol) to ensure a flat
endothelial monolayer - 3D matrix interface.

Our observation of low intravasation rates are in agreement with previously published in vitro
and in vivo data. Stoletov et al showed that in a zebrafish model of tumor cell invasion, only
1.7% of human breast carcinoma cells sent protrusions inside the fish vasculature (52). Similarly,
studies from the Condeelis group have found that in an in vitro transwell model less than 1% of
tumor cells (46) completely transversed the endothelial monolayer and in vivo only 18 of 96
fields contained single intravasation events as recorded by intravital imaging (13).

To test the utility of our assay as a discovery platform we tested the intravasation efficiency of
two different breast carcinoma lines, the parental cell line and the same cells expressing the
MenaINV actin binding protein. The MDA23 1 MenaINV were more potent in intravasating
compared to the MDA23 1 GFP 1 cells. In particular, the presence of macrophages resulted in a 9-
fold increase for the MDA231MenaINV cells compared to a 4.5-fold increase for the
MDA23 1 GFP parental cells. In vivo studies in mouse xenografts with rat breast carcinoma cells
(MTLn3) expressing the same MenaINV protein showed a 4-fold difference in the number of
circulating tumor cells between the two cells lines (46). Our measurements on fibrosarcoma
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tumor cell intravasation efficiency (chapter 2) demonstrated higher intravasation rates (7% and
10% for MVEC and HUVEC cell lines respectively) compared to the carcinoma cell lines.

Role of macrophages and macrophage polarization in intravasation

Our findings have shown that macrophages can facilitate intravasation for different breast
carcinoma cell lines and for different endothelial cell lines. Interestingly, blocking the
macrophage-secreted TNF-a did not reduce intravasation rates back to the control condition,
without macrophages, suggesting that there are additional factors regulating intravasation. In our
experiments macrophages were present both in the endothelial channel and inside the 3D matrix,
suggesting that juxtracrine interactions between macrophages-tumor-endothelial cells may also
be involved in facilitating intravasation. Hence, an important question to be investigated is
whether tumor cell intravasation requires macrophages to be in contact with the tumor cells at
the location of intravasation. This is an open question in cancer metastasis and has critical
implications for the mechanism of intravasation. To address this question, experiments should be
performed to identify whether macrophages located distally from the endothelial barrier (e.g.
seeded in a separate microchannel rather than the endothelial channel) can facilitate intravasation
via the secretion of paracrine factors.

In addition to the end-point characterization of macrophage localization (Figure 22), it would be
very interesting to analyze macrophage localization and transmigration during the process of an
intravasation event. Macrophage presence on different sides (apical vs. basal) of the endothelial
surface, could signal via different mechanisms to the endothelial cells and the tumor cells.
Elegant work from the Condeelis group showed that in transgenic breast cancer tumors in mice,
macrophages were found in the perivascular tissue compartment and resulted in increased tumor
cell invasion (13). Our results of macrophage-induced intravasation are in agreement with both
in vitro (46) and in vivo studies (13), as well as with clinical specimens from metastatic breast
tumors (12).

With respect to the juxtracrine macrophage-tumor-endothelial interactions, interestingly, the
macrophage cell line (RAW264.7) used in our study has been shown to undergo transendothelial
migration across HUVEC monolayers in vitro in macrophage-endothelial cell cocultures (161).
Hence, this raises an interesting question of whether macrophages also transmigrate during
tumor cell intravasation and whether this actually enhances tumor cell intravasation. Our
findings of the lack of complete inhibition of tumor cell intravasation upon TNF-a blocking
raises the possibility that juxtracrine interactions are also critical in tumor cell intravasation.
Further experiments are required to test this hypothesis.

Characterization of M1 and M2 marker expression via immunofluorescence showed that
although we could polarize the macrophages towards an M1 or M2 phenotype using biochemical
stimulation, coculture conditions with tumor and endothelial cells did not polarize macrophages
towards either an M1 or M2 phenotype. Our results of a mixed Ml/M2 population are consistent
with the central hallmark of macrophage plasticity (48) and are consistent with in vivo (162) and
in vitro (163) studies. Also, our measurements of TNF-a and IL- 10 secretion rates under control
and stimulation with IL-4 and LPS are consistent with the Ml/M2 polarization model and the
associated regulation of secreted factors (48).
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Conflicting results, however, are reported in the literature with respect to the tumor-induced
macrophage polarization. Hagemann et al used a transwell system and showed that coculture of
macrophages with tumor cells resulted in increased TNF-a and MMP expression, suggesting that
macrophage polarization was biased towards an M1 phenotype (141). On the contrary, the results
of macrophage IL-6 upregulation by Wang et al suggest polarization towards an M2 phenotype
(142). Future studies to investigate in detail the M1/M2 polarization status of macrophages and
their role in tumor invasion and endothelial barrier function regulation are necessary.

Role of endothelial cell phenotype in intravasation

An important consideration in studying tumor cell intravasation is the type of endothelial cells
used to form the endothelial barrier. Nagy et al characterized the barrier function of "tumor-like"
blood vessels in the mouse dorsal ear skin after injection of a VEGF adenovirus and
demonstrated that these vessels are hyperpermeable by tracing ferritin transport across the vessel
wall (25). Compared to normal vessels, tumor blood vessels were estimated to be 4-10 times
more permeable. Furthermore, studies on tumor endothelial cells have shown significant
differences in gene expression patterns compared to normal endothelial endothelial cells (21).

To explore the role of the endothelial cell phenotype in intravasation we compared the
intravasation efficiency of microvascular endothelial cells and two cell lines of macrovascular
endothelial cells, a wild-type control and a HUVEC line (shPerlecan-HUVEC) that expressed
lower levels of Perlecan. The shPerlecan-HUVEC line has been previously used as a model of
"dysfunctional" endothelial cells, which may mimic tumor endothelial cells (22). We found that
these dysfunctional endothelial cells were significantly leakier compared to the wild-type
controls and also tumor cells intravasated more readily across them. An interesting observation
here, is that the presence of macrophages resulted in a 1.4-fold increase in intravasation for the
dysfunctional HUVEC cells compared to the much higher 4.4-fold increase for the wild-type
endothelial cells. An important point however, which could complicate this comparison, is that
Franses et al showed that dysfunctional endothelial cells also promoted tumor cell invasion (22).
Additional studies are required to determine whether the increase in intravasation was due to the
increased permeability or due to enhancement of tumor cell invasiveness.

The results with the dysfunctional HUVEC cell line provide additional evidence that the
endothelium poses an active barrier to tumor cell intravasation and its impairment results in a
significant increase in the number cells that migrate through. Future work, should investigate the
barrier function of endothelial monolayers using endothelial cells derived from tumors. These
endothelial cells would have been adapted to the tumor microenvironment and it is critical to
understand whether the origin of the cells can influence tumor cell transmigration. Elucidation of
differences between normal and tumor endothelial cells will have important implications for
therapeutic targeting of tumor blood vessels.

Enhancement of endothelial barrier function via cAMP

In the presence of macrophages, addition of high cAMP concentration in the endothelial channel
resulted in a significant enhancement of endothelial barrier function, which is in agreement with
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studies on endothelial monoculture (101). Under these conditions of significantly lower
permeability values, interestingly, however, tumor cell intravasation rate was only mildly
reduced (Figure 23). To interpret this result, we propose two different hypotheses: a) the high
cAMP concentration (0.5mM) used to normalize the endothelial barrier may also result in pro-
invasive effects on tumor cells or macrophages and in turn result in higher tumor cell
invasiveness and b) Normalization of barrier function with cAMP may not interfere with the
expression of surface adhesion molecules induced via TNF-a stimulation on endothelial cells,
which then facilitate intravasation.

The low molecular weight (<500 Da) of cAMP would be associated with small diffusive
permeability values, which can result in high cAMP concentrations on the basal endothelial
surface and thus may stimulate cAMP-related signaling pathways in tumor cells and
macrophages. Yamashita et al showed that MDA231 cells, treated with forskolin that lead to
high intracellular cAMP concentrations, exhibited larger membrane protrusions associated with
enhanced tumor cell motility (164). According to this study, however, cAMP stimulation may
also affect tumor cell motility, and therefore this represents an ambiguous method to investigate
the relationship between permeability and intravasation.

To investigate the second possible explanation, further studies on endothelial cell adhesion
molecules (e.g. using immunofluorescence methods and biochemical assays) are necessary. In
particular, it would be interesting to design experiments using endothelial cell lines that could be
induced to express different levels of cell-cell adherens junctions (resulting in different
permeability) to investigate the correlation and causal role of endothelial permeability and tumor
cell intravasation. Furthermore, to test whether tumor cell intravasation is linearly correlated with
endothelial permeability, experiments where a dose-dependent perturbation of endothelial
permeability would be induced and intravasation rate would be measured are necessary. It is
possible, that tumor cell intravasation and permeability are non-linearly related. For example,
this could be a threshold behavior, where intravasation may increase until a threshold value of
endothelial permeability, corresponding to sufficient changes on endothelial cell-cell junctions
that facilitate high intravasation rates.

Specificity of macrophage-induced endothelial permeability

Not surprisingly, multiple cell types in the tumor microenvironment can regulate endothelial
barrier function. Our results show that although macrophages are the most potent cell type in
increasing endothelial permeability, the presence of both tumor and normal epithelial cells could
also increase endothelial permeability values. This could be explained by secretion of angiogenic
factors (e.g. VEGF) by the tumor and mammary epithelial cells (165). In a relevant study of
endothelial barrier function impairment via tumor cells, Hu et al found that ovarian cancer cells
induced a 3-fold increase in transport of 1OkDa dextran across a HUVEC monolayer in a VEGF
and VE-Cadherin dependent mechanism (127).

In the presence of macrophages, the observed two-fold increase in endothelial permeability is in
agreement with a transwell based study by Wakamoto et al, who showed that conditioned
medium from HLA Class II antibody stimulated peripheral blood mononuclear cells induced a 3-
fold increase in transport of 40kDa dextran across HUVEC monolayers (147). Contrary to these
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results, Zenker et al reported an enhancement of endothelial barrier function in a non-contact
transwell coculture with human blood derived macrophages and brain endothelial cells (146).

Different cell sources

Finally, an important note when investigating tumor-endothelial cell interactions is the source of
the endothelial and tumor cells. Investigators have utilized both primary human endothelial cells
(HUVEC, (43)) as well as established cell lines (HMEC, (46)) to form endothelial monolayers.
Bouis et al provide a thorough review of different established endothelial cells lines and their
limitations (166). As we discussed earlier in this chapter, future work should systematically
compare intravasation efficiency across different endothelial cell lines, and also investigate the
role of human derived macrophages (the RAW264.7 macrophage-like cell line used in all the
experiments in this thesis is of murine origin).
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Chapter 5: Effects of biochemical factors on endothelial barrier
function and intravasation

To further investigate the role of macrophage-secreted factors in tumor cell intravasation, we
review the role of the inflammatory biochemical factor TNF-a on tumor cell invasion and
endothelial cell biology. Next, we present experimental evidence of intravasation enhancement
in TNF-a stimulated endothelial monolayers in the absence of macrophages. We conclude this
chapter by comparing our results with different studies on cytokine stimulated endothelial
barriers and discuss the molecular mechanism.

5.1.1 Endothelial barrier regulation via biochemical and biophysical factors

Alterations in endothelial barrier function are important for regulating transport of water,
oxygen, plasma proteins, solutes and cells (167). Michel and Curry (112) present an excellent
comprehensive description of different permeability coefficients (hydraulic permeability,
diffusive permeability, ultrafiltration coefficient and osmotic reflection coefficient). The
permeability coefficients depend on the molecular size of the solute transport, and intact vessels
show a decline in the ratio of the diffusive permeability coefficient to the diffusion coefficient
(PD/D) with increasing molecular size due to the reduction in free area available for diffusion
(168). Transport across a continuous intact endothelium can occur either via transcytosis
(transcellular route) for macromolecules with a radius larger than 3nm or via interendothelial
cell-cell junctions (paracellular route) for smaller macromolecules (169). Paracellular transport is
maintained by the endothelial cell-cell junctions which are organized into two distinct groups:
tight junctions and adherens junctions (169). Members of the cadherin family form adherens
junctions and Dejana et al provide a detailed review on the role of VE-Cadherin on vascular
permeability control (170).

DeMaio et al used a transwell-based assay and showed that VEGF stimulation (50ng/ml) of
bovine retinal endothelial cells resulted in increased endothelial permeability to 70kDa dextran
and water (171). Endothelial stimulation with TNF-a results in robust endothelial barrier
impairment (172), and similar effects have been reported for other cytokines and proteases such
as Interleukin-1p (173) and thrombin (149). Apart from the well-established role of cytokines in
endothelial cell activation, Sahni et al showed that endothelial permeability can also be regulated
by fibrinogen, a 340kDa glycoprotein presented in the blood plasma and produced by
hepatocytes, via VE-Cadherin binding (174). A detailed review of the molecular mechanisms of
biochemical mediators that increase and decrease endothelial permeability is provided by
Komarova et al (169).

Abnormal blood vessel architecture and ECM remodeling in tumors may result in altered blood
flow patterns and in increased interstitial fluid pressure, which can lead to transendothelial flow
across the endothelium. Using a transwell-based transendothelial flow system Miteva et al
demonstrated that basal to apical flow in lymphatic endothelial cells resulted in increased
endothelial permeability to 3kDa dextran (175). Warboys et al investigated the effects of
exposure to acute (1hour) versus chronic (7days) shear stress on endothelial permeability to
labeled albumin (176). Interestingly, acute exposure increased endothelial permeability, whereas
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chronic exposure resulted in endothelial barrier enhancement. Recently, Huynh et al investigated
the role of substrate stiffening on endothelial permeability by forming bovine aortic endothelial
monolayers on polyacrylimade matrices of varying stiffness (177). Stiffer substrates resulted in
higher diffusive permeability values and wider VE-Cadherin junctions in a ROCK-dependent
mechanism. In the table below we summarize the effects of different acellular factors on
endothelial permeability, and we also refer the reader to chapter 4 for the effects of different cell
types on endothelial permeability.

Table 5: Effects of different biochemical and biophysical factors on endothelial permeability

C clic AMP [-] Decrease diffusive ermeabili ERM roteins redistribution 158)
TNF-a [+] Increased diffusive permeability Tight junctions redistribution (172)
VEGF [+] Increased diffusive permeability Src-mediated signaling of VE- (171)

Cadherin internalization
Fibrinogen [+] Increased diffusive permeability VE-Cadherin binding (174)
Thrombin [+] Increased diffusive permeability Cleaves and activates PAR-i (149)
Shear stress [+/-] Increased / decreased Nitric oxide, P13K and cGMP (176)

depending on exposure duration mediated
Interstitial flow [+] Increased diffusive permeability ICAM-1 dependent (175)

in lymphatic endothelial cells
Matrix stiffness [+] Increased diffusive permeability Cellular contractility (ROCK) (177)

5.1.2 TNF-a signaling pathways

TNF-a is a member of the TNF ligand superfamily which has highly diversified roles in cell
signaling (178). This pro-inflammatory protein has a molecular weight of l7kDa and was first
discovered in 1985 in the human promyelomonocytic cell line HL60 conditioned medium (179).
TNF-a interacts with two cell surface receptors TNF-R1, which is expressed on every cell type
studied to date, and TNF-R2, which is limited to immune, endothelial and nerve cells (180).
Binding of TNF-a to these receptors can result in activation of diverse signal transduction
pathways including apoptotic, proliferative and pro-inflammatory pathways. More specifically,
at least 5 different intracellular signaling complexes can be activated including Caspase-3, NF-
kp, extracellular signal regulated kinase (ERK), p38 mitogen-activated protein kinase
(p38MAPK) and c-Jun N-terminal kinase (JNK).

TNF-a has been shown to have both beneficial and potential harmful effects, as it has been
linked with physiologic proliferation of B cells and with many diseases, such as cancer (180).
This paradoxical role of TNF-a can be explained by the complexity and diversity of the signal
transduction pathways that it is involved in (Figure 25). In the next section we review studies
that have highlighted the diversity of TNF-a effects in tumor and endothelial cells. In addition to
the discussion in the previous chapter on the effects of cellular interactions on endothelial
permeability, we review the effects of different biochemical factors on endothelial barrier
function.
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TNF-a effects on Tumor Cells

TNF-a acquired originally its name as tumor necrosis factor alpha because of its ability to induce
necrosis of subcutaneous tumors transplanted in mice (181). Interestingly TNF-a has been shown
to exert both powerful anticancer activity for melanoma metastases (182) and to be associated
with poor prognosis in human tumors (183). Montesano et al showed that TNF-a stimulation of
epithelial spheroids enhanced single cell dispersion in 3D collagen type I gels and on two
dimensional substrates (184). TNF-a has also been shown to be implicated in EMT via Snail and
p-catenin protein stabilization (185). In the tumor microenvironment, macrophages act as a
source of TNF-a, which can in turn enhance cancer cell invasiveness (Figure 26). Hagemann et
al, used a transwell assay to show that macrophage coculture increased invasion in human breast
cancer cell lines, whereas migration of benign epithelial cells remained unchanged (141). This
enhanced invasion was mediated by an increase in macrophage secreted TNF-a and MMPs.
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Figure 26: Diverse roles of TNF-a signaling on tumor cells and tumor-immune cell interactions in the tumor
microenvironment [figure from (183)]

TNF-a effects on Endothelial Cells

Pober and Cotran proposed a framework to classify the response of endothelial cells to cytokines
in three ways: (a) injury during immune response (b) angiogenic sprouting via invasion and
proliferation and (c) activation. Endothelial activation, is defined as the ability to perform new
functions without endothelial cell death (injury) or proliferation (167). Endothelial cell activation
via TNF-a (Figure 27) leads to upregulation of pro-inflammatory signals with increased cell
surface adhesion molecule expression, which are also associated with vascular leak (186). Both
in vivo and in vitro studies (120) have shown that TNF-a induces endothelial barrier impairment.
Mark et al showed that endothelial cell exposure to TNF-L resulted in a time-dependent,
reversible and graded endothelial permeability response (120).

Many studies have shown that surface adhesion molecules (VCAM- 1, ICAM- 1 and E-Selectin)
are upregulated in TNF-L treated endothelial monolayers (187) in a time and dose-dependent
manner for both macrovascular and microvascular endothelial cells (188). Endothelial
monolayers treated with high TNF-ct doses (1 OOng/ml) exhibited morphological changes, such as
membrane ruffling and extension of filopodia, which were mediated via Rho, Rac and Cdc42,
resulting in formation of intercellular gaps (189). These morphological changes are correlated
with changes in endothelial permeability, and VE-Cadherin redistribution. Not surprisingly, the
effects of TNF-a are concentration dependent, with low concentrations (1ng/ml) leading to
increased paracellular permeability and redistribution of junctional proteins, whereas higher
concentrations (10 and 1OOng/ml) result in caspace-3/7 activation and cell death by apoptosis
(190). Activation of endothelial monolayers with TNF-a also influences he secretion of basement
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membrane proteoglycan proteins and results in altered proteoglycan metabolism (191). In a
related study, Partridge et al showed that the TNF-a-induced endothelial permeability increases
were associated with loss of deposited fibronectin and ECM remodeling.

McKenzie and Ridley demonstrated that short-term exposure to TNF-a activated RhoA and
phosphorylated myosin light chain kinase, however only small changes to cortical actin were
observed and there were no significant changes in permeability (172). Prolonged exposure to
TNF-a caused a progressive increase in endothelial permeability, cell elongation and
intercellular gap formation. A redistribution of the tight junction protein ZO- 1, and a removal of
Occludin and JAM-A from tight junctions were also observed consistent with the measured
increases in permeability. The molecular mechanism underlying endothelial permeability
increases after TNF-a treatment involves reorganization of tight junction proteins (172) and
reorganization of ezrin/radixin/moesin (ERM) proteins through p38 MAPK activation (192).
These ERM proteins function as membrane-cytoskeletal linkers and are required for cytoskeletal
rearrangements(193). Koss et al showed that endothelial permeability was not increased in TNF-
a stimulated endothelial barriers in the presence of a p38 MAPK specific inhibitor or treatment
with siRNA for the ERM proteins (192).
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Figure 27: Signal transduction pathways activated in endothelial cells upon TNF-a/TNFR-1 binding. Multiple cellular
functions are modulated including, apoptosis, cell surface adhesion molecule expression (e.g. ICAM1), tight junction and
adherens junction reorganization, cytoskeletal changes and NF-icp signaling [figure from (186)1
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TNF-a targeted therapy

TNF-a is involved in a variety of human diseases, such as autoimmune, cancer, cardiovascular,
diabetes, neurologic and pulmonary diseases (180). A number of TNF-a targeted therapeutics
have been approved by the FDA for autoimmune diseases (rheumatodis arthritis and psoriasis)
and others are in ongoing clinical trials (180). These therapeutics are mainly TNF-a antagonists,
including monoclonal antibodies and receptor derivatives. Adverse effects from these
therapeutics include increased risk of infection, blood disorders, lymphomas and solid tumors.

5.2. Biochemical stimulation methods

TNF-a stimulation in intravasation assay

3D matrices seeded only with MDA231MenaINV breast carcinoma cells were injected into
devices prepared using the methods described in chapter 4. Forty-eight hours after seeding a
single endothelial cell suspension in the endothelial channel to ensure the formation of a
confluent monolayer, and different doses of TNF-a were added only to the endothelial channel.
Endothelial permeability was measured 48hours after TNF-a stimulation and devices were fixed,
stained and imaged to identify tumor cells that had intravasated. We also performed tracking of
tumor cell migration in the intravasation experiments in order to investigate the effect of TNF-a
on tumor cell migration. Endothelial monolayers had been stimulated for at least 40 hours before
live cell imaging to monitor cell migration using the methods described in chapter 3.

5.3. Biochemical regulation of endothelial permeability and intravasation

Modulation of endothelial barrier function with TNF-a in the presence of tumor cells

We were interested to investigate whether perturbation of endothelial permeability with
biochemical factors in the absence of macrophages, could also result in enhanced intravasation
rates. We designed experiments under the same experimental conditions as those described in the
control experiments (chapter 4). Stimulation with 2ng/ml TNF-a resulted in higher permeability
values (2.27 x 10-5 cm/s) compared to control (1.8 x 10-5 cm/s), resulting in a 1.26-fold
statistically significant (p=0.0363) increase (Figure 28B).

Tumor cell intravasation under biochemically perturbed endothelial barrier function

We found that a significantly (p=0.034) higher percentage of MDA231MenaINV tumor cells
(7.25%) intravasated after 2ng/ml TNF-a stimulation compared to the control conditions
(0.45%). We also compared the tumor cell migration speed of tumor cells in the vicinity of the
endothelium and found that it did not significantly (p=0.39) change after TNF-a stimulation.
More specifically, the breast carcinoma cells migrated at 13.23 gm/hr under control conditions
compared to 14.82 pm/hr under TNF-a conditions.
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Figure 28: (A) TNF-a stimulation increases carcinoma cell intravasation in the absence of macrophages. Average values
for n=3 devices per condition. (B) Absolute endothelial permeability to 70kDa dextran in the intravasation experiments.
Average values for n=6 regions per condition. (C) Quantification of breast carcinoma mean migration speed. Average
values for n=10 trajectories per condition. Error bars represent standard error of the mean.

5.4. Discussion of underlying mechanism and comparison with macrophage-induced
intravasation

To further test the hypothesis that endothelial barrier impairment is associated with higher tumor
cell intravasation efficiency, we stimulated the endothelial barrier with TNF-a and measured the
number of tumor cells that had intravasated. We showed that exposing endothelial monolayers to
TNF-a can also increase endothelial permeability in the presence of tumor cells, consistent with
our results of the TNF-a dose response on the endothelial monoculture in chapter 2. Under these
conditions, tumor cell intravasation was increased, whereas we did not observe a significant
increase in tumor cell motility. The measured increase in intravasation rate upon endothelial
barrier perturbation with TNF-a provides further support to our findings of macrophage-induced
endothelial barrier impairment to assist tumor cell intravasation in chapter 4. Taken together
these results suggest that the endothelium poses a barrier to tumor cell intravasation and that
factors in the tumor microenvironment that can impair endothelial barrier function can facilitate
intravasation.

Effects of TNF-a on endothelial cells

Our measurement of TNF-a effects on endothelial permeability in the intravasation studies
(Figure 28) are in agreement with the endothelial monoculture dose response (Figure 12) and
experiments using human fibrosarcoma cells under invasive growth conditions (Figure 17). It is
important to note that a more sensitive measurement can be obtained by monitoring the temporal
profile of transendothelial transport in the same device after addition of TNF-a, compared to
average measurements from multiple devices. We also discussed this issue in chapter 2 and have
suggested that it might be explained by variations in endothelial seeding in different devices.

Apart from the upregulation of the inflammation related signal transduction pathways in
endothelial cells through TNF-a stimulation, an important additional point that should be further
investigated is the potential effects of endothelial permeability increases on establishing altered
exogenous (e.g. EGF) and endogenous (e.g. tumor cell CSF-1 autocrine) gradients. Under TNF-a
stimulation conditions, the effective EGF concentration inside the 3D matrix can be different
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than the control experiments. In order to get an order of magnitude estimate for these
concentrations we may consider that EGF has the same diffusive permeability as the 1OkDa
dextran and calculate the effective concentration on the basal endothelial surface under
assumptions of negligible EGF binding to the matrix and to the endothelial surface. The first
assumption requires further study since Yang et al showed that EGF can bind to collagen type I
(194), whereas the latter assumption is warranted due to the low expression of EGF receptors by
endothelial cells (121).

TNF-a effects on tumor cells

Previous studies have shown that the TNF-a effects on tumor cell migration depend on cell type,
TNF-a concentration and duration of treatment. Hou et al (195) showed that a very high
concentration (100ng/ml) is required to increase migration of chondrosarcoma cells, whereas
Montensano et al showed that dose as low as lng/ml is sufficient to induce enhanced 3D
invasion after 48hours (184). Studies of epithelial cells in 3D collagen gels have demonstrated
increased expression of MMP-9 and a2p 1 after stimulation with 1 Ong/ml TNF-a (184). We have
shown that under stimulation with 2ng/ml of TNF-a, tumor cell migration speed is not
significantly affected in the first 12 hours. However, there might be activation of other
inflammation related signal transduction pathways (e.g. expression of surface adhesion
molecules) which may also regulate the ability of tumor cells to intravasate, in addition to the
endothelial barrier impairment. Future studies are required to investigate the expression of these
pathways (e.g. integrins, MMPs) in tumor cells when in contact with the endothelial barrier.

TNF-a effects on transendothelial migration and intravasation

Our results of TNF-a induced enhancement of tumor cell intravasation and tumor-endothelial
cell interactions are in agreement with a transwell study by Okada et al (138). In this study,
HUVEC monolayers and the fibrosarcoma HT1080 cell line were used to demonstrate that
stimulation of HUVEC cells with lng/ml TNF-a resulted in a 2-fold increase in the number of
HT1080 cells that invaded the HUVEC seeded filters in a E-selectin dependent mechanism.
Interestingly, the role of TNF-a has also been shown in transmigration of other cell types apart
from tumor cells. Teo et al used a live-cell imaging based transmigration assay, where
mesenchymal stem cells (MSC) were seeded on top of endothelial monolayers on glass
coverslips and demonstrated that TNF-a enhanced bone marrow-derived MSC transmigration
(187). Stimulation of endothelial barriers with high doses of TNF-a (100ng/ml) has also been
shown to be critical for transendothelial migration of dendritic cells across lymphatic endothelial
monolayers and was also associated with impaired barrier function (175) with increases
comparable to our results.

An important direction for future work is to investigate the molecular mechanism of enhanced
tumor cell intravasation in TNF-a treated endothelial monolayers. In particular, the effects on
both endothelial and tumor cells should be investigated, as well as effects on their juxtracrine or
paracrine interactions. For example, it would be necessary to investigate in the microfluidic
device, how TNF-a alters endothelial cell-cell junctions and whether the endothelial cell secreted
basement membrane integrity is affected. Both mechanisms are possible since previous in vitro
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studies have demonstrated that TNF-ca alters both endothelial basement membrane integrity (191)
and VE-cadherin junctions (189).

Relationship between endothelial barrier function and transendothelial migration

The association between transendothelial transport of cells and biomacromolecules (cellular and
diffusive permeability) is not surprising and could also be explained by common molecular
players regulating these transendothelial transport routes. For example, myosin light chain kinase
has been reported to be involved in both endothelial permeability changes in response to TNF-a
(172) and also in tumor cell transendothelial migration via endothelial cytoskeleton contraction
(43). Similarly, cell surface adhesion molecules which have been implicated in transendothelial
migration (e.g. ICAM-1 (64) expressed on endothelial cells and linked with reverse
transendothelial migration) have also been reported to regulate endothelial barrier function (196)

The association between vascular permeability and tumor cell transendothelial migration has also
been demonstrated in the context of extravasation. Weis et al showed that in an experimental
metastasis model, tail vein injection of tumor cells overexpressing VEGF resulted in enhanced
extravasation efficiency (129). Stoletov et al, also showed that tumor cells overexpressing VEGF
were more potent in sending invasive protrusions into the blood vessels of a transparent zebrafish
(52), and relevant findings have been shown in the clinic where higher number of circulating
tumor cells were found in colorectal tumors with higher blood vessel density (51). Apart from
the role of cytokines in linking tumor cell transendothelial migration and permeability, Shen et al
showed that breast cancer cell adhesion on the endothelial monolayer activated endothelial
MMP-2 expression, which promoted transendothelial migration and decreased transendothelial
resistance (197). The authors showed that these effects could be reduced by inhibiting TIMP-2 /
MMP-14. In the future it would be interesting to perform MMP inhibition studies in the
microfluidic device presented here and investigate the potential role of MMPs in intravasation.
Finally, extracellular matrix proteins in the tumor microenvironment have also been shown to
regulate both endothelial permeability and transendothelial migration. Sahni et al showed that
fibrinogen enhanced transendothelial migration of metastatic tumor cells and interacted with VE-
Cadherin to increase endothelial permeability (174).

Mechanism of tumor cell intravasation

An interesting analysis that could be performed using the unique capabilities of our assay is to
characterize the time required for tumor cells to intravasate and relate this to the presence of
macrophages. Furthermore, the sequence of events occurring during intravasation should also be
characterized, as well as, whether macrophages need to be in contact with the tumor cells at the
location of intravasation. Careful analysis of these movies may also lead to interesting
observations, such as those in chapter 3 of hotspots of tumor cells crossing onto the endothelial
channel, that could be explained by macrophages or tumor cells inducing remodeling of VE-
Cadherin at spots where "leader" tumor cells have interacted with the endothelium that could be
probed by the "follower" tumor cells as they are trying to migrate onto the channel (124).

Detailed observation of live cell movies of tumor cell intravasation demonstrated that tumor cells
were heterogeneous in their ability to intravasate. This could be explained either by a
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heterogeneous tumor cell population or by local changes to the microenvironment (e.g. local
remodeling of the endothelial barrier (e.g. via macrophages?). Although, studies from the
Quigley group have provided evidence for a heterogeneous tumor cell population (e.g. VEGF
expression) (57), newer studies from the same group (16), as well as work by the Condeelis
group (13), critically implicate factors in the tumor microenvironment to explain the measured
differences in intravasation. Comparative analysis of serially injected prostate carcinoma cells in
the chicken embryo assay, demonstrated that cancer cells that had been grown continuously in
the embryo assay for seven or more passages, exhibited significantly higher intravasation rates
compared to the parental cells (57). An important point to be considered is that this heterogeneity
may also be relevant for human tumors in patients, which are continuously evolving during
tumor progression and cancer metastasis. On the other hand, if we assume that local
microenvironmental remodeling is responsible for this observed heterogeneous response, it
would be interesting to investigate effective ways (including TNF-a with combination of other
cytokines or endothelial-macrophage adhesion) to target the macrophage's ability to facilitate
intravasation. Furthermore, a very interesting and open question that can be addressed with our
assay is whether specific tumor-endothelial adhesion is required on the endothelial basal surface
for tumor cell intravasation and what heterotypic cell adhesion molecules are involved.

Our findings of increased intravasation under conditions of increased permeability show a
correlative relationship and additional investigations are required to identify a possible causal
relationship. One of the challenges is how to uncouple the potential effects of macrophage-
secreted and exogenously applied (TNF-a and cAMP) factors on tumor cell invasiveness from
the effects on tumor cell intravasation, in order to accurately demonstrate that the increased
permeability values are predominantly responsible for the increased intravasation rates. Finally,
although we have demonstrated that macrophage-secreted TNF-a critically regulates tumor cell
intravasation, additional blocking antibody studies should be performed to identify more possible
targets that reduce intravasation (e.g. tumor-endothelial cell adhesion).

79



Chapter 6: Conclusions and Future work

6.1 Conclusions and thesis contributions

Tumor cell entry into the blood vessels is a rate-limiting step in cancer metastasis and ultimately
accounts for 90% of cancer-related deaths. A major barrier for the development of effective
targeted therapies against cancer metastasis is the lack of complete knowledge of the underlying
mechanisms. Although, imaging tumor cell motility in vivo has significantly advanced recently,
our limited understanding of cancer cell intravasation is in part because of the lack of
physiologically relevant in vitro models and the challenges associated with dissecting tumor-
endothelial interactions in vivo. In this thesis, we have designed and validated a microfluidic-
based 3D assay to monitor tumor-endothelial-macrophage interactions in the context of
intravasation. We employed our novel assay and approach to address a critical question in cancer
research and determine whether tumor cell intravasation requires endothelial barrier impairment.

Compared to other in vitro models of tumor-endothelial cell interactions, the assay presented in
this thesis has the advantages of a well-characterized endothelial barrier with a hollow lumen on
a 3D matrix and the inclusion of a third cell type. Furthermore, it allows for direct observation of
cellular shape and endothelial junction integrity, combined with real-time, spatially resolved
measurement of the endothelial barrier function. The utility of our assay is supported by the
demonstration of size-selective endothelial barriers with comparable permeability values to other
in vitro systems. Dose response studies to the inflammatory cytokine TNF-a showed a graded
endothelial permeability response, and our method was able to differentially measure endothelial
permeability for various endothelial cell lines. Using a human metastatic fibrosarcoma cell line
we also demonstrated the ability to image and quantify tumor cell intravasation in a 3D matrix
across a hollow vascular lumen.

Transport of oxygen, nutrients, biomolecules and cells across different organs is regulated by the
vascular endothelium operating as a selective and dynamic barrier. Tumor blood vessels are both
structurally and functionally abnormal, however it has been largely unknown whether endothelial
barrier dysfunction plays a role in tumor cell intravasation. We employed our model to address
this question and have showed, that an intact endothelial monolayer poses a barrier to tumor cell
intravasation with less than 0.5% of tumor cells intravasating under control conditions. Using
biochemical stimulation with TNF-a and dysfunctional endothelial barriers, we showed that
higher values of endothelial permeability were associated with increased intravasation, ranging
from a four-fold to a ten-fold increase compared to the control conditions. These results may be
explained by common molecular mechanisms (e.g. mediated via endothelial cell-cell junctions)
regulating transport of both biomolecules and cells across the endothelial barrier. Not
surprisingly, the association between permeability and transendothelial migration has also been
shown in the context of cancer cell extravasation (129) as well as for other cell types including
dendritic (175) and white blood cells (198).

The ability to visualize tumor cells in the process of intravasation is critical for gaining insights
into the underlying mechanisms of tumor-endothelial-macrophage interactions. We performed
real-time imaging of tumor cell invasion at single cell resolution and also high-resolution
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endpoint imaging to assess endothelial monolayer integrity. By tracking the trajectories of tumor
cells as they migrate towards and across the endothelial barrier we provide new data on the
largely unexplored time-scales of tumor-endothelial interactions under a well-controlled
microenvironment. Careful observation of the time-lapse videos led to a number of interesting
qualitative observations: (i) tumor cells formed dynamic invasive protrusions to probe the 3D
environment and the endothelial barrier, (ii) endothelial cells were not static but actively
migrating within the endothelial monolayer, (iii) tumor cell shape changed significantly in the
process of intravasation and (iv) tumor cells migrated preferentially towards regions of
endothelial monolayer remodeling. Interestingly, this last observation of tumor-endothelial
interaction "hotspots", suggests possible tumor-tumor cell cooperation during tumor cell
invasion and active bidirectional tumor-endothelial signaling. Consistent with the intravasation
results, we found that endothelial barrier impairment also regulated the number and dynamics of
tumor-endothelial interactions.

Macrophage infiltration in breast tumors has been associated with poor prognosis, however the
role of macrophages on vessel remodeling and their contribution to tumor cell dissemination
remains largely unknown. Using our microfluidic-based approach we found that the presence of
macrophages resulted in increased intravasation and also led to an impaired endothelial barrier
function via secretion of soluble TNF-a. In these experiments, macrophages were localized to
both the apical and basal endothelial surfaces, suggesting that both paracrine and juxtracrine
interactions were possible in our experiments. To demonstrate the robustness of the observed
phenotype, we performed intravasation experiments with different endothelial and tumor cell
lines and found similar results. Characterization of macrophage polarization status in a Ml or
M2 state was performed via measurement of secreted cytokines and immunostaining.
Macrophages formed a heterogeneous and mixed M1/M2 population under control monoculture
conditions, which could be driven to an Ml or M2 state through biochemical stimulation with
LPS or IL-4 respectively. However, we did not observe any significant changes in Ml and M2
marker expression between macrophage monoculture and conditions of macrophage-tumor-
endothelial coculture. To investigate the specificity of macrophage-induced endothelial barrier
impairment, we cocultured epithelial and cancer cells and measured endothelial permeability.
Comparison of endothelial permeability values revealed that macrophages were the most potent
in impairing endothelial barrier function. To further investigate this mechanism, we stimulated
the endothelial barriers with cAMP to decrease permeability. Although, we found that there was
a significant reduction in permeability, intravasation rates were only mildly reduced under these
conditions.

Using our assay we investigated whether tumor cell intravasation can be regulated both by tumor
cell-intrinsic and -extrinsic factors. We showed that factors in the microenvironment such as
inflammatory cytokines and macrophages enhanced tumor cell intravasation for different breast
carcinoma cell lines. Furthermore, in experiments with breast cancer cell lines of the same
genetic background, we found that the cells expressing the MenaINV actin binding protein were
more effective in crossing the endothelial barrier. Other investigators have also shown tumor cell
intravasation regulation by investigating the role of other immune cells (16), as well as EMT-
related signal transduction pathways (47). In agreement with these results, we found that human
fibrosarcoma tumor cells of mesenchymal origin exhibited higher intravasation rates compared
to breast carcinoma cells of epithelial origin. Intravasation rate was also dependent on the
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phenotype of the endothelial cells, where breast carcinoma cells intravasated more readily across
macrovascular endothelial cells that expressed lower levels of basement membrane
glycoproteins.

Our findings on the interplay between endothelial barrier function and tumor cell intravasation
are graphically shown below (Figure 29). Under conditions of intact endothelial monolayer, the
endothelial barrier poses a barrier to tumor cell intravasation. The presence of macrophages in
the vicinity of the tumor and endothelial cells results in endothelial barrier impairment via
macrophage-secreted e TNF-a. Under these conditions of endothelial hyperpermeability, tumor
cells intravasated more efficiently. In order to confirm this interplay between endothelial
permeability and tumor cell intravasation, we performed multiple experiments to perturb
endothelial barrier function using cytokine stimulation, different endothelial cell lines and
neutralization antibody experiments.

Intact endothelial barrier Endothelial barrier Impaired

Endothelal cell
monolayer

- Cancer cell Cancer cell

Macrophage - EC
Signlng

Macrophage-induced
endothelial

barrier impairment

Figure 29: Proposed mechanism of endothelial permeability - tumor cell intravasation association and macrophage-
facilitated intravasation

6.2 Implications

Our findings demonstrate that endothelial cell phenotypes and barrier function play a critical role
in tumor cell intravasation. An important implication for in vivo and clinical studies is that tumor
cell intravasation rates would be higher in leaky tumor vessels. This could be validated using the
in vivo models described in chapter 2, where endothelial permeability would be measured in
combination with tumor cell motility. Our results also raise an important implication for in vitro
studies employing transwell systems, that endothelial monolayer growth and its functional
characteristics should be thoroughly examined. Particularly, the presence of tumor cells and
other cell types might lead to endothelial barrier impairment and remodeling, which could result
in tumor cell migration across gaps in the endothelium and not through the endothelial cell-cell
junctions. This is an important point, since although it is well established that tumor blood
vessels are functionally and structurally abnormal (28, 50), it is unclear if tumor cells
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transmigrate in vivo across a continuous endothelial layer or across inter-endothelial gap spaces.
Hence, one may speculate that a possible mechanism by which macrophages facilitate tumor cell
intravasation could be the induction of gaps between endothelial cell-cell junctions, through
which tumor cells can invade. Our device and approach offers a great tool to address these
questions and investigate tumor intravasation dynamics.

Along these lines, an important question that could be addressed with our assay is whether the
occurance of cancer cell intravasation itself impairs endothelial barrier function. This has
implications for cancer drug delivery and therapeutic targeting of cancer metastasis, arguing that
normalization of tumor blood vessels can reduce intravasation rates but further work is required
to investigate how vessel normalization will impact drug penetration and whether this limits the
available drug concentration in tumors.

6.3 Future research directions

Technical innovation and analysis

Analysis of intravasation efficiency showed that tumor cell intravasation is a rare event with a
probability of occurrence approximately around 5%. While low occurrence events can be
analyzed with imaging methods, as demonstrated in this thesis, use of this assay for drug
screening would require a large number of different conditions (e.g. drug combinations and
different concentrations) rendering imaging-based analysis methods inadequate. This challenge
can be overcome by methods that allow for collection of the tumor cells that have intravasated
for subsequent off-chip analysis. In addition, collection of tumor cells would enable DNA and
RNA analysis, which would be complementary to the high-resolution imaging analysis presented
here. These methods require cell numbers in the order of a few thousand. Thus given the 5%
occurrence of intravasation events, the total surface area of the endothelial monolayer would
need to be increased by a factor of 500, in order to ensure that at least 1000 cells intravasate. An
important challenge here is how to selectively isolate only the tumor cells that have intravasated.
We propose that the collection of these cells could be performed via two different methods: a)
selective labeling of only the intravasated cells through flushing the endothelial channel with a
dye that would only minimally diffuse (e.g. large molecular weight) across the endothelial
barrier and b) establishment of a high enough flow-rate that could dislodge the tumor cells from
the apical endothelial surface after they have intravasated. The successful integration of cell
isolation after intravasation will open new avenues to use the device, not only for drug discovery
and screening, but also for biochemical analysis of small volume clinical specimen samples.

Another important device characteristic that could be improved is the minimization of the 3D
matrix total area that is in contact with the PDMS posts and where intravasation events can
occur. Device designs as those presented by Liu et al (123) which do not require in-plane posts
could be implemented. However, these designs still include stiff two-dimensional supports,
which could lead to heterogeneous stiffness sensing by the endothelial cells. To overcome this
limitation, a thin ECM coating layer spanning the full channel perimeter (bottom coverslip-3D
ECM-top PDMS surface) can be introduced, to ensure the presence of a basement membrane
with uniform properties. This would provide a more physiologically relevant substrate and would
improve differential adhesion on the collagen versus glass and PDMS surfaces. To address this
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aim, preliminary experiments in the Kamm lab have shown that a thin layer of Matrigel can be
incorporated into the microchannels after the 3D matrices have been injected into the gel region.
Finally, to mimic more closely the in vivo conditions, fluid flow control should be incorporated
into the endothelial channel. This may require design modifications (e.g. channel dimensions) to
achieve physiologically relevant blood flow velocities and shear rates to be achieved. A point to
be considered is that reduction of channel width from its current dimension of 500 pim, may lead
to challenges with endothelial cell seeding.

Taken together the results of endothelial barrier impairment and tumor cell expression of actin
binding regulatory protein suggest multiple processes (e.g. chemotaxis and endothelial junction
integrity) can control that intravasation. Future work could include the analysis of these
processes using a systems-level approach, where these processes are modeled as sequential or
parallel steps. By designing experiments to modulate these processes independently, weighting
coefficient could be calculated to identify the most critical processes. This approach could
provide useful information for combined inhibition studies at the tumor, endothelial and cell-cell
interaction levels to minimize the number of intravasating tumor cells.

Macrophage polarization and macrophage effects on tumor cell invasion

An exciting direction for future work is the investigation of the role of macrophage polarization
during interactions with tumor cells and endothelial cells in the context of tumor cell migration,
intravasation and endothelial permeability regulation. This is particularly important for a
comprehensive understanding of the mechanism by which macrophages facilitate intravasation
and the identification of M1/M2 related cytokines. In our TNF-a blocking experiments
intravasation rate was not reduced down to the baseline levels, suggesting that there may be
additional factors that regulate tumor cell intravasation. This result may also be explained by a
heterogeneous macrophage population secreting both M1 and M2 associated cytokines and
highlight the need for new blocking antibody experiments against both M1 and M2 related
cytokines. To effectively inhibit intravasation, we propose designing blocking experiments
against, e.g. VEGF and TNF-a, or coculture with macrophages deficient in producing M1/M2
cytokines. These results would also have implications for the role of macrophages in regulating
endothelial barrier function in the context of other diseases [e.g. atherosclerosis (180)], where
macrophages may as well be polarized to an M1 or M2 phenotype.

The focus of this thesis has been on the role of macrophages in regulating endothelial barrier
function and intravasation. We established a correlative relationship between tumor cell
intravasation and endothelial permeability, however additional work with engineered cell lines
and blocking antibody experiments would be required to prove a causal relationship. An
important point here is that although we showed that blocking TNF-a reduced intravasation
effiency, we have not investigated whether this also regulated tumor cell invasion. Although, an
EGF/CSF-1 paracrine loop has been shown (160) to critically modulate tumor cell invasion,
there may also be additional macrophage secreted factors that could regulate critical tumor cell
functions (e.g. MMP expression) for transendothelial migration. Future studies should
investigate any macrophage-induced alterations in tumor cell invasiveness in our systems which
could contribute to tumor cell intravasation, in order to establish a causal relationship between
tumor cell intravasation and endothelial permeability. One possibility here, is to perform the

84



intravasation assay with tumor cells which would be insensitive (e.g. no TNF-a receptor) to the
biochemical stimulation on the endothelial cells to perturb permeability.

Molecular mechanism of intravasation

The ability to form well-characterized endothelial monolayers with a hollow lumen in the
presence of invading tumor cells enables us to study the transmigration mechanism when tumor
cells encounter the basal surface of the endothelial monolayer. Although a number of studies
have investigated the mechanisms of tumor and white blood cell adhesion on the endothelial
apical surface (45), the molecular mechanism of tumor-endothelial interactions on the basal
endothelial surface remains largely unknown. In particular, it is not clear whether tumor cells can
specifically adhere on the basal surface where endothelial cells also form a basement membrane.
Studies with macrophages and neutrophils that investigated basal-to-apical transendothelial
migration have shown the involvement of the endothelial adhesion molecules JAM-C and
ICAM-1. In addition to designing experiments to investigate the role of these endothelial
adhesion molecules on tumor cell intravasation, it would be interesting to investigate the role of
MMPs, which could be secreted by the tumor cells and/or the macrophages. Interestingly, it has
also been shown that MMP secretion by endothelial cells can facilitate tumor cell extravasation
(88).

An interesting question with important implications is whether tumor cell intravasation impairs
endothelial barrier function, and whether this is reversible. It should be noted, that future studies
are also required to examine whether the normal endothelial cells used in our study are
representative of the endothelial phenotypes in the tumor microenvironment. Although, we
showed that an endothelial barrier comprised of "dysfunctional" endothelial cells can be more
easily transversed by tumor cells, future work should investigate the intravasation efficiency of
patient derived human tumor cells and tumor-derived endothelial cells.

Tumor microenvironment and endothelial barrier regulation in other applications

An obvious direction for future work is the investigation of the role of additional
microenvironmental factors, such as fluid flow (blood flow induced shear stress or interstitial
flow) and other cell types such as neutrophils, platelets, pericytes and fibroblasts on
intravasation. Platelets have been shown to be critically involved in extravasation by secreting
TGF-$, which can result in enhancing tumor cell invasion (199), however their role in
intravasation is currently unknown. Preliminary results of endothelial cell alignment under
application of physiological levels of shear stress are briefly presented in Appendix A8.

The approach developed in this thesis may also find application in studying other physiological
and pathophysiological phenomena where endothelial barrier function is important. For example,
tumor cell extravasation can be studied with minor modifications of the experimental protocols.
Tumor cells can be added in suspension in the endothelial channel after the endothelial barrier
has formed. Also, the role of leukocyte transmigration and leukocyte-endothelial interactions in
the context of other diseases (e.g. atherosclerosis and inflammation) where endothelial barrier
function is important (30) can be studied with our assay. Finally, our assay design allows us to
investigate and decouple the relative roles of juxtracrine and paracrine interactions. This is
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particularly important because different molecular mechanism may be involved in
paracrine/juxtracrine signaling and the microfluidic device can allow for studying both of these
phenotypes, by seeding the cell type of interest in a microchannel distally located from the
endothelial barrier.

Although the focus in this thesis has been on hematogenous metastasis, that is cancer invasion
through the blood vessels, it would be interesting to develop new protocols for using the
microfluidic assay to also study the mechanisms of blood-vessel independent metastasis, such as
peritoneal metastasis of ovarian cancer.
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APPENDIX

SUPPLEMENTARY FIGURES
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Figure Sl: Protocol timeline and overview. Time-scales depend on tumor cell invasive potential and 3D ECM
concentration (e.g. 1-3mg/ml)
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Figure S2: Boundary conditions and parameters for the computational model
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Figure S3: (A) Number of tumor cells within 250pm from endothelial monolayer in the TC-EC interaction
experiments. Average values for n=3 devices per condition. (B-C) Titration experiments on endothelial
monolayers formed on collagen gels to ensure monolayer confluence. (D) Migration velocity in the TC-EC
interaction experiments for HT1080 cells. (E) Migration trajectories of HT1080 cells in the process of
migration beyond the endothelial barrier (red line). Black arrow points to a "hotspot" of tumor-endothelial
interactions (F) Migration speed of HT1080 on the endothelial channel. Average values for at least n=10
trajectories per condition. Error bars represent standard error of the mean.

HT1080: fibrosarcoma MDA231: breast cancer Mesench mal Stem Cells Dermal Fibroblasts

Figure S4: Different cell types invading in the 3D ECM in the presence of endothelial cells. Low magnification
phase contrast (top row) and high magnification images (bottom row).
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Figure S5: (A) Number of tumor cells in contact with the endothelial monolayer in the absence (control) and
presence (Mp) of macrophages. (B) Intravasation efficiency for MDA231MenaINV cells for microvascular
and macrovascular primary endothelial cells in the presence of macrophages. Average values for n=3 devices
per condition. Error bars represent standard error of the mean.

Control: No flow re ion

Figure S6: (A) Phase contrast images of endothelial monolayer before shear stress application. (B) Alignment
of endothelial cells in response to a shear stress of 0.3Pa after 24hours. (C) Endothelial cells do not align in a
region of the device where static conditions were established. (D) High magnification phase contrast image
showing endothelial cell alignment in the dashed window shown in (B).
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Figure S7: (A) Fluorescent intensity distribution of 70kDa and outline of the measurement window (red lines)
(B) Evolution of average fluorescent intensity in the measurement window versus time (blue circles) and
estimation of the slope (dl/dt)
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Figure S8: Device schematic with definitions for intravasation assay protocol
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Al. Alternative analysis method of intensity profiles for endothelial
permeability

We employed the method developed by Curry et al to quantify the diffusive permeability and
compared the results to our method assuming steady state.

The diffusive permeability is given by the following equation:

PD = w (-/AI)

where w is the channel width, dI/dt the change in fluorescent intensity in the measurement
window with time, and AI the difference in fluorescent intensity at t=0.

Using the above equation we estimated a PD value of 1.92x1 0-5 Cm 2/S, compared to a 70% higher
coefficient of 3.42x1 0~5 cm 2 /s for our method described in chapter 2. See Supplementary Figure
7 for a plot of dI/dt and the measurement window used to estimate these values.

A2. Device fabrication protocol

Materials
1. PDMS Body liquid (10 parts)
2. PDMS curing agent (1 part)

Procedure

PDMS Mixture Preparation
1. Pour 10parts of PDMS body liquid in a plastic cup while measuring its weight
2. Pour 1 part of PDMS curing agent while measuring its weight
3. Stir the mixture well
4. Remove the bubbles using the vacuum chamber

a. Turn on vacuum and close the valve to sustain it
(Make sure to cover the chamber with tissue)

b. Let degassing for 20minutes
c. Watch out for overflow

PDMS Pouring
5. Pour the PDMS onto the wafers
6. Degas the poured wafers into the vacuum chamber and poke remaining bubbles

PDMS Baking
7. Bake the poured wafers for 24 hours in 80C
8. Detach by cutting with razor

PDMS-Device punching
9. Punch holes and cut out separate devices
10. Clean devices with tape to remove PDMS debris and dust particles
11. Autoclave: First a wet and then a dry cycle (each 20 / 10 minutes)
12. Dry in oven overnight @ 80C
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A3. Cell culture protocols

MVEC (Lonza) and HUVEC (Chan lab, National University of Singapore) were grown in EGM-
2MV medium to confluence. MDA231MenaINV-GFP, MDA231GFP (Gertler lab, MIT) and
HT1080 (ATCC) cells were grown in DMEM (Invitrogen) supplemented with 10% FBS
(Invitrogen), L-glutamine and Penicillin-Streptomyocin (Invitrogen) to 70% confluence.
RAW264.7 (ATCC) cells were grown in the same base medium as the tumor cells, but with heat-
inactivated serum to minimize activation prior to culture in the devices. For the endothelial
permeability experiments with different cell types, the human mammary epithelial cell line
MCF1OA (Brugge Lab, Harvard Medical School) was grown as previously described (200) to
70% confluence. All cells were grown in a humidified incubator and used only up to passage six.

A4. 3D ECM - Collagen gel recipe

<Recipe: collagen type I / rat tail from BD biosciences>
* The collagen solution can be used immediately or held on ice for 2-3 hours.
* New recipe required for every new collagen batch (adjust collagen concentration)
* pH of the gel may not be accurate. For example, pH9.0 gel may be pH 8.5-9.5.
* If you need an accurate pH value of the gel, you should measure the pH for every gel

(1) 2 mg/ml collagen gel -------------------

Solution pH 5.5 pH 7.4 pH 9.0 pH 11.0

1OxPBS 20pl 20tl 2 0tl 20p1l
0.5N NaOH pl 7.8 pl pl Pl

water pl 65.5 pl p1  pd
3.75 mg/ml collagen (6/30/09 opened) pl 106.7 ptl Pl pl

Total 200 pl 200 pl 200 pl 200 p1

* pH 9.0 & 11.0 collagen gels are stiffer than pH
7.4 gel.

(2) 1 mg/ml collagen gel, pH 7.4

1OxPBS 20 tl
0.5N NaOH pl

water
--- mg/ml collagen (BD)_ _. - 51._4_p

Total 200 jil

(3) 2.5 mg/ml collagen gel, pH 7.4

1OxPBS 20 pl
0.5N NaOH pl

water pl

- Tmg/m collagen (BD)_- _--__ 8.5_pl
Total 200 pil

C,)
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E
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A5. Indirect Immunofluorescence staining
(Adapted from Acini Indirect Immunofluorescence stainingfrom the Brugge Lab)

1) Fixation: Aspirate the medium from one side of each channel and immediately add 60ul of 3-
4% paraformaldehyde at room temperature. Let it flow through and let it sit for 30min. Rinse
twice in PBS and store in PBS at 4C.

2) Permeabilization: Permeabilize with PBS containing 0.5% Triton X-100 for 10 minutes at
room temperature. Depending on the antibody utilized for immunostaining, the detergent
concentration or duration of permeabilization may require modification.

3) Glycine Rinse: Rinse 3 times with 1x PBS/Glycine (130 mM NaCl; 7 mM Na2HPO 4; 3.5 mM
NaH 2PO 4 ; 100 mM glycine), 10-15 minutes per wash at room temperature.

4) Primary Block: Incubate with 1x IF Buffer (130 mM NaCl; 7 mM Na 2HPO4; 3.5 mM
NaH 2PO 4; 7.7 mM NaN3; 0.1% BSA; 0.2% Triton X-100; 0.05% Tween-20) +10% goat
serum for 45-60 minutes at room temperature.

5) Primary antibody: Add primary antibody in block solution. Let it flow through twice and add
some more to all sides of the channels. Incubate overnight (15-18 hours) at 4"C. Although
optimal antibody concentrations should be determined empirically on a case-by-case basis, a
1:200 to 1:300 dilution of the primary antibody is a good starting point.

6) Rinse 3 times (20 minutes each) with lx IF Buffer at room temperature.
7) Secondary Antibody: Incubate with fluorescent conjugated secondary antibody in IF Buffer +

10% goat serum for 40-50 min at room temperature. We recommend Alexa conjugated,
highly cross-absorbed secondary antibodies from Molecular Probes used at 1:200 dilution; in
our experience, these secondary reagents exhibit low levels of background, and minimal
cross-reactivity between species, making them useful for double immunostaining procedures.

8) Rinse 1 time (20 minutes) with IF Buffer at room temperature with gentle rocking.
9) Rinse 2-3 times with PBS (10 minutes).
10) In order to counterstain nuclei and/or actin filaments, incubate with PBS containing 0.5 ng

/ml 4',6-diamidino-2-phenylindole (DAPI, Sigma) and/or phalloidin-conjugated-to-
fluorophore for 15 minutes at room temperature.

11) Rinse 3 times with PBS for 5 minutes at room temperature.
12) Keep in dark and store at 40C.

Notes:
1. When adding the solutions in the device make sure to create interstitial flow by controlling

the media levels in the central vs. side channels. This way the staining solution will flow
through the gel and will stain all cells inside the gel

BUFFER RECIPES:
loX PBS/Glycine: loX IF Wash:
38.0 g NaCl 38.0 g NaCl
9.38 g Na 2HPO 4  9.38 g Na2HPO 4

2.07 g NaH2 PO4  2.07 g NaH2PO 4

37.5 g Glycine 2.5 g NaN3
5.0 g BSA
10.0 ml Triton-X 100
2.05 ml Tween-20

Bring both solutions up to a total volume of 500 ml, pH 7.4. Dilute to IX solutions before use.
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A6. Intravasation assay protocols

Overview:
The intravasation assay can be performed in two different ways:

a) Assay 1, Single Cell: By seeding the tumor cells and additional supporting cell types
(e.g. macrophages) into the gel prior to endothelial cell monolayer formation

b) Assay 2, Invasive Growth: First fill the collagen gel without embedded cells, and then
after 2-24hours seed the tumor cells onto the channel opposite to the endothelial cell
channel, and allow 2-5 days for the tumor cells to invade (invasive growth) and reach the
endothelial cell channel, before forming the endothelial monolayer

See Supplementary Figure 1 for an overview of the assay timeline and Supplementary Figure 8
for definitions of inlet, gel filling and outlet ports.

Cell preparation:
1 T25 flask of 80% EC (600,000 cells) required for 5 HTD devices
1 T25 flask of 80% TC (1,000,000 cells) required for 5 HTD devices (invasive growth)
1 T75 flask of 80% TC (5,000,000 cells) required for 5 HTD devices (single cell invasion)
1 T25 flask of 80% Macrophages (1,000,000 cells) required for 5 HTD devices

Device preparation:
Devices are prepared in the same way for the two assays. See Appendix Al for the basic PDMS
device fabrication. Plasma etching (2min vacuum/lmin plasma), immediately after (within 2-
5min) and then bind coverslip and coat with 120ul of lmg/ml PDL solution (coating can be
performed also with matrigel, collagen type I solution and fibronectin, laminin), then place in a
humidified petri-dish (avoid evaporation) and incubate at 37C overnight. Next morning, wash
twice with cell culture water (inject solution from gel filling port [Fig. 2 pink circle] to avoid
bubbles forming in the channel). Make sure that during washing the water has completely flowed
through all channels, aspirate carefully from gel filling port all water and place in 80C oven for
drying out for 48hours, after which the channel/PDMS surfaces are very hydrophobic and the
devices are ready for gel filling.

ASSAY 1: Single cell assay

The assay design 1 allows for shorter assay duration, since the tumor cells will be embedded
inside the 3D matrix and some of them will be closely located to the endothelial monolayer
(within 50-200um). Endothelial cells should be ready for seeding 1 day after the tumor cells are
seeded in the gel.

Collagen gel preparation for ASSAYI: Single Cell Invasion Assay
Prepare 1.75-3mg/ml collagen type I gel (polymerization pH~9 / see Appendix A3). Mix 5-20pl
(calculate required cell suspension density [typically 10-50million cells/ml growth medium]) of
tumor cell suspension with 200-500ul (1:10 - 1:100 ratio) collagen gel solution, to get the
desired concentration of tumor cells (typically 0.1 - imillion cells/ml gel). The pH and final
collagen gel concentration will determine tumor cell invasive potential. Very low collagen
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gel/matrigel concentration may lead to cell-mediated gel contraction forming a curved tumor/cell
interface. Fill collagen gel (take 25ul/device with a 200ul pipette tip) from one side of the gel
filling port (Supplementary Figure S8: pink circle), until halfway through the gel region, and
then switch over to the other gel filling port and complete filling. In order to avoid having the
cells settle down on the coverslip, flip the device by 180degress every 10minutes to achieve a 3D
cell distribution. If a matrigel mixture (typically dilute 1:3 of stock matrigel) is used, then the
devices should be flipped after 3minutes of filling, because matrigel polymerizes quicker than
collagen. Allow 60min for the collagen gel to polymerize and make sure to place the devices in a
humidified chamber to avoid the collagen drying out.

Culture medium filling
Fill complete endothelial cell growth medium in both channels, 1 hour after collagen gel filling.
Place 60ul in each inlet port (blue circles in Fig.2), cut a 1mL pipette tip with scissors so the tip
fits tightly to the outlet port (yellow circles in Fig.2) and apply suction 2-3times (set the pipette
to 200ul) until the medium fills the channel. Then add 60ul to each outlet port to fill up the ports,
and finally place a 60ul droplet on the exit port (fig.2 brown circle) to trap an air bubble at the Y-
junction between the two channels, in order to be able to address them independently for the
endothelial cell seeding. This air bubble would need to be removed if shear stress experiments
are to be performed, since the Y-junction serves as a pressure-equalizing interface. An
alternative protocol is to fill the Y-junction with collagen gel during the collagen gel-filling step
of the protocol. This is achieved by filling the collagen gel from the exit port: cut a 200ul pipette
tip, so it fits tightly to the exit port and fill 20ul of gel until it reaches the second gel filling port
level, but don't fill all the way towards the outlet port, because the endothelial/tumor channels
will be blocked. The channels can also be filled with other medium, however seeding endothelial
cells in complete growth medium results in good quality monolayer formation.

Endothelial cell seeding
Time point to seed the endothelial cells should be decided based on when the tumor cells are

close to the endothelial cell channel (usually 12 - 72 hours after tumor cell seeding in the gel).
Prepare a 2 million cells/ml solution and add 60ul to the outlet port of the channel opposite of the

tumor cell channel (endothelial cells can also be seeded in both channels, but make sure to seed
one channel at a time to ensure that the endothelial cells stick to the collagen gel and form a nice
monolayer on the gel). Cut a 200ul pipette tip, so that it fits tightly on the inlet port and aspirate
60ul of the cell solution through the channel. This way the cell suspension will have evenly filled
the channel in order to ensure uniform monolayer formation along the device length. Add
another 30ul/port to induce a slow interstitial flow that will push the endothelial cells towards the
collagen gel wall. An alternative method for cell seeding is, to flip the device 90deg for 30min in
a humidified chamber to get the endothelial cells to adhere to the collagen gel wall through
gravity. Endothelial cells form a good monolayer, covering the endothelial channel completely,
usually after 24hours, depending on seeding density, endothelial channel coating solutions (e.g.
matrigel and collagen type I coating work better than PDL, but the gel contracts more easily)

Changing culture medium and application of biochemical conditions
Medium should be refreshed every 24 hours, and devices should be kept in a humidified

incubator and petri-dish. To change medium, gently aspirate 60ul manually with a pipette from

each port (or adequate volume to remove all medium from top PDMS surface, but keep the
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bottom of the port filled with medium), then add a 60ul droplet at the inlet port, wait for 2
minutes until it flows through the channel towards the outlet port, replenishing the old medium
with fresh. Aspirate 60ul from the outlet port and replace it with 60ul of fresh medium. If unsure
whether channel medium has been completely replenished repeat one more time. The
biochemical conditions are applied in the same way as changing the medium.

Setting up the device for live cell imaging
Binding 2nd PDMS layer to ensure enough culture medium is present and to avoid evaporation.

Fixation
By using the same protocol as culture medium change, add 4% PFA solution for 30minutes to all
ports and make sure it has flowed completely inside the channels. Then wash three times with
PBS for 30minutes intervals to make sure no residual PFA is left in the device channels/gel.

Common problems encountered:
1. Cell debris: Tumor or endothelial cell seeding density is too high

2. Cells are not viable right after seeding: PDL washing might not be performed properly,
residual PDL (at high concentration) can affect cell viability

3. Embedded cells in the gel settle to the glass coverslip: Flip the devices upside down to
redistribute cells across z-height every 10 minutes for collagen gel, or after 3 minutes for
the matrigel.

4. Particles are seen in collagen gel. Particles can form inside the gel if the PDL washing is
not performed properly. Try filling the same collagen gel solution in PDL-untreated
devices and look for particles.

5. Cells are not viable after a few days: Medium drying out from ports can affect cell
viability. The devices should be kept in a humidified environment with the inlet/outlet
ports being continuously covered with at least 60ul of culture medium.

6. Collagen gel seems to be non-uniform: Make sure to keep the collagen gel on ice while
mixing and filling devices. Also, devices should be allowed to cool down after removing
from the 80C oven and prior to gel filling.

ASSAY 2: Invasive growth assay

Here, the protocol is very similar to assay 1, and the major difference is the introduction of the
tumor cells in the channel. This allows for running the assay for longer times and having a pure
collagen/matrigel ECM between the tumor/endothelial cell interface.

Collagen gel preparation for ASSAY2: Invasive Growth
Prepare 1.75-3mg/ml collagen type I gel (polymerization pH~9 - see Appendix A3) for invasive
growth assay. The pH and collagen gel concentration will determine the time duration for the
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tumor cells to cross the 1.3mm wide gel region and interact with the endothelial cells. Fill
collagen gel from one side of the gel filling port, until halfway through the gel region, and then
switch over to the other gel filling port and complete filling. Fill also the Y-junction with gel to
make the two channels independent. Allow 60min for the collagen gel to polymerize and make
sure to place the devices in a humidified chamber to avoid the collagen drying out.

Tumor cell seeding for ASSAY2: Invasive Growth
Tumor cells should be ready for seeding 1 day after filling the collagen gel. Prepare a 2-3million
cells/ml cell solution and add 60ul to the outlet of one of the channels. Make sure that the cells
are flowing through the channel and sticking to the gel interface. Allow the cells to settle down
to the bottom channel surface and adhere to the channel, before adding 60ul culture medium
droplets to all ports.

Endothelial cell seeding protocol and biochemical condition application are identical to
assay 1
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A7. Shear stress experiments

Methods

To create a more physiologically relevant microenvironment, we developed protocols to apply
fluid flow in the microfluidic channels. Briefly, upstream reservoirs (-30mL) were connected to

the inlet ports (see previous image) and the outlet and gel filling ports were blocked using a 2"d

layer PDMS block. A syringe pump was connected to the outlet port and constant flow-rates of

3-20 pil/min were established.

Technical Challenges

One of the technical challenges with the application of shear stress on the endothelial monolayers
in the microfluidic device is the development of protocols that ensure monolayer stability. We

found that a critical step in the assembly of the external tubing to the upstream reservoirs and

syringe pump is the connection of the tube connectors, which sometimes resulted in endothelial
monolayer distortion. Another challenge was the frequent observation of 3D matrix contraction
in the experiment where shear stress was applied, especially under conditions where fluid flow

was driven only through one of the two microchannels. This could be due to the establishment of

a differential pressure drop across the 3D matrix.

Results and discussion

Preliminary experiments with control endothelial monolayers (in the absence of tumor cells or

macrophages) showed that we could observe endothelial cell alignment in response to a shear

stress of 0.3 Pa, corresponding to a flow-rate of approximately 20ul/min (Supplementary Figure

6B, D). Endothelial cells were randomly oriented in regions inside the device were no flow was

established (next to the blocked outlet ports, see Supplementary Figure 6C).

Previous studies on the effects of shear stress on endothelial permeability have shown that long

term exposure to shear stress decreased endothelial permeability, whereas, permeability was
increased during the first few hours of shear stress application (176). This is an important point
that should be taken into consideration in experiments that will investigate the effect of shear

stress on endothelial permeability.
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A8. Permeability quantification MATLAB code
0 Script to estimate Diffusive perimeability
o loannis Zervantonakis :

% Formula for steady state data:
% Pd=D 1* dC/dx / dCidriving difference in concentration

clear all;

% Selecting dextran size
dextag= 10;
if dextag== 10;

D=9e-11;
elseif dextag==70;

ratioD=(1 0/70)^(1/3);
D=ratioD*(9e- 11);

end

manoraut=input('Give 0 for manual input of evaluation parameters or 1 to go with previously stored:');

if manoraut==0

% Scaling of pixels to imicrons;

dywconf=input('Give # of pixs corresponding to I 00um (e.g. I 26pix for HTDS22-D1: ');
dx=(100/dywconf)*(le-6); %spacing in n:
dypix=input(1 00um ',num2str(dywconf),'Give # of'pix across y (~ /5 of 10Oum): ]); % number of pix for

averaging
dypix=round(dypix);
if mod(dypix,2)==0 %N create an even number
dypix=dypix;
else
dypix=dypix+1;
end

% Define whether image needs flipping
% if rnonor I image needs 1lipping to get FC channel on the left
monor=input(Give 0 for not flipping image of I for flipping image 180:');

I% Define parameters for slope estimation
dxfitdo=input('Give # of pixs for fitting downstream slope (e.g. 100):
dxfitup=input('Give #V of pixs for fitting upstream constant conc (e.g. 30): );
%I dxfitup, dxtitdo are very critical parameters for the slope accuracy

Zslicetot=input('G ive the number of total Aices of dataset: );

% Decide manual input of timepoints or automatic
cteval=input(Give 0 for automaticall evenly spaced time points or I for manual list: ');

if cteval~0
Tevalvm=input('Give the t imesteps for manuial evaluation:
Tevalv=Tevalvm;
T=length(Tevalvm);
dt=input('Give the timestep between the tirnepoints (sec): ');

T0=input('Give the starting timnepoint of evaluation:
Ntt=T;
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Dttt=floor((T)/Ntt); % round the tinestep for e
else

T=input('G ive the number of timepoints of dataset: );
dt=input('Give the timestep between the tinepoints (sec): );
TO=input('G ive the starting timepoint of evaluation: ');
Ntt=input('G ive the number of titnepoints (uniformely distributed) that you want to evaluate the dataset: );
Dttt=floor((T)/Ntt); % round the timestep for e

% Defining vector for timepoints that will beevaluated
Tevalv=zeros(Ntt,1);
Tstart0=TO;
forj=l:Ntt
Tevalv(j,1)=TO+(j-1)*Dttt;
end

end

Numf=T*Zslicetot; % Total number of slices

save(['evalpar.nat'],'dextag','D','dywconf,'dvpix','Tonor','dxditdo','dxfitup','T','Zslicetot','N tt','TO','Dttt','dt','dx',' Teva I
v','-mnat');
else
load(evalpar.nat'); % Load the parameters froi previous input
end

% temporary define colorSet
ColorSet=varycolor(Ntt); 'o needs to have many colors so that More than 1 5 z-sl ices can fit

'0 Compute the time axis in hours

Tevalvhr = zeros(Ntt,1);
Tevalvhr(1,1)=0;
for jtmp=2:Ntt

Tevalvhr(jtmp, 1)=(Tevalv(jtmp, 1)-Tevalv(jtmp- 1,1))*(dt/(3600))+ Tevalvhr(jtmp- 1,1);
end

% Defining the images to be loaded
filelist = dir('*.ti f);
fname = filelist(1).name;
%( Default time for plotting everything
Tdef=1;

% first need to read the first Zslicetots and select region for averaging
totalfirst--[];

for fidxt=l:Zslicetot %'for ' tine points
firstTimages=zeros(512,512,'double');
tmpfirst = imread(fname,fidxt); % read ing the zlDX .tif
if monor-=0
tmpfirst=imrotate(tmpfirst,180); % on Ily if
end
tmpfirst= double(tmpfirst);
firstTimages = [firstTimages + tmpfirst]; %)overlay of iniages
disp([fname loaded']);
totalfirst=[totalfirst; firstTimages];
end

tfdt=reshape(totalfirst',[5 12 512 Zslicetot]);
tfdt=imrotate(tfdt,90);
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% loop for plotting all z-slicest

figure,
ispx=5;% I Here need to be careful. so that total z-slices are less than 5x4
ispy=4;

for i=l:Zslicetot
%N if i<0.5*Zslicetot
subplot(ispx,ispy,i), imagesc(tfdt(:,:,i))
set(gca,'YColor',[1 11],'XColor',[1 1 ],'XTick',[],'YTick',[])
% colornap(gray)
title(['Z-index', num2str(i)])
end

[zrangel]=input('Give range ofz-slice indices Z I:
[zrange2]=input('G ive range of z-slice indices Z2: );

title(['Z-range selected: ', num2str(zrange1), '- ', num2str(zrange2)])

fnamefigl = fname(1:end-4);
fnamel ='Ra -Data';
fnamefinal I =strcat(fnamefigl ,fname 1);
print ('-dpng',fnamefinall);
close;

dzeff= +zrange2-zrange -
Zidxevs=zrangel; % Set the index for the first evaluation of intensity profile equal to the first range before finding
slice with maximum intensity

% initialize the structure where the images will be saved
total =[];

% after w e have defined the z-range for images to be read, compute the
% indices for reading images, and loop for reading images

% Loop to read the images
% total number of images to be read
Nttotal=Ntt*Zslicetot;

forj=l:Ntt
Tevaltmp=Tevalv(j, 1);

Numfd 1 v=zrangel +(Tevaltmp- 1)*Zslicetot;
Numfdev=zrange2+(Tevaltmp- 1)*Zslicetot;

% Loop for reading images
for ifz=Numfdlv:Numfdev %for T time points
images = zeros(512,512,'double');
tmp = imread(fname,ifz); % reading the zIDX tif
if monor-0
tmp=imrotate(tmp,180); % only if
end
tmp= double(tmp);
images = [images + tmp]; %overlay of im ages
disp([fname' loaded']);
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total=[total; images];
end

end

t4dt=zeros(512,512,dzeff,Ntt);
t4dt=reshape(total',[512 512 dzeff Ntt]);
t4d=t4dt;
%'oRotating inages 90deg
for j=l:dzeff

for i=l:Ntt
t4d(:,:,j,i)=imrotate(t4dt(:,:,j,i),90);

end
end
t=t4d;
sizeimg=size(t4d(:,:,1,1));
hori=sizeimg(2);
verti=sizeimg(1);

% Averaging z-slices for better accuracy of slope and estimates

tproj=zeros(5 12,5 12,Ntt);

for jtidx= 1:Ntt
tmpsum=O;
for j= I:dzeff

tmpsum=t(:,:,jjtidx)+tmpsum;
end
tproj(:,:,jtidx)=tmpsum/(1+zrange2-zrangel); %this is the image of the averaged/projected intensity
end
0"

%. Loop for plotting average concentration

figure,
title(['Dataset', fname])
subplot(3,1,1), imagesc(tproj(:,:,Tdef));

title(['Choose I point on y-level defining area for averaging and x coordinate for defining AO, and 2nd point do
define A const']);

%'ochoose first 2 points for interface splinle
[xindxal,yindxal ]=ginput(2);
xindxal round(xindxal); yindxal=round(yindxal);

% xindxa I is the x-coordinate where the Area starts changing.

hold on,
plot([1 verti], [yindxal(1,1) yindxal(1,1)],'-r')
hold on,
plot([1 verti], [yindxal(2,1) yindxal(2,1)],'og')

title([Dataset', fname])

%N loop for averaging
ytmp=yindxal(1,1);
yindxal(1,1)=ytmp-0.5*dypix; %The averaging parairieters are given as input
yindxal(2,1)=ytmp+0.5*dypix;
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for i=l:dzeff
dts(:,i)=single(t(yindxal (2,1 ),:,i,Tdef));
end

dtsproj=single(tproj(yindxal (2,1),:,Tdef));
dtsprojs=dtsproj;

%0 Y-Averaging for projected sli
for i=(yindxal(1,1)+1):yindxal(2,1)
dtsprojs=dtsprojs+single(tproj(i,:,Tdef));
end

dtsprojav=dtsprojs/(1 +yindxal (2,1 )-yindxal (1,1));
dtavp=dtsprojav;

forj=l:dzeff
for i=(yindxal(1,1)+1):yindxal(2,1)
hold on
dts(:,j)=dts(:,j)+ single(t(i,:,j,Tdef))';
end
dtav(:,j)=dts(:,j)/(1+yindxal(2,1)-yindxal(1,1));
dtavnt(:,j)=(dtav(:,j)-min(dtav(:,1)))/(max(dtav(:,1))-min(dtav(:,1))); %
pixavg=yindxal (2,1 )-yindxal (1,1);
xaxmin=0;
xaxmax=600;
yaxmin=0;
yaxmax=2;
subplot(3,1,2),
plot(dtav(:,j),'Color',ColorSet(j,:)), %Plot verage concentrat ions
xlabel ('Distance across the scaffold [pix]');
ylabel (' Average fluorescence [-]');
title(['Average concentration ', num2str(pixavg)' pixels' ]);
axis([xaxmin xaxmax yaxmin yaxmax]);
end
atmp =

for itmp = 1:dzeff,
atmp = [atmp; {[num2str(itmp) '']}];
end

legend([atmp]);
axis ([-100 612 0 1.2*max(max(dtav))]);
subplot(3,1,3)
for jj=l:dzeff

dtavdif(:,jj)=diff(dtavnt(:,jj));
wdwsize=6;
fdtavdif=filter( (1 /wdwsize)*ones( 1,wdwsize), 1, dtavdif);
fdtavdifn(:,jj)=fdtavdif(:,jj)./max(dtavnt(:, 1));
plot(fdtavdifn(:,jj),'Coloi',ColorSet(jj,:)), % Plot verage concentrations

xlabel ('Distance across the scaffold [pix]');
ylabel ('Filtered normalized/subtract difference to min intensity [-]');

hold on,
title(['Normalized DC/C with filter windowsize ', num2str(wdwsize)' pixels' ]);
end
atmp =

for itmp = 1:dzeff,
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atmp = [atmp; {[num2str(itmp) '];
end
legend([atmp]);
Teval=Tdef;
close;
%

0-0> Quantification of PD
010

2
>' Loop for getting slope of concentration profiles

figure,
title(['Dataset', fname])

dtavss=dtav(:,dzeff);

subplot(3,1,1), %4rinagesc(t{ l,I
plot(dtav(:,dzeff));
axis ([0 512 0.98*min(dtavss) 1.02*max(dtavss)]);

title(['Choose I points for fitting cone. - Timepoint and z-slice ', num2str(Teval), - , num2str(zrange2)]);

%choose first 2 points fitting the upstream interisity and the
%downstream non- linear profile
[xindxasl,yindxasl]=ginput(2);
xindxas 1 =round(xindxas 1); yindxas 1 =round(yindxas 1);

hold on,
plot([xindxasl(1,1) xindxasl(1,1)],[yindxasl(1,1) yindxasl(1,1)],'*k')
hold on,
plot([xindxas1 (2,1) xindxas 1(2,1)],[yindxas1 (2,1) yindxas 1(2,1)],'ok')
title(['Dataset', fname])

xs 1 =(xindxas 1(1,1 )-dxfitup:xindxas 1(1,1)+dxfitup);
xs2=(xindxas 1(2,1 )-dxfitdo:xindxas 1(2,1)+dxfitdo);
xrec=1:512;
ids 1 =zeros(length(xs 1 ),dzeff);
ids2=zeros(length(xs2),dzeff);
idsl rz=zeros(512,dzeff);
ids2rz=zeros(512,dzeff);
smdtav=zeros(511 ,dzeff);
dtavdiff=zeros(511 ,dzeff);
fitnorm=zeros( 1,dzeff);
stdevdat=zeros(1,dzeff);
meandat=zeros(1,dzeff);
ndat=zeros(1,dzeff);
upsavg=zeros( 1,dzeff);
xINFL=zeros(1,dzeff);
vertiINFL=zeros(2,dzeff);
idsl rfix=zeros(5 12,dzeff);
dCdif=zeros(1,dzeff);
dCslope2=zeros(1 ,dzeff);
rsgood=zeros(1,dzeff);
dcmax=zeros(1,dzeff);
dcmaxidx=zeros(1,dzeff);
DCfit=zeros(1,dzeff);
Pdnfit=zeros(1,dzeff);

for it-1:dzeff % T here is the number of slices
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tmpdif= diff(dtav(:,it));
dtavdiff(:it)=tmpdif;
wdwsizel=3;
wdwsize2=20;
wdwsize3=30;
smdtav(:,it)=smooth(tmpdif,wdwsize3);

ids 1 (:,it)=dtav((xindxas 1(1,1 )-dxfitup:xindxasl (1, 1)+dxfitup),it);
upsavg(1,it)=mean(ids1(:,it));
% define the upstream intensity fo a larger yreglion
xsl=(xindxas1(1,1)-dxfitup:xindxas1(1,1)+dxfitup);
xs2=(xindxas 1(2,1 )-dxfitdo:xindxas 1(2,1)+dxfitdo);
ids2(:,it)=dtav((xindxas 1(2,1 )-dxfitdo:xindxas 1(2,1 )+dxfitdo),it);
[coefl ]=polyfit(xs 1',ids 1 (:,it), 1);
[coef2]=polyfit(xs2',ids2(:,it), 1);
[coef2,Sfit2]=polyfit(xs2',ids2(:,it), 1);
fitnorm(1,it)=Sfit2.normr;
stdevdat(1,it)=std(ids2(:,it));
meandat(1,it)=mean(ids2(:,it));
ndat(1,it)=length(ids2(:,it));
rsgood(1,it)= 1 -((fitnorm(1 ,it).A2)./((ndat(1,it)-1).*(stdevdat(1 ,it).A2)));
ids 1 rz(:,it)=coefl (1,2)*ones(512,1)+coefl (1,1)*(xrec');
tmpups=upsavg(1,it);
idsl rfix(:,it)=tmpups*ones(512,1);
ids2rz(:,it)=coef2(1,2)*ones(512,1)+coef2(1,1)*(xrec');%) -xs2( L I)
dCslope2(1,it)=coef2(1,1);

O Finding the maximum of the gradient
ttmp=smdtav( (wdwsize3*0.5:(512-wdwsize3*0.5)), it);
[t I tmp,t2tmp]=max(abs(ttmp));
dcmax(1,it)=tltmp;
dcmaxidx(1,it)=t2tmp;
xINFL(1,it)=dcmaxidx(1,it)+wdwsize3 *0.5;
vertlINFL(:,it)=[0.1*dtav(xLNFL(1,it),it) 10*dtav(xINFL(1,it),it)];
DCfit(1,it)= (upsavg(1,it))- (coef2(1,2)+coef2(1,1)*xINFL(1,it));
Pdnfit( 1,it)=abs(dCslope2(1,it))./DCfit(1,it);
end

0 Lstirnating the slope and DCfit for the maximum upstream intensity
% Brightest z-slice
[maxupv maxupi]=max(upsavg);
Pd fitmaxUP=(D/dx)*abs(dCslope2(1,maxupi))./DCfit(1,maxupi);
%

% Calculation ol diffiusive permeability

,00

Pdfit=Pdnfit*D/dx;

Zplot=dzeff; % Z- slice index to evaluate

subplot(3,1,2), plot(xrec, dtav(:,Zplot),'-k'); hold on; plot(xrec, ids2rz(:,Zplot),'-r'); hold on;

hold on, plot(xrec,idsIrfix(:,Zplot),'-b')
plot([xindxasl(1,1) xindxasl(1,1)],[yindxasl(1,1) yindxasl(1,1)],'*m')
hold on,
plot([xindxas 1(2,1) xindxas 1(2,1)],[yindxas 1(2,1) yindxas 1(2,1)],'om')

hold on,
plot([xINFL(:,Zplot) xINFL(:,Zplot)],vertl _INFL,'m')
axis ([0 512 0.98*min(dtav(:,Zplot)) 1.02*max(dtav(:,Zplot))]);
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xlabel ('Distance across the scaffold [pix]);
ylabel ('Normalized/subtract difference to min intensity ]');
title( ['Slope downiistream: ', num2str((dCslope2(:,Zplot)),2), Conc difference fit: , num2str(DCfit(:,Zplot),2),
Fitted Pd CITsi ', num2str((Pd fit(:,Zplot)*1e2),2) ])
subplot(3,1,3), imagesc(tproj(:,:,Tdef));
hold on,
plot([xINFL(:,Zplot) xINFL(:,Zplot)], [1 verti],'-m')
hold on,
plot([1 verti], [yindxal(1,1) yindxal(1,1)],'.-k')
hold on,
plot([1 verti], [yindxal(2,1) yindxal(2,1)],'.-k')
title( {['Z-slice: ', num2str(Zplot), ' Linear fit goodness : ', num2str(rsgood(:,Zplot),2)];[' # of pixels range for y-
avg: 'num2str(dypix), ' & for slope: ', num2str(dxfitdo), 'and for filtering window for inflection point :
num2str(wdwsize3)] });
legend('l denti fied monolayer,'region for avergaging','region for avergaging')
dyavg=yindxal(2,1)-yindxal(1,1);
close;
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