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The metastatic cascade comprises of a series of events, which tumor cells

must complete to form macrometastases at a secondary site. Due to its spread

and aggressive nature, metastatic tumor is difficult to treat, and tumor metasta-

sis remains the main cause of death in cancer patients. Most epithelial tumors

over-express tissue factor (TF), the initiator of the extrinsic pathway of coagula-

tion cascade. This over-expression of TF has been shown to tumor progression

and metastasis in different studies. In this thesis, we studied two mechanisms

by which tumor-derived TF can interact with endothelial cells to promote can-

cer metastasis.

Endothelial cells act as a natural barrier between the tumor cells in circula-

tion and secondary organs. Tumor cells must arrest on endothelial cells in or-

der to extravasate and enter a new organ. Most previous studies have focused

on the classical receptor-ligand interactions involved in leukocyte recruitment

during inflammation, such as selectins and integrins. We hypothesized that TF-

expressing tumor cells can mediate adhesion to the endothelium by interacting

with its endogenous inhibitor, tissue factor pathway inhibitor (TFPI), which is

constitutively expressed on endothelial cells. Using in vitro models, we found

that high TF-expressing tumor cells bound to recombinant TFPI and endothelial

cells under static conditions; however, under shear, the tumor cells adhered to

recombinant TFPI, but not endothelial cells. We postulate that the TFPI expres-



sion in our endothelial cell model (human umbilical vein) was too low to medi-

ate adhesion. Unfortunately, due to the lack of availability of other primary en-

dothelial cells that express higher TFPI (e.g. lung microvascular endothelium),

we could not test this theory further.

Endothelial cells, highly dynamic and responsive to its local environment,

perform a range of functions in the body. Endothelial responses could be hi-

jacked by tumor cells to promote a tumor-permissive metastatic environment.

Tumor cells secrete extracellular vesicles (EV) that can interact with distant cells

and re-educate them to a pro-tumor phenotype. Tumor cells secrete two types

of EV - microvesicles (100-1000nm) and exosomes (30-100nm). In this part of

the thesis, we evaluated the isolation of exosomes and microvesicles using com-

mon established protocols - filtration and differential centrifugation. We found

that the isolation methods highly impacted the size distribution, the purity and

TF-mediated procoagulant activity in the isolated fractions. We then evaluated

whether tumor-derived TF-expressing EV (consist of microvesicles and exo-

somes) promote pro-metastatic behaviors in endothelial cells in vitro. We ob-

served binding and uptake of EV by endothelial cells. These EV also signaled to

endothelial cells and promoted a pro-adhesive (upregulation of E-selectin and

intercellular cellular adhesion molecule-1), pro-inflammatory (increased secre-

tion of monocyte chemotactic protein-1 and interleuking-8) and procoagulant

(increase in TF-mediated procoagulant activity) phenotype in endothelial cells.

The mechanism was dependent on TF-mediated FXa generation by EV, and acti-

vation of protease-activated receptor-1 followed by transactivation of epidermal

growth factor receptor on endothelial cells.
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CHAPTER 1

INTRODUCTION

1.1 Cancer Metastasis

Cancer metastasis is a cascade of events that a tumor cell must accomplish in

order to spread to and colonize a new organ [1]. The series of events include

invading out of a primary tumor, entering the circulatory system (lymphatic or

blood vessel, but hematogenous metastasis will be the focus in this thesis), ar-

resting on a blood vessel wall, extravasating and entering into a new organ, and

finally forming new macrometastases (Figure 1.1) [2]. The process is highly in-

efficient, requiring different pathways and molecules at each step [3]. In cancer

patients, there are many tumor cells found in circulation, but ultimately, <0.01%

of these cells develop into macroscopic metastases at metastatic sites [4]. In

study, only 50% of micrometastases developed into clinically detectable metas-

tases in patients within 10 years, and more often occurred decades later [5]. In

a mouse model, <0.02% of injected cells form macrometastases [6].

Primary tumors can be treated easily with surgery or local irradiation [4].

In metastasis, not only have the tumor cells spread to different regions of the

body, but they have also managed to bypass most control mechanisms within

the body, and survived the different stresses imposed by the body. As a result,

metastatic tumors are often highly aggressive and extremely difficult to treat.

For these reasons, metastasis is currently the leading cause of cancer-related

deaths [7]. Due to the aggressive nature of metastatic tumor, it is desirable to

prevent formation of macrometastases by inhibiting some of the earlier stages

of the metastatic process.
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Figure 1.1: Metastatic cascade. Tumor cells invade out of primary tumor, and
enter into the circulatory system (blood vessels for hematogenous metastasis).
The tumor cells then arrest on and extravasate out of the blood vessel. Within
the new organ, the tumor cells first firm micrometastases, then macrometas-
tases.

Because it is often difficult to observe tumor metastasis in vivo, most of the

processes and mechanisms are not fully understood. Most studies have focused

on specific aspects of metastasis. For example, tail vein injection of tumor cells

can only elucidate mechanisms from extravasation and onward. Another com-

plication in studying tumor metastasis is that tumor growth and progression

depends on the tumor microenvironment. The tumor microenvironment con-

tributes to the development and expression of certain hallmarks of cancer as

summarized by Hanahan and Weinberg [8]. Tumor cells do not live in isola-

tion from the rest of the body, and the tumor stroma is involved in every step
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of tumor progression and metastasis; the crosstalk between tumor and stro-

mal cells is an important mediator of tumor metastasis [9]. To create a tumor-

permissive environment, tumor cells actively recruit tumor-promoting cells and

induce tumor-promoting phenotypes [9]. As such, it is not sufficient to focus

only on tumor biology, but rather, the contributions of the tumor microenviron-

ment must be included [8].

Many studies have been conducted on the primary tumor microenviron-

ment; however, less is known about the microenvironment for tumor metasta-

sis, specifically in the players and the mechanisms involved [10]. Stromal cells

are considered more ”normal” than tumor cells, and hence, should be more re-

ceptive to therapeutics [9]. On the other hand, targeting both tumor and stromal

cells may offer synergistic effects in mediating tumor progression.

1.1.1 Tumor cell arrest on endothelial cells

The metastatic capacity of tumor cells correlates with the ability to exit from

the blood circulation, colonize and grow in distant organs [11]. One of the im-

portant steps in this process is tumor cell arrest in the vasculature. With evi-

dence of selectin ligand and integrin expression on tumor cell surfaces [12, 13],

most studies in this area have focused on tumor-endothelial contact formation

mimicking that between leukocytes and endothelial cells during inflammation.

Using selectin ligands, tumor cells roll by forming rapid and reversible interac-

tions with selectins on endothelial cells. Over-expression of E-selectin in liver

redirected tumor metastasis to the liver [14, 15], while breast tumor metastasis

to the lung was reduced in E-selectin deficient mice [16]. However, the role of

selectins may be tumor- and organ-dependent [12] as metastasis of human colon
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carcinoma cell lines were unaffected by E-selectin expression [17].

High affinity interaction between integrins on tumor cells and intercellular

cell adhesion molecule-1 (ICAM-1) on endothelial cells lead to formation of sta-

ble bonds and tumor arrest on the endothelial wall [11]. Blocking very late acti-

vation antigen 4 (VLA-4, an integrin) on tumor cells with arginylglycylaspartic

acid peptides prevented binding to endothelial cells [18, 19, 20]. Interaction be-

tween VLA-4 on tumor cells and vascular cell adhesion molecule-1 (VCAM-1)

on endothelial cells is necessary for cell adhesion and transmigration [21]. In the

absence of selectins, these adhesive events can support extravasation of tumor

cells under shear [22].

It remains a controversy whether tumor cells arrest randomly in the vascula-

ture or specific mechanisms are involved in the homing of tumor cells to certain

organs. Tumor cells, unlikely leukocytes, are not highly deformable, and tend

to be stuck in capillaries, especially when aggregated [23]. Experimental metas-

tasis in mice have shown that tumor cells accumulated in lung vessels that are

approximately the size of tumor cells. On the other hand, tumor cells can secrete

chemokines that cooperate with adhesion receptors to aid arrest and metastasis

to specific organs. A study with colon cancer cells showed that independent

of metastatic potential, these tumor cells can pass through all microvasculature

without size restriction, and that arrest occurred only at common metastatic

sites [24].

Although vascular adhesion molecules promote adhesion and retention of

tumor cells in target organs, the initial interaction is often quite weak [25]. En-

dothelial cells require activation to upregulate E-selectin and ICAM-1 [11], and

indeed, tumor cell adhesion to endothelial cells is dose-dependent on inflamma-
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tory cytokines. Rolling of tumor cells as mediated by E-selectin is not the only

way to arrest tumor cells on the endothelium as studies have shown that rolling

was a rare event for colon carcinoma cells [26], and that rolling only happened

occasionally for prostate cancer cells [27].

Altogether, these studies suggested that although the interaction between

selectin ligands and E-selectin, integrins and cellular adhesion molecules on

tumor cells and endothelial cells respectively may be important, they are not

the only mechanisms responsible for tumor cell arrest in the vasculature. In-

vestigating other mechanisms that do not require activation of endothelial cells

may provide important information regarding tumor cell arrest, a step in the

metastatic cascade. In Chapter 2, we studied whether tissue factor pathway

inhibitor, a protein that is constitutively expressed on endothelial cells can me-

diate arrest of tumor cells.

1.1.2 Tumor tropism

Tumor metastasis is not a random process. After observing specific patterns of

tumor metastasis in autopsy of cancer patient, Paget came up with the ”seed

and soil” theory, in which the metastatic organ (the ”soil”) must be suitable for

the tumor cells (the ”seed”) for macrometastases formation [28]. The theory

has been verified with multiple experiments today in which certain cancers are

known to metastasize to specific organs in the body [3]. Tumor cells can reach

all organs in the body via vasculature, but in general, only develop metastases

in specific organs [10, 29].

The anatomical layout of the vasculature is insufficient to account for the
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clinically observed patterns of metastasis for different cancers [3, 30]. Although

tumor cells can arrest and extravasate in any organ, they cannot survive in ev-

ery organ. Often, at secondary sites, tumor cells find themselves in a new envi-

ronment, without the signals and protective environment in the primary tumor

site [8]. Nonetheless, specific organ microenvironments are more suitable for

proliferation and growth of certain types of tumors [3]. Breast cancer cells that

metastasized preferentially metastasized to bone [31], lung [32] or brain [33]

showed different gene expressions compared to the parental cell line as well as

to each other, indicating that the organ specificity in metastasis is dependent on

both the original tumor and the metastatic site. Successful metastases, then, is

dependent on the ability of the tumor cells to overcome the difference between

its characteristics and the stress imposed by the metastatic microenvironment

[3]. Interestingly, the secretory proteins and receptors identified in these stud-

ies, were also found in breast cancer patients with metastasis [31, 32, 33]. These

studies illustrated the importance of metastatic niches and their potential role

in dictating tumor metastasis. However, more studies are required to identify

the key players and mechanisms involved.

Pre-metastatic niche

Paralleling the importance of tumor-stromal crosstalk in primary tumor growth,

the crosstalk between tumor cells and stromal and bone-marrow derived cells

(BMDC) at the metastatic site is crucial in creating a supportive microenviron-

ment [34]. This crosstalk can determine whether a disseminated tumor cell will

survive and proliferate, become senescent or die in the new organ [35]. Recent

studies have shown that the primary tumor can initiate pre-metastatic niches

by recruiting BMDC and immune cells and inducing them to set up a suitable
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metastatic microenvironment before the arrival of tumor cells [10]. Due to the

limitation of imaging techniques, it is also possible that the signals (chemokines,

growth factors and extracellular vesicles) may be sent out by disseminated tu-

mor cells already at secondary organs, trying to recreate its primary tumor mi-

croenvironment at a new site [9].

The role of pre-metastatic niches remain controversial. pre-metastatic niches

are not necessary for metastases formation, but only enhance the likelihood of

metastatic progression; however, pre-metastatic niches are generally observed

in organs predisposed to metastases for certain cancer types [34, 36]. pre-

metastatic niches may imply that disseminated tumor cells do not need to ac-

quire all of the mutations necessary for metastasis, but can rely on the prepared

microenvironment to compensate for their needs. Hence, it is crucial to under-

stand how the pre-metastatic niche promotes tumor metastasis and what the

process entails. The exact mechanism for pre-metastatic niche formation re-

mains a mystery. It has been postulated that it may simply be a consequence of

the systemic disturbances imposed by the primary tumor [34]. Many of the se-

creted factors identified in pre-metastatic niches are involved in other processes;

for example, pre-metastatic niche formation may simply be a bystander effect

of tumor cells trying to initiate angiogenesis. However, tumor-derived secreted

factors vary between metastatic and non-metastatic cell lines in breast cancer,

and different metastatic cell lines secrete different factors [37], suggesting that

not all tumor cells can mediate pre-metastatic niche formation.

Kaplan et al. first described the formation of pre-metastatic niches [38]. They

found that primary tumor cells secreted factors to recruite vascular endothelial

growth factor receptor-1 positive (VEGFR1+) hematopoietic progenitor cells to
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metastatic organs before arrival of tumor cells. Depletion of VEGFR+ cells pre-

vented formation of pre-metastatic niches, and inhibited metastases. By using

conditioned media of a melanoma cell line, the metastatic pattern of lung tu-

mor cells was changed to that of the melanoma cell line, illustrating the role of

primary tumor and associated factors in mediating specific homing of dissemi-

nated cells.

The current literature in pre-metastatic niches has been summarized by Sce-

neay et al. [34]. Certain characteristics of tumor progression stand out as crucial

mediators of the niche formation, suggesting that pre-metastatic niches corre-

late with metastatic potential. For example, hypoxia has been associated with

a plethora of tumor-secreted factors (for example, vascular endothelial growth

factor [VEGF], lysyl oxidase [LOX], matrix metalloproteinase [MMP], and other

cytokines), many of which have been associated with promoting pre-metastatic

niches [39]. Hypoxic tumor cells secreted LOX that recruited myeloid cells to the

pre-metastatic niche [40]. These myeloid cells remodeled the local extracellular

matrix to promote recruitment of more myeloid cells and tumor cells. Inhibi-

tion of LOX prevented myeloid cell recruitment and reduced metastatic burden

in the lung.

Myeloid-derived suppressor cells

One of the key players in promoting a tumor permissive environment is

myeloid-derived suppressor cells (MDSC). These cells are derived from an im-

mature myeloid cell lineage and thus, exhibit a CD11b+ and Gr-1+ phenotype

[34]. The MDSC maintain normal tissue homeostasis during systemic insults

[41]. Myeloid cells are influenced by the microenvironment as tumor-derived
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factors can preferentially expand and differentiate specific subpopulations of

myeloid cells [34]. The MDSC are often mobilized by tumor cells [41]. After in-

filtrating into a tumor, MDSC secrete factors and collaborate with surrounding

cells to promote vascularization and disrupt immunosurveillance [34, 41]. In

patients, MDSC exhibited immunosuppressive activity, and elevated levels of

MDSC correlated with advanced disease and therapeutic inefficacy [42, 43]. In

animal models, MDSC were associated with tumor progression, and depletion

of MDSC reduced tumor metastasis [41].

Similarly, MDSC are often recruited to pre-metastatic niches. Tumor necro-

sis factor (TNF)↵, transforming growth factor (TGF)-� and VEGFA, secreted by

primary tumors, induced expression of pro-inflammatory calcium-binding pro-

teins - S100A8 and S100A9, in the lung. These proteins induced infiltration of

CD11b+ cells and recruitment of tumor cells into the lung [44]. In another study,

tumor cells secreted monocyte chemoattractant protein (MCP)-1, which mobi-

lized MDSC and promoted an immunosuppressive pre-metastatic niche by sup-

pressing natural killer cell cytoxicity and maturity [45]. Hypoxia was involved

in the process, as similar effects were observed when conditioned media from

hypoxic cells were used in the absence of primary tumor.

1.1.3 Tumor-derived extracellular vesicles

Besides using secreted factors, tumor cells can also mediate pre-metastatic niche

formation by releasing extracellular vesicles (EV). Virtually all cells in the body

release vesicles in a finely regulated manner [46, 47]. Each step of the process

is highly regulated and controlled [48]. Several types of EV are released by

tumor cells [49], including exosomes (30-100nm), microvesicles (also known as
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microparticles or ectosomes; 100-1000nm), large oncosomes (1-10µm) and apop-

totic bodies [47, 49]. The exact size of these vesicles is still under debate and a

variety of definitions have been used in literature [50, 51]. Due to the overlap

in size and properties for the different populations, and limitations by current

methods, researchers cannot selectively isolate pure subpopulations of EV [52].

Characterization is currently limited by the ability to resolve polydisperse sam-

ples and enumerate nano-sized vesicles accurately [53].

This thesis focuses primarily on tumor-derived exosomes and microvesicles

(MV), and the term EV will be used to refer to a mixture of exosomes and MV.

Because exosomes and MV have different intracellular origins and modes of for-

mation, they may have different compositions; however, they function similarly

when released [52, 54].

Biogenesis of extracellular vesicles

Exosomes are derived from the formation of multi-vesicular bodies of the en-

docytotic pathway (Figure 1.2). [54]. During the formation of late endosomes,

intraluminal vesicles are formed. When late endosomes are fused with lyso-

somes, these vesicles are degraded; however, if the late endosomes fuse with the

plasma membrane instead, the intraluminal vesicles are released as exosomes.

The membrane of exosomes reflects the composition of multi-vesicular bodies,

and is in the same orientation as the parent cell membrane [48].

Microvesicles are assembled by direct outward budding of the plasma mem-

brane (Figure 1.2) [54]. After stimulation, an increased level of intracellular cal-

cium leads to an imbalance of lipid composition in the cell membrane, resulting

in externalization of phosphatidylserine (PS) [55, 56]. MV are released to re-
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Figure 1.2: Biogenesis of extracellular vesicles. Proteins are internalized via
endocyotosis. Intraluminal vesicles are formed in late endosomes. When late
endosomes fuse with the plasma membrane, exosomes are released into the ex-
tracellular space. Microvesicles are formed by direct outward blebbing of the
plasma membrane.

establish phospholipid symmetry. PS is often recognized as a main feature of

MV [56, 57] although PS- MV have been reported [58].

Extracellular vesicles express surface molecules for intercellular interactions

and carry an intravesicular cargo including proteins, DNA and RNA [49]. The

content in vesicles results from regulated, but largely unresolved, sorting mech-

anisms that distinguish between molecules that will be included and not. The

profiles on EV, with specific proteins enriched in concentration, differ substan-

tially from that of the parent cell [59]. Sorting of proteins are affected by origin.

For both exosomes and MV, protein content generally depends on the original
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cell type. However, the proportion and composition of MV and exosomes from

the same cell lineage will vary with stimulus [55, 60, 61].

Exosomes are enriched in certain proteins, specifically those that are in-

volved in their biogenesis - endosome-related transport and fusion protein

(endosomal sorting complexes required for transport [ESCRT] proteins) and

endosome-specific tetraspanins. At least two mechanisms of sorting (ESCRT-

or CD63-dependent) have been identified [62]. However, most of the core set

of proteins in exosomes are also found in MV, including ESCRT-related pro-

teins [54]. Since MV are bigger, they are expected to carry more cargo proteins.

The sorting of nucleic acid is less understood; however, selective enrichment of

messenger and micro-RNAs were observed [63, 64]. The vesicle membrane pro-

tects the cargo by preventing degradation; EV are great carriers for short- and

long-distance communication [49]. EV also act as a more concentrated source of

cancer-derived genomic material, compared to circulating DNA.

Release of exosomes require exocytic fusion of multi-vesicular bodies with

plasma membrane. Although the mechanism is largely unknown, the process

involves the SNARE complex and certain GTPases, namely Rab11, Rab27 and

Rab35 [52]. However, different cell lines may use different proteins and GT-

Pases, suggesting an array of intracellular machineries feasible for exosome se-

cretion [52]. On the other hand, MV do not require exocytosis. Upon stimula-

tion, the release of MV occurs at a fast rate, sustained by an influx of calcium

ions [54, 56].

Exosome biogenesis is regulated by more than one mechanisms (ESCRT-

dependent and ESCRT-independent pathways) [52, 62]. Blocking one specific

mechanism decreases exosomes of one marker, but increases those of another
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marker [65]. This observation suggested that heterogeneity exists within exo-

some population. Studies have shown that exosomes derived from different

pathways expressed different markers, and separated differently on a sucrose

gradient [66, 67, 68]. Furthermore, apical and basal EV derived from the same

cell also differed, another evidence that at least two different machineries of

exosome secretion exist [62]. Depletion of ESCRT family members altered exo-

some protein content and rate of exosome release [69], but dominant negative

proteins involved in ESCRT machineries did not affect MV production, sug-

gesting that different mechanisms regulate the biogenesis of the two different

populations [70]. Modulation of MV release can be achieved by inhibition of

ADP-ribosylation factor 6 [71] and associated targets, calcium ion channels [72],

and Rho-associated protein kinase [73].

Extracellular vesicle isolation and purity

Because cells can secrete multiple types of EV, collected vesicles must be pro-

cessed to select for a particular subpopulation. As previously described, current

methods co-purify different populations of EV, and no current methods can se-

lectively isolate a single population [49, 52].

Today, the most popular purification method is differential centrifugation.

Larger MV are typically isolated at 10,000 - 20,000xg, while exosomes are iso-

lated at 100,000 - 120,000xg [74]. The different variations in centrifugation speed

and time, and wash steps can lead to confusing and contradictory results in

literature. Furthermore, the g-force and k-factor in centrifugation can also af-

fect purity and yield; swinging bucket and fixed angle centrifugation also have

different sedimentation efficiency [74, 75]. Previous published protocols of 70-
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minute ultracentrifugation [76] was insufficient to recover all exosomes, while

4 hours led to excessive co-pelleting of proteins [74]. The use of a sucrose gra-

dient, however, can isolate a purer population [77]. Size exclusion method or

ultrafiltration may be used in combination to enhance purity [53].

Another method of isolation is immunoaffinity capture that targets specific

markers of one subpopulation. This method has been demonstrated with ep-

ithelial cell adhesion molecule (EpCAM) microbeads [46, 77]. However, the lack

of a specific marker for exosomes or MV, and the heterogeneity of exosomes

and MV as previously discussed, renders this technique unfavorable. Not all

exosome markers are detected in exosomes irrespective of origin; instead, such

markers are simply more abundantly present in exosomes compared to the orig-

inating cell or larger MV [78]. Hence, most classical exosome markers are not

specific to exosomes [66]. Furthermore, given the heterogeneity of exosomes

and MV, using only one marker may bias toward one specific subtype of exo-

somes or MV, and skew experimental results.

A relatively new and promising method is ultrafiltration with size-exclusion

chromatography [79]. Without damaging vesicle protein composition, this

method recovers more EV than ultracentrifugation. The biophysical properties

are also better preserved in this method, and different in vivo distribution was

observed compared with those obtained from ultracentrifugation.

Isolation methods can highly affect purity and yield [51]. In general, a more

extensive method results in higher purity at the cost of yield. Specifically look-

ing at ultracentrifugation, the yield did not differ after a washing step, suggest-

ing that washing was insufficient to remove co-purified protein. Although ultra-

centrifugation produces the highest yield, the yield may be artificially increased
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by co-purified proteins. Taylor et al. further showed that isolation method can

impact down-stream analysis and experimental outcomes, and that the non-

standardized parameters often led to qualitative and quantitative variability

between studies [80].

Due to these inherent difficulties in obtaining pure populations of exosomes

or MV, it is still unclear whether functions ascribed to one population may be

shared by some or even all subtypes of secreted vesicles [81]. No studies have

compared vesicle subtypes side by side. Furthermore, most vesicles and exo-

somes are prepared in vitro, which could potentially damage membrane struc-

ture [51]. Extracellular vesicles are also introduced at artificially high concen-

trations to induce effects in vivo, and few studies have truly assessed functions

of ’untouched’ in vivo-generated EV.

Extracellular vesicle characterization

To estimate the concentration of exosomes, the Bradford protein assay is typi-

cally used. However, due to the use of a homogenous standard (typically bovine

serum albumin), the protein content may be underestimated by up to 80% [51].

Other studies have simply normalized their data per million of cells [80].

Due to the nano-size of EV, visualization is only possible using electron mi-

croscopy. Traditionally, transmission electron microscopy (TEM) is the method

of choice as it doesn’t require a conductive surface as does scanning electron mi-

croscopy. The preparation can be long and tedious for TEM requiring fixation,

dehydration, embedding and sectioning.

Other methods have been optimized for characterizing the size and concen-
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tration of EV. Traditionally, flow cytometry was the preferred method. How-

ever, most instruments cannot reliably measure below 500nm (or 300nm in the

newest flow cytometers) [76]. Comparison studies have found that flow cytom-

etry has consistently underestimated the concentration of EV by many folds.

Most importantly, the mismatch in refractive indices between polystyrene stan-

dard beads and EV results in errors in size measurements (0.4 µm polystyrene

bead scatter light as a 1µm EV) [82].

Recent technology has provided new and better platforms to analyse EV,

namely the nanoparticle tracking analysis (NTA) and tunable-resistive pulse

sensing (TRPS) [51]. Both of these methods can reliably detect liposomes as

small as 55-60nm [83]. The NTA measures the Brownian motion of particles to

characterize the size. Due to scattering properties, larger particles can hinder de-

tection of smaller particles, leading to the overestimation of larger particles and

underestimation of smaller particles [84]. The method is also highly sensitive

to analysis parameters (camera levels and detection threshold) [85]. In TRPS,

particles pass through a non-conducting membrane in a conducting medium,

increasing the resistance. By measuring the changes in resistance, the size of

vesicles can be determined. The TRPS can detect nanoparticles with high ac-

curacy (within 5% of TEM). However, membrane properties can change over

time, which can affect resolution and quantification; the nanopores can also be

clogged if the vesicles are larger [51, 83].

Immunoblotting is typically used to characterize protein expression and to

verify isolation of EV [78]. The International Society of Extracellular Vesicles

recommends immunoblotting for proteins that are enriched in EV and those

that are not selected into EV compared to parent cells to truly demonstrate the
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isolation of EV in a sample.

Due to the conflicting data and lack of standardization in literature, we de-

cided to study the effect of various isolation techniques (tabletop centrifugation,

filtration and ultracentrifugation) on tumor-derived EV and their activity. In

Chapter 3, we isolated exosomes and MV using established protocols, and then

examined the effect of isolation method on recovery of EV, purity of EV subpop-

ulations, and procoagulant activity. We found that the isolation method highly

impacted the recovery and purity of EV populations, leading to variations in

EV-derived procoagulant activity.

Tumor-derived extracellular vesicles

Extracellular vesicles are shed by normal healthy cells physiologically [86]. Un-

der cellular stress such as cell activation, irradation, hypoxia and injury, EV

shedding is increased. Due to the stress from environment, tumor cells are stim-

ulated to release exosomes; genetic mutations associated with tumor growth

(for example, p53) also increase exosome production [48]. In tumors, the num-

ber of exosomes is correlated with the malignancy of the tumor [86]. Interest-

ingly, tumor cell exosome release is inhibited by previously secreted exosomes

still present in microenvironment, suggesting a feedback mechanism [87].

The molecular content of EV varies based on the original cell type and phys-

iological conditions [60]. The nature and abundance of cargo is influenced by

the stimuli that modulate EV production and release as well as the pathways

leading to EV formation. Nonetheless, EV are a reflection of the donor cell com-

position [61]. EV signatures can be used to discriminate cellular differentiation

and transformation [88]. Exosomes obtained from highly metastatic cell lines
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expressed higher amount of proteins, and exosome protein concentration also

increased with stage of disease in melanoma patients [89].

Extracellular vesicles contain biologically active molecules that can interact

with the environment. Due to different compositions, EV of different origins

can elicit different effects on a signal cell type [54]. Studies have shown that EV

can signal to target cells, mediate immune responses, recruit cells, and trans-

fer protein and genetic materials (Figure 1.3) [90]. One of the most important

roles for tumor-derived EV is to mediate crosstalk between the tumor and its

microenvironment locally and systemically.

On contact with target cells, EV can bind via surface proteins and receptors

[54]. The mechanisms of binding remain largely unknown. It is still under de-

bate whether EV binding is specific and targeted. Tominaga et al. argued that

most cells regardless of origin are capable of taking up EV released by differ-

ent tumor cells [91, 92]. In vivo injection of EV typically lead to nonspecific

uptake and accumulation in the liver and lung, leading to a short half-life of

2 minutes [93, 94, 95]. On the other hand, Hood et al. showed that injection

of exosomes and lipsomes led to different distribution in vivo. Subsequent in-

jection of tumor cells showed that tumor cells followed the distribution of exo-

somes, but not liposomes. Without exosomes, tumor cells tended to distribute

randomly in the body. Recently, Hoshino et al. showed that exosomes derived

from different tumor cell lines accumulated preferentially in the organ to which

the cell line typically metastasizes [36]. Injection of lung-tropic tumor-derived

EV directed bone-tropic tumor cells to the lung instead. Other studies have

also demonstrated specific protein interaction between tumor cells and exosome

[96, 97, 98, 99] or MV [49, 100, 101] that are responsible for binding. Binding
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Figure 1.3: Interactions of extracellular vesicles with recipient cell. Tumor
cells secrete extracellular vesicles (microvesicles and exosomes), which can bind
to a recipient cell through receptor-ligand interactions. Upon binding, the vesi-
cles can fuse with the plasma membrane and release their cargo. Alternatively,
extracellular vesicles can be taken up via endocytosis. By activating receptors
on a target cell, these vesicles can signal to a target cell.

can lead to internalization of EV, uptake by either fusion or endocytosis [102].

The mechanism is still largely undefined. However, fusion with cell membrane

leads to release of cargo into cytoplasm [99]. Uptake by endocytosis can occur

with clathrin-coated vesicles or phagocytosis [103]. Contents may be discharged

by backfusion with organelle membrane, or EV may be fused with lysosome for

degradation [104]. Exosomes derived from different tumor cell lines express dif-

ferent integrins; over-expression of integrins increased exosome uptake, while

inhibition of specific integrins decreased exosome uptake and tumor metastasis

[36].
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Extracellular vesicles and tumor microenvironment

Tumor cells use EV to reprogram their surrounding into tumor-permissive and

-promoting environment and to direct bone marrow-derived cells to enhance

and direct metastatic dissemination [48, 105]. Extracellular vesicles can pro-

mote metastasis though different mechanisms, such as promoting epithelial-

mesenchymal transition and providing cytokines and factors [1]. These tumor-

derived vesicles allow tumor cells to expand their growth and spread, but also

offer an additional target for therapy.

Specifically, tumor-derived MV can be involved in multiple aspects of cancer

progression by developing drug resistance [106], promoting tumor angiogenesis

[107] and evading immune surveillance [108]. More extensive studies have been

conducted on the role of exosomes in tumor microenviroment. Tumor cells can

transfer proteins with oncogenic activity using exosomes. The transfer of epi-

dermal growth factor receptor (EGFR) mutant via exosomes augmented expres-

sion of anti-apoptotic genes and increased in anchorage independent growth in

recipient tumor cells [109]. Cells expressing wildtype KRAS can take up colon

carcinoma-derived exosomes with KRAS mutation, resulting in enhanced cell

growth and tumorigenicity [110].

Tumor-derived exosomes can also mediate angiogeneis. Tumor-derived ex-

osomes can transfer EGFR to endothelial cells, leading to VEGF and VEGFR-2

autocrine signaling that can promote angiogenesis [111]. Melanoma cells can

also transfer microRNA, miR-9, to endothelial cells to promote in vivo migra-

tion and tumor angiogenesis [112]. Tumor-derived exosomes also contain an-

giogenic proteins that can promote endothelial tube formation [64]. Binding of
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tumor-derived exosomes can also induce upregulation of angiogenesis-related

genes, promoting endothelial proliferation, migration and maturation of proge-

niotrs [97].

Similar to tumor-derived factors, tumor-derived exosomes can mediate

crosstalk with BMDC. By recruiting and influencing BMDC behavior, tumor-

derived exosomes can stimulate immune modulation at the primary tumor and

promote formation of pre-metastatic niche [89]. At the primary tumor site, tu-

mor cells secrete exosomes to recruit pro-tumorigenic immune cells [113] and

induce pro-tumorigenic phenotypes in macrophages to enhance tumor dissem-

ination [114]. Inhibition of exosome secretion decreased mobilization of neu-

trophils, tumor growth and lung metastasis [113]. Breast cancer cells-derived

MV can selectively recruit CD11b+ BMDC over anti-tumorigenic macrophages

[115]. Furthermore, tumor cells utilize EV to promote expansion of myeloid

cells population [116], preferential development of CD11b+ and Gr1+ cells [117],

and inhibition of differentiation into monocytes and dendritic cells [115].

At the pre-metastatic niche, exosomes from aggressive melanoma cells re-

programmed BMDC to pro-vasculogenic phenotypes in a Met receptor tyrosine

kinase-dependent manner [89]. These exosomes induced vascular leakiness at

pre-metastatic niches, enhancing the recruitment of BMDC and tumor cells. The

study found that exosomes of one melanoma cell line redirected the site of spon-

taneous metastasis of another subcutaneously implanted melanoma cell line in

mice. At the lymph nodes, EV induced changes in gene expression, upregu-

lating those involved in cell recruitment, extracellular matrix remodeling and

vascular growth factors [118].

Although much of the primary tumor microenvironment has been charac-
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terized, little is known about the metastatic microenvironment, especially what

makes a permissive environment for metastasis [10]. The exact role of tumor-

derived EV remains largely unknown, specifically the molecular mechanisms,

and the role of systemic, long-range effects [90]. To date, there are no quantita-

tive or qualitative analysis involving classification of tumor-derived EV [91]. It

is unknown whether tumor cells secrete physiologically relevant but not malig-

nant EV, and if so, what proportions of tumor-derived EV are associated with

malignancy. Furthermore, what proportions of tumor-derived EV are responsi-

ble for the observed effects in tumor progression?

Bidirectional communication is important in tumor microenvironment, but

the role of the stroma in metastastic niche formation has been minimally stud-

ied [96]. Similarly, stromal cells could promote tumorigenic activities by se-

cretion of EV. Identifying both tumor- and stromal-associated EV can benefit

patients by developing appropriate therapeutic interventions that can disrupt

pre-metastatic niche and a permissive metastatic environment [9, 34].

Exosomes may not interact with all cell types at the pre-metastatic site, and

may be preferentially taken up by specific stromal cells in a mouse model [36].

In Chapter 4 and 5, we studied whether tumor-derived EV can interact with en-

dothelial cells. Specifically, we observed binding and uptake of tumor-derived

EV by endothelial cells, transfer of EGFR from EV to endothelial cells, and EV-

mediated signaling on endothelial cells to induce pro-metastatic phenotypes in

endothelial cells. We also observed increased endothelial secretion of MCP1 and

IL-8, which are associated with recruitment of BMDC.
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1.2 Tissue Factor

Tissue factor (TF), a 47kDa transmembrane protein, is primarily responsible for

extrinsic initiation of coagulation upon vessel injury [119]. Under physiological

conditions, TF is not present in the bloodstream, nor expressed by blood cells.

Upon exposure to blood, TF binds to its enzymatic partner factor VII (FVII),

activating it to FVIIa (’a’ denoting activation) (Figure 1.4). Without TF, FVIIa,

exhibits little activity. Factor X (FX) is activated by FVIIa after binding, and FXa

(bound or dissociated from TF-FVIIa complex) converts prothrombin to throm-

bin, which then cleaves fibrinogen to form fibrin clot. Activation of coagulation

proteases is catalyzed by negatively charged membrane surface, in which PS

enhances assembly of coagulation complexes. Although extravascular cells am-

ply express TF, the procoagulant activity is surprisingly low, suggesting certain

cellular mechanisms keep TF in inactive state; the exact mechanisms are still

under debate.

Tissue factor pathway inhibitor (TFPI), constitutively expressed by endothe-

lial cells, is the endogenous inhibitor of TF-mediated coagulation [119]. The

TFPI contains three Kunitz domains that mimic substrates of coagulation pro-

teases. Kunitz domain 1 binds to FVIIa and inhibits its activity, while Kunitz

domain 2 binds and blocks FXa activity. The TFPI can directly bind to FXa

or the TF/FVIIa/FXa complex (Figure 1.4). There are three isoforms of TFPI

- TFPI↵ is soluble, while TFPI� is anchored to the endothelial cell surface by a

glycosylphosphatidylinositol anchor.
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Figure 1.4: Tissue factor-mediated coagulation and signaling. Tissue factor
binds to factor (F)VII and activates it to FVIIa (’a’ denoting activation). Upon
binding to FVIIa, FX is activated and cleaves prothrombin to thrombin. Coagu-
lation proteases can activate protease-activated receptors (PAR). The TF/FVIIa
complex and FXa can activate PAR-1 and PAR-2 on tumor cells and endothe-
lial cells. Thrombin can activate PAR-1. Thrombin and FXa can dissociate from
cell surface and interact with other cells. Tissue factor pathway inhibitor (TFPI)
inhibits FVIIa and FXa protease activity by binding.

1.2.1 Over-expression of TF by tumor cells - effects on hemosta-

sis

Most epithelial tumors over-express TF, which is downstream of multiple onco-

genic mutations [120]. The mechanism of TF over-expression differs by tumor

types. In colorectal cancer, over-expression of KRAS oncogene and loss of p53

function led to TF over-expression, while in glioma, it is the over-expression of
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EGFRvIII oncogene. Other mechanisms include hypoxia and Akt signaling, or

oncogenic kinases such as Src and Met.

Tumors that over-express TF can activate the coagulation cascade, leading to

thrombosis. Tumor cells, typically exhibit high levels of PS, which can accelerate

activation of coagulation proteases [121]. Cancer has been described as a pro-

thrombotic disease [122, 123], and cancer-associated thrombosis is the leading

cause of non-cancer related deaths in cancer patients [124]. Pro-coagulant state

of tumor varies with cancer type, stage and treatment [125]. More than 90%

of cancer patients have abnormalities in in vitro coagulation tests irrespective

of thrombosis [126]. Both FXa and thrombin have been detected in human pa-

tient tissue [127, 128], and fibrin deposition was found in and around different

tumors [129].

The observation of thrombosis far from the primary tumor in cancer pa-

tients suggested that tumor-derived TF can enter into circulation [119]. Under

pathological conditions, detectable levels of TF are found in patient’s blood, and

can contribute to hemostasis. In mice, implantation of human and mice tumor

cells resulted in TF in circulation [130, 131, 132]. Two sources of circulating TF

have been identified. The first is alternatively spliced (as)TF. With the exon 5

sliced out, asTF is soluble and accounts for 10-30% of TF in plasma. The second

source is tumor-derived TF-expressing EV, which accounts for the majority of

tumor-derived TF activity in blood [133]. TF+MV are shed as an inflammatory

response, and enhanced TF activity on tumor-derived MV correlates with dis-

ease progression [119]. Oncogenic signaling that increased TF expression also

increased release of TF+EV [134]. Release of TF-expressing exosome may be

related to epithelial-mesenchymal transition [135]. Most studies have not de-
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lineated between tumor-derived and stromal-derived EV; crosstalk between the

tumor and stroma can induce TF+EV [136], but TF-antigen is mainly associated

with tumor-derived EV [131, 132, 133]

The procoagulant activity of TF+EV is further enhanced by PS expression on

these EV [137]. PS expression on EV is heterogeneous, but at least 50% of them

are PS-positive [125, 138]. The expression of PS is vital in mediating coagulation

[55]. Although both exosomes and MV express TF [119], exosomes express PS at

a lower level than MV [139]. The procoagulant activity of exosomes was abol-

ished when MV were removed, and re-established when PS was added back

into the system [140], suggesting a synergy in procoagulant activity between

exosomes and MV. The increase in procoagulant activity in EV derived from

cancer patient was also be attributed to a decrease in TFPI expression [141].

Venous thromboembolism (VTE) is a common complication for cancer pa-

tients. The use of TF+MV as a biomarker of thrombosis is still controversial,

although some studies have established associations [142, 143]. Removal of the

primary pancreatic carcinoma in 3 patients significantly decreased TF+MV in

plasma [144]. In certain cancers, increase numbers of TF+MV and TF-activity

has been observed in patients with VTE [145, 146]. TF+MV was associated with

tumor malignancy, with the highest number found in metastatic cancer patients.

A positive association between TF+MV and risk of developing VTE and recur-

rent VTE has been described [147, 144]. However, the follow-up study did not

show an increase in TF+MV in cancer patients compared to healthy controls

[146]. Another study has found no significant differences in TF+MV between

cancer patients and healthy controls [148]. Although pancreatic cancer patients

have elevated TF+MV activity, TF+MV do not contribute significantly to fibrin
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formation, suggesting that TF+MV may not be the main mediator of thrombo-

sis in pancreatic cancer patients. Altogether, the current data suggests that the

role of tumor-derived EV in VTE may be dependent on tumor origin, and dis-

crepancy may be due to looking at cancer patients as a whole instead of specific

groups.

1.2.2 Over-expression of TF by tumor cells - effects on tumor

biology

TF is associated with invasiveness and high clinical staging and metastases, in

a tumor-dependent manner [120]. The expression of TF on metastatic tumors

can be 1000-fold higher than non-metastatic counterparts [149]. Elevated TF ex-

pression also correlates with poor survival and prognosis [120, 149, 150, 151].

Targeting either the TF/FVIIa complex, thrombin or other coagulation mech-

anisms led to anti-tumor and anti-metastatic effects [152, 153] that are similar

to other traditional targets [152, 154, 155]. The role of clotting factors in can-

cer growth, angiogenesis, metastasis, and inflammation has been thoroughly

reviewed in [152, 153, 156, 157, 158, 159].

TF-mediated tumor growth

Tumor growth is primarily affected by TF-mediated signaling, but not TF-

mediated coagulation [153]. Since TF binds to FVIIa with high affinity, the

plasma concentration of FVII is sufficient to bind to most TF in all cell types

[160]. Many tumor cells are also capable of ectopic production of FVIIa

[120, 161]. The TF/FVIIa complex can signal through protease-activated
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receptor- (PAR-)2, the primary mechanism responsible for TF-mediated tumor

growth [162, 154]. Signaling between TF/FVIIa and PAR-2 increased produc-

tion of proangiogenic factors, and growth factors and cytokines to recruit pro-

tumorigenic immune cells [163, 164]. Targeting TF-signaling by tumor cells re-

duced tumor growth [154], and targeting both tumor- and host-derived TF re-

sulted in additive effects [165]

TF-mediated adhesion to TFPI

Fischer et al. showed that J82, high TF-expressing, bladder cancer cells can bind

to recombinant TFPI in vitro [166]. This adhesion was dependent on FVIIa,

which acts as a bridge between TF on tumor cells and its endogenous inhibitor,

TFPI. Expressed in extracellular matrices, TFPI mediated tumor cell adhesion

at a physiological concentration. The adhesion became significant when fi-

bronectin concentration was low, suggesting that TF could cooperate with in-

tegrins to mediate adhesion and migration on extracellular matrices.

We hypothesized that interaction between tumor-derived TF and endothelial-

expressed TFPI could potentially be a physiological mechanism for tumor cell

arrest in the vasculature. Unlike E-selectin and ICAM-1, TFPI is constitutively

expressed by endothelial cells, and its expression does not require endothelial

activation [119]. In Chapter 2, we looked at adhesion of high and low TF-

expressing tumor cells to recombinant TFPI and HUVEC. We studied the inter-

action under static conditions as well as under low shear, a more physiologically

relevant condition. We found that high, but not low, TF-expressing tumor cells

adhered to recombinant TFPI under static and shear conditions. With HUVEC,

high-expressing TF tumor cells adhered under static, but not shear, conditions
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due to low TFPI ligand density.

TF-mediated metastasis

TF-mediated coagulation is important for tumor metastasis. Mice deficient in a

specific coagulation protein (for example, factor XIII, TF, fibrinogen and platelet

activation) have a decreased susceptibility to cancer [155, 167, 168, 169]. When

tumor cells are blood-borne, coagulation forms a fibrin and platelet shield to

protect tumor cells from immune cells [167, 170]. Platelets also act as a source of

growth factors to promote profliferation [171, 172, 173]. Furthermore, platelets

can mediate adhesion to the endothelium, promoting tumor cell arrest in the

vasculature [11, 174].

Inhibition of coagulation diminished metastasis in experimental murine rat

models as summarized in [153]. Similarly, inhibition or downregulation of TF in

in vivo models reduced metastasis [153]. TF-procoagulant activity was essential

for establishment of tumors in distal sites for melanoma [149], breast cancer

[154], and fibrosarcoma [155]. over-expression of TFPI reduced metastasis of

B16-F10 murine melanoma [175].

Although inhibition of coagulation decreases metastasis, our understanding

of the mechanism is still limited [153]. Two studies shown that recruitment of

immune cells may be involved. Clotting initiated by TF-expressing tumor cell

recruits CD11b+ myeloid cells and F4/80+ macrophages, which promoted tumor

cells survival [176]. When TFPI was over-expressed (to inhibit TF), hirudin was

added (to inhibit thrombin), or when immune cells were compromised, tumor

cell survival at the metastatic sites decreased. In a different study, when high

TF-expressing, but not low TF-expressing, tumor cells were injected into mice,
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the microenvironment was infiltrated with CD11b+ myeloid cells and F4/80+

macrophages before appearance of clinically observable tumors [177].

TF-expressing tumor-derived EV and pre-metastatic niche

The effect of TF-expressing EV on tumor progression extends beyond the role

of TF in thromboembolism. A study showed that MV secreted by a high-TF-

expressing cell line transferred TF to a low-TF expressing cell line [178]. This

transfer of TF also endowed the low TF-expressing cells with TF-mediated ca-

pabilities and TF-associated aggressiveness. Constant transfer of TF was neces-

sary, as removal of MV resulted in a decrease in procoagulant activity over time.

Tumor-derived EV transferred TF to endothelial cells, promoting angiogenesis

and procoagulant behavior [97, 135, 179].

After subcutaneous implantation of tumor in mice, increased recruitment of

CD11b+ cells to lung was observed [176]. Inhibition of thrombin with hirudin

treatment prevented the formation of pre-metastatic niche (indicated by lack of

CD11b+ cells), and the number of metastatic nodules was significantly reduced

to that of controls. These observations suggested that TF-expressing EV medi-

ated pre-metastatic niche formation by initiating coagulation.

Although evidence for TF+EV as a biomarker for VTE remains controver-

sial, most studies have shown that they are correlated with tumor progression,

cancer stage and poor prognosis. TF-expressing EV may mediate metastasis

in ways beyond initiation of coagulation. Similar to TF-mediated signaling

in promoting tumor growth, TF-expressing EV can promote formation of pre-

metastatic niches by recruiting and signaling to stromal cells.
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1.3 Endothelial cells and tumor microenvironment

Endothelial cells line the blood vessels in the body and act as the interface be-

tween blood and surrounding tissues [180]. Depending on the tissue needs and

local stress, endothelial cells adopt different phenotypes, and perform a variety

of functions. For example, endothelial cells direct inflammatory cells to areas

in need of defense and repair, control extravasation of fluid, solutes and macro-

molecules, and mediate coagulation by controlling activity and extravasation of

blood cells and platelets [172, 181].

Due to the diverse needs in the body, endothelial cells must adapt to its local

environment [182]. Site-specific differences in function translate to structural

and molecular heterogeneity in endothelial cells from different vascular beds.

Gene expressions vary greatly between endothelial cells in arteries, veins and

microvessels, as well as between microvessels of different organs [183].

Physiologically, quiescent endothelial cells are anti-coagulant, anti-adhesive

and anti-inflammatory [172]. Upon stimulation from the environment, endothe-

lial cells become activated locally, but eventually return to their quiescent state.

Endothelial activation is described as ”the capacity of endothelial cells to per-

form new functions without evidence of cell injury or death” [184]. Such ac-

tivation typically leads to gene transcription for new receptors and activity.

Endothelial responses may differ by location due to differences in gene ex-

pression and signal transduction; a systemic signal may result in different en-

dothelial phenotypes and local responses at different vascular beds [180, 185].

Common mediators of endothelial activation include pro-inflammatory cy-

tokines (TNF↵, interleukin (IL-)1, IL-6) [186], immune responses, hypoxia and
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metabolic stresses [187, 188, 189].

Upon stimulation, activated endothelial cells become pro-adhesive, pro-

coagulant and pro-inflammatory. Cell adhesion molecules (P-selectin, E-

selectin, ICAM-1 and VCAM-1) are upregulated within hours to control recruit-

ment of leukocytes to where they are needed. [186, 187, 188, 189].

A shift towards a procoagulant state is achieved by upregulation of proco-

agulant components and downregulation of anticoagulant properties [186, 190].

The net result is promotion of thrombosis and angiogenesis [191]. The three

main anti-coagulation mechanisms (antithrombin, protein C and TFPI) are im-

paired due to decreased synthesis, increased degradation by enzymes and in-

creased consumption by activated coagulation proteases [186]. To promote co-

agulation, TF is upregulated, leading to activation of thrombin. Negatively

charged phospholipids is exposed by activated endothelial cells to further en-

hance activation of coagulation cascade.

Thrombin, generated by the coagulation cascade, also mediates pro-

inflammatory activity via PAR on endothelial cells [192]. In return, endothelial

cells increase production of inflammatory cytokines to recruit and activate more

leukocytes [193]. This feedback loop reinforces the inflammatory and coagula-

tion responses locally. Angiogenesis is promoted after inflammation as part of

the healing process [172, 180].

1.3.1 Tumor endothelium

The plethora of endothelial functions and their ability to respond to different

local stimuli make endothelial cells a perfect target for hijacking by tumor cells.
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Multiple studies have shown that tumor cells and the microenvironment can

mediate endothelial behavior and phenotype to promote tumor progression.

The tumor-associated endothelium lacks the signal inputs of normal en-

dothelium [194]. The luminal side is exposed to hypoxia, variable blood flow,

low pH and hypoglycemia, while the abluminal side lacks basement membrane

and contact with pericytes. Furthermore, the endothelium is constantly exposed

to tumor-secreted factors. These changes translate to changes in endothelial

gene expression, structure and function. The structure of tumor-associated en-

dothelium is characterized by lack of hierarchy, excessive branching, chaotic

flow patterns, and increased permeability [182]. Comparisons between normal

and tumor endothelial cells showed that tumor endothelial cells are more proan-

giogenic (upregulation of VEGF and VEGFR) with high proliferation rates and

motility [195].

Sustained endothelial activation may lead to irreversible endothelial dys-

function, resulting in pathological conditions [191]. Normal endothelial cells in-

hibited tumor proliferation and invasion in vitro and in vivo [196]. Tumor condi-

tioned medium is sufficient to induce dysfunctional endothelial cells, which are

characterized as being pro-adhesive and pro-inflammatory [197]. When tumor

cells are treated with conditioned medium from these dysfuctional endothelial

cells, an increase in inflammatory signaling, invasiveness and metastatic poten-

tial was observed.
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1.3.2 Endothelial activation in tumor metastasis

A key feature of endothelial activation is increased vascular permeability, which

can be induced by tumor-derived EV [198]. Within 24 hours of injection of

tumor-derived exosomes into mice, induction of vascular permeability was

observed before accumulation tumor-derived exosomes in pre-metastatic sites

[36]. Addtionally, increased vascular permeability may encourage recruitment

of myeloid cells at pre-metastatic niches before arrival of tumor cells [10, 89].

Activated endothelial cells also secreted cytokines, such as CCL5, to recruit

CD11b+ cells [199].

Endothelial activation also promoted a pro-adhesive environment by upreg-

ulating adhesion molecules and inflammatory cytokines [200, 201]. The mech-

anism, typically used to recruit leukocytes, may be employed to recruit tumor

cells and myeloid cells [187, 202]. Upon activation, endothelial cells secreted

pro-inflammatory cytokines to recruit tumor cells [187, 202]. Cancer stem cell-

derived MV enhanced angiogenesis and tumor cell adhesion in vitro, and in-

creased lung metastasis by promoting expression of VEGFR, VEGF, and MMP

in vivo [203].

Increased procoagulant activity is observed in endothelial cells after activa-

tion by MV derived from leukocytes [204] and monocytes [205]. The activa-

tion increased TF messenger RNA expression, protein expression and activity.

Similar results were obtained when endothelial cells were treated with tumor-

derived EV, which transferred TF proteins to and increased procoagulant ac-

tivity in endothelial cells [206]. Transplantation of human tumors into low TF-

expressing mice also increased TF expression on endothelial cells. Extracellular
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vesicles from stem cells and immune cells also disrupted anticoagulant prop-

erties and downregulated anticoagulant protein expression in endothelial cells

[86, 204, 205].

Tumor-derived EV have been associated with angiogenesis by activating en-

dothelial cells. Treatment with tumor-derived EV enhanced endothelial growth

and mobility, resulting in tube formation in vivo and in vitro [203, 207]

1.3.3 Protease-activated receptors

Activated coagulation proteases such as thrombin, FXa and TF/FVIIa, can mod-

ulate inflammatory activity by signaling through PAR [186]. Vascular PAR sig-

naling by coagulation proteases modulate diverse cellular activities under dif-

ferent pathophysiological conditions - inflammation, tumor growth/metastasis,

apoptosis, angiogenesis, and tissue remodeling [208].

Protease-activated receptors are a class of G-protein coupled receptors

(GPCR) [209]. Upon binding of agonist, conformation changes in the receptor

activate the coupled G-protein, which then dissociates to initiate downstream

signaling. Multiple ligands can interact with a receptor, and a different ago-

nist typically leads to a different pattern of signaling and response. A receptor

can also adopt multiple active conformations, each of which favor a different

signaling pathway [210].

Protease-activated receptors differ from other GPCR in a very unique way

[209]. The activation ligand is expressed by the receptor, but is sterically hin-

dered by the extracellular N-terminus (Figure 1.5). Proteases such as thrombin,

FXa and TF/FVIIa, cleave at defined sites to reveal the tethered ligand, which
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Figure 1.5: Activation of protease-activated receptors. Protease activated re-
ceptors are cleaved by protease, revealing the tethered ligand, which then binds
to the second extracellular loop domain and initiates downstream signaling.
Activation can also happen by agonist peptides that correspond to the tethered
ligand sequence. Proteases that remove or destroy the tethered ligand disarm
the receptor and prevent activation

.

bind to specific regions on the second extracellular loop to activate the receptor.

This binding initiates a conformation change and subsequent downstream sig-

naling. Proteolytic activation is further enhanced by anchoring of proteases to

membrane. Peptides that mimic the tethered ligand can activate the receptors

directly, but generally at lower potency [211]. Proteases and agonist peptides,

however, may exert different effects [212], and activation mode may differ de-

pending on whether the agonist is tethered or soluble [213]. A PAR can be dis-

armed by proteases that remove or destroy the tethered ligand domain.

During coagulation, multiple proteases will be present and activated at once.

Different proteases can cleave at distinct sites and activate different signaling

mechanisms [209]; hence, the outcome of the signaling will be the unique com-
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bination of responses to all of these proteases. Furthermore, availabilty of pro-

teases may differ depending on the patho-physiological state as well as the in-

hibitors in the environment. Lastly, different tissues and cell types have differ-

ent regulatory and accessory proteins, and may elicit different responses to the

same protease.

Each PAR can couple to different G-protein- and �-arrestin-dependent path-

ways, as summarized in by Zhao et al. [209]. Coupling to G-protein or �-arrestin

is largely driven by the conformation of PAR [214]. It has been postulated that

two different PAR populations may be responsible for signaling to different G

proteins [215, 216]. These PAR populations may exist in different microdomains

and favor interaction with different G proteins. On the other hand, the two G

protein subunits can independently interact with downstream effectors, leading

to a complex signaling network [217]. An agonist and the associated conforma-

tion change may also dictate selective signaling of one pathway [213].

There are currently four identified PAR [209]. PAR-1 can bind to thrombin,

which cleaves and activates the receptor (Figure 1.4). FXa also cleaves at the

same site and triggers similar cellular responses. PAR-2 is the only receptor

thrombin cannot activate. Trypsin, FVIIa and FXa can cleave PAR-2 to reveal

the tethered ligand [218]. The difference in potency for these three agonists is

attributed to the different rate and efficiency of the protease action [219]. PAR-

3 can be activated by thrombin, but does not signal on its own [220]. Instead,

PAR-3 acts as a co-factor for other receptors [221, 222]. Without a thrombin

binding domain, PAR-4 is activated by thrombin at a higher concentration than

that required for PAR-1 [223].

Once a PAR is activated, signaling is terminated by rapid phosphorylation to
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shut down G-protein coupling and signaling, followed by internalization [224,

225].

1.3.4 PAR-mediated responses in endothelial cells

Endothelial cells express all four PARs. PAR-1, -2, -3 have been identified [226],

while PAR-4 expression was demonstrated in some studies with HUVEC [227],

but not others [226]. Responses of endothelial PAR-4 have been shown in mice

[228].

Thrombin-mediated activation of PAR

On endothelial cells, PAR-1 mediates acute vascular inflammation [229, 230].

Activation of PAR-1 by thrombin promotes local inflammation and induces

changes in endothelial gene expression [230]. These changes result in a pro-

inflammatory, pro-adhesive, pro-coagulant and pro-angiogenic phenotype.

Increased cytokine (IL-6, IL-8 and MCP1) secretion was observed in en-

dothelial cells after thrombin treatment [231]. A pro-adhesive environment was

achieved by upregulation of P-selectin, E-selectin, ICAM-1 and VCAM-1 [231],

resulting in stabilization of neutrophil [232] and monocyte [233] adhesion. De-

creased leukocyte infiltration was observed in PAR-1 deficient mice during is-

chemia [234]. Thrombin (>100pM), by activating PAR-1, also induces endothe-

lial contractile response, leading to increased vascular permeability within min-

utes of stimulation [119, 235]. Thrombin stimulation also increased endothelial

surface expression of TF [236] and secretion of procoagulant factors, such as von

Willebrand factor [192]. Thrombin also promoted pro-angiogenic responses by
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increasing secretion of soluble angiogenic molecules such as VEGF, angiopoi-

etin and platelet-derived growth factor [231, 237]. Upregulation of VEGFR also

resulted in autocrine pro-angiogenic signaling by endothelial cells [237]. Secre-

tion of cytokines such as IL-6 and IL-8, also promoted endothelial proliferation

[192].

Thrombin-mediated PAR signaling can be regulated by thrombomodulin.

Thrombin binds to thrombomodulin with high affinity, and when bound,

thrombin cannot activate PAR [208]. Because thrombin can activate PAR-1 and

PAR-4, in vivo responses must consider both receptors. Although PAR-4 requires

a higher concentration of thrombin for activation, localization of co-factor (for

example, PAR-3) can render PAR-4 an effective thrombin signaling mediator

[192, 230]

FXa- and FVIIa-mediated activation of PAR

Although thrombin is a potent activator of PAR, alternative mechanisms of pro-

tease signaling become important during pathological settings when many pro-

teases are released [238]. Thrombin has a very short half-life in vivo due to en-

dogenous inhibitors; thrombin can only act near the activation site [230]. Both

FXa and FVIIa primarily signal through PAR-2, but they can also activate PAR-1

[230, 239]. FVIIa alone has little activity, and can only signal when bound to

TF. FXa, on the other hand, can signal on its own or bound to the TF/FVIIa

complex. When complexed with TF/FVIIa, FXa can signal at physiological con-

centration of TF, FVIIa, and PAR-2 [219]. Furthermore, signaling of FXa, when

bound to TF/FVIIa complex is more efficient than the TF/FVIIa complex alone,

FXa or FXa generated in situ by TF/FVIIa complex; TF/FVIIa may orient FXa
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more favorably for PAR activation [240]. The half-life of TF/FVIIa/FXa com-

plex is sufficient for PAR signaling, suggesting that FXa-mediated signaling is

physiologically relevant during the initial phase of coagulation.

Similar to thrombin, FXa- and FVIIa-mediated PAR signaling is important

for wound healing, angiogenesis and tissue remodeling [241]. PAR-2 is upreg-

ulated on endothelial cells by inflammatory cytokines (IL-1↵ and TNF↵), sug-

gesting that PAR-2 may play a role in mediating acute inflammatory responses

[242, 243]. Hypoxia, also induced endothelial upregulation of PAR-2 messenger

RNA and protein expression [244].

Activation of PAR-2 elicits similar responses as activation of PAR-1 by

thrombin. PAR-2 activation increased TF messenger RNA and protein expres-

sion, as well as procoagulant activity more than PAR-1 activation [245]. Due to

weak activation of RhoA, PAR-2 activation did not mediate endothelial perme-

ability [246]. FXa upregulated E-selectin, ICAM-1 and VCAM-1 in a PAR-1 and

PAR-2 dependent manner [247, 248]. Leukocyte rolling was diminished in PAR-

2 knockout mice [249]. FXa also increased secretion of IL-6 (via PAR-2), IL-8 (via

PAR-1) and MCP1 [247, 250]. Upregulation of IL-6 and IL-8 by endothelial cells

was observed with FVIIa treatments also [251]. FXa promoted endothelial cell

proliferation by inducing mitogen production [252].

Tumor-endothelial crosstalk via PAR signaling

A study used PAR-1 and PAR-2 knockout mice to investigate the role of en-

dothelial PAR-1 and PAR-2 in supporting cancer metastasis [253]. Both knock-

out models attenuated endothelial response to coagulation proteases, but tail-

vein injection of murine melanoma cells showed no changes in hematogenous
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metastasis. In a hyperthrombotic mouse model, host and tumor PAR-1 signal-

ing became important in mediating tumor metastasis in a TF-dependent manner

[254]. These studies suggested that under cancer-induced procoagulant state,

PAR-1 signaling is important for tumor metastasis; host and tumor PAR-1 sig-

naling appeared to be redundant pathways; hence, both should be considered

in targeting and therapy. Both studies used tail vein injection in their model,

studying metastasis from the extravasation step and onward; recent studies

have shown that crosstalk between endothelial cells and tumor-derived EV may

be important in mediating tumor progression.

For example, under hypoxia, endothelial cells upregulated PAR-2, and U87-

MG, a malignant glioma cell line, released TF+ EV [244]. These tumor-derived

EV activated PAR-2 on endothelial cells, leading to phosphorylation of ERK and

release of heparin-binding EGF-like growth factor to promote tumor prolifera-

tion. The effects were abolished when TF was blocked with an antibody and

FVIIa-activity was inhibited.

We were interested in further elucidating the crosstalk between tumor and

endothelial cells, and how tumor cells can influence endothelial phenotype

by PAR signaling. In Chapter 3, we isolated extracellular vesicle populations

from TF-expressing tumor cell lines and verified that the vesicles exhibited TF-

dependent procoagulant activity. In Chapter 5, we investigated the role of

TF-expressing EV on mediating procoagulant activity on endothelial cells. Al-

though TF-expressing EV are pro-coagulant, their role in VTE is still controver-

sial. We hypothesized that these TF-expressing EV could promote thrombosis

by directly influencing endothelial cells, one of the main mediators of hemosta-

sis. We studied the procoagulant activity of endothelial cells after treatment
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with TF-expressing tumor-derived EV. We found that although FXa, generated

by TF-expressing EV, activated PAR-1 and induced de novo synthesis of TF, the

main mechanism for increasing procoagulant activity was by binding of tumor-

derived EV or transfer of TF by EV.

In Chapter 4, we evaluated whether TF-expressing tumor-derived EV could

promote a pro-adhesive, pro-inflammatory, and pro-angiogenic phenotype in

endothelial cells. We found that TF-expressing EV upregulated E-selectin and

ICAM-1, but not VCAM-1, and increased secretion of IL-8 and MCP1, but not

VEGF. The mechanism depended on activation of FXa by TF-expressing EV, re-

sulting in activation of PAR-1 and transactivation of EGFR on endothelial cells.

1.3.5 PAR transactivation of EGFR

Activated PAR can transactivate other receptors, such as epidermal growth fac-

tor receptor (EGFR), offering an extra layer of flexibility in regulating cell behav-

ior [214, 255]. Transactivation is defined as the activation of one GPCR leading

to ”rapid activation and cytosolic generation of immediate downstream signal-

ing of a second cell surface receptor without de novo protein synthesis” [214].

Daub et al. first demonstrated that PAR-1 agonists can transactivate EGFR lead-

ing to phosphorylation of downstream target and DNA synthesis [256]. The

same phenomenon was then reported in other cell types [257]

EGFR is a member of the ErbB family of cell surface receptor tyrosine kinases

[258]. There are 8 known ligands, with epidermal growth factor (EGF) being the

most common one. Ligand binding induces homo- or heterodimerization of

receptors and phosphorylation of tyrosines recruit proteins to docking site for
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downstream signaling cascades [259].

Transactivation of EGFR can occur in a ligand-dependent or ligand-

independent manner [260]. Upon activation of PAR, MMP secreted by cells

releases growth factors from cell surface, resulting in growth factor receptor

(for example, EGFR) signaling. Activation of PAR can also induce an intra-

cellular signaling cascade involving Src family kinases that are responsible for

activating EGFR. This has been observed with FXa-mediated activation of PAR-

2 on endothelial cells [261] and activation PAR-1 by thrombin on colon can-

cer cells [262]. In endothelial cells, a EGF-dependent activation of EGFR and

ligand-independent activation of VEGFR has been observed after PAR-1 activa-

tion [263].

The expression of EGFR on endothelial cells is controversial [264, 265]. Some

studies have shown that endothelial cels have EGFR expression and response to

EGF [261, 263, 264, 266], while others have shown lack of EGFR expression on

endothelial cells [111, 267]. In Chapter 4, we characterized EGFR expression on

our endothelial cells and found a weak EGFR expression and consistent EGFR-

dependent response to EGF.

The transactivation of EGFR by PAR-1 in endothelial cells may mediate spe-

cific responses involved in tumor progression and metastasis. Inhibition of PAR,

especially PAR-1, can result in serious side effects [268]. Depending on the na-

ture of interactions, it may suffice to inhibit EGFR. The study of transactivation

of PAR offer an additional avenue for therapeutic target.
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CHAPTER 2

CAPTURE OF TISSUE FACTOR-EXPRESSING TUMOR CELLS BY ITS

BIOLOGICAL INHIBITOR, TISSUE FACTOR PATHWAY INHIBITOR, ON

ENDOTHELIAL CELLS UNDER SHEAR

Portions of this chapter adapted from the article

Che SPY, DeLeonardis C, Shuler ML and Stokol T. Tissue factor-expressing tu-

mor cells can bind to immobilized recombinant tissue factor pathway inhibitor

under static and shear conditions in vitro. PLoS ONE. 2015; 10(4):e0123717

2.1 Abstract

Mammary tumors and malignant breast cancer cell lines over-express the coag-

ulation factor, tissue factor (TF). High expression of TF is associated with a poor

prognosis in breast cancer. Tissue factor pathway inhibitor (TFPI), the endoge-

nous inhibitor of TF, is constitutively expressed on the endothelium. We hy-

pothesized that TF-expressing tumor cells can bind to recombinant TFPI, lead-

ing to arrest of the tumor cells under shear. We evaluated the adhesion of breast

cancer cells to immobilized TFPI in vitro under static and shear conditions (0.35

- 1.3dyn/cm2). We found that high-TF-expressing breast cancer cells, MDA-

MB-231 (with a TF density of 460,000/cell), but not low TF-expressing MCF-7

(with a TF density of 1,400/cell), adhered to recombinant TFPI, under static and

shear conditions. Adhesion of MDA-MB-231 cells to TFPI required activated

factor VII (FVIIa), but not FX, and was inhibited by a factor VIIa-blocking anti-

TF antibody. Under shear, adhesion to TFPI was dependent on the TFPI-coating

concentration, FVIIa concentration and shear stress, with no observed adhesion
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at shear stresses greater than 1.0dyn/cm2. We found that MDA-MB-231 cells

could adhere human umbilical vein endothelial cells (HUVEC) in vitro under

static conditions in a FVIIa-, and TFPI-dependent manner; however, we did not

observe FVIIa-dependent adhesion to HUVEC under low shear. We could not

further evaluate our system as we were unable to obtain sources of human pri-

mary microvascular lung endothelial cells, which is expected to express TFPI

strongly on the surface.

2.2 Introduction

Tissue factor (TF), a 47kDa transmembrane protein, is constitutively expressed

on the surface of fibroblasts and smooth muscle cells surrounding blood vessels

[1]. The primary function of TF is to initiate coagulation upon vascular injury

through binding to and acting as a cofactor for its enzymatic partner, factor VII

(FVII). Previous studies have shown that TF is up-regulated and over-expressed

in various types of cancer cells [2, 3]. Over-expression of TF by tumor cells has

been associated with paraneoplastic thrombosis [4, 5, 6]. Tissue factor has also

been shown to have non-coagulant roles in cancer biology by promoting tumor

proliferation, angiogenesis, and metastasis [1, 3, 5].

Cancer metastasis is a complex and poorly understood process involving

multiple steps including invasion of tumor cells from the primary tumor, in-

travasation into the vasculature system, arrest and extravasation into surround-

ing tissue, and formation of a secondary tumor at established pre-metastatic

niches [7, 8, 9, 10]. Of these steps, TF has been shown to increase tumor cell inva-

sion in extracellular matrices in vitro [11, 12, 13]. A recent study has also shown
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that TF is involved in the formation of the pre-metastatic niche [14]. Little is

known on the role of TF in the later steps of the metastatic cascade or specifi-

cally if TF is involved in arrest of circulating tumor cells in blood vessels at sites

of metastasis. Most studies on tumor cell adhesion to the endothelium have

focused on classic adhesion receptor-ligand interactions (for example, selectins

and integrins), mimicking the recruitment of leukocytes during inflammation

[15, 16, 17]. These studies have shown that selectins and integrins can mediate

cancer cell adhesion to endothelium pre-activated by inflammatory cytokines.

In vivo studies have suggested that non-classic interactions are involved in the

adhesion of cancer cells to endothelial cells as rolling of cancer cell is not always

observed prior to adhesion [18, 19]. Instead, tumor cells simply arrest on unac-

tivated endothelium in vessels of dimensions greater than that of the tumor cell,

demonstrating that physical constriction was not the only cause of arrest.

Tissue factor pathway inhibitor (TFPI), the endogenous inhibitor of the TF-

FVIIa complex, is constitutively expressed on the endothelium [20, 21]. It in-

hibits the enzymatic activity of TF/FVIIa complex by binding to FVIIa and FXa

through two Kunitz domains [22]. Since TFPI is constitutively expressed on the

endothelium, and tumor cells over-express TF, we hypothesized that TF on tu-

mor cells may bind to immobilized TFPI and TFPI-expressing human umbilical

vein endothelial cell (HUVEC), thus providing in vitro support for a potential

novel mechanism by which TF-expressing tumor cells could arrest on the en-

dothelium under shear in vivo. Fischer et al. have shown that TF-expressing

J82 bladder cancer cell lines adhered to recombinant TFPI under static condi-

tions [23], but the interaction between TF-expressing tumor cells and TFPI un-

der shear has not been investigated.
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We found that, similar to J82 bladder tumor cells [23], high TF-expressing

(MDA-MB-231), but not low TF-expressing (MCF-7), breast cancer cells bound

to immobilized recombinant TFPI under static conditions in a FVIIa-dependent

manner. Using a microfluidic device, we showed for the first time that high

TF-expressing tumor cells also bound under low physiological shear to chan-

nels coated with immobilized recombinant TFPI. This binding and arrest of TF-

expressing tumor cells to TFPI is dependent on the shear stress, coating con-

centration of TFPI, and FVIIa concentration. We further tested the interaction

of MDA-MB-231 cells with HUVEC, and found that MDA-MB-231 adhered to

HUVEC in a FVIIa- and TFPI-dependent manner under static conditions. How-

ever, we did not observe FVIIa-dependent adhesion of MDA-MB-231 cells to

HUVEC under low shear in vitro, which we postulate is due to low TFPI ex-

pression on HUVEC. We speculate that TF-mediated tumor adhesion may still

be possible in high TFPI-expressing endothelial cells, such as lung endothelial

cells [24, 25]. Unfortunately, we could not continue our in vitro studies due to

the lack of availability of primary microvascular lung endothelial cells.

2.3 Materials and Methods

2.3.1 Reagents and antibodies

All reagents, unless noted, were from Sigma Aldrich (St Louis, MO). Human re-

combinant FVIIa and FX were purchased from Haematologic Technologies (Es-

sex Junction, VT). Recombinant His-tagged human TFPI was purchased from

RD Systems (Minneapolis, MN). Protein G was purchased from EMD Milli-
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pore (Billerica, MA). Phalloidin, mouse anti-His, mouse IgG, and Alexa-488-

conjugated secondary goat anti-mouse antibodies were purchased from Invitro-

gen (Carlsbad, CA). A mouse anti-TFPI antibody was purchased from Fitzger-

ald Industries International (Acton, MA). A mouse anti-VE-cadherin was pur-

chased from Santa Cruz (Dallas, TX). Mouse monoclonal anti-TF antibodies

(TF9-5B7 and TF9-10H10) were a generous gift from Dr. James Morrissey at

University of Illinois.

2.3.2 Cell lines and cell culture

We used MDA-MB-231 (a gift from Dr. Teresa Porri in NBTC, Cornell Univer-

sity; ATCC NCI-PBCF-HTB26, Mannasas, VA) as a model system for tumor cells

expressing TF because the cell line expresses high amount of TF [26]. The MCF-

7 (ATCC HTB-22) breast cancer cell line with low expression of TF was used as

a control. Both cell lines were cultured in Dulbecco’s Modified Eagle Medium

(Life Technologies, Carlsbad, CA for MDA-MB-231, and Corning Cellgro, Man-

nasas, VA for MCF-7) completed with 10% (v/v) fetal bovine serum (FBS; At-

lanta Biologicals, Norcross, GA) and 100U/ml penicillin-streptomyocin (Invit-

rogen, Carlsbad, CA). Human umbilical vein endothelial cells (HUVEC; Lonza,

Basel, Switzerland) were cultured using EGM-2 media (Lonza, Basel, Switzer-

land). All cells were maintained in an incubator at 37C and 5% CO2.

2.3.3 Cell preparation for adhesion experiments

Cells were serum-starved overnight to remove residual FVII or FX that may be

present in serum-containing media. The cells were detached using an enzyme-
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free dissociation solution (Millipore, Billerica, MA), and then resuspended in

serum-free media (with 2mM calcium and 5U/ml heparin to prevent non-

specific binding of TFPI) at 1x106 cells/ml. Cells were rested at room tem-

perature for 30 minutes, during which time they were treated with antibodies

(TF9-5B7, TF9-10H10 or an isotype control at 50µg/mL), if required. Cells that

were to be incubated with TFPI were also pre-treated with FVIIa (10nM unless

otherwise stated) with or without FX (10nM) for 10 minutes. For microfluidic

experiments, cells were similarly prepared, but the resuspension medium also

included 3% bovine serum albumin (BSA) to block non-specific tethering of cells

to the surface.

2.3.4 Ligand surface expression and ligand density

We used flow cytometry to verify surface expression of TF on the tumor cell

lines, and TFPI on HUVEC. Cells were detached using an enzyme-free dissocia-

tion solution. Then, 5x105 cells were resuspended in phosphate-buffered saline

(PBS, Corning Cellgro, Mannasas, VA) with 1% BSA (PBSA) and cells were in-

cubated with primary antibodies (80µg/mL for anti-TF antibody and 40µg/mL

for anti-TFPI antibody or isotype IgG at similar concentrations) for 30 minutes

on ice, and then washed with PBSA. An Alexa-488-conjugated secondary anti-

body (10µg/mL) was added to the cells for 30 minutes on ice, and then the cells

were washed with PBSA. Cells were resuspended in PBS for flow cytometry

(FACSCalibur, Becton Dickenson, Franklin Lakes, NJ). A total of 10,000 events

were acquired and analyzed by frequency distribution curves of log fluorescent

units.

To further determine the ligand density of TF on tumor cells and TFPI on
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HUVEC, we used a commercial kit (DAKO QIFIKIT, Carpinteria, CA) with flow

cytometry as per manufacturer’s instructions. The results were analyzed using

FlowJo software v10 (Ashland, OR).

2.3.5 Microfabrication of wells and microfluidic channels

All microfabrication steps were performed at the Cornell NanoScale Science

Technology Facility. Poly-dimethylsiloxane (PDMS) was used to fabricate wells

(0.8cm x 0.8cm) for static adhesion, a single channel (100µm (W) x 200µm (H)

and channels with four branches (120µm x 120µm, Figure 2.1) for adhesion un-

der shear. Mask designs were created using L-edit v16 (Tanner EDA, Monrovia,

CA). To create the SU-8 masters for the wells and the channels, silicon wafers

were spin-coated with SU-8 photoresist (MicroChem, Newton, MA) to create a

film thickness of 200µm and 120µm respectively, following manufacturers in-

structions. The PDMS wells and channels were fabricated by pouring Sylgard

184 silicone elastomer kit (Dow Corning, Midland, MI; ratio of 10 base to 1 cur-

ing agent, w/w) over the SU-8 masters and curing in an oven at 60�C for 1.5

hours. Channels were plasma-cleaned and then sealed with glass slides.

2.3.6 Characterization of surface density of immobilized TFPI

We used quartz crystal microbalance (QCM) to approximate the number of im-

mobilized TFPI proteins in our in vitro system. This technique relates the fre-

quency changes in the quartz crystal to the surface density of adsorbed or at-

tached proteins (number/cm2) [27]. Quartz crystal sensors were coated with a

thin layer of PDMS by spin-coating 1 drop of PDMS (1 curing agent: 10 base,
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Figure 2.1: Schematic of microfluidic channel. The microfluidic channel con-
sisted of four branches (120µm x 120µm), which allowed for four simultaneous
experiments under different coating conditions or cell treatments. The indicated
region of interest (along the length of the 4 branches) is where adherent cells are
quantified. Cell suspensions were introduced at the inlet and the outlet was
connected to a syringe pump

diluted with 80% hexanes, w/w) at 6000RPM for 150 seconds [28]. The PDMS

was cured at room temperature overnight. The measurements were performed

and recorded using QCM200 (Stanford Research Systems, Sunnyvale, CA). The

sensor was coated similarly to the microfluidic channels using 50µg/mL of Pro-

tein G, anti-His antibody, and TFPI in 3 separate incubation steps of 1 hour each,

with a PBS wash between each incubation. The surface density was calculated

based on the molecular weight of the proteins.

2.3.7 Static Adhesion with recombinant TFPI

The PDMS wells were sterilized with 70% ethanol and then washed with PBS.

Wells were then coated with proteins (10µg/mL fibronectin, 50µg/mL anti-TF

IgG, isotype IgG or TFPI), incubated at 37�C for 1 hour, and then blocked with

PBSA for 30 minutes at 37�C. Between steps, wells were washed with PBS. The

wells were used immediately or stored at 4�C for use within 2 days of protein

coating. Cells (5x104) were added to the wells and incubated at 37�C for 1 hour.
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Non-adherent cells were removed by PBS washes. Half of the well (0.4 x 0.8cm)

was imaged using bright field microscopy at low power (10x objective, Nikon

Eclipse TE2000-U, Photometrics CoolSNAP HQ2 camera, Tucson, AZ). Adher-

ent cells were counted at six pre-determined locations, and the count was nor-

malized by the area of the field of view.

2.3.8 Adhesion under shear with recombinant TFPI

Channels were sterilized with 70% ethanol, then washed with deionized water

and PBS. Each protein coating was performed at room temperature for 1 hour,

and with PBS washes between steps. To properly orient the proteins, channels

were first incubated with Protein G (100µg/mL), followed by antibodies (anti-

TF IgG, isotype IgG or anti-His tag for TFPI coating at 100µg/mL, unless oth-

erwise stated). Anti-His tag-coated channels were subsequently incubated with

recombinant His-tagged TFPI (100µg/mL unless otherwise stated). All channels

were blocked with 5% BSA for 30 minutes after protein coating.

Channels were then connected to a syringe pump (World Precision Instru-

ments SP230IW, Sarasota, FL) and PBS was perfused through the channel at the

experimental flow rate for 30 minutes to establish a stable flow profile. Cells

(pre-treated with 10nM FVIIa and 10nM FX for TFPI-coated channels, unless

otherwise indicated) were then introduced into the channels and monitored

throughout the experiments in real-time using a motorized stage to observe be-

havior. Pictures were taken at pre-determined locations on the channel every

10 minutes for a total of 30 minutes to observe the change in cell adhesion over

time. At the conclusion of the experiment, PBS was introduced for 10 minutes

to remove non-adherent cells. Pictures were taken along the channel and the
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number of adherent cells was counted. The flow rate was then increased to a

corresponding shear stress of 2.0dyn/cm2 for 10 minutes to remove loosely ad-

herent cells. Repeat pictures were taken along the channel, and the number of

adherent cells was quantified again and normalized by the area of the channel.

Since there was a minimal difference in adherent cells before and after perfusion

of PBS at the higher shear (indicating that few cells were loosely adherent), we

only reported the final quantification.

2.3.9 Static Adhesion with HUVEC

Glass coverslips were coated with fibronectin (10µg/ml for 1 hour at room tem-

perature), and then seeded with HUVEC, which were grown until confluent.

HUVEC were washed with PBS and then serum starved for 1 hour. Calcein

AM (Invitrogen)-labeled MDA-MB-231 tumor cells were treated with FVIIa (0-

100nM) for 10 minutes and then incubated with HUVEC for 1 hour at 37�C.

Non-adherent cells were removed with three washes in PBS, then the cells were

fixed with 2% paraformaldehyde for 15 minutes. The coverslip was imaged

and the number of adherent MDA-MB-231 cells was counted using ImageJ. Re-

ported values were normalized by cells treated with 0nM FVIIa (set to 1.0). To

competitively inhibit TF-mediated tumor binding to TFPI expressed on HU-

VEC, soluble recombinant TFPI (or vehicle control) was added immediately be-

fore addition of tumor cells.
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2.3.10 Adhesion under shear with HUVEC

A single microfluidic channel was coated with fibronectin (10µg/ml for 1 hour

at 37�C), and seeded with HUVEC, which were cultured at 10dyn/cm2 until

confluency (24-48 hours). To evaluate TFPI expression and HUVEC confluency,

we fixed the HUVEC with 2% paraformaldehyde for 15 minutes at room tem-

perature. The endothelial cells were then incubated with an antibody against

TFPI and vascular endothelial (VE)-cadherin (to evaluate cell-cell junctions) for

30 minutes, and then fluorophore-conjugated secondary antibodies for 30 min-

utes. Cells were washed with 1% BSA between incubation steps. The entire

channel was imaged using fluorescent microscopy.

For adhesion experiments, the entire channel was imaged using bright field

microsopy to evaluate confluency of HUVEC before infusion of tumor cells.

The endothelial cells were exposed to low serum (1% FBS) media for 30 min-

utes at 37�C under a shear of 0.2dyn/cm2. Then, calcein-labelled MDA-MB-

231 cells (with 100nM FVIIa) were introduced into the microfluidic channel at

0.2dyn/cm2 for 30 minutes. The flow was stopped, and the channel was imaged

immediately using bright field and fluorescent microscopy to observe bound

tumor cells. In some experiments, to evaluate the role of TF in tumor binding,

MDA-MB-231 cells (without FVIIa) were introduced first at the same shear for

30 minutes. After imaging, the shear was re-established, and MDA-MB-231 cells

treated with 100nM FVIIa were introduced for another 30 minutes. The images

from the first part were then compared with that of the second part to evaluate

the role of FVIIa-mediated binding.

We evaluated endothelial barrier function after tumor adhesion to ensure
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that tumor cells were binding to endothelial cells and not the underlying matrix

exposed by gaps in the endothelial layer before addition of tumor cells. We fixed

the cells, and then immunostained for actin using phalloidin, and VE-cadherin

(marker of cell-cell junctions) as described above. Images were taken along the

channel length with fluorescent microscopy.

2.3.11 Calculation of shear

Shear stress along branched channels was calculated using hydraulic circuit

analysis, in which branched channels can be modeled as hydraulic resistors in

parallel to derive an equivalent circuit [29]. The average wall shear stress (⌧) for

a rectangular channel was calculated using an approximation given by Bahrami

et al. (Equation 2.1), in which A is the area of the cross-section, µ is the dynamic

viscosity, ✏ is the ratio of the channel height and width (✏ < 1), and u is the av-

erage velocity of the fluid, which can be derived from the pre-determined flow

rate [30].

⌧ =
6µu

[1 � 192
⇡5 ✏tanh( ⇡2✏ )](1 + ✏)

p
A

p
✏

(2.1)

2.3.12 Data Analysis

Data was parametric and represented as mean ± standard deviation. Means of

different cell lines were compared with an unpaired T-test. Means of the same

cell line with different treatments were compared with ANOVA and Fisher post-

test. All analyses were done using statistical software (Minitab 16, State College,
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PA) with significance set to p < 0.05 (two tailed).

2.4 Results

2.4.1 TF is highly expressed on MDA-MB-231, but not on MCF-

7, breast cancer cells

We verified surface expression of TF on the two breast cancer cell lines using

flow cytometry, which showed a high surface expression of TF on MDA-MB-

231, and a weak or no expression of TF on MCF-7 (Figure 2.2), as previously

reported [26]. The TF ligand surface density was determined to be 461,000/cell

for MDA-MB-231 and 1,400/cell for MCF-7.

Figure 2.2: TF surface expression and density on breast cancer cells. Repre-
sentative fluorescence histograms of TF expression on MDA-MB-231 and MCF-
7 cells. Cells (5x105) were incubated with a monoclonal antibody against TF
(TF9-5B7, 80µg/mL), followed by an Alexa-488-conjugated secondary antibody
(10µg/mL). Fluorescence was detected (bold line) using flow cytometry with
isotype IgG as a control (dotted line). The surface ligand density is also shown
for each cell line (n=3).

81



2.4.2 Quantification of the amount of immobilized TFPI

Using QCM, we analyzed the surface density of immobilized recombinant TFPI

molecules given by the coating protocol for the microfluidic channel. The QCM

measurements qualitatively confirmed protein attachment onto the sensor sur-

face, as the addition of each protein (Protein G, anti-His antibody and recom-

binant human TFPI) yielded a decrease in frequency, signifying an increase in

mass and adhesion of the added proteins. Protein adsorption occurred rapidly

as denoted by the immediate change in signal after protein addition, and the sig-

nal started to plateau within 30 minutes. Based on the mass of TFPI, the number

of surface immobilized TFPI was calculated to be 3.4x1012 molecules/cm2. To

determine how this amount of bound purified TFPI relates to constitutive ex-

pression on endothelial cells, we used HUVEC as our model endothelial cells,

and measured their TFPI expression. Flow cytometry verified expression of

TFPI by HUVEC, with ligand density quantified as 14,700/cell (Figure 2.3).

Assuming a diameter of 8µm for a cell, the expression of TFPI by HUVECs is

approximately 3x1010 molecules/cm2, which is lower than that coated with re-

combinant TFPI.

2.4.3 MDA-MB-231 exhibits TF-specific adhesion to immobi-

lized TFPI under static conditions

After characterizing the tumor cells as a model system for TF-expressing cells,

we proceeded to evaluate their adhesion to immbolized TFPI under static con-

ditions. MDA-MB-231 cells bound to anti-TF antibody- and TFPI-coated wells,
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Figure 2.3: Expression and density of TFPI on the surface of HUVEC. Rep-
resentative flow cytometric fluorescence histogram of TFPI expression on HU-
VEC. Cells (5x105) were incubated with a monoclonal antibody against TFPI (40
µg/mL, bold line) or isotype control (40 µg/mL, dotted line), followed by an
Alexa-488-conjugated secondary antibody (10 µg/mL, n=3).

while MCF-7 only bound minimally to these TF-dependent substrates (Figure

2.4A and B). Both cell lines also bound to fibronectin via integrins as expected

[31, 32].

To confirm that the adhesion of MDA-MB-231 to TFPI was TF-dependent,

we treated the cells with two different monoclonal anti-TF antibodies. TF9-5B7

is an antibody that binds to the FVII-binding domain of TF, which prevents

binding to TFPI. TF9-10H10 binds to a non-FVII binding epitope and does not

prevent binding of TF to TFPI [33]. Pre-treating MDA-MB-231 cells with TF9-

5B7, but not TF9-10H10, significantly decreased adhesion to TFPI under static

conditions (Figure 2.4C). We further demonstrated that only FVIIa, but not FX,

was sufficient for adhesion of TF-expressing MDA-MB-231 to immobilized TFPI

under static adhesions (Figure 2.4D). These results are similar to those reported

by Fischer et al., who found TF/FVIIa-dependent adhesion of TF-expressing J82

bladder cancer cell lines to immobilized TFPI under static conditions [23].
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Figure 2.4: Static adhesion of tumor cells to protein-immobilized poly-
dimethylsiloxane wells. MDA-MB-231 and MCF-7 (5x104 cells) were incubated
for 1 hour at 37�C in PDMS wells immobilized with TFPI (50µg/ml), anti-TF IgG
(TF9-5B7, 50µg/ml), fibronectin (10µg/ml), uncoated or isotype IgG (50µg/ml)
coated wells. For TFPI-treated wells, cells were pretreated with 10nM FVIIa and
10nM FX for 10 minutes prior to addition to the wells. A. Representative bright
field images of adherent cells on the different coatings. B. Adherent cells were
counted and normalized by the area of the counted region (**p < 0.05). C. MDA-
MB-231 cells were pretreated with 50 µg/ml anti-TF IgG (TF9-5B7 which blocks
FVIIa binding to TF, and TF9-10H10 which does not block FVIIa binding to TF).
Isotype IgG pretreatment (50 µg/ml) was used as a negative control (* p < 0.05,
n=3). D. MDA-MB-231 cells were treated with different combinations of FVIIa
(10nM) and FX (10nM) before incubation with TFPI-coated wells (* p < 0.05,
n=3)
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2.4.4 MDA-MB-231 exhibits FVIIa-specific adhesion to immo-

bilized TFPI under low shear (0.35dyn/cm2)

Static adhesion does not fully recapitulate the interaction between circulating

tumor cells and the endothelium in vivo. In circulation, tumor cells are un-

der constant shear, limiting their interaction with expressed endothelial lig-

ands. Using microfluidic devices, we are able to study the interaction between

TF-expressing tumor cells and immobilized TFPI to determine if arrest of TF-

expressing tumor cells to TFPI was possible under shear.

Previous studies have shown that tumor cell adhesion occur under low shear

through classic integrin-based interactions [10, 17]. Hence, we first tested ad-

hesion of high and low TF-expressing tumor cells to recombinant TFPI under

low shear (0.35dyn/cm2). At this shear stress, we found that MDA-MB-231

strongly adhered to both anti-TF antibody- and TFPI-coated channels, while

MCF-7 minimally bound (Figure 2.5A and B). Adhesion occurred quickly after

the start of the experiment, and the number of adherent cells increased over

time. No rolling behavior was observed with the tumor cells. Rather, the can-

cer cells would contact the immobilized TFPI and adhere immediately. We did

not observe cell spreading, indicating a lack of integrin engagement and cell re-

modeling. We also observed that one adherent cell usually led to more adherent

cells in its vicinity, suggesting mechanisms of secondary tethering and adhesion

between tumor cells.

When we pre-treated the MDA-MB-231 cells with a FVIIa-binding site block-

ing antibody (TF9-5B7), adhesion was markedly decreased (Figure 2.5C). The

observed decrease in MDA-MB-231 adhesion with the TF9-10H10 antibody, al-
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Figure 2.5: Adhesion of tumor cells to protein-immobilized microfluidic
channels under low shear (0.35dyn/cm2). Microfluidic channels were incubated
with Protein G (100 µg/ml), then anti-TF IgG (100µg/ml), or an anti-His anti-
body (100µg/ml) followed by TFPI (100µg/ml). Tumor cells (1x106cells/mL,
pre-treated with 10nM FVIIa and 10nM FX for TFPI-coated channels) were in-
troduced into the channels at 0.35dyn/cm2 for 30 minutes, and non-specifically
adhered cells were removed at 2.0dyn/cm2. The entire channel was imaged to
quantify the number of adherent cells. A. Representative bright field images of
adherent tumor cells on channels. B. The number of adherent cells was counted
and normalized by the channel area (* p < 0.05 compared to MCF-7, ** p < 0.05
compared to negative controls, n=4 for anti-TF IgG, n=3 for TFPI). C. MDA-
MB-231 cells were pretreated with 50µg/ml anti-TF IgG (TF9-5B7 which blocks
FVIIa binding to TF, or TF9-10H10 which does not block FVIIa binding to TF, *
p < 0.05, n=4).
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beit not significant with this stringent statistical test, could be due to steric hin-

drance of TFPI binding to the TF/FVIIa/FXa complex on the tumor cells. We

also showed that FVIIa (10nM) was the only requirement for TF-dependent ad-

hesion of MDA-MB-231 to immobilized TFPI under this low shear stress (Figure

2.6A). These results indicate that adhesion of high TF-expressing MDA-MB-231

breast cancer cells to TFPI is mediated through FVIIa-bound TF, recapitulating

our finding under static conditions. Due to the high number of TF ligands ex-

pressed on the surface of MDA-MB-231 cells, we sought to determine if FVIIa

concentration was a limiting factor for adhesion to TFPI under shear. With flow

cytometry, we found that binding of FVIIa to MDA-MB-231 was saturated at

100nM of FVIIa (Figure A.1). Increasing the concentration of FVIIa from 10nM

to 100nM significantly increased adhesion to TFPI at 0.35dyn/cm2 (Fig 2.6B),

showing that FVIIa was indeed limiting the number of TF ligands on the tumor

cells that are available to interact with TFPI under shear.

Figure 2.6: Effect of FVIIa and FX in adhesion of MDA-MB-231 to TFPI-
immobilized channels (0.35dyn/cm2). A. MDA-MB-231 cells were treated with
different combinations of FVIIa (10nM) and FX (10nM) before introduction into
TFPI-immobilized channels (* p < 0.05, n=6). B. MDA-MB-231 cells were treated
with different concentrations of FVIIa (0-100nM) prior to perfusion with TFPI-
immobilized channels (* p < 0.05, n=3).
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2.4.5 Adhesion of MDA-MB-231 to immobilized TFPI is depen-

dent on the concentration of protein coating, shear stress

and concentration of FVIIa

Previous studies have shown concentration- and shear-dependent effects on

antibody-based capture of tumor cells [34, 26]. To determine if similar effects

are involved in adhesion to immobilized TFPI, we first varied the concentration

of the anti-TF antibody coating from 20µg/mL to 100µg/mL at 0.35dyn/cm2.

We found that the adhesion of MDA-MB-231 was dependent on the concentra-

tion of immobilized anti-TF antibody, with a plateau in adhesion occurring at

anti-TF antibody concentrations above 50µg/mL. We then increased the shear

from 0.35dyn/cm2 to 0.60dyn/cm2 and found that adhesion of MDA-MB-231

was decreased at all concentrations of the anti-TF antibody coating at the higher

shear (Figure 2.7A).

Next, we varied the concentration of TFPI from 5µg/mL to 100µg/mL. The

observed adhesion of MDA-MB-231 in the channels was dependent on TFPI

concentration, with minimal adhesion observed at concentrations of TFPI below

10µg/ml. Similar to our findings with the anti-TF antibody-coated channels, ad-

hesion was decreased at all TFPI concentrations when the shear was increased

from 0.35dyn/cm2to 0.60dyn/cm2 (Figure 2.7B). In previous studies, antibody-

based capture in straight channels generally was not possible above 0.5dyn/cm2

due to slow binding kinetics and short interaction time at higher shear [26]. Fur-

ther modification to channel design (i.e. posts to affect streamlines to increase

collision rates) or coating (i.e. use of selectins to induce rolling behavior) to en-

hance capture is often necessary at higher shear [35, 36, 37]. Nonetheless, in our
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Figure 2.7: Effect of shear, TFPI-coating concentration and FVIIa concentra-
tion in MDA-MB-231 adhesion to protein-immobilized channels under shear.
A. Microfluidic channels were immobilized with different concentrations of
anti-TF IgG antibody (20-100µg/mL), and MDA-MB-231 cells were introduced
at a shear of 0.35 and 0.60dyn/cm2 (n=3). B. Microfluidic channels were immo-
bilized with different concentrations of TFPI (5-100 µg/mL), and MDA-MB-231
cells (pretreated with 10nM FVIIa and FX) were introduced at a shear of 0.35
and 0.60dyn/cm2 (n=3). Inset. FVIIa concentration was increased from 10nM
to 100nM at a shear of 0.60dyn/cm2 in TFPI-coated channels increased (n=3). C.
Microfluidic channels were immobilized with 100µg/mL TFPI, and MDA-MB-
231 cells (pretreated with 10nM or 100nM FVIIa, and 10nM FX) were introduced
at a range of shear stresses (0.35 - 1.3dyn/cm2, n=3).

system, we observed adhesion even at 0.60dyn/cm2, most likely an effect of the

high TF ligand density expressed on MDA-MB-231.
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Having already shown that FVIIa concentration affected adhesion of MDA-

MB-231 under low shear (0.35dyn/cm2, Figure 2.6B), we reasoned that not all

TF sites were bound to FVIIa at 10nM and that adhesion under higher shear

would be possible if we further increased the concentration of FVIIa. Hence,

we saturated the TF on the surface of MDA-MB-231 cells by increasing FVIIa

concentration from 10nM to 100nM under higher and more physiologically rel-

evant shear. At 0.60dyn/cm2, we found that this saturating concentration of

FVIIa did increase the adhesion of MDA-MB-231 to immobilized TFPI within

the channels (Figure 2.7B inset). When the shear stress was further increased to

1.0dyn/cm2, we found that the saturating FVIIa concentration of 100nM permit-

ted small amounts of adhesion whereas the use of signal-transducing concen-

trations of FVIIa (10nM) [38] did not Figure (2.7C). However, no adhesion was

seen at the higher FVIIa concentration when the shear was further increased to

1.3dyn/cm2.

2.4.6 MDA-MB-231 cells bind to HUVEC in a FVIIa- and TFPI-

dependent manner under static conditions

In order to test the physiological relevance of TF-mediated tumor cell binding

to TFPI, we evaluated the binding of TF-expressing MDA-MB-231 cells to HU-

VEC. Similar to our data with recombinant TFPI, we found that the binding

was FVIIa-dependent (Figure 2.8A and B). Binding to endothelial cells required

a much higher concentration of FVIIa, with a significant increase observed at

100nM FVIIa only. We then evaluated TF-dependent binding by adding soluble

TFPI to competitively inhibit TFPI on HUVEC (Figure 2.8C). We found a sig-

nificant reduction in tumor binding, suggesting that the binding was TF- and
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TFPI-mediated.

Figure 2.8: Adhesion of MDA-MB-231 cells to HUVEC under static condi-
tions. Calcein-labeled MDA-MB-231 cells were pretreated with various concen-
trations of FVIIa then added to a confluent HUVEC monolayer for 1 hour at
37�C. Unbound tumor cells were removed with washing. Cells were fixed and
imaged to evaluate tumor cell binding. A. Representative images of calcein-
labeled MDA-MB-231 cells (white dots) bound to HUVEC at different FVIIa
concentrations. B. The number of bound MDA-MB-231 were enumerated and
normalized to 0nM FVIIa (n=4, * p < 0.05). C. Soluble TFPI was added to com-
petitively inhibit tumor cells binding to TFPI on endothelial cells. The number
of bound MDA-MB-231 was normalized by untreated cells (n=3, * p < 0.05).
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2.4.7 MDA-MB-231 cells does not bind to HUVEC in a FVIIa-

dependent manner under low shear (0.2dyn/cm2)

We proceeded to test whether MDA-MB-231 tumor cells can bind to HUVEC

under low shear (0.2dyn/cm2). We first evaluated whether HUVEC cultured

under shear (10dyn/cm2) in a microfluidic channel expressed TFPI. We fixed

HUVECs and immunostained with an antibody against TFPI. Fluorescent im-

ages showed TFPI expression on all HUVEC (Figure 2.9A). To ensure that tu-

mor cells would bind to HUVEC and not the underlying fibronectin-coated

surface, we also evaluated whether the HUVEC were confluent with intact

endothelial barrier function by immunostaining with an antibody against VE-

cadherin, a marker of cell-cell junctions. Strong VE-cadherin staining was ob-

served throughout the channel, illustrating that the HUVECs were indeed con-

fluent (Figure 2.9A). The lack of gaps between HUVEC indicated that we could

use this system to study tumor adhesion onto HUVEC.

We fluorescently labelled MDA-MB-231 cells in order to distinguish them

from the HUVEC. We observed binding of MDA-MB-231 cells to HUVEC at

0.2dyn/cm2 (Figure 2.9B). When we evaluated VE-cadherin staining after addi-

tion of tumor cells, we observed that the tumor cells were bound onto the un-

derlying channel in between HUVEC, as opposed to directly on HUVEC. How-

ever, it should be noted that it is unclear whether the gaps were formed before

tumor cell binding or tumor binding induced endothelial contraction leading to

gaps for tumor cells to spread and strongly adhere to the underlying fibronectin

substrate.

In order to evaluate the role of TF in tumor cell binding to HUVEC, we ex-
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Figure 2.9: Adhesion of MDA-MB-231 cells to HUVEC under low shear
(0.2dyn/cm2). HUVEC were grown to confluency in a single microfluidic chan-
nel under shear (10dyn/cm2). A. HUVEC were fixed and immunostained with
VE-cadherin (green, marker of cell-cell junctions) and TFPI (red). Representa-
tive images in brightfield (top) and fluorescence (bottom) are shown. B. Left
panel: HUVEC in the microfluidic channel were imaged under brightfield be-
fore introduction of tumor cells. Middle panel: Bound calcein-labeled MDA-
MB-231 cells (pretreated with 100nM FVIIa, green) to HUVEC after 30 minutes
at 0.2dyn/cm2 were imaged under brightfield and fluorescence microscopy.
Right panel: After tumor binding, the cells were fixed, and stained for actin
(red) and VE-cadherin (green, n=3).

amined tumor binding with and without FVIIa (100nM; our previous data in-

dicated that significant binding occurred at this concentration, Figure 2.8B). We

first evaluated the adhesion of MDA-MB-231 cells without FVIIa, and then in-

troduced tumor cells that were pre-treated with 100nM FVIIa in the same chan-

nel. Brightfield images of HUVEC in the microfluidic channel showed confluent

cells (Figure 2.10). Similar to the previous sets of microfluidic experiments, we

observed binding and spreading of MDA-MB-231 on the channel surface, and

cells were not bound on HUVEC. Strong VE-cadherin expression was found

where tumor cells were not bound. We observed no significant difference in

binding of MDA-MB-231 with (green) and without (red) FVIIa treatment, indi-
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cating that adhesion was FVIIa- and TF-independent.

We wanted to further study this system by using primary lung microvas-

cular endothelial cells, which has been shown to have high TFPI expression

[24, 25]. However, most company sell endothelial cells derived from blood and

lymphatic vessels together, which is not a representative endothelial system.

Lonza, the only company who sells isolated primary human microvascular lung

endothelial cells, was back-logged for at least 9 months. Hence, we couldn’t

continue our study in a more physiological relevant system.

2.5 Discussion

Tissue factor is abundantly expressed by malignant breast and other types of

tumor cells, with expression correlating to metastatic potential [2, 3]. The role

of TF in tumor cell behavior has been examined, with prior studies primar-

ily focusing on tumor-associated thrombosis, proliferation, and angiogenesis

[1, 2, 3, 5]. Fischer et al. evaluated TF as an adhesive ligand and showed that TF-

expressing J82 bladder cancer cells bound to TFPI under static conditions and

that TF was expressed at the leading edge of a tumor in situ, in close proximity

to TFPI. Their results supported the role of TF-TFPI interactions in tumor inva-

sion into the extracellular matrix [23]. To the best of our knowledge, there are

no previous studies evaluating the arrest of TF-expressing tumor cells through

interactions with TFPI under shear. In this study, we showed that high TF-

expressing breast cancer cells could bind to immobilized TFPI in vitro under

shear in a FVIIa- and TF-dependent manner. However, when we studied ad-

hesion of TF-expressing breast tumor cells to HUVEC, we observed FVIIa-and
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Figure 2.10: Adhesion of MDA-MB-231 cells to HUVEC under low shear
(0.2dyn/cm2) with and without 100nM FVIIa. Top panel: A representative
bright field image of confluent HUVEC in the channel before introduction of
tumor cells. Middle panel: Untreated MDA-MB-231 cells were introduced at
0.2dyn/cm2 for 30 minutes, and bound tumor cells (red) were imaged. Then,
MDA-MB-231 cells pre-treated with 100nM FVIIa were introduced at the same
shear, and bound cells (green) were imaged after 30 minutes under bright field
and fluorescent microscopy. Orange cells were MDA-MB-231 cells bound with-
out FVIIa, and remained bound after addition of second set of cells. Bottom
panel: Immunofluorescent images staining for actin (red) and VE-cadherin
(green) is shown in bottom (Bound MDA-MB-231 are green dots). Matched
color boxes were used to indicate identical regions on all 3 images for compari-
son (n=2).

TFPI-dependent adhesion under static conditions, but not under shear.

There are no reports on the in vivo ligand density of TFPI on endothelial
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cells, so it was difficult to determine if the TFPI concentration in our in vitro sys-

tem was within a physiological range. In QCM experiments, the concentration

used was half of that in adhesion experiments with microfluidic channels due

to volume constraints of the apparatus; however, the quick saturation in signal

in QCM indicated that the amount added was sufficient to saturate the surface.

We proceeded to estimate in vivo TFPI surface ligand density using HUVEC as

a model endothelium. The TFPI concentration on these cells was calculated to

be around 3x1010 proteins/cm2, which was 100-fold lower than the estimated

density of our coated channel based on our QCM measurements. It should be

noted that the measured QCM mass is a hydrated mass with contributions from

both proteins and surrounding water molecules. As much as 90% of hydrated

mass in QCM measurements may be due to water [39, 40, 41]. Thus, the actual

concentration on the channel may be lower than what we estimated with QCM.

Nonetheless, our current data indicated that the surface density of TFPI on HU-

VECs is unlikely to support adhesion under shear conditions, which matched

our observations.

The expression of TFPI varies throughout the vasculature system depend-

ing on location and organ, with highest expressions in lung vasculature [24, 25],

one of the main sites of breast cancer metastasis. TFPI expression on endothelial

cells is also increased in patients with cancer metastasis [42]. Thus, we speculate

that it is possible that the high TFPI concentrations required to mediate adhe-

sion under low shear in our microfluidic channels can occur in specific vascular

beds that are relevant for metastasis in vivo, such as the lung. If this hypothesis

were correct, then the TF-TFPI interactions would likely be a contributory rather

than the sole mechanism of mediating tumor cell adhesion to endothelial cells.

Based on our data showing that high TF and TFPI concentrations are needed
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for adhesion to purified immobilized protein in vitro, these interactions would

likely only be relevant for tumors that highly express TF [2] and vascular beds

that highly express TFPI, such as the lung [24, 25]. Unfortunately, we were un-

able to obtain sources of primary human microvascular lung endothelial cells to

further test our hypothesis.

Factor VII was sufficient to mediate binding of high TF-expressing cancer

cells to immobilized TFPI under static and low shear conditions; however the

concentration of FVII was a limiting factor. Physiological concentrations of

FVIIa (less than 1nM for coagulation and 10nM minimum for signaling [37])

was insufficient to saturate all of the TF expressed on MDA-MB-231. Increas-

ing the FVIIa concentration to 100nM, (which saturated TF binding sites based

on flow cytometric assessment) significantly increased the adhesion of cancer

cells to immobilized TFPI in our study under shear conditions and to HUVEC

under static conditions. Although this FVIIa concentration is higher than that

normally present in plasma [38], high local concentrations are possible due to

ectopic production of FVII by TF-expressing cancer cells [43, 44, 45].

In this study, we found that only FVIIa was necessary for the adhesion of

TF-expressing MDA-MB-231 to TFPI, similar to results reported by Fischer et

al. [23]. Typically, TFPI forms a quaternary complex with TF, FVIIa and FXa by

binding to FVIIa and FXa through the first and second Kunitz domain respec-

tively [22]. The binding can occur by TFPI binding to FXa, and then to TF/FVIIa

complex, or by TFPI binding to FVIIa and FX complexed to TF. However, FXa

is not required for the binding of TF to TFPI, but rather TFPI can bind to the

TF/FVIIa complex directly through its first Kunitz domain in the absence of

FXa [46]. Instead, FXa only serves to strengthen the quaternary complex. This
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direct binding of TF/FVIIa to TFPI is in agreement with our result that FXa is

not required in mediating adhesion of TF-expressing tumor cells to immobilized

TFPI.

Most previous studies focus on capture of circulating tumor cells with

selectin-mediated rolling, then subsequent integrin-mediated adhesion to en-

dothelium, modeling the leukocyte adhesion cascade [10, 15, 47]. If selectins

were upregulated on the endothelium (post-exposure to inflammatory cy-

tokines or vasoactive mediators), it is possible that induction of rolling behav-

ior in cancer cells may sufficiently slow the velocity of circulating tumor cells

to promote adhesion to TFPI. Selectin-induced rolling by tumor cells has been

well-characterized [15, 48]. Unfortunately, MDA-MB-231 cells exhibit minimal

selectin-mediated rolling [49] and we cannot use this cell line to test if selectin-

mediated rolling would promote adhesion of tumor cells to immobilized TFPI

in our in vitro system.

The microfluidic system used herein to study tumor cell adhesion is a simple

system of straight channels and immobilized recombinant proteins, but it was

sufficient to show that high TF-expressing tumor cells can bind to high concen-

trations of immobilized recombinant TFPI under low shear. Previous studies

of the interactions between cells and proteins under shear mainly used parallel

plate flow chamber or channels with dimensions approaching that of infinite

planes [50, 51]. The microfluidic channels in this study are more representa-

tive of the tumor vasculature in terms of dimensions. Green et al. have shown

that rolling and adhesion of leukocytes are dependent on the gradient of shear

across the cross section of the channel; increased adhesion was observed when

the cross section is decreased to physiologically relevant dimensions [52]. Thus,
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the use of smaller dimensions may explain the observed binding at higher shear

than previously reported.

There is currently extensive interest in capturing circulating tumor cells us-

ing tumor-specific markers for diagnostic applications [34, 35, 37, 53, 54, 55].

Usually, an antibody cocktail must be tailored for a specific cancer cell type

based on its surface marker expressions, such as epithelial cell adhesion

molecule (EpCAM) for epithelial cancers, human epithelial growth factor recep-

tor 2 (HER2) for breast cancer and prostate specific membrane antigen (PSMA)

for prostate cancer [34, 35, 54, 55]. Tissue factor is over-expressed in different

types of cancer [2] so it may be possible to use TF as a target to capture cir-

culating tumor cells for an array of different tumors. The expression of TF is

also correlated with the progression, malignancy and metastasis of cancer [56].

Tissue factor has been proposed as a potential marker for circulating breast can-

cer cells and stem cells, as well as a novel target for treatment of breast cancer

[57, 58, 59]. Our study also provides data that supports the potential use of anti-

TF antibodies to capture TF-expressing cancer or stem cells from the circulation.

In this study, we demonstrated that TF-expressing tumor cells bind to immo-

bilized purified TFPI in vitro, but not to HUVEC in a FVIIa-dependent manner

under low physiological shear. We speculate that this lack of binding under

shear could be due to the relatively low TFPI expression in HUVEC compared

to other vascular beds and TF-TFPI interactions may be more relevant in those

with high TFPI expression, such as lung. With selectin-mediated tumor cell

rolling, TF-TFPI interactions may also offer an additional mechanism for stabi-

lizing tumor cell arrest on endothelial cells in vivo. Our results also illustrate that

TF is a potential target for capturing circulating tumor cells that highly express
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this protein.
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CHAPTER 3

TISSUE FACTOR PROCOAGULANT ACTIVITY IN TUMOR-DERIVED

EXTRACELLULAR VESICLES FRACTIONATED USING

CENTRIFUGATION AND FILTRATION

3.1 Abstract

Researchers use different isolation techniques to study extracellular vesicles.

Due to overlap in physical and biochemical properties, it is difficult to obtain

pure membrane-derived microvesicle (100-1000nm) and endosomal-derived ex-

osome (<100nm) fractions. Furthermore, the lack of standardization of frac-

tionation methods makes it difficult to compare between studies. In this study,

we separated microvesicles from exosomes in tumor-conditioned media using

high-speed tabletop centrifugation, filtration (0.22 and 0.1µm) and ultracentrifu-

gation to study the effect of separation techniques on size distribution and pro-

coagulant activity.

We measured the microvesicle concentration and size distribution using

nanoparticle tracking analysis, and procoagulant activity using activated fac-

tor X (FXa) and thrombin generation assays. We found that most of the secreted

extracellular vesicles were exosomes (<125nm). None of the methods isolated

pure populations, but there were some degree of enrichment of exosomes or

microvesicles in their respective fractions. Regardless of method, procoagulant

activity was higher in the exosome fractions, which we attributed to the higher

vesicle concentration in these fractions. However, we also found that exosomes

were less efficient in initiating TF activation, as shown by a higher lag time in

thrombin generation. We attributed this difference to fewer phosphatidylserine
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on exosome surfaces for activation of coagulation proteases. The 0.22µm mi-

crovesicle fraction had the lowest microvesicle recovery and significantly lower

procoagulant activity compared to other microvesicle fractions. Factor Xa gen-

eration, lag time and thrombin generation were TF-dependent in the fractions.

Ultracentrifugation recovered under half of the extracellular vesicles, and only

enriched the exosome population when larger extracellular vesicles were re-

moved first. Our results support the need for standardization of methods for

microvesicle fractionation. Additionally, microvesicle recovery, which differs

between methods of separation, appears to be a major determinant of the pro-

coagulant activity of the fractionated extracellular vesicles.

3.2 Introduction

The role of tumor-derived extracellular vesicles in haemostasis and tumor

metastasis is an active research area [1]. Tumor cells secrete extracellular vesi-

cles (EV) using two pathways [2]. Microvesicles (100-1000nm) are membrane-

derived while exosomes (generally <100nm) originate from endosomal path-

ways. Many neoplastic epithelial cells over-express tissue factor (TF) [3].

Tumor-derived extracellular vesicles are representative of their parent cells, and

their secreted extracellular vesicles also express TF [4, 5]. Tissue factor binds

to its enzymatic partner factor VII (FVII), activating it to FVIIa (’a’ denoting

activation) [6]. Factor X (FX) is activated by FVIIa after binding, and FXa (re-

mains bound or dissociated from TF-FVIIa complex) converts prothrombin to

thrombin, which then cleaves fibrinogen to form fibrin clot. Activation of co-

agulation proteases is catalyzed by negatively charged membrane surfaces, in

which phosphatidylserine (PS) enhances assembly of coagulation complexes.
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Tumor-derived TF-expressing extracellular vesicles have been associated with

thrombosis in cancer patients, establishment of the pre-metastatic niche, and

tumor progression [1, 5].

Isolation methods can highly affect purity and yield of EV [7]. In general, a

more extensive method results in higher purity at the cost of yield. Two main

methods used to separate microvesicles and exosomes are filtration and cen-

trifugation [8, 9]. Filtration, a quick and simple technique, separates exosomes

from microvesicles based on size exclusion, whereas differential centrifugation

uses density to pellet exosomes and microvesicles at different centrifugal forces.

Centrifugation, although more time and labor intensive, can concentrate the

isolated fractions; however, aggregation may occur. The overlap in physical

and biochemical properties of microvesicles and exosomes makes it difficult to

isolate pure populations [10]. Because fractions separated using different tech-

niques are unlikely to be equivalent, it is difficult to compare between studies

[10, 11]. Taylor et al. further showed that isolation method can impact down-

stream analysis and experimental outcomes, and that the non-standardized pa-

rameters often led to qualitative and quantitative variability between studies

[11]. Tissue factor expression has been associated with both microvesicles and

exosomes, but which population is the main source of procoagulant activity

remains controversial. Ettelaie et al. showed that TF was primarily associated

with extracellular vesicles (>200nm) isolated by ultracentrifugation at 100,000xg

[12]. In contrast, Gheldorf et al., using filtration techniques, demonstrated that

TF was associated with extracellular vesicles less than 100nm [13].

Few studies have compared different techniques of microvesicle separation

and the procoagulant responses associated with the separated fractions. To the

109



best of our knowledge, no one has investigated whether microvesicles and exo-

somes isolated by commonly used techniques - centrifugation or filtration - dif-

fer in their size distribution or procoagulant activity. Using conditioned-media

from the high TF-expressing MDA-MB-231 breast cancer cells, we isolated mi-

crovesicles (MV) and exosomes (exo) fractions using high-speed centrifugation,

filtration (0.22 and 0.1µm) and ultracentrifugation. We characterized the size

distribution using nanoparticle tracking analysis (NTA), and measured proco-

agulant activity with a factor Xa (FXa)-based amidolytic assay and thrombin

generation assay (TGA). We used an inhibitory anti-TF antibody to assess the

role of TF in procoagulant activity. We found that both MV and exo fractions ex-

hibit procoagulant activity as previously reported [12, 13]; however, the activity

varied substantially across fractions and methods due to microvesicle recovery.

The largest differences were observed with the use of 0.22µm filter, the MV frac-

tion of which had the lowest recovery. FXa generation, lag time and thrombin

generation were TF-dependent.

3.3 Methods

3.3.1 Isolation of extracellular vesicles

MDA-MB-231 cells (a gift from Dr. Teresa Porri) were cultured in Dulbecco’s Ea-

gle Modified Medium (Corning Cellgro, Manassas, VA) with 10% fetal bovine

serum (Atlanta Biologicals,Norcross, GA) at 37�C with 5% CO2. The cells were

serum-starved overnight. Tumor-conditioned media was collected and spun

at 300xg for 5 minutes, then at 2,500xg for 20 minutes to remove cell debris.
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All centrifugation steps were performed at 4�C. MV and exo fractions were de-

rived from the supernatant (conditioned media, CM) using different isolation

methods (Figure 3.1). All fractions were resuspended in the original volume

of serum-free media to account for differences in extracellular vesicle recovery

across methods. We used a high-speed tabletop centrifugation method with two

centrifugation steps at 21,000xg for 20 minutes (accuSpin Micro17, Fisher Scien-

tific, Waltham, MA). A MV fraction (MV-C) was obtained from the pellet of the

first centrifugation. The supernatant from the second centrifugation was taken

as exo fraction (exo-C). For filtration, CM was slowly filtered through a vacuum

filter (0.22 or 0.1µm, VWR, Radnor, PA). The elutant was collected as exo frac-

tion (exo-0.22 and exo-0.1). The filter was washed with serum-free media and

filtered again to remove remaining exosomes. The vesicles on the filter were re-

suspended as MV fractions (MV-0.22 and MV-0.1). For ultracentrifugation, CM

or exo-C fraction was spun at 100,000xg for 70 minutes in Beckman Coulter Op-

tima L-90K (Pasadena, CA), and pellets were taken as ultracentrifuged fractions

(CM-U and exo-U, respectively). All fractions were used immediately, or after a

30-minute pretreatment with an inhibitory anti-TF antibody (10µg/ml, HTF-1,

BD Bioscience, San Jose, CA), or an isotype (10µg/ml, Jackson ImmunoResearch

Laboratories, West Grove, PA).

3.3.2 Nanoparticle tracking analysis

For NTA, samples were diluted using 0.1µm-filtered phosphate-buffered saline

if necessary (1:10 for CM, 1:5 for CM-U, and exo fractions) and analyzed using

Malvern NanoSight NS300 (Westborough, MA) with 3 x 60 seconds in ambient

temperature. The extracellular vesicle size distribution and concentration were
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Figure 3.1: Diagram of extracellular vesicle isolation. Methods used to isolate
microvesicle (MV) and exosome (exo) fractions from tumor-conditioned media
(CM) using high-speed tabletop centrifugation (C), filtration (0.22 and 0.1µm)
and ultracentrifugation (U).

determined by the manufacturer’s software (V3.0 with camera level set to 16

and threshold set to 10). We calculated the percentage of extracellular vesicles

less than 125nm and 200nm to gauge efficiency of separation. We used 125nm as

the cut-off for exosomes in order to include most of the extracellular vesicles in

the first peak of size distribution curve. Larger microvesicles typically peaked

beyond 200nm.
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3.3.3 Procoagulant assay - FXa activation

We evaluated surface FX activation using a standard amidolytic assay with a

few modifications from [14]. In brief, fractions were diluted 1:1 in HEPES buffer

(10mM HEPES, 137mM sodium chloride, 5mM calcium chloride, 4mM potas-

sium chloride, 10mM glucose, 0.5% bovine serum albumin, pH 7.4), and in-

cubated with 1nM FVIIa (Hematologic Technologies, Essex Junction, VT) and

150nM FX (Hematologic Technologies) for 2 hours at 37�C in duplicate. The

reaction was quenched with 5mM EDTA (Sigma-Aldrich, St Louis, MO), and

a chromogenic substrate (40µM final, Sekisui Diagnostics, Lexington, MA) was

added. The color change was measured at 405nm every 15 seconds for 10 min-

utes with a spectrophotometer (SpectraMax M3, Molecular Devices, Sunnyvale,

CA). The amount of FXa generated was calculated based on a standard curve of

serially diluted purified FXa (Hematologic Technologies; linear between 0.17nM

and 3.54nM). Factor Xa generation by control samples incubated with FX only

was deducted from reported values.

3.3.4 Procoagulant assay - thrombin generation

We evaluated thrombin generation using calibrated automated thrombography.

Fractions were incubated with human plasma (George King Bio-Medical, Over-

land Park, KS) and fluorescent substrate (Technoclone, Vienna, Austria) in du-

plicate. The fluorescence was read at 360nm/460nm every minute for 2 hours at

37�C. Lag time and total thrombin generated was calculated based on manufac-

turer’s calibration standards (Technoclone). Lag time, which measures the time

required to generate 4nM thrombin, is a more direct measure of TF-mediated
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procoagulant activity as it is the only trigger for thrombin generation without

the addition of exogenous activators.

3.3.5 Statistical Analysis

Data was parametric and represented as mean ± standard deviation. Inter-

method comparisons were performed with ANOVA and Tukey post-hoc, and

intra-method comparisons were done with paired T-tests using commercial soft-

ware (Prism 6.0, GraphPad, La Jolla, CA) with alpha set to 0.05.

3.4 Results and Discussion

3.4.1 Comparing tabletop centrifugation and filtration

We compared the size distribution of CM to fractions obtained from high-speed

tabletop centrifugation and filtration using NTA. As previously reported [13],

CM has a characteristic broad distribution, with a peak around 145nm and the

majority of extracellular vesicles (88%) are less than 200nm (Figure 3.2A and B).

Due to abundance of exosomes, significantly higher concentrations of extracel-

lular vesicles were observed in exo fractions regardless of separation methods

(Figure 3.2C). Attempts to isolate pure exosomes or microvesicles were unsuc-

cessful, as both populations were observed in all fractions (Figure 3.2A and B).

All techniques enriched exosome or microvesicle concentrations in their respec-

tive fractions. The highest percentage of exosomes was obtained from the 0.1µm

filter (88% were <125nm, Figure 3.2B). The MV-C fraction contained the high-
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est percentage of extracellular vesicles greater than 200nm (26%, Figure 3.2B),

suggesting that high-speed centrifugation provides the highest yield of larger

extracellular vesicles. We also found that the MV-0.22 fraction had significantly

lower microvesicle concentration, suggesting that the filter did not retain mi-

crovesicles close to exosome size (Figure 3.2C).

All fractions had significantly lower FXa and thrombin generation than CM,

which we attributed to the low microvesicle recovery (Figure 3.2C-F). Exo frac-

tions had significantly higher FXa generation than their respective MV counter-

parts (Figure 3.2D), likely due to their significantly higher microvesicle concen-

tration (Figure 3.2C). No significant inter-method difference in FXa generation

was observed for MV or exo fractions (Figure 3.2D).

For TGA, MV and exo fractions had similar lag time and thrombin genera-

tion within method except for the 0.22µm filter (Figure 3.2E). The MV fraction

from 0.22µm filtration had a longer lag time and lower thrombin generation than

the exo-0.22 or MV fractions from tabletop centrifugation or the 0.1µm filtration.

We attributed these findings to the lower microvesicle concentration in MV-0.22

(Figure 3.2C). Comparing exo fractions across methods, lag time was signifi-

cantly longer with the 0.1µm method. We speculate that smaller extracellular

vesicles in exo-0.1 fraction (Figure 3.2B) may offer fewer PS-bearing surfaces to

initiate thrombin generation.
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Figure 3.2: Size distribution and procoagulant activity of microvesicle (MV)
and exosome (exo) fractions were isolated using high-speed tabletop centrifu-
gation and 0.22µm and 0.1µm filtration. A. Representative curves of size distri-
bution of the microvesicle fractions obtained from nanoparticle tracking analy-
sis (n=3-5). B. Percentage of extracellular vesicles less than 125nm and 200nm
was calculated for each fraction. C. Microvesicle concentration or recovery (as
a percentage of the original conditioned media, CM) was calculated based on
NTA measurements. Procoagulant activity was measured using D. FXa gener-
ation, and E. lag time and F. total thrombin generated in calibrated automated
thrombography (n=3-5).
Different letters (lowercase for MV and uppercase for exo): p < 0.05 for inter-
method differences for each fraction (ANOVA with post-hoc Tukey)
* p < 0.05 versus exosome fraction within method (paired T-test)
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3.4.2 Role of TF in tumor-derived extracellular vesicle procoag-

ulant activity

To determine the role of TF in FXa and thrombin generation by microvesicle

fractions, we pre-treated samples with an inhibitory antibody (HTF-1). We

chose the 0.22µm filtration fractions due to the significant difference in pro-

coagulant activity observed between these fractions (Figure 3.2D-F). For CM

and both fractions, FXa generation, lag time and thrombin generation were TF-

dependent (Figure 3.3). The observed residual FXa and thrombin generation

may be attributed to TF-independent activation of coagulation proteases, as

shown in tumor cells [15]. Tissue factor- and FVII-independent procoagulant

activity in extracellular vesicles has been reported [12, 13]. Futhermore, An-

nexin V may abolish the residual activity, as shown previously with microvesi-

cles [12, 13].

3.4.3 Ultracentrifugation

Ultracentrifugation is the current gold standard to isolate microvesicle fractions.

Compared to CM, we found a microvesicle peak beyond 200nm (Figure 3.4A)

and a decrease in the number of extracellular vesicles less than 200nm in the

ultracentrifuged sample of CM (CM-U, Figure 3.4B), in agreement with the ob-

servation that 100,000xg selectively sediments vesicles between 200-400nm [12].

Alternatively, this lower recovery could be due to microvesicle aggregation.

Similar to the study by Lane [16], not all extracellular vesicles were recovered

with ultracentrifugation (only 43%, Figure 3.4C). Extracellular vesicles of all
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Figure 3.3: Effect of tissue factor on A. FXa generation, and B. lag time and C.
total thrombin generation in tumor-conditioned media (CM) and microvesicle
(MV) and exosome (exo) fractions separated with a 0.22µm filter. Fractions were
pre-treated with a TF-inhibitory antibody (HTF-1), or isotype control (MsIgG)
(n=3).
* p < 0.05 versus isotype control (paired T-test)

sizes were present, and procoagulant activity was observed in the supernatant

from ultracentrifugation (Figure B.1), which was also demonstrated previously

in [13]. Nonetheless, ultracentrifugation minimally affected procoagulant activ-

ity in CM-U (Figure 3.4D-F).

Ultracentrifugation of exo-C fraction further enriched exosomes (71% of

population was <125nm, Figure 3.4A-C). Based on this finding, we speculate

that ultracentrifugation of the exo-0.1 fraction could potentially result in a purer
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Figure 3.4: Size distribution and procoagulant activity of fractions isolated
with ultracentrifugation. Extracellular vesicles (CM-U and exo-U) were iso-
lated from tumor-conditioned media (CM) and the exosome fraction derived
from high-speed tabletop centrifugation (exo-C) respectively, using ultracen-
trifugation A. Representative curves of the size distribution of the microvesicle
fractions obtained from nanoparticle tracking analysis (n=3). B. Percentage of
extracellular vesicles less than 125nm and 200nm was calculated for each frac-
tion. C. Microvesicle concentration or recovery (as a percentage of the original
conditioned media, CM) was calculated based on NTA measurements. Proco-
agulant activity was measured using D. FXa generation, and E. lag time and F.
total thrombin generated in calibrated automated thrombography (n=3).
* p < 0.05 for differences compared to original sample (paired T-test)
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exosome fraction (potentially at the cost of lower microvesicle recovery). Pre-

vious studies have shown that filtration can be used to increase purity [9]. The

lower concentration of exo-U did not affect FXa generation (Figure 3.4D), but

resulted in a longer lag time and lower thrombin generation (Figure 4E and

F). Although CM-U and exo-U have similar microvesicle concentrations (Figure

3.4C), we speculated that the presence of larger microvesicles in CM-U (Figure

3.4A and B) may offer more surface areas and phosphatidylserine for thrombin

generation than the smaller extracellular vesicles in exo-U.

3.4.4 Discussion

In the study herein, we looked at the effect of centrifugation and filtration meth-

ods on size distribution and procoagulant activity of extracellular vesicles. We

found that as previously reported [10], none of the current methods isolate pure

microvesicle or exosome fractions; however, we were able to enrich exosome or

microvesicles concentration in their respective fractions. We defined exosomes

to be less than 125nm for ease of analysis, but the exact size range is contro-

versial [17]. We noted that microvesicle recovery varied substantially across

methods. Lane et al. have previously shown differing microvesicle recovery

with commercial kits (separation based on sedimentation or density gradients),

with the lowest recovery obtained with ultracentrifugation [16]. Although ultra-

centrifugation is the current gold standard, ultracentrifugation with the settings

used herein recovered fewer extracellular vesicles (43%) than tabletop centrifu-

gation and filtration (50-70%), and only enriched exosome concentration when

larger microvesicles (exo-U, but not CM) have been removed first. Exo fractions

isolated from tabletop centrifugation and filtration were not pelleted; fewer pro-
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teins may be removed by these isolation methods, thus artificially increasing the

EV concentration. Although ultracentrifugation is most frequently used method

to enrich exosomes, the purity of exosomes fractions with 0.1µm filter (<125nm)

was higher (83% in Figure 3.2B compared to 71% in Figure 3.4B).

In this study, the difference in microvesicle recovery across methods was

associated with significant differences in procoagulant activity of the fractions.

Our findings agree with a recent meta-study, showing that EV isolation meth-

ods can impact down-stream analysis and experimental outcomes, and that the

non-standardized parameters often led to qualitative and quantitative variabil-

ity between studies [11]. In our study, the absence of inter-method differences

in FXa generation may be due to variability in assay results. Differences be-

tween methods were more apparent in thrombin generation, particularly with

lag time.

This study highlights the importance of standardizing methods of EV sep-

aration and indicates that EV recovery largely accounts for differences in the

procoagulant activity in the fractions. We resuspended our fractions in the orig-

inal volume to study the role of microvesicle recovery in procoagulant activity;

however, we believe that resuspension in a lower volume could boost procoagu-

lant response. Furthermore, the proportions of microvesicles and exosomes in a

fraction may also affect procoagulant activity. We have observed that fractions

with the most exosomes (exo-0.1 and exo-U) have lower thrombin generation

and longer lag time, which we attributed to less phospholipid surface area of-

fered by exosomes. This data suggests that although both microvesicles and

exosomes express TF and exhibit procoagulant activity, the efficiency of acti-

vation of coagulation proteases may differ. It has been reported that exosomes
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express PS at a lower level than MV [18]. The procoagulant activity of exosomes

was abolished when MV were removed, and re-established when PS was added

back into the system [19]. Although we did not test this theory, smaller vesicles

may have less phosphatidylserine, and thus are less capable of initiating TF-

mediated procoagulant activity [18].

This study demonstrated that microvesicle populations differ in size distri-

bution, concentration and purity depending on separation methods used - cen-

trifugation or filtration, and the method of isolation can affect downstream pro-

coagulant activity. Furthermore, it is impossible to obtain pure microvesicle and

exosome populations based on these currently used techniques.

122



BIBLIOGRAPHY

[1] V Muralidharan-Chari, James W Clancy, Alanna Sedgwick, and Crislyn
D’Souza-Schorey. Microvesicles: mediators of extracellular communica-
tion during cancer progression. J Cell Sci, 123:1603–11, 2010.
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CHAPTER 4

TUMOR-DERIVED TISSUE FACTOR-EXPRESSING EXTRACELLULAR

VESICLES INDUCE A PRO-ADHESIVE AND PRO-INFLAMMATORY

ENDOTHELIAL PHENOTYPE IN A TF-, FXA-, PAR-1- AND

EGFR-DEPENDENT MANNER

4.1 Abstract

Tumor-derived extracellular vesicles (EV) can mediate stromal cells to promote

a permissive metastatic microenvironment. Endothelial cells are highly respon-

sive to local stimuli, and their responses can be hijacked by tumor cells to en-

hance tumor progression and metastasis. Previous studies have shown the role

of TF-expressing EV in mediating metastasis and pre-metastatic niche forma-

tion, but the mechanism remains largely unknown.

Using ultracentrifugation, we obtained extracellular vesicles (EV) from

breast (MDA-MB-231 and MCF-7) and pancreatic (BxPC3 and Capan-1) tumor

cell lines with different tissue factor (TF) expression. Tumor-derived EV up-

regulated endothelial expression of E-selectin and ICAM-1, but not VCAM-1,

and increased endothelial secretion of MCP1 and IL-8, but not VEGF, after 6

and 24 hours. These effects were dependent on exogenous FVIIa and FX; up-

regulation was decreased with EV from a low TF-expressing cell line and in-

hibition with anti-TF antibody, suggesting these pro-inflammatory effects were

mediated by TF/FVIIa generation of FXa. The upregulation was also dimin-

ished when the endothelial cells were treated with a PAR-1 (E5555) antagonist,

demonstrating that the tumor-derived EV were activating the endothelial cells

through PAR-1. A PAR-1 agonist and thrombin also produced similar adhesion
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molecule and chemokine upregulation. We observed a substantial decrease in

adhesion molecule and cytokine upregulation with an EGFR inhibitor, CI-1033.

Treatment with EGF elicited ERK phosphorylation, but not upregulation of E-

selectin or ICAM-1, suggesting that EV-activated PAR-1 transactivated EGFR.

The tumor-derived EVs variably expressed EGFR. Using fluorescent and con-

focal microscopy, we observed EV binding to and uptake by endothelial cells.

Uptake of tumor-derived EV and upregulation of E-selectin by endothelial cells

were independent of each other. Immunoblotting studies showed that the EVs

transferred EGFR to the endothelial cells. Pretreatment of EV with CI-1033 did

not affect endothelial response, suggesting that the EV-induced effects were

mediated by endothelial-expressed EGFR. This is the first study showing that

tumor-derived EV can induce a pro-adhesive and pro-inflammatory phenotype

in endothelial cells through TF-mediated activation of PAR-1, and subsequent

transactivation EGFR..

4.2 Introduction

Extracellular vesicles (EV) are secreted by tumor cells via two main pathways

[1]. The smaller exosomes are released by the fusion of multi-vesicular bodies

with plasma membrane, while the larger microvesicles (MV) are formed by di-

rect blebbing of plasma membranes. Despite the difference in size and origin,

both populations can mediate intercellular communication through horizontal

transfer of proteins or genetic materials and activation of signaling pathways.

Most epithelial tumors upregulate tissue factor (TF) [2] and secrete TF-

expressing EV in vivo and in vitro [3, 4]. Both tumor-derived exosomes and
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MV express TF and exhibit procoagulant activity, which has been highly char-

acterized and studied in literature [3, 5, 6]. Much of the research on tumor-

derived TF-expressing EV has been dominated by their role in venous throm-

boembolism, which remains controversial today [3]. Nonetheless, increased

procoagulant activity mediated by TF-expressing MV in plasma was found in

multiple studies [4, 7, 8]. More importantly, advanced stage cancer patients have

a higher concentration of TF-expressing EVs than healthy controls, and similar

results were found for colorectal cancer patients [4, 9].

The tumor microenvironment can promote tumor progression and metasta-

sis [10], and TF-expressing EV may be important in this process. In an in vitro

study, malignant tumor cells transferred TF through EV to other benign tumor

cell lines, increasing their TF expression and tumor malignancy [11]. In a mouse

model, TF on exosomes induced coagulation, which promoted tumor metas-

tases through recruitment of CD11b+ myeloid cells and F4/80+ macrophages

and formation of pre-metastatic niches. The effect was blocked using hirudin to

inhibit thrombin, or by upregulation of tissue factor pathway inhibitor on tumor

cells to inhibit TF. However, the exact mechanism by which TF-mediating clot-

ting promotes formation of the pre-metastatic niche or immune cell recruitment

in the process is still unknown [12].

Normal endothelial cells exhibit tumor-inhibitory properties, preventing tu-

mor proliferation and migration [13]. Endothelial cells are highly dynamic and

responsive to its microenvironment [14]; thus, tumor cells, by secreting fac-

tors and extracellular vesicles, can manipulate endothelial behavior. Tumor-

conditioned medium induced dysfunctional phenotypes in endothelial cells;

these endothelial cells exhibited pro-adhesive and pro-inflammatory states,
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and secreted factors that promoted inflammatory signaling, invasiveness and

metastatic potential in tumor cells [15]. Endothelial cells, stimulated by tumor-

derived factors, also promoted the formation of pre-metastatic niches [16]. Typ-

ically, endothelial cells act as a barrier to tumor metastasis; a study found that

tumor-derived exosomes mediated vascular permeability within 24 hours of in-

jection into mice, which preceeded infiltration of EV into pre-metastatic organs

[17]. Found in circulation, EV can interact with endothelial cells and induce a

pro-metastatic phenotype. Endothelial cells, upon taking up tumor-derived EV

by endocytosis, exhibit a pro-angiogenic phenotype by activating the Akt path-

way [18]. Transfer of miRNAs by tumor-derived exosomes can also break down

endothelial tight junctions and promote vascular permeability [19], increasing

the chances of tumor extravasation and metastasis [20].

Activation of protease-activated receptor (PAR-) 1 and 2 is the main mech-

anism to mediate inflammatory response on endothelial cells; such activation

is often associated with disease states, such as cancer [21]. Tissue factor, by ac-

tivating FVII and FX, can activate PAR-1 and PAR-2 [22, 23] at physiological

concentrations [24]. Previously, Camerer et al. demonstrated in mouse models

that endothelial PAR-1 and PAR-2 did not support metastasis [25]; but in a hy-

perthrombotic model, host and tumor PAR-1 became vital in mediating tumor

metastasis in a TF-dependent manner [26]. This suggested that under cancer-

induced procoagulant state, PAR-1 signaling plays an important role for tumor

metastasis. Furthermore, host and tumor PAR-1 signaling acted as redundant

pathways, so both must be considered in targeting and therapy.

Thrombin activates PAR-1 on endothelial cells and upregulates expression

of adhesion molecules (P-selectin, E-selectin, ICAM-1 and VCAM-1) and se-
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cretion of cytokines (IL-6 and IL-8) [27]. Activation of endothelial PAR by ex-

ogenous FXa induced upregulation of adhesion molecules (E-selectin, ICAM-1

and VCAM-1) and secretion of inflammatory cytokines (IL-8, IL-6 and MCP1)

[28, 29]. PAR-1 and PAR-2 agonist peptides also induced similar endothelial re-

sponses in adhesion molecules and cytokines [30, 31]. Thrombin-stimulated en-

dothelial cells mediated neutrophil rolling and adhesion in vitro [32] and in vivo

[33]. Similarly, PAR-2 agnonists induced leukocyte rolling, adhesion and ex-

travasation in vivo [34]. Decreased leukocyte infiltration was observed in PAR-1

deficient mice during ischemia [35], while mice with PAR-2 knockout exhibited

decreased number of rolling and adhered leukocytes [30, 31]. Altogether, these

studies demonstrated that activation of endothelial cells by PAR can potentially

promote tumor metastasis by recruiting immune and progenitor cells to form

premetastatic niches, and tumor cells to metastatic sites.

We hypothesized the tumor-derived EV can activate endothelial cells to in-

duce a pro-adhesive, pro-inflammatory and pro-angiogenic phenotype in en-

dothelial cells, which can potentially promote tumor progression and metasta-

sis. In our study, we specifically looked at whether tumor-derived EV can pro-

mote a pro-adhesive phenotype in endothelial cells by evaluating expression of

E-selectin, ICAM-1 and VCAM-1 after treatment with tumor-derived EV. These

adhesion molecules are typically used to recruit leukocytes [36] and myeloid

cells [37]. Recruitment of specific populations of leukocytes and myeloid cells

can help promote a permissive tumor microenvironment and formation of pre-

metastatic niches [38, 39]. These adhesion molecules are also a mechanism by

which to arrest tumor cells in vasculature, and thus, promote cancer metastasis

[36]. We also studied endothelial secretion of cytokines - IL-8, MCP1 and VEGF.

IL-8 is a pro-inflammatory cytokine that can attract immune cells and promote
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a pro-inflammatory microenvironment [40]. MCP1 is responsible for recruiting

tumor-associated macrophages and myeloid cells that promote immune sup-

pression, and formation of premetastatic niche [41]. VEGF is a pro-angiogeneic

factor, and secretion of VEGF by endothelial cells after tumor-derived EV treat-

ments has been observed previously [42].

We obtained tumor-derived EV from tumor cell lines with different TF

and EGFR expression, and looked at the role of TF-mediated activation of

PAR on endothelial cells by measuring the changes in expressions of adhe-

sion molecules (E-selectin, ICAM-1, and VCAM-1) and cytokines (IL-8, MCP1,

VEGF) using HUVEC and E4ORF1+ (E4+) HUVEC . The E4+ HUVEC were trans-

fected with the E4ORF1 gene, enabling long-term survival under serum- and

cytokine-free conditions without affecting endothelial morphology and behav-

ior [43]. Using immunologic and chemical inhibitors, we found that EVs from

TF-expressing tumor cell lines induced the upregulation of E-selectin, ICAM-1

(but not VCAM-1) and secretion of IL-8 and MCP1 (but not VEGF). Upregula-

tion was dependent on TF-mediated activation of FXa by tumor-derived EV, as

well as PAR-1, but not PAR-2, mediated signaling on endothelial cells. In previ-

ous studies, activation of PAR-1 transactivated epidermal growth factor recep-

tor (EGFR) [44, 45, 46, 47]; specifically, thrombin-activated mouse endothelial

cells exhibited ERK phoshorylation in a EGFR-dependent manner [48]. When

we used a EGFR inhibitor, CI-1033, the observed endothelial responses were sig-

nificantly reduced. Although EGF treatment induced ERK phosphorylation, no

changes in adhesion molecule expression was observed, suggesting that EGFR

activation was mediated by PAR-1. We also found that although tumor-derived

EV transferred EGFR to endothelial cells, inhibition of EV-derived EGFR did not

affect the endothelial responses, suggesting that endothelial-expressed EGFR
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was sufficient for pro-inflammatory and pro-adhesive phenotypes of endothe-

lial cells.

4.3 Materials and Methods

4.3.1 Reagents and antibodies

Antibodies against TF (HTF-1) was purchased from BD Bioscience (Franklin

Lake, NJ). Anti-TF antibody (TF9-5B7) hybridoma was a generous gift from

Dr. James Morrissey (University of Illinois). Antibody against E-selectin, and

SLIGKV-NH2 peptide were purchased from Abcam (Cambridge, UK). Antibod-

ies against ICAM-1 and VCAM-1 were purchased from eBioscience (San Diego,

CA). Antibody against EGFR and ELISA DuoSet (MCP1, IL-8, VEGF) were pur-

chased from R&D Systems (Minneapolis, MN). Antibodies against pERK, ERK,

flotillin-2 and actin were purchased from Cell Signaling Technologies (Danvers,

MA). HRP-conjugated secondary antibodies, chemiluminescent substrate and

TMB-ELISA solution were purchased from Thermo Scientific (Waltham, MA).

PPACK, purified human FVIIa, FX, and FXa were purchased from Hematologic

Technologies (Essex Junction, VT). Spectrozyme was purchased from Sekisui Di-

agnostics (Lexington, MA). Fibronectin, bovine serum albumin (BSA), Annexin

V, bovine thrombin, trypsin, CI-1033, and TFLLR-NH2 were purchased from

Sigma-Aldrich (St. Louis, MO). Antagonist peptides, RLLFT-NH2 and VKGILS-

NH2 was purchased from American Peptide Company (Sunnyvale CA) and

Bachem (Torrance, CA), respectively. E5555 hydrobromide (PAR-1 antagonist)

was purchased from Axon Med Chem (Reston, VA). Hirudin was purchased
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from EMD Millipore (Billerica, MA). Fluorophore-conjugated secondary anti-

body and DiO lipid dye were purchased from Invitrogen (Carlsbad, CA). Nor-

mal goat serum and mouse IgG were purchased from Jackson ImmunoResearch

(WestGrove, PA). VECTASHIELD mounting medium with DAPI was purchased

from Vector Laboratories (Burling Game, CA). Amastatin and 4% paraformalde-

hyde were purchased from Santa Cruz Biotechnology (Dallas, TX). Mammalian

ProteaseArrest was purchased from GBiosciences (St. Louis, MO). CellTiter Glo

assay was purchased from Promega (Madison, WI).

4.3.2 Cell lines and cell culture

MDA-MB-231 (a generous gift from Dr. Teresa Porri in NBTC, Cornell Uni-

versity; ATCC NCI-PBCF-HTB26, Mannasas, VA), and MCF-7 (ATCC HTB-

22) were cultured in Dulbecco’s Modified Eagle Medium (DMEM). BxPC3 and

Capan-1 (generous gift from Dr. Brian Kirby, Cornell University; ATCC CRL-

1687 and HTB-79) were cultured in Roswell Park Memorial Institute (RPMI)

1640 and Iscoves’ Modified Dulbecco’s Medium (IMDM) respectively. All above

media were purchased from Corning Cellgro (Mannasas, VA) and completed

with 10% (v/v) fetal bovine serum (20% for Capan-1; Atlanta Biologicals, Nor-

cross, GA) and 100U/ml penicillin-streptomyocin (Invitrogen). Human umbili-

cal vein endothelial cells (HUVEC, Lonza, Basel, Switzerland) and E4+ HUVEC

(generous gift from Dr. Marco Seandel, Weill Medical College) were cultured

using EGM-2 media (Lonza, Basel, Switzerland). All cells were maintained in

an incubator at 37�C and 5% CO2.
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4.3.3 Extracellular vesicles from tumor cell lines

Tumor cells were cultured to 70-90% confluency, and then serum starved

overnight. Tumor-conditioned media was collected and spun at 300xg for 5

minutes, then 2,500xg for 20 minutes at 4�C to remove debris and dead cells.

The cell-free media was then ultracentrifuged at 100,000xg for 70 minutes at 4�C

in Beckman Coulter Optima L-90K (Pasadena, CA). The pellet was then resus-

pended in phosphate-buffered saline (PBS), and used immediately for experi-

ments.

To determine the role of EV-transferred EGFR in endothelial responses, cell-

free media was diluted 1:5 with serum-free media and treated with 10µM of

CI-1033 for 5 hours at room temperature. Extracellular vesicles were obtained

by ultracentrifugation as described above.

4.3.4 Treatment of endothelial cells

Endothelial cells were cultured in 96 well plates for 2 days. We primarily used

E4+ HUVEC in our experiments as these cells can survive under serum-free

conditions [43]. In order to ensure that the E4+ORF transfection did not arti-

ficially led to the changes we observed in this study, we also verified our ob-

servations with HUVEC. Before experiment, E4+ HUVEC and HUVEC were

washed and put into serum-free media for at least one hour. Extracellular vesi-

cles, except those pretreated with CI-1033 before ultracentrifugation, were di-

luted 1:5 in EBM (serum-free) media (Lonza, Basel, Switzerland) before adding

to endothelial cells. Extracellular vesicles were treated with FVIIa (10nM un-
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less otherwise noted) and FX (150nM unless otherwise noted) to determine the

role of TF-mediated signaling. To inhibit TF, EV were pretreated with 10µg/ml

of HTF-1 (or isotype control) for 30 minutes at room temperature . As a pos-

itive control, endothelial cells were treated with tumor necrosis factor alpha

(TNFa; 10ng/ml; for endothelial activation), bovine thrombin (1U/ml; for PAR-

1 activation), trypsin (10nM; for PAR-2 activation) and FXa (10nM and 80nM).

Hirudin (10U/ml) was used to inhibit thrombin. To inhibit FXa, 40µM of FPRCK

was added with the EV. Pretreatment of EV with Annexin V (10 or 20µg/ml) was

used to inhibit PS. To determine the role of PAR-1 and PAR-2 mediated signal-

ing on endothelial cells, 100µM of PAR-1 or PAR-2 agonist peptides (TFLLR and

SLIGKV, respectively), and scramble agonist peptides (RLLFT and VKGILS, re-

spectively) were used. For treatments with peptides, 10µM of amastatin was

added to prevent peptide degradation by endothelial aminopeptidases; this

treatment does not affect endothelial response [49]. To inhibit PAR-1, endothe-

lial cells were pretreated with 0.1µM E5555 for 30 minutes at 37�C before in-

cubation with EV. To inhibit EGFR, endothelial cells were pretreated with 5µM

of CI-1033 for 30 minutes at 37�C, and 5µM of CI-1033 was added with the EV.

Untreated endothelial cells were used as negative controls.

4.3.5 Cell-based ELISA for adhesion molecule expression

All endothelial cells were treated for 6 hours or 24 hours at 37�C, and then fixed

with 2% paraformaldehyde for 15 minutes at room temperature. The wells were

blocked with 5% normal goat serum in 1% BSA for 30 minutes at room tem-

perature, then incubated with 1µg/ml of primary antibody against E-selectin,

ICAM-1, or VCAM-1 overnight at 4�C on rocker. The wells were incubated with
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HRP-conjugated secondary antibody (1:150) for 1 hour at room temperature,

and then with TMB substrate for 30 minutes. Wells were washed with PBS be-

tween each incubation step. Sulfuric acid (2N) was added, and absorbance was

read at 450nm with a spectrophotometer (Molecular Devices SpectroMax M3,

Sunnyvale, CA). Data was normalized, and presented as fold change compared

to untreated endothelial cells.

4.3.6 ELISA for cytokine secretion

Cultured media were collected at the end of treatments, and stored at -80�C. For

analysis, the samples were thawed on ice and then centrifuged at 14,000 RPM

for 10 minutes at 4�C to remove debris and aggregates. All samples were diluted

1:2, except for thrombin-treated samples, which were diluted 1:4. Cytokine con-

centrations in the media (MCP1, IL-8 and VEGF) were measured using commer-

cial ELISA kits (R&D ELISA DuoSets) following manufacturer’s instructions.

4.3.7 Flow cytometry for TF and EGFR surface expression

Cells (5x105) were suspended in PBS with 1% BSA (PBSA) for analysis. Cells

were incubated with primary antibodies (20µg/mL for anti-TF antibody and

2µg/mL for anti-EGFR antibody or isotype IgG at similar concentrations) for

30 minutes on ice, and then washed with PBSA. An Alexa-488-conjugated sec-

ondary antibody (10µg/mL) was added to the cells for 30 minutes on ice, and

then the cells were washed with PBSA. Cells were resuspended in 400µL of

PBS for flow cytometry (FACSCalibur, Becton Dickenson, Franklin Lakes, NJ).

A total of 10,000 events were acquired and analyzed by frequency distribution
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curves of log fluorescent units. Data was analysed using FlowJo (v10, FlowJo,

Ashland, OR).

4.3.8 Western blot for TF and EGFR expression

Cells were lysed in a specific buffer (25mM HEPES, 100mM NaCl, 1mM

EDTA, 1% Triton-X) completed with Mammalian ProteaseArrest, then spun at

14,000RPM for 10 minutes at 4�C. The supernatant was stored at -80�C until

analysis, and protein concentration was determined using Biorad Protein Assay

(Hercules, CA). Lysates of EV were obtained from the pellet after ultracentrifu-

gation. Endothelial cells were grown until confluency and treated in a similar

manner as described in cell ELISA, but only for 15 to 60 minutes, as indicated.

Lysates (30µg) were resolved using SDS/PAGE (10% for TF and flotillin,

and 6% for EGFR), and the proteins were transferred to nitrocellulose mem-

brane. The membranes were incubated with primary antibody overnight at 4�C,

and then HRP-conjugated secondary antibody for 1 hour at room temperature.

The signal was detected using chemiluminescent substrate, and imaged using

BioSpectrum Imaging System (UVP, Upland, CA). Densitometry data was ob-

tained using built-in function of ImageJ (1.47t, NIH, USA)

4.3.9 Nanotracking analysis of extracellular vesicles

For NTA, samples were diluted with 0.1µm-filtered PBS (1:5) and analyzed us-

ing Malvern NanoSight NS300 (Westborough, MA) with 3 x 60 seconds at ambi-

ent temperature. The EV size distribution and concentration were determined
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by the manufacturer’s software (V3.0 with camera level set to 16 and threshold

set to 10).

4.3.10 Procoagulant activity of extracellular vesicles

We evaluated surface FX activation of EV using a standard amidolytic assay.

Tumor-derived EV were diluted 1:5 in HEPES buffer (10mM HEPES, 137mM

sodium chloride, 5mM calcium chloride, 4mM potassium chloride, 10mM glu-

cose, 0.5% BSA, pH 7.4), and incubated with 1nM FVIIa and 75nM FX for 2

hours at 37�C in duplicate. A chromogenic substrate (40µM final, Spectrozyme)

was added, and the color change was measured at 405nm every 15 seconds

for 10 minutes with a spectrophotometer. The amount of FXa generated was

calculated based on a standard curve of serially diluted purified FXa (linear be-

tween 0.17nM and 3.54nM). FXa generation by control samples incubated with

FX only was deducted from reported values to account for small amounts of

TF-independent activation of FX.

4.3.11 Immunofluorescence and confocal imaging for EV bind-

ing and uptake, and endothelial E-selectin expression

Endothelial cells were grown on fibronectin-coated (10µg/ml for 1 hour at room

temperature) glass coverslips until confluency. They were treated with EV and

fixed as described for cell ELISA. The cells were stained with an anti-E-selectin

antibody (10µg/ml) for 30 minutes, followed by Alexa-Fluor 488 secondary anti-

body for 30 minutes. The coverslips were then sealed using mounting medium
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with DAPI. E-selectin expression was evaluated using fluorescent microscopy

(Nikon Eclipse TE2000-U, Melville, NY; Photometrics CoolSNAP HQ2 camera,

Tucson, AZ).

Extracellular vesicles isolated by ultracentrifugation were treated with DiO

or DiL (5uL per mL), a lipid dye, for 20 minutes at 37�C. For a mock treatment,

the lipid dye was added to serum-free media instead, and processed similarly.

The EV were ultracentrifuged at 100,000xg for 70 minutes at 4�C to remove un-

bound dye molecules. Endothelial cells were treated with lipid dye-labelled

EV (DiO-EV or DiL-EV) or mock-treated serum-free media (DiO-SFM or DiL-

SFM) for 6 hours at 37�C or 4�C. For some experiments, lipid dye-labelled EV

were pre-treated with 20µg/ml Annexin V at room temperature for 30 min-

utes to inhibit phosphatidylserine (PS). Cells were fixed and stained for E-

selectin as above (for some experiments). The coverslip was sealed with mount-

ing medium, and then imaged using fluorescence microscopy (Nikon Eclipse

TE2000-U) or confocal microscopy (LSM 710 Confocal, Zeiss, Oberkochen, Ger-

many).

4.3.12 Cell viability assay

Endothelial cells were cultured and treated as described in cell-based ELISA ex-

periments. CellGlo Titer assay was performed according to manufacturer’s in-

structions. Viability data was normalized to that of untreated endothelial cells,

and presented as percentage of untreated cells.
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4.3.13 Statistical Analysis

Data was parametric and represented as mean ± standard deviations. Means of

different treatments were compared with an unpaired T-test. All analyses were

done using statistical software (Prism 6.0, GraphPad, La Jolla, CA) with alpha

set to 0.05.

4.4 Results

4.4.1 Tumor-derived EV expressed TF and TF-dependent pro-

coagulant activity.

We first evaluated TF expression on tumor cells and tumor-derived EV. Surface

expression of TF on tumor cell lines was evaluated using flow cytometry, which

showed that MDA-MB-231, and BxPC3 have high TF expression, while Capan-

1 and MCF-7 has medium and low TF expression, respectively (Figure 4.1A).

Tumor-derived EV were isolated using ultracentrifugation from cultured me-

dia of tumor cells, and TF expression in EV was confirmed using Western blot

(Figure 4.1B). EV derived from BxPC3, Capan-1 and MDA-MB-231 cells, but not

from MCF-7, express TF. Successful isolation of EV (as opposed to protein or de-

bris) in the EV lysates was confirmed by expression of flotillin, a protein that is

commonly found in EV. TF procoagulant activity of tumor-derived EV was eval-

uated by measuring at FXa generation (Figure 4.1C). The procoagulant activ-

ity was similar among BxPC3-, Capan-1- and MDA-MB-231-derived EV, while

those derived from MCF-7 (albeit higher than negative controls, FigureC.1) were
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below the detection limit of the assay. The size population of EV, as character-

ized by NTA (Figure 4.1D), were similar among cell lines. Most of the EV were

smaller vesicles (<200nm), and a small population of larger microvesicles was

observed in peaks larger than 200nm. In general, the pancreatic tumor cell lines

secreted more larger microvesicles, and this may be due to a difference in origin

of tumors.
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Figure 4.1: Characterization of TF expression and activity on tumor cell lines
and secreted EV. A. Representative histograms of surface expression of TF on
breast tumor cell lines, MDA-MB-231 and MCF-7, and pancreatic tumor cell
lines, BxPC3 and Capan-1, were characterized using flow cytometry with an
antibody against TF (black) and an isotype control (grey). B. TF expression was
determined in whole cell lysates (WCL) and EV lysates using immunoblotting
with actin as a loading control. Flotillin was used to verify the presence of EV in
lysates. C. Procoagulant activity of tumor-derived EV (normalized per million
of original tumor cells) was measured using an amidolytic assay for FXa activa-
tion. D. Representative size distribution of tumor-derived EV as characterized
by NTA. (n=3)
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4.4.2 TF-expressing EV treatment with FVIIa and FX upregu-

lated endothelial E-selectin and ICAM-1, but not VCAM-

1, in a FVIIa-, FXa-, and TF-dependent manner.

E4+ HUVEC and HUVEC were treated with thrombin (positive control), and EV

derived from MDA-MB-231 cells (with and without FVIIa and FX) for 6 hours

at 37�C. E-selectin, ICAM-1, and VCAM-1 expression were evaluated using a

cell-based ELISA. When FVIIa and FX were added with EV, we observed an

increase in E-selectin and ICAM-1 expression compared to EV alone (Figure

4.2A). Upregulation of VCAM-1 was observed with thrombin, but not for EV,

treatment. E-selectin expression declined at 24 hours, but ICAM-1 expression

was higher compared to the 6-hour treatment (Figure 4.2B). We only performed

a 24-hour treatment with E4+ HUVEC, because HUVEC started to die at 6 hours

under serum-free conditions, and most were dead by 24 hours. We observed a

similar upregulation of E-selectin and ICAM-1 when E4+ HUVEC (Figure 4.2C)

or HUVEC (Figure 4.2D) were treated with EV derived from MCF-7, BxPC3,

and Capan-1 (with and without FVIIa and FX).

We further evaluated the role of FVIIa, FX, and FXa in the observed endothe-

lial responses with tumor-derived EV treatment. Both FVIIa and FX were re-

quired for upregulation of E-selectin and ICAM-1 (Figure 4.3A); however, some

TF-independent activation of FX may be present, leading to slight upregula-

tion of E-selectin in the absence of EV. We found that 80nM, but not 10nM, FXa

elicited similar upregulation of E-selectin and ICAM1, albeit at a lower level.

The upregulation of E-selectin and ICAM-1 was also dependent on the concen-

tration of EV, FVIIa, and FX (Figure 4.3B-D). At physiological concentrations of
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Figure 4.2: Upregulation of E-selectin and ICAM-1 by endothelial cells after
treatment with tumor-derived EV with FVIIa and FX. A. E4+ HUVEC and HU-
VEC were treated with thrombin, MDA-MB-231-derived EV (with and without
FVIIa and FX) for 6 hours, and B. 24 hours (E4+ HUVEC only). Upregulation
of E-selectin, ICAM-1 and VCAM-1 was evaluated using a cell-based ELISA.
C. Upregulation of E-selectin and ICAM-1 on E4+ HUVEC was analyzed af-
ter treatment with EV (with and without FVIIa and FX) derived from MCF-7,
BxPC3 and Capan-1 tumor cell lines, and D. on HUVEC with EV (with FVIIa
and FX) derived from BxPC3 and Capan-1 tumor cell lines. (n=3-4, * p < 0.05, **
p < 0.01)

FVIIa (100pM) and FX (150nM) [24], upregulation of E-selectin and ICAM-1 was

still observed.

Upregulation of E-selectin and ICAM-1 was FXa-dependent, as addition of

FPRCK (FXa inhibitor) abolished the response (Figure 4.4A). Pre-treatment of
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Figure 4.3: Upregulation of E-selectin and ICAM-1 by E4+ was dose-
dependent on FVIIa, FX and EV. A The role of FVIIa, FX and FXa, and the effect
of concentration of B. FVIIa, C. FXa and D. EV in upregulation of E-selectin and
ICAM-1 by E4+ HUVEC was studied using a cell-based ELISA. (n=3, * p < 0.05,
*** p < 0.001)

EV with HTF-1 (anti-TF antibody), but not an isotype control, significantly de-

creased upregulation by E4+ HUVEC, indicating that the mechanism was TF-

dependent. Experiments on HUVEC confirmed the FXa-dependency (Figure

4.4B). Since PS can affect activation of coagulation proteases, we treated MDA-

MB-231-derived EV with Annexin V before incubation with E4+ HUVEC, but

we found that Annexin V did not affect upregulation of E-selectin by EV (Fig-

ure D.1).
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We also confirmed the upregulation of E-selectin on endothelial cells using

immunofluorescent microscopy (Figure 4.4C). Upregulation of E-selectin on E4+

HUVEC was observed after 6 hours of treatment with MDA-MB-231-derived

EV (with FVIIa and FX), and the response was abolished when FPRCK was

added. Interestingly, we observed that upregulation of E-selectin was not uni-

form, but only on selected cells.
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Figure 4.4: Upregulation of E-selectin and ICAM-1 dependent on TF and FXa.
To inhibit TF, EV derived from MDA-MB-231 tumor cells were pretreated with
10µg/ml HTF-1 (anti-TF antibody) or isotype control for 30 minutes before incu-
bation with A. E4+ HUVEC and B. HUVEC for 6 hours with FVIIa and FX. 40µM
FPRCK was added with the EV to inhibit FXa (n=3, except for E4+ HUVEC and
HTF-1 treatments where n=6). C. After incubation with EV, E4+ HUVEC were
fixed and immunostained with an antibody against E-selectin (green) to evalu-
ate upregulation with immunofluorescent microscopy. Nucleui were counter-
stained blue using DAPI (n=3, * p < 0.05, ** p < 0.01).

144



4.4.3 TF-expressing EV treatment with FVIIa and FX upregu-

lated endothelial E-selectin and ICAM-1 in a PAR-1, but

not PAR-2, dependent manner.

FXa can activate PAR-1 and PAR-2 on endothelial cells [50], and we wanted

to see whether these receptors were involved in the observed endothelial re-

sponses. We observed an increase in E-selectin and ICAM-1 expression when

we treated E4+ HUVEC (Figure 4.5A) and HUVEC (Figure 4.5B) with 100µM

TFLLR (PAR-1 agonist peptide), but not 100µM RLLFT (PAR-1 scramble agonist

peptide). The response to TFLLR and MDA-MB-231-derived EV (with FVIIa

and FX) treatments were abolished when endothelial cells were pretreated with

0.1µM E5555 (PAR1 antagonist), while the response to thrombin was signifi-

cant reduced with E5555 pretreatment. Because thrombin is a potent activa-

tor of PAR-1, we verified that endothelial activation by tumor-derived EV was

thrombin-independent with hirudin (thrombin inhibitor; Figure 4.5C).

Treatment with PAR-2 agonists (SLIGKV and 10nM trypsin) elicited no re-

sponse from HUVEC or E4+ HUVEC (Figure 4.5D). The different responses by

PAR-1 and PAR-2 may be explained by the high PAR-1 and low PAR-2 surface

expression on HUVEC and E4+ HUVEC, as shown by flow cytometry (Figure

4.5E). Immunofluorescent staining showed that PAR-1 was highly expressed by

all endothelial cells, while PAR-2 was only expressed on a few endothelial cells

(Figure 4.5E).

The FXa- and PAR-1-dependence of adhesion molecule upregulation by

MDA-MB-231-derived EV was verified in E4+ HUVEC with BxPC3- (Figure
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Figure 4.5: Upregulation of endothelial E-selectin and ICAM-1 was PAR-1,
but not PAR-2, dependent. A. E4+ HUVEC and B. HUVEC were treated with
100µM TFLLR (PAR-1 agonist, n=5), 1U/ml thrombin (n=8) and MDA-MB-231-
derived EV (with FVIIa and FX, n=5). Endothelial cells were pretreated with
0.1µM E5555 for 30 minutes before treatment to inhibit PAR-1. C. Hirudin
(10U/ml) was added to inhibit thrombin (n=3). D. E4+ HUVEC and HUVEC
were treated with 100µM SLIGKV (PAR-2 agonist peptide), 100µM VKGILS
(PAR-2 scramble agonist peptide), or 10nM trypsin (PAR-2 agonist) (n=3). E.
Surface PAR-1 and PAR-2 expression on HUVEC and E4+ HUVEC was evalu-
ated using flow cytometry with an anti-PAR1 or anti-PAR2 antibody (black) and
isotype control (grey), and immunofluorescent microscopy (PAR-1 or PAR-2 -
green; nuclei - blue, n=3, * p < 0.05, ** p < 0.01).
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4.6A) and Capan-1- (Figure 4.6B) derived EV. A significant decrease in E-

selection expression was observed when FPRCK or E5555 were added, with

a trend towards inhibition of ICAM-1 expression.

We verified that inhibition of E-selectin and ICAM-1 upregulation was not

due to cell death using a cell viability assay. We found that treatment of MDA-

MB-231-derived EV (with FVIIa and FX) or inhibitors did not affect the num-

ber of viable endothelial cells (Figure 4.7); thus, the decrease in endothelial E-

selectin and ICAM-1 expression was due to inhibition of targeted proteins and

not cell death.
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Figure 4.6: Upregulation of endothelial E-selectin and ICAM-1 by pancreatic
tumor-derived EV was FXa- and PAR-1-dependent. E4+ HUVEC were treated
with EV (with FVIIa and FX) derived from A. BxPC3 and B. Capan-1 pancreatic
cell lines. FPRCK was added with the EV to inhibit FXa, and E4+ HUVEC were
pretreated with E5555 to inhibit PAR-1 (n=3-4). Expression of E-selectin and
ICAM-1 was evaluated with a cell-based ELISA (** p < 0.01).
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Figure 4.7: MDA-MB-231-derived EV (with FVIIa and FX) and inhibitor treat-
ment did not induce endothelial cell death. Cell viability was evaluated after
treating A. E4+ HUVEC and B. HUVEC with MDA-MB-231-derived EV (with
FVIIa and FX) and various inhibitors for 6 hours. Data is presented as percent-
age compared to untreated cells.

4.4.4 TF-expressing EV treatment with FVIIa and FX also in-

creases endothelial secretion of MCP1 and IL-8, but not

VEGF, in a FXa-, TF- and PAR-1 dependent manner.

Secretion of MCP1, IL-8 and VEGF by endothelial cells (from the above ex-

periments) into the culture media was measured using ELISA. Treatment with

MDA-MB-231-derived EV with FVIIa and FX significantly increased MCP1 and

IL-8 secretion by HUVEC and E4+ HUVEC compared to untreated and EV treat-

ment only (Figure 4.8A). Similarly, treatment with thrombin (positive control)

also increased secretion of these cytokines. The cytokine concentration was

higher at 24 hours, indicating continuous secretion of cytokines for up to 24

hours post-treatment (Figure 4.8B). Concentration of MCP1 was higher for un-
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treated endothelial cells at 24 hours, suggesting that endothelial cells continu-

ously secreted MCP1 without stimulation, although serum-free conditions may

act as a stimuli. Similar increase in endothelial MCP1 and IL-8 secretion by E4+

HUVEC (Figure 4.8D) and HUVEC (Figure 4.8E) was observed after treatment

with EV (with FVIIa and FX) derived from MCF-7, BxPC3 and Capan-1 tumor

cells. A previous study has shown that tumor-derived EV upregulated VEGF

secretion after 24 hours [42]; however, we observed increase in VEGF secretion

after 6- or 24-hour treatment with TNFa but not thrombin and tumor-derived

EV (Figure 4.8C).

Similar to adhesion molecule upregulation, increased endothelial secretion

of MCP1 and IL-8 by MDA-MB-231-derived EV was FVIIa- and FX-dependent

(Figure 4.8F). FXa-mediated effects were observed with 80nM, but not 10nM,

FXa. Some TF-independent upregulation of cytokines was also observed, and

we speculated that this may be due to TF-independent activation of FXa, as seen

with E-selectin upregulation.

Addition of FPRCK, an inhibitor of FXa, significantly reduced MCP1 and IL-

8 concentrations in media from E4+ HUVEC (Figure 4.9A and B) and HUVEC

(Figure 4.9C), indicating that the response was FXa-dependent. The responses

to MDA-MB-231-derived EV (with FVIIa and FX) were thrombin-independent

(Figure 4.9A), as addition of hirudin had minimal effect, whereas cytokine se-

cretion by thrombin was inhibited. The increased cytokine secretion in response

to tumor-derived EV was also TF-dependent as HTF-1 treatment reduced cy-

tokine secretion by E4+ HUVEC (Figure 4.9B) and HUVEC (Figure 4.9C) com-

pared to untreated and isotype controls. Although no significant difference was

observed in HUVEC with HTF-1 treatment, a decrease in cytokine secretion was
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Figure 4.8: Endothelial cells secreted MCP1 and IL-8 after treatment with
tumor-derived EV (with FVIIa and FX). A. E4+ HUVEC and HUVEC were
treated with thrombin and MDA-MB-231-derived EV (with and without FVIIa
and FX) for 6 hours, and B. 24 hours (E4+ HUVEC only). Cultured media was
collected, and secretion of MCP1, IL-8 and C. VEGF (E4+ HUVEC only, and
TNFa as a positive control) were analysed using ELISA. D. E4+ HUVEC and E.
HUVEC were treated with EV (and FVIIa and FX) derived from MCF-7, BxPC3
and Capan-1 tumor cell lines, and MCP1 and IL-8 secretion was measured in the
culture supernatant. F. The role of FVIIa, FX and FXa in secretion of MCP1 and
IL-8 by E4+ HUVEC was investigated using MDA-MB-231-derived EV. (n=3-5,
* p < 0.05, ** p < 0.01, *** p < 0.001)
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observed consistently after antibody treatment (Figure 4.9C).
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Figure 4.9: Increased MCP1 and IL-8 secretion by endothelial cells was TF-
and FXa-dependent. MDA-MB-231-derived EV (with FVIIa and FX) were
treated with A. hirudin (to inhibit thrombin, 10U/ml, n=3), B and C. FPRCK
(to inhibit FXa, 40µM, n=3), HTF-1 (antibody against TF, 10µg/ml, n=4-5) or an
isotype control (10µg/ml, n=4-5), and then incubated with A and B. E4+ HUVEC
and C. HUVEC. MCP1 and IL-8 secretion by endothelial cells was analyzed in
the culture media using ELISA (n=3, * p < 0.05, ** p < 0.01, *** p < 0.001).

Similar to experiments with adhesion molecules, we evaluated whether in-

creased endothelial secretion was mediated by PAR-1. The PAR-1 agonist pep-

tide, but not scrambled peptide, upregulated MCP1 and IL-8 secretion in E4+

HUVEC (Figure 4.10A) and HUVEC (Figure 4.10B). When the endothelial cells

were pre-treated with E5555, cytokine secretion induced by TFLLR, thrombin

and MDA-MB-231-derived EV (with FVIIa and FX) treatments was significantly

reduced in E4+ HUVEC and HUVEC.
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A similar dependence on FXa- and PAR-1 was observed with BxPC3 (Figure

4.11A) and Capan-1 EV (Figure 4.11B) treatments on E4+ HUVEC. Inhibition

of FXa and PAR-1 with FPRCK and E5555 respectively decreased secretion of

MCP1 and IL-8.
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Figure 4.10: Increased MCP1 and IL-8 secretion by endothelial cells in re-
sponse to MDA-MB-231 tumor-derived EV was PAR-1-dependent. A. E4+

HUVEC and B. HUVEC were pre-treated with E5555 to inhibit PAR-1 before ad-
dition of TFLLR (PAR-1 agonist peptide), thrombin and MDA-MB-231-derived
EV (with FVIIa and FX). Secretion of MCP1 and IL-8 was measured by ELISA
(n=3-5, * p < 0.05, ** p < 0.01, *** p < 0.001)

4.4.5 Upregulation of adhesion molecules and secretion of cy-

tokines by endothelial cells are EGFR-dependent.

Several studies have shown that PAR-1 can transactivate EGFR in different cell

types [44, 46, 51]. To determine if the observed endothelial responses were

EGFR-dependent, we pre-treated endothelial cells with 5µM CI-1033 (EGFR in-

hibitor), and added the inhibitor with agonist treatments. We found that CI-

1033 significantly decreased upregulation of adhesion molecules (Figure 4.12A

and C) and secretion of cytokines (Figure 4.12B and D) by TFLLR, thrombin
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Figure 4.11: Increased endothelial MCP1 and IL-8 secretion induced by pan-
creatic tumor-derived EV (with FVIIa and FX) was FXa- and PAR-1 dependent.
E4+ HUVEC were treated with EV derived from A. BxPC3 (n=3) and B. Capan-
1 (n=4) tumor cell lines. E4+ HUVEC were pre-treated with E5555 to inhibit
PAR-1, and FPRCK was added to inhibit FXa. Secretion of MCP1 and IL-8 was
measured by ELISA (* p < 0.05, ** p < 0.01).

and MDA-MB-231-derived EV (with FVIIa and FX) treatments in E4+ HUVEC

and HUVEC. Similar inhibition was observed when BxPC3- (Figure 4.12E) and

Capan-1- (Figure 4.12F) derived EV (with FVIIa and FX) were used. Addition of

EGF, however, did not elicit upregulation of E-selectin or ICAM-1 by endothelial

cells (Figure 4.12A), suggesting that EGFR activation was dependent on PAR-1

activation.

4.4.6 Endothelial cells, tumor cells and tumor-derived EV ex-

press EGFR

The expression of EGFR by endothelial cells remains controversial [52], and re-

cent reports have shown transfer of EGFR from tumor-derived EV to tumor

cells and endothelial cells [53, 42]. We checked for EGFR expression on E4+ HU-

VEC and tumor cell lines, and conducted experiments to determine the source
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Figure 4.12: Upregulation of adhesion molecules and cytokines was EGFR-
dependent. To inhibit EGFR, A, B, E and F. E4+ HUVEC and C and D. HUVEC
(n=3) were pre-treated with 5µM CI-1033 for 30 minutes before experiment. En-
dothelial cells were then treated with A-B. TFLLR (n=7-9), thrombin (n=7-9),
EGF (n=3), and EV (with FVIIa and FX) derived from A-D. MDA-MB-231 (n=6),
E-F. BxPC3 and Capan-1 tumor cells (n=4-5). A,C,E. Upregulation of E-selectin
and ICAM-1, and B,D,F. secretion of MCP1 and IL-8 were studied (* p < 0.05, **
p < 0.01).
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of the transactivated EGFR in the endothelial cells. Since the data from HU-

VEC mimicked that seen in E4+ HUVEC, we only performed these experiments

with E4+ HUVEC. All of the tested cells express EGFR on their surface, with

the strongest expression on BxPC3, and the weakest on MCF-7 and E4+ HUVEC

(Figure 4.13A). We further tested EGFR expression on tumor-derived EV us-

ing Western blot analysis (Figure 4.13B). Although BxPC3 tumor cells strongly

expressed EGFR, BxPC3-derived EV only weakly expressed EGFR. The expres-

sion of EGFR was strongest in Capan-1-derived EV, and none was found for

MDA-MB-231- and MCF-7-derived EV. Using Western blot analysis, we ob-

served weak EGFR bands of E4+ HUVEC (Figure 4.15B).

MDA-MB-231 MCF-7 BxPC3 Capan1a. 

b. 

E4+ HUVEC

Figure 4.13: Tumor cell lines and E4+ HUVEC expressed EGFR. A. Surface ex-
pression of EGFR on MDA-MB-231, MCF-7, BxPC3, Capan-1, and E4+ HUVEC
was characterized using flow cytometry with an antibody against EGFR (black)
and an isotype control (grey). Representative histograms are shown. B. EGFR
expression was determined in tumor whole cell lysates (WCL) and EV lysates
with immunoblotting, using vinculin as a loading control for the WCL. (n=3)
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4.4.7 Tumor-derived EV can bind to and transfer EGFR to en-

dothelial cells.

We treated MDA-MB-231-derived EV with a lipid dye, DiO (or mock-treated

serum-free media with DiO), then collected the labelled EV using ultracentrifu-

gation. When we treated E4+ HUVEC with DiO-EV for 6 hours, we observed

binding of EV at 4�C and 37�C (Figure 4.15A). Uptake of tumor-derived EV only

occurred at 37�C as indicated by fluorescently-labelled endothelial cells. These

data suggested that tumor-derived EV can bind to endothelial cells, which then

take up the tumor-derived EV. Previous studies suggested that tumor-derived

MVs bound to endothelial cells via phosphatidylserine as their downstream cel-

lular responses were blocked by Annexin V [42, 11]. However, we found that

binding and uptake of EV was similar with and without Annexin V (Figure

4.14A).

Because Capan-1 EV expressed the highest amount of EGFR, we used EV

derived from these cells to study EV-mediated transfer of EGFR to E4+ HU-

VEC using Western blot analysis (Figure 4.14B). We observed baseline EGFR

expression in untreated E4+ HUVEC, but treatment with tumor-derived EV for

30 or 60 minutes significantly increased EGFR expression based on densitome-

try measurements normalized to vinculin expression.
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Figure 4.14: Capan-1-derived EV transferred EGFR to E4+ HUVEC. A. DiO
lipid dye was used to label MDA-MB-231-derived EV (DiO-EV) or mock-treat
serum-free media (DiO-SFM). Some samples were pre-treated with Annexin V
(20µg) and then incubated with E4+ HUVEC (without FVIIa and FX) for 6 hours
at 37�C or 4�C. Binding of EV (green dots) was seen (indicated with white ar-
rows), and some E4+ HUVEC demonstrated uptake of EV (diffuse green fluores-
cence). B. E4+ HUVEC were treated with Capan-1 EV for the indicated time be-
fore lysis, and EGFR expression in endothelial cells was evaluated using West-
ern blot. Densitometry data of Western blot expression of EGFR (normalized by
vinculin) after EV treatments are shown (n=3, * p < 0.05).
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4.4.8 Tumor-derived EGFR did not increase endothelial adhe-

sion molecule upregulation or secretion of cytokines.

In order to determine the role of tumor-derived EGFR on upregulation of E-

selectin and MCP1 secretion by E4+ HUVEC, we pretreated cell-free media

from tumor cell lines with 10µM CI-1033 for 5 hours at room temperature, and

EV were collected using ultracentrifugation. We chose to study E-selectin and

MCP1, whose expression exhibited a larger increase upon agonist treatments.

Although Capan-1-derived EV transferred EGFR to endothelial cells (Figure

4.14B), inhibiting EV-expressed EGFR alone did not inhibit upregulation of E-

selectin (Figure 4.15A) or MCP1 secretion mediated by Capan-1-, BXPC3- or

MDA-MB-231-derived EV.(Figure 4.15B).

We tested for phosphorylation of ERK (downstream of EGFR) using Western

blot to verify the role of endothelial-expressed and EV-derived EGFR (Figure

4.15E-F). We observed an increase in pERK with EGF treatment of endothelial

cells (Figure 4.15E). Phosphorylation of ERK by EGF was inhibited by CI-1033,

but not E5555 and FPRCK, verifying that the EGFR expressed on the endothe-

lial cells was functional. Furthermore, Capan-1-derived EV with FVIIa and FX,

but not alone, induced ERK phosphorylation, which was diminished using in-

hibitors against EGFR, PAR-1, and FXa (Figure 4.15F). Inhibitors alone or FVIIa

and FX did not affect ERK phosphorylation. Thrombin and PAR-1 agonist treat-

ments also induced phosphorylation of ERK.
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Figure 4.15: Upregulation of adhesion molecules and cytokine secretion on
E4+ HUVEC is independent of tumor-derived EGFR. A-B. Tumor-conditioned
media from MDA-MB-231, BxPC3 and Capan-1 tumor cells was treated with
10µM CI-1033 for 5 hours. EVs were isolated by ultracentrifugation, then incu-
bated with E4+ HUVEC (with FVIIa and FX). Upregulation of A. E-selectin, and
secretion of B. MCP1 was evaluated. C-D. E4+ HUVEC were treated with C.
EGF, D. TFLLR, thrombin, or Capan-1 derived EV (with and without FVIIa and
FX) and various inhibitors for 15 minutes. Phosphorylation of ERK was investi-
gated using Western blot analysis, and densitometry data of pERK (normalized
by ERK) are shown. (n=3, * p < 0.05)
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4.4.9 Tumor-derived EV signaling to endothelial cells is inde-

pendent of EV uptake

After observing uptake of tumor-derived EV by endothelial cells, we investi-

gated whether EV uptake was necessary for tumor-derived EV signaling. We

used EV labelled with DiL lipid dye to observed binding and uptake as previ-

ously, and immunostained for E-selectin to evaluate upregulation (Figure 4.16).

We found that uptake and signaling were independent of each other, as we

observed upregulation of E-selectin with and without endothelial uptake of

tumor-derived EV, and vice versa. This data suggested that tumor-derived up-

take and PAR-1 signaling were independent of each other.

Figure 4.16: Uptake of tumor-derived EV and upregulation of E-selectin by
endothelial cells were independent of each other. E4+ HUVEC were treated
with DiL-labelled MDA-MB-231-derived EV. After 6 hours, the cells were fixed
and stained for E-selectin (green). Uptake of tumor-derived EV (diffuse red
staining) was observed. Nuclei was counterstained with DAPI. (n=3)
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4.5 Discussion

In this study, we demonstrated that TF-expressing EV bound to and induced

signaling in endothelial cells to generate a pro-adhesive (upregulation of E-

selectin and ICAM-1) and pro-inflammatory (increased MCP1 and IL-8 secre-

tion) phenotype. Our tumor-derived EVs included both MV and exosome. We

did not separate these two fractions because it is difficult to obtain pure frac-

tions [54] and both vesicle populations express TF antigen and activity [5, 6].

Although a large percentage of EV are exosomes, they may lack PS for TF activ-

ity [55, 56]. Removal of larger MV abolished procoagulant activity in exosomes,

which was rescued with the addition of PS [55]; this result suggests a syner-

gistic effect between the MV and exosomes. For these reasons, it may be more

relevant to study both populations together.

We obtained EV from four different cancer cell lines with different TF ex-

pression. Although the TF antigen levels were different among EV derived from

MDA-MB-231, BxPC3 and Capan-1, they exhibited similar procoagulant activ-

ity (Figure 4.1C). A reason may be that not all surface-expressed TF are active

[57]; another reason may be that the TF expression was sufficiently high to trig-

ger procoagulant activity or there may be differences in PS expression between

the vesicles.

In our experiments, we observed upregulation of E-selectin and ICAM-1, but

not VCAM-1, with tumor-derived EV treatments (with FVIIa and FX). Given

that thrombin, a more potent agonist, upregulated VCAM-1 weakly (Figure

4.2A), it is possible that our assay was not sensitive enough to observe the slight

upregulation of VCAM-1 by EV treatments.
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In our ELISA experiments, we observed increased secretion of MCP1 and IL-

8 after tumor-derived EV treatments (with FVIIa and FX). We observed a base-

line of MCP1 secretion by endothelial cells. We also found that tumor-derived

EV is better at inducing MCP1 (66% of thrombin) than IL-8 (32% of thrombin),

suggesting that there is a difference in endothelial activation by thrombin and

tumor-derived EV.

A previous study has shown that incubation of glioma (U87-MG)-derived

EV upregulates VEGF in endothelial cells after 24 hours [42]; however, we did

not observe a difference in VEGF secretion after 6 or 24 hours. The result was

not surprising since thrombin also failed to increase VEGF secretion in our

study (Figure 4.8C), suggesting that the mechanism was PAR-1-independent.

Since the authors did not fully elucidate the mechanism involved, it was un-

clear whether upregulation of VEGF was mediated by TF (also expressed by

the U87-MG glioma cell line and their secreted EV [58]) [42]. The discrepancy

between the two studies may be due to experimental conditions. Al-Nedawi

et al. used glioma cell lines, while we used breast and pancreatic tumor cell

lines. Since EV are representative of their original cell [59], the glioma-derived

EV may express other proteins necessary for VEGF upregulation. They also re-

plenished HUVEC with fresh medium for another 24 hours before collecting

cultured media for ELISA, and this extra time and serum may be necessary for

the observed upregulation.

The effects observed with EV treatments were dependent on FVIIa and FXa

concentrations. When we used physiological concentration of FVIIa (100pM)

and FX (150nM) [24], we were able to observe upregulation of adhesion

molecules, suggesting that this phenomenon is physiologically relevant in vivo.
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Although the TF/FVIIa complex can signal through PAR, activation of endothe-

lial cells in our study was primarily mediated through FXa; no response was

observed when FX was omitted, or when FPRCK was added. The TF/FVIIa

complex primarily signals through PAR2, which is not highly expressed in our

endothelial system (Figure 4.5E). We found that EV were able to generate large

amount of FXa on the surface of endothelial cells, as the increase observed with

tumor-derived EV (with FVIIa and FX) was higher than that by 80nM FXa. Bind-

ing of EV to endothelial cells may have helped to orient the TF/FVIIa/FXa com-

plex favorably for interaction with endothelial cells, as a previous study has

shown that endogenous TF increased FXa activity on PAR [24]. Furthermore,

signaling of FXa, when bound to TF/FVIIa complex was more efficient than the

TF/FVIIa complex alone, FXa alone or FXa generated in situ by the TF/FVIIa

complex in Chinese hamster ovary cells [60]. We also observed a degree of TF-

independent FX activation, when only FX, or EV with FX was added (Figure

4.3A and 4.8F). However, this effect is minimal compared to that induced by

TF-mediated signaling, and TF-independent FXa activation by tumor-expressed

cancer procoagulant has been reported previously [61]. Tissue factor- and FVII-

independent procoagulant activity in extracellular vesicles has been reported

[5, 6]

Despite the differences in TF expression between tumor cell lines, we found

similar induction in endothelial cell responses by MDA-MB-231, BxPC3 and

Capan-1, which matches their similar procoagulant activity. We did not nor-

malize any of our other data with cell number as comparisons were done within

treatments, and we did not compare between cell lines. Surprisingly, although

MCF-7 tumor cells expressed weak TF expression (Figure 4.1A and B), and the

procoagulant activity was below detection limit (Figure 4.1C; albeit higher than
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negative control - Figure C.1), we observed an increase in E-selectin and MCP1,

which was lower than that seen in the higher TF-expressing tumor cells. These

results suggest that the low expression of TF on tumor-derived EV is sufficient

to generate FXa. We postulated that when a high number of EV are bound on

endothelial cells, sufficient FXa can be generated over time to elicit the endothe-

lial responses in this study.

Activation of both PAR-1 and PAR-2 by FXa and TF/FVIIa/FXa complex

has been demonstrated [22, 62]. Studies have shown that FXa activates PAR-

1 and PAR-2 on endothelial cells, upregulating adhesion molecule expression

and cytokine secretion [28, 63]. We found that our endothelial cells predomi-

nantly express PAR-1, while PAR-2 expression was weak and only expressed by

a small percentage of cells (Figure 4.5E). As such, our endothelial cells may be

unable to mediate PAR-2 responses. Since PAR expression depends on the vas-

cular bed [64], and inflammatory cytokines promote PAR-2 expression [34, 65],

we expect that PAR-2 may still play a role in tumor-derived EV activation of

endothelial cells in vivo. We also found that the PAR1 antagonist did not fully

abolish responses to thrombin. Endothelial cells express PAR-4, which can act

as a redundant pathway for thrombin activation [50, 62, 66]. PAR-1 antagonist

may not inhibit all responses mediated by PAR-1 [67], and the antagonist may

inhibitor PAR-1 agonist more effectively than thrombin (a potent activator of

PAR-1).

We chose to use E5555, instead of SCH79797 as our PAR-1 antagonist. Al-

though SCH79797 is used frequently for this purpose, we found that it induced

cell death in our system at the concentration required to elicit PAR-1 inhibition.

A previous study reported similar findings, in which SCH79797 induced en-
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dothelial apoptosis [68], altered platelet morphology and induced platelet PS

expression at concentrations necessary to inhibit PAR-1 [69]. On the other hand,

E5555 inhibited PAR-1 at a concentration 100-fold less than that required to in-

duced PS expression on platelet [69].

We observed that tumor-derived EV were bound to endothelial cells, lead-

ing to subsequent EV uptake (Figure 4.15A). A previous study had suggested

that PS on EV may be responsible for EV binding to endothelial cells [11, 42];

however, we found no changes in EV binding or uptake with Annexin V treat-

ments. Although PS can catalyze activation of coagulation proteases, we found

that Annexin V did not prevent upregulation of E-selectin, even when Annexin

V concentration was increased and EV concentration was diluted (Figure D.1).

Our tumor-derived EV may not express a lot of PS on the surface, which can ex-

plain the PS-independence in our data; however, we have not characterized PS

expression on tumor-derived EV. Uptake of tumor-derived EV and upregulation

of E-selectin by endothelial cells were independent of each other, suggesting

that internalization of activated PAR-1 by endothelial cells does not necessarily

lead to internalization of tumor-derived EV.

We found that both upregulation of adhesion molecules and increased secre-

tion of cytokines were dependent on EGFR. Although BxPC3 tumor cells had

the highest expression of EGFR, EV derived from Capan-1 had much higher

EGFR expression than those derived from BxPC3 (Figure 4.13B), suggesting

that there are tumor cell-dependent mechanisms responsible for incorporation

of EGFR into EV. Although we showed that Capan-1-derived EV transferred

EGFR to E4+ HUVEC (Figure 4.15B), we found that the transfer was not nec-

essary because pretreatment of EV with CI-1033 had no effect on endothelial
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responses (Figure 4.15C and D). Some studies detected EGFR on human um-

bilical vein endothelial cells (HUVEC) [70] and human microvascular endothe-

lial cells [71], or observed responses to EGF treatments from HUVEC [72, 73].

Others could not detect EGFR on normal endothelial cells, but found increased

expression in tumor-associated endothelial cells [74] or tumor-conditioned en-

dothelial cells [42]. We showed that E4+ HUVEC responded to EGF in an

EGFR-dependent manner (Figure 4.15E), demonstrating that our endothelial

cells expressed EGFR. The dependence on EGFR transactivation seemed to dif-

fer between thrombin, PAR-1 agonist and EV (with FVIIa and FX). This EGFR-

dependence for EV treatments may suggest a difference in PAR1 activation be-

tween EV, and thrombin and PAR-1 agonist. A study has shown that thrombin

and PAR-1 peptide agonist exhibited differential calcium signaling [75]. Since

PAR-1 conformation changes by agonist binding and activation, TF/FVIIa/FXa

complex on EV might induce a different conformation to selectively bias in-

tracellular transactivation of EGFR [23]. Another explanation is EV may bind

to specific microdomains on endothelial cells and interact preferentially with

PAR-1 in these domains, which may signal through specific proteins that trans-

activate EGFR. On the other hand, EV may offer additional biomolecules that

can act synergistically with PAR-1 activation; however, such molecules would

still require FXa since EV treatment alone did not elicit any effect on adhesion

molecules and cytokines. EGF also is not a likely candidate since EGF alone

did not upregulate E-selectin or ICAM-1 (Figure 4.12A), although synergistic

effects of EGF and thrombin has been observed in other signaling pathways

[76, 73]. It has been shown that PAR-1 can transactivate EGFR in a ligand-

dependent (PAR-1 activation releases EGF ligands, which activates EGFR) and

-independent (PAR-1 activation induces intracellular signaling cascades that re-
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sult in phosphorylation of EGFR) manner [77]. We do not know which mech-

anism is responsible. More studies on the role of EGFR would provide further

insight into the mechanism and potential therapeutic target.

Thrombin is known to be a potent activator of PAR-1 on endothelial cells,

mediating inflammatory responses [62]. Indeed, we found that thrombin treat-

ments induced a larger response than tumor-derived EVs. PAR-1 has a binding

domain for thrombin but not FXa, thus increasing the efficacy of thrombin ac-

tivation [23]. Although thrombin is the classical activator of endothelial cells,

we showed that TF-mediated activation of FXa induced pro-inflammatory phe-

notypes in endothelial cells. Alternative mechanisms of protease signaling be-

come important during pathological settings when many proteases are released

[78]. Thrombin has a very short half-life in vivo due to endogenous inhibitors;

thrombin can only act near the activation site [62]. Furthermore, the half-life

of TF/FVIIa/FXa complex is sufficient for PAR signaling, suggesting that FXa-

mediated signaling is physiologically relevant during the initial phase of co-

agulation [60]. Since treatment with CI-1033 never fully abolished endothelial

responses, and thrombin and PAR1 agonist treatment were weakly dependent

on EGFR, we suspect that EGFR may offer a parallel pathway for upregula-

tion of adhesion molecule expression and cytokine secretion, when treated with

tumor-derived EV. Hence, preventing thrombin or PAR-1 may not be sufficient

in preventing endothelial activation in this context. Furthermore, inhibition of

PAR-1 could induce serious side-effects [79], therapeutics targeting EGFR may

be more appropriate.

The conversion of quiescent endothelial cells to a pro-adhesive and pro-

inflammatory phenotype by tumor-derived EV could profoundly impact tumor
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metastasis. Dysfunctional endothelial cells promote tumor behavior while nor-

mal endothelial cells do not [13, 15]. Tumor metastasis is highly dependent on

the microenvironment of the metastatic site. Many studies have shown that

tumor cells can prepare pre-metastatic niches through cytokines and EV [80].

Endothelial activation could potentially be one of the first steps. Hoshino et al.

showed that tumor-derived exosomes from various cell lines induced vascular

permeability within 24 hours of injection into mice, and this phenomenon pre-

ceeded the appearance of EV at pre-metastatic sites [17]. Furthermore, specific

interaction between tumor-derived exosomes and brain endothelial cells were

observed. By activating endothelial cells, tumor-derived EV increased secre-

tion of MCP1, which has been shown to recruit MDSC to metastatic sites be-

fore arrival of tumor cells [41, 80]. Furthermore, upregulation of E-selectin and

ICAM-1 could help to promote rolling and arrest of both bone marrow-derived

cells, to set up a premetastatic niche, and to recruit tumor cells for metastasis

[37, 80, 81]. Increased expression of E-selectin and ICAM-1 enhanced tumor

arrest and metastasis in animal models [36]. Furthmore, increased secretion

of IL-8 could promote an inflammatory environment, which can further bene-

fit tumor metastasis by recruiting proinflammatory cells, and inducing growth

factor and chemokine secretion [38]. We only evaluated two specific cytokines,

but other cytokines and chemokines may be upregulated by EV as well. Further

study in vivo could further elucidate the role of these TF-expressing EV in tumor

metastasis.

Our study had primarily focused on the acute response of endothelial cells

after 6- and 24-hour treatments. In pathological situations, it is more likely that

endothelial cells would be exposed to these tumor-derived EV at a lower con-

centration but over a long period of time. Prolonged activation of endothelial
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cells typically results in endothelial dysfunction, in which endothelial cells be-

come completely deregulated [14]. Evaluation of long term effect of EV expo-

sure (and shear) could further identify physiological effects of tumor-derived

EV on endothelial activation.

Our study is the first to demonstrate that tumor-derived EV can induce a

pro-adhesive and pro-inflammatory endothelial phenotype in a TF-, FXa-, PAR-

1- and EGFR-dependent manner (Figure 4.17). This response differed from that

induced by thrombin alone; thus, blocking these responses may require differ-

ent approaches other than inhibition of thrombin alone. We speculate that the

observed changes in endothelial cells to a pro-adhesive and pro-inflammatory

phenotype may contribute in to the establishment of the pre-metastatic niche

and thus, promote tumor metastasis. Further studies in vivo can elucidate the

potential effects of the endothelial responses we observed in this study, and

identify the role of endothelial cells and tumor-derived TF-expressing EV in

this crosstalk.
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Figure 4.17: Proposed mechanism of endothelial upregulation of E-selectin,
ICAM-1, MCP1 and IL-8 by tumor-derived TF-expressing EV. High TF-
expressing tumor-derived EV bound to endothelial cells activates high lo-
cal concentrations of FXa on endothelial cell surfaces. FXa activates PAR-1,
which transactivates EGFR in ligand-dependent or ligand-independent man-
ner (mechanism undetermined). Upregulation of E-selectin and ICAM-1 and
secretion of MCP1 and IL-8 were observed.
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CHAPTER 5

TISSUE FACTOR-EXPRESSING TUMOR-DERIVED EXTRACELLULAR

VESICLES INCREASES ENDOTHELIAL PROCOAGULANT ACTIVITY

THROUGH DIRECT TRANSFER AND INDUCTION OF DE NOVO TF

SYNTHESIS.

5.1 Abstract

Tissue factor (TF)-expressing tumor cells secrete extracellular vesicles (EV) that

promote a procoagulant state in the body. Endothelial cells, an important medi-

ator of hemostasis, normally display anti-coagulant properties. Under constant

exposure to EV in circulation, endothelial cells may be tipped toward a proco-

agulant phenotype. In this study, we exposed E4+ORF human umbilical vein

endothelial cells (E4+ HUVEC) to EV derived from MDA-MB-231 and MCF-7,

high and low TF-expressing breast tumor cell lines respectively, and then evalu-

ated the procoagulant activity of the endothelial cells. We found that EV derived

from MDA-MB-231, but not MCF-7, increased endothelial procoagulant activ-

ity. A further boost in procoagulant activity was observed after exposure of the

E4+ HUVEC to MDA-MB-231-derived EV with factor VIIa and factor X (FX).

This suggested that FXa generated by the EV was inducing TF upregulation

through de novo synthesis and activating protease-activated receptors (PAR).

Accordingly, we found that PAR-1, but not PAR-2, agonists induced TF messen-

ger RNA synthesis, as did the MDA-MB-231-derived EV (with FVIIa and FX).

However, a PAR-1 inhibitor did not abolish the procoagulant activity induced

by tumor-derived EV, whereas procoagulant activity was markedly reduced by

dilution of EV or removal of EV after 1 hour of exposure. This data suggests that
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although tumor-derived EV can induce TF protein synthesis, EV binding is the

main mechanism for procoagulant activity on endothelial cells after exposure to

tumor-derived EV. Furthermore, we found that inhibition of phosphatidylserine

decreased endothelial procoagulant activity but did not abolish binding or up-

take of tumor-derived EV by the endothelial cells. This indicates that EV were

binding to endothelial cells in a phosphatidylserine-independent manner.

5.2 Introduction

Tissue factor (TF) is the initiator of coagulation [1]. Physiologically, TF is not

in direct contact with blood, and is only expressed by the sub-endothelial layer.

Upon blood vessel injury, TF is exposed to the coagulation factors in blood. The

coagulation cascade is initiated when TF binds to factor (F)VII and activates it

to FVIIa (’a’ denotes activation). Factor X, (FX), activated by FVIIa, converts

prothrombin to thrombin, leading to clot formation. Activation of these coagu-

lation proteases is accelerated by the presence of phosphatidylserine (PS) in the

cell membrane.

Tumor cells, over-expressing TF, are pro-thrombotic and cause inappropriate

coagulation [2, 3]. Complications due to tumor-induced hypercoagulability (for

example, venous thromboembolism or VTE) account for a significant percent-

age of the mortality and morbidity in cancer patients. The risk of thrombosis is

increased in cancer patients and more severe for patients with late stage disease

[4].

Cancer-associated thrombosis has been observed at sites far from the tumor,

suggesting that mechanisms other than localized clotting may be involved in
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promoting a pro-thrombotic phenotype within the body [3, 5]. Tumor cells se-

crete extracellular vesicles (EV) constitutively [6]. Several types of EV are re-

leased by tumor cells [7], including exosomes (30-100nm) and microvesicles

(also known as microparticles or ectosomes; 100-1000nm) [7]. These EV de-

rived their surface proteins and cytoplasmic components from the original cells,

and thus, often reflect the hemostatic balance of the original tumor [8]. Tumor-

derived EV can inherit TF from the parent cells, and these TF-expressing EV are

the main source of TF-mediated procoagulant activity released by tumor cells

[8].

Although it is still a controversy whether TF-expressing EV is a predictive

biomarker for VTE [9], a higher concentration of plasma TF+ EV is associated

with VTE in patients, particularly those with advanced cancer and metastasis

[5, 10]. Multiple studies have shown that TF-mediated coagulation by tumor

cells promotes cancer metastasis [11]. As summarized by Gil-Bernabe et al. [5],

experimental metastasis was reduced in murine and rat models by inhibiting

or downregulating TF or thrombin. However, the current understanding of the

exact mechanism is still limited.

More importantly, the effect of tumor-derived EV in coagulation is not lim-

ited to its procoagulant phenotype because tumor EV can also target and acti-

vate other cells to disturb their physiological anti-coagulant properties [12]. En-

dothelial cells are important players in hemostasis [13, 14]; they are also under

constant exposure to tumor-derived EV found in the circulation. Under physio-

logical conditions, endothelial cells are anti-thrombotic and express various in-

hibitors to the different proteases in the coagulation cascade in order to prevent

unnecessary coagulation [1]. However, pathological conditions, pathogens, in-
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flammatory mediators and cell-cell interactions can activate endothelial cells to

induce de novo TF mRNA synthesis and subsequent TF protein upregulation

[15].

Multiple studies have shown that EV induced a procoagulant phenotype

on endothelial cells. Microvesicles (MV) from monocytes increased TF expres-

sion and decreased tissue factor pathway inhibitor (TFPI, the endogenous in-

hibitor of TF) expression on endothelial cells [16]. Leukocytes, from the blood

of healthy human subjects, secreted MV after inflammatory stimulation; these

MV also increased de novo expression of TF by endothelial cells [17]. Tetraspanin

8-expressing EV derived from a rat adenocarcinoma induced TF expression in

rat aortic endothelial cells [18]. Inducing epithelial-mesenchymal transition in

cancer cell lines resulted in shedding of TF-expressing EV, which can transfer TF

antigen and procoagulant activity to endothelial cells [19]. An in vitro study has

shown that endothelial cells, after endocytosis of tumor-derived MV, recycled

TF onto the cell surface, thus, increasing TF activity [20].

Protease-activated receptors (PAR), expressed by endothelial cells, act as a

bridge linking inflammation and coagulation responses [21, 22]. Activation of

PAR on endothelial cells promotes a procoagulant phenotype and de novo TF

synthesis. Upon treatment with PAR-1 and PAR-2 agonists, endothelial cells re-

leased mitochondrial reactive oxygen species that induced endothelial de novo

TF mRNA synthesis [23]. Thrombin, a potent PAR-1 agonist, also induced TF

mRNA synthesis in human saphenous vein endothelial cells [24]. Tissue fac-

tor, when complexed with FVIIa and FXa, activates PAR-1 and PAR-2 [25, 26].

Similar to other agonists, activation by TF/FVIIa/FXa induced inflammatory

responses in endothelial cells, such as upregulation of adhesion molecules and
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cytokines [27, 28]. However, whether tumor-derived TF-expressing EV can in-

duce a procoagulant phenotype in endothelial cells by activating PAR and in-

ducing de novo TF synthesis has not been studied.

We isolated EV from MDA-MB-231 and MCF-7, high and low TF-expressing

breast cancer cell lines respectively, and exposed them to E4+ORF (E4+) HUVEC

under serum-free conditions. In order to evaluate whether the increase in pro-

coagulant activity was due to induced signaling or binding of EV to cells, we

treated the endothelial cells with and without FVIIa and FX respectively, and

then measured FXa generation by endothelial cells. When FVIIa and FX were

added, we observed a boost in procoagulant activity, suggesting activation of

PAR on endothelial cells. We found that PAR-1, but not PAR-2, agonists, and

MDA-MB-231-derived EV (with FVIIa and FX) induced de novo TF synthesis.

However, treatment with E5555 (PAR-1 antagonist) did not affect the procoagu-

lant activity induced by EV. We also found that tumor-derived EV increased pro-

coagulant activity of endothelial cells in a concentration- and time-dependent

manner. Altogether, the data suggests that binding of EV or transfer of TF by

EV was the main mechanism in increasing endothelial procoagulant activity.

Addition of Annexin V to inhibit phosphatidylserine blocked FXa generation,

but did not affect binding nor uptake of EV by endothelial cells.
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5.3 Materials and Methods

5.3.1 Cell lines and culture conditions

E4+ HUVEC (generous gift from Dr. Marco Seandel, Weill Medical College, [29])

were cultured using EGM-2 media (Lonza, Basel, Switzerland). We primarily

used E4+ HUVEC in our experiments as these cells can survive under serum-

free conditions [29]. All cells were maintained in an incubator at 37�C and

5% CO2. MDA-MB-231 (ATCC NCI-PBCF-HTB26, Mannasas, VA), and MCF-7

(ATCC HTB-22) were cultured in Dulbecco’s modified essential medium (Corn-

ing Cellgro, Corning, NY) supplemented with 10% fetal bovine serum (Atlanta

Biologicals, Norcross, GA) and 1% penicillin/streptomycin (Invitrogen, Carls-

bad, CA).

5.3.2 Extracellular vesicles from tumor cell lines

Tumor cells were cultured to 70-90% confluency, and then serum starved

overnight. Tumor-conditioned media was collected and spun at 300xg for 5

minutes, then at 2,500xg for 20 minutes at 4�C to remove debris and dead cells.

The cell-free media was then ultracentrifuged at 100,000xg for 70 minutes at 4�C

in Beckman Coulter Optima L-90K (Pasadena, CA). The pellet was then resus-

pended in phosphate-buffered saline (PBS).

To evaluate EV binding and uptake by endothelial cells, EV isolated from ul-

tracentrifugation were treated with DiO lipid dye (Invitrogen) for 20 minutes at

37�C. The EV were isolated with ultracentrifugation at 100,000xg for 70 minutes
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at 4�C, and the pellet was resuspended in PBS for E4+ HUVEC treatments.

5.3.3 Tumor-derived EV treatment for E4+ HUVEC

E4+ HUVEC were seeded into 96 well plates, and cultured for 48 hours. Be-

fore experiments, the cells were washed and serum starved for at least 1 hour.

Tumor-derived EV were diluted 1:5 (unless otherwise noted) in EBM-2 media

(serum-free media, Lonza) and incubated with endothelial cells for the indicated

time at 37�C in duplicate. To evaluate whether FXa (generated by TF-expressing

EV) could induce de novo TF synthesis, endothelial cells were treated in full me-

dia (the serum of which contained FVIIa and FX) or in serum-free media with

10nM FVIIa and 150nM FX (Hematologic Technologies, Essex Junction VT). To

inhibit phosphotidylserine, EV were pretreated with 20µg/ml Annexin V before

incubation with endothelial cells.

To determine the role of PAR-1 and PAR-2 in mediating endothelial TF ex-

pression, E4+ HUVEC were treated with 100µM TFLLR-NH2 (PAR-1 agonist

peptide, Sigma-Aldrich, St. Louis, MO), 100µM RLLFT-NH2 (PAR-1 agonist

scramble peptide, American Peptide Company, Sunnyvale CA), 1U/ml bovine

thrombin (PAR-1 agonist, Sigma-Aldrich), 100µM SLIGKV-NH2 (PAR-2 ago-

nist peptide, Abcam, Cambridge, UK), or 10nM trypsin (PAR-2 agonist, Sigma-

Aldrich) for the indicated amount of time. To inhibit PAR-1, E4+ HUVEC was

pretreated with 0.1µM E5555 hydrobromide (Axon Med Chem, Reston, VA) for

30 minutes at 37�C before adding EV.

To evaluate the effect of time on EV binding, tumor-derived EV were re-

moved 1 hour after treatment. E4+ HUVEC were washed with PBS, and then
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put into serum-free media until the indicated time point for analysis.

5.3.4 Procoagulant activity of tumor-derived EV and EV-treated

E4+ HUVEC

We evaluated surface FX activation using a standard amidolytic assay. After in-

cubation, the cells were washed with PBS thrice, and then incubated with 1nM

FVIIa and 75nM FX HEPES buffer (10mM HEPES, 137mM sodium chloride,

5mM calcium chloride, 4mM potassium chloride, 10mM glucose, 0.5% BSA, pH

7.4) for 15 minutes at 37�C. A chromogenic substrate (40µM final, Spectrozyme

from Sekisui Diagnostics, Lexington, MA) was added, and the color change was

measured at 405nm every 15 seconds for 10 minutes with a spectrophotometer.

The amount of FXa generated was calculated based on a standard curve of se-

rially diluted purified FXa (linear between 0.17nM and 3.54nM). Generation of

FXa by control samples incubated with FX only was deducted from reported

values. For measuring procoagulant activity of tumor-derived EV, the washing

step was omitted.

5.3.5 qRT-PCR of TF messenger mRNA expression

We used quantitative real time (qRT-)PCR to evaluate TF messenger (m)RNA

expression in endothelial cells after treatment with tumor-derived EV. Endothe-

lial cells were washed with PBS, and mRNA was isolated using a commercial

kit, RNeasy Mini kit (Qiagen, Valencia, CA) following manufacturer’s instruc-

tion. We used SuperScript III First Strand Synthesis System (Invitrogen) to cre-
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ate our cDNA, per manufacturer’s instructions. Concentration and purity of

mRNA and DNA was determined using NanoVue Plus Spectrophotometer (GE

Healthcare, Pittsburgh PA). Tissue factor mRNA expression was evaluated in

triplicate using TaqMan Gene Expression Assays (Invitrogen, Hs01076029 m1)

with Taqman Gene Expression MasterMix (Invitrogen) following manufac-

turer’s instructions, and Eukaryotic 18S rRNA (Invitrogen) was used as an en-

dogenous control. The assays were run in StepOnePlus Real-Time PCR System

(Applied Biosystems, Foster City CA). Amplification curves and cycle threshold

(Ct) values were collected. Gene expression levels were calculated using 2���Ct

method (normalized to Eukaryotic 18S rRNA expression) using manufacturer’s

software (StepOne Software, v2.3, Life Technologies).

5.3.6 Immunofluorescent microscopy of EV binding on E4+

HUVEC

E4+ HUVEC were grown to confluency on fibronectin-coated glass cover slips,

and incubated with DiO-EV as described previously. E4+ HUVECs were

washed with PBS, and then fixed with 2% paraformaldehyde (Santa Cruz

Biotechnology, Dallas TX) for 15 minutes at room temperature. The cover-

slips were washed with PBS, and then sealed using VECTORSHIELD mount-

ing medium with DAPI (Vector Laboratory, Burling Game, CA). Images were

taken using confocal microscopy with LSM 710 Confocal (Zeiss, Oberkochen,

Germany).
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5.4 Results

5.4.1 TF-expressing tumor-derived EV increased procoagulant

activity on endothelial cells.

We exposed E4+ HUVEC cells to EV derived from MDA-MB-231, a high TF-

expressing breast cancer cell line. We found little procoagulant activity on en-

dothelial cells, but an increase in TF-dependent procoagulant activity occured

in a time-dependent manner after exposure of the HUVEC to the EV (signif-

icant after 2 hours, Figure 5.1A). When we exposed E4+ HUVEC cells to EV

derived from MCF-7, a low TF-expressing breast cancer cell line, we observed

no difference in procoagulant activity after 6 hours. This data suggests that

the high TF-expressing MDA-MB-231 EV are binding to and transferring TF to

the endothelial cells. We found that the procoagulant activity of MDA-MB-231-

derived EV alone was substantially higher than that on the endothelial cells

after exposure to EV, suggesting that not all tumor-derived EV were bound to

endothelial cell surface, and that binding of EV was necessary for the observed

increase in endothelial procoagulant activity.
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Figure 5.1: TF-expressing tumor-derived EV and PAR-1 agonists increased
procoagulant activity of endothelial cells. A. E4+ HUVEC were exposed to
EV derived from MDA-MB-231 and MCF-7 for different timepoints. Procoagu-
lant activity post-treatment was measured by FXa generation. For comparison,
FXa generation by MDA-MB-231-derived EV alone is included. B. E4+HUVEC
were exposed to MDA-MB-231-derived EV in full media, serum free media
(SFM) and SFM with 10nM FVIIa and 150nM FX for 4 hours. C. E4+ HUVEC
were treated with PAR-1 agonists (100µM TFLLR, 1U/ml thrombin), MDA-MB-
231-derived EV with 10nM FVIIa and 150nM FX, and PAR-2 agonists (100µM
SLIGKV and 10nM trypsin) for 6 hours. PAR-1 activation was inhibited by pre-
treating endothelial cells with 0.1µM E-5555 (n=2-3, * p < 0.05, ** p < 0.01, ***
p < 0.001, **** p < 0.0001).
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5.4.2 TF-expressing tumor-derived EV increased endothelial

procoagulant activity in a PAR-1-independent manner.

Another possibility for the observed procoagulant activity on E4+ HUVEC after

exposure to MDA-MB-231 vesicles is de novo protein synthesis in the HUVEC.

Other studies have shown that PAR-1 and PAR-2 agonists increase procoagu-

lant activity on endothelial cells by activating PAR receptors, which induce de

novo TF synthesis [23, 24]. It is possible for TF on the MDA-MB-231 EV to gen-

erate FXa, which then cleaves PAR on the HUVEC and upregulate endothelial

procoagulant activity. To test this possibility, we proceeded then to expose en-

dothelial cells to MDA-MB-231-derived EV in full media (the serum of which

contained FVIIa and FX) or in serum-free media (SFM) with FVIIa and FX, to see

whether TF-dependent PAR signaling further increases procoagulant activity on

endothelial cells (Figure 5.1B). Compared to treatment in SFM, both treatments

significantly boosted the procoagulant activity on E4+ HUVEC, suggesting a

role in TF-dependent FXa-mediated signaling.

Endothelial cells express PAR-1 and PAR-2, both of which can be activated

by FXa [25, 30]. In order to elucidate the role of PAR-1 and PAR-2 in the observed

procoagulant activity after EV exposure, we treated E4+ HUVEC with PAR-1

agonists (100µM TFLLR, and 1U/ml thrombin), and PAR-2 agonists (100µM

SLIGKV and 10nM trypsin). We found that the PAR-1, but not PAR-2, agonists

increased procoagulant activity, suggesting that the mechanism was PAR-1, but

not PAR-2, -dependent (Figure 5.1C). When we pretreated the endothelial cells

with a PAR-1 antagonist (0.1µM E5555), we abolished the procoagulant activ-

ity due to TFLLR and thrombin treatments, but not that with MDA-MB-231-
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derived EV (with FVIIa and FX), suggesting that the mechanism induced by

tumor-derived EV was PAR-1-independent.

5.4.3 TF-expressing tumor-derived EV increases endothelial TF

mRNA expression in a PAR-1-dependent manner.

To further test whether TF-expressing tumor-derived EV increased endothelial

procoagulant activity by PAR-1 signaling and de novo TF synthesis, we exam-

ined TF mRNA expression in E4+ HUVEC with qRT-PCR. We exposed E4+ HU-

VEC cells to MDA-MB-231-derived EV in the absence and the presence of FVIIa

and FX at different timepoints (Figure 5.2A). In our preliminary data (n=2), we

observed an increase in TF mRNA expression when FVIIa and FX were added

with EV. This suggests that TF-expressing EV do induce de novo TF synthesis.

The highest increase occurred after 2 hours, so we proceeded to use this time-

point for subsequent experiments.

We then used PAR-1 agonists (TFLLR and thrombin) and a PAR-1 inhibitor

(E5555) to elucidate the role of PAR-1 activation in EV-induced TF mRNA up-

regulation. We found a substantial increase in endothelial TF mRNA expression

with TFLLR and thrombin, which was reduced by inhibiting PAR-1 with E5555.

This result corroborated with the increase in FXa generation by TFLLR and

thrombin (Figure 5.1C). Although the increase in TF mRNA by tumor-derived

EV was much lower than that by TFLLR and thrombin, inhibition with E5555 di-

minished the effect, suggesting FXa (generated by tumor-derived EV) activated

PAR-1 and induced de novo TF synthesis.
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Figure 5.2: TF-expressing tumor-derived EV and PAR-1 agonists increase TF
mRNA expression in endothelial cells. Fold change in TF mRNA expression
compared to untreated E4+ HUVEC was determined using qRT-PCR. Endothe-
lial cells were incubated with A. MDA-MB-231-derived EV with and without
10nM FVIIa and 150nM FX at different time points (n=2). B. E4+ HUVEC was
treated with PAR-1 agonists (100µM TFLLR, 1U/ml thrombin), or exposed to
MDA-MB-231-derived EV (with 10nM FVIIa and 150nM FX) for 2 hours. The
role of PAR-1 activation in TF mRNA induction was determined by pre-treating
endothelial cells with a PAR-1 inhibitor, 0.1µM E5555 (n=1-3, * p < 0.05).

5.4.4 TF-expressing tumor-derived EV increased endothelial

procoagulant activity in a concentration-dependent man-

ner.

The small fold change in TF mRNA expression after tumor-derived EV treat-

ment suggests that de novo TF synthesis was not the main mechanism for the ob-

served increase in endothelial procoagulant activity. Since these tumor-derived

EV expressed TF, we suspected that EV binding and uptake was the main mech-

anism for the increase in endothelial procoagulant activity. To test this theory,
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we exposed E4+ HUVEC cells to EV, but removed the tumor-derived EV by

washing after 1 hour of treatment. We found that washing reduced the proco-

agulant activity for all time points to a similar level as that of the 1-hour treat-

ment (Figure 5.3A). This observation suggested that the number of EV bound

to endothelial cells or the transfer of TF by EV increased over time, and that the

time-dependent increase in procoagulant activity observed previously (Figure

5.1A) could be by an increase in number of surface-bound EV with time. To

further test this theory, we exposed E4+ HUVEC to EV at different dilutions for

6 hours (at which time, the procoagulant activity appeared to plateau according

to Figure 5.3A). Indeed, we found a concentration-dependent effect, with the

procoagulant activity decreasing with higher dilutions (Figure 5.3B).

Taken together, the above results suggested that TF either expressed on EV

bound to the endothelial membrane or transferred from EV to endothelial mem-

brane likely dominated the upregulation of endothelial procoagulant activity,

and masked any protein production induced by TF-mediated PAR signaling.

We then tested whether PAR-1 inhibition with E5555 could abolish residual pro-

coagulant activity after washing away EV at 1 hour (Figure 5.3C). However, we

found that E5555 treatment did not have any effect, suggesting that the increase

in procoagulant activity by surface bound EV dominated over any potential in-

crease in TF due to EV-mediated TF-PAR-1 signaling.
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Figure 5.3: TF-expressing tumor-derived EV increased procoagulant activ-
ity in endothelial cells in a concentration-dependent and PAR-1-independent
manner. A. E4+ HUVEC were exposed to MDA-MB-231-derived EV. For some
treatments, EV were removed by washing after one hour. Procoagulant activity
was determined at the indicated time points. B. E4+ HUVEC were exposed to
MDA-MB-231 at different dilutions, and procoagulant activity was determined
after 6 hours. C. E4+ HUVEC were exposed to MDA-MB-231-derived EV (with
and without 10nM FVIIa and 150nM FX). For some experiments, EV were re-
moved by washing after one hour. PAR-1 on endothelial cells was inhibited
with 0.1µM E5555. Procoagulant activity was determined after 6 hours. (n=2-3,
* p < 0.05, ** p < 0.01, **** p < 0.0001)

5.4.5 TF-expressing tumor-derived EV increased endothelial

procoagulant activity in a PS-dependent manner, but

binding of EV was independent of PS.

Previous studies have showed or suggested that PS mediates binding of EV to

cell surfaces [31, 32]. We used Annexin V to inhibit PS on tumor-derived EV, and
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observed a decrease in procoagulant activity when the MDA-MB-231-derived

EV were incubated with E4+ HUVEC(Figure 5.4A). In order to evaluate the ef-

fect of PS on EV binding to endothelial cells, we labelled our tumor-derived

EV with a lipid dye for confocal imaging (Figure 5.4B). We observed binding

of tumor-derived EV and fluorescently-labelled endothelial cells after treatment

with tumor-derived EV, suggesting that the lipid dye was transferred from EV

to endothelial cells by either uptake or fusion. When tumor-derived EV were re-

moved after 1 hour, we observed a decrease in fluorescent labeling of endothe-

lial cells. We did not observe any changes in EV binding or uptake by E4+ HU-

VEC with Annexin V. Since PS expression catalyzes activation of coagulation

protease [1], the current data suggests that Annexin V inhibited procoagulant

activity by affecting FXa activation rather than EV binding.
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Figure 5.4: TF-expressing tumor-derived EV increases procoagulant activity
in endothelial cells in a phosphatidylserine-dependent manner. A. MDA-MB-
231-derived EV (in different dilutions) were pretreated with 20µg/ml Annexin
V for 10 minutes before incubation with E4+ HUVEC for 6 hours. FXa gener-
ation was measured to evaluate procoagulant activity (n=3). B. MDA-MB-231
EV were treated with DiO lipid dye, and isolated with ultracentrifugation. E4+

HUVEC were treated for 6 hours, and then fixed and imaged to evaluate bind-
ing and uptake of tumor-derived EV. Representative confocal images are shown
(n=2, * p < 0.05, ** p < 0.01).
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5.5 Discussion

In this study, we have shown that EV derived from high, but not low, TF-

expressing tumor cell lines increased procoagulant activity of endothelial cells.

Based on our data, the main mechanism for the increase in endothelial procoag-

ulant activity was due to binding of TF-expressing EV rather than TF-mediated

activation and upregulation of de novo TF synthesis. We chose to measure

changes in TF-mediated procoagulant activity, and not TF antigen expression

because the activity assay is much more sensitive and physiologically relevant

(directly correlated to the clot-promoting activity of TF). We attempted to eval-

uate increase in TF antigen on endothelial cells using immunofluorescent mi-

croscopy, but could not reliably detect any changes. The amount of TF trans-

ferred by EV may be too low to be detected by immunofluorescent microscopy.

Our findings recapitulated those by Collier et. al [20], who studied the ef-

fect of tumor-derived MV on endothelial cells. They found an increase in TF

antigen and activity at 2 separate peaks. The first peak at 30 minutes suggested

that MV were binding onto the endothelial surface, and then being taken up

by the cell. The second peak at 3 hours corresponded with recycling of TF

from tumor-derived MV back to endothelial cell surface. In contrast, we found

a consistent increase in TF activity with time. However, we did not look at

the 30-minute time point, which could have been a peak in activity. Nonethe-

less, our data suggested that EV were binding continuously over time and led

to increased procoagulant activity with time. From our confocal imaging, we

observed fluorescently-labelled endothelial cells after EV exposure, suggesting

that the endothelial cells took up the EV and the lipid dye was transferred from
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EV to endothelial cells. The increase in fluorescent staining between 1 and 6

hours suggested that uptake of EV increased with time. Collier et al. only

used MV, while our tumor-derived EV included MV and the smaller exosomes

(<100nm) [20]. Tumor cells secrete more exosomes than MV [33], and the higher

concentration of EV in our study may allow for continuous binding over time.

Our preliminary qRT-PCR data suggested that TF-expressing EV (with FVIIa

and FX) can activate PAR-1 on endothelial cells, leading to de novo TF mRNA

synthesis. Because we observed minimal changes in TF mRNA expression after

exposure to tumor-derived EV only, we believed that the tumor-derived EV did

not transfer TF mRNA to endothelial cells, and any upregulation in TF mRNA

was due to de novo synthesis. Collier et al. did not find any de novo TF syn-

thesis in their study up to 24 hours [20]; however, they did not add FVIIa and

FX into their system, which agrees with our results with EV alone. Although

FXa activates PAR-2 primarily [25, 34], PAR-2 did not play a role with these en-

dothelial cells, which may be due to differences in PAR-1 and PAR-2 expression

by endothelial cells (Figure 4.5E). In other studies, PAR-2 induced de novo TF ex-

pression and synthesis in endothelial cells [35, 36]. Endothelial PAR expression

depends on the microenvironment and vascular bed [37], thus PAR-2-mediated

signaling may still be relevant in vivo.

The increase in endothelial TF mRNA expression induced by tumor-derived

EV (with FVIIa and FX) was far less than that by other PAR-1 agonists used in

this study. Although treating endothelial cells with EV (with FVIIa and FX) led

to a higher procoagulant activity than EV alone, we believed that the increase

was an artifact from activated FXa in the treatment, and not due to upregulation

of TF synthesis by endothelial cells. We did not observe a PAR-1 dependence on
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procoagulant activity after exposure of endothelial cells to tumor-derived EV,

even when the EV were diluted to minimize the effect induced by EV binding.

These results suggested that tumor-derived EV primarily increased endothelial

procoagulant activity by binding and transferring TF to endothelial cells, and

not de novo TF synthesis. We did not examine whether binding or uptake of

EV was the main mechanism for the observed increase in procoagulant activity.

This could be determined by incubating endothelial cells with tumor-derived

EV at 37�C (binding and uptake will occur) and 4�C (only binding will occur),

and then evaluating procoagulant activity. Transfer of TF by tumor-derived EV

has been observed previously [18, 19, 20]. This phenomenon may be important

in the context of hypercoagulability in cancer patients, because our data sug-

gests that binding and uptake of TF-expressing tumor-derived EV is sufficient

to promote procoagulant phenotypes in endothelial cells that are distant from

the primary tumor site. As such, proteins that mediate EV binding to endothe-

lial cells may be equally important (and a potential therapeutic target) as the

amount of TF expressed on tumor-derived EV.

In addition to TF expression, PS was also important in the procoagulant ac-

tivity of endothelial cells. Collier et al. found that PS expression increased in

endothelial cells after incubation with TF-expressing MV [20]. Furthermore, PS

has been found on tumor-derived EV [12, 38]. Both tumor- and endothelial-

derived PS may play a role in endothelial procoagulant activity. In our study,

we found that inhibiting PS with Annexin V significantly decreased FXa gen-

eration. We did not distinguish between tumor- and endothelial-derived PS as

our Annexin V treatment would have inhibited both sources. Addition of An-

nexin V, however, did not inhibit binding and uptake of EV, suggesting that

these processes were PS-independent, and only the procoagulant activity was
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PS-dependent. Of note, we observed significant changes in procoagulant activ-

ity with Annexin V treatments when we diluted our EV, but we did not per-

formed imaging experiments at these dilutions.

We performed our studies using an in vitro system under static conditions.

As fluid dynamics and shear forces can affect binding to endothelial cells [39]

and endothelial protein expression [40, 41, 42], it would be interesting to see if

similar observations would occur under shear using a microfluidic device. For

example, turbulent flow [43] and shear forces [44] affect TF expression and pro-

coagulant activity of endothelial cells. Binding of EV may also decrease with

shear due to a shorter interaction time with endothelial cells, which could di-

minish the effects we observed. We also only looked at acute effects of tumor-

derived EV on endothelial cells, and focused mainly on the 6-hour time point,

with a few data points up to 24 hours. Realistically, endothelial cells in the body

would be exposed to tumor-derived EV for a longer period of time and at a

much lower concentration. Since activation of endothelial cells is temporary and

reversible, the acute effects may not be that important in the context of cancer

[40, 45]. Under prolonged inflammation or potentially EV exposure (long term,

low dose), endothelial cells become dysfunctional and can completely lose their

anti-thrombotic properties. Lastly, we did not study the effect of tumor-derived

EV on anti-coagulant protein expression on endothelial cells; a previous study

showed that monocyte-derived MV induced procoagulant activity by increas-

ing TF expression and decreasing expression of antithrombotic proteins [16].

This may be important because downregulation of antithrombotic proteins may

promote clotting, with or without any increases in TF.

Similar to previous studies, our data shows that tumor-derived TF-
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expressing EV induced a prothrombotic phenotype in endothelial cells. How-

ever, the complete mechanism is still unknown (Figure 5.5) [18, 19, 20]. Al-

though the number of TF-expressing EV correlates with VTE, they are not al-

ways a reliable predictor [9]. It is possible that an endothelial procoagulant phe-

notype may be a better predictor. Hemostasis is a balance between prothrom-

botic and antithrombotic properties [1, 46]. The prothrombotic properties of EV

alone may be insufficient to tip the balance towards a prothrombotic phenotype

in the body as a whole. Being an important mediator of hemostasis in the blood

vessels, endothelial cells may dictate more of this balance. Further studies to

evaluate the interaction between endothelial cells and tumor-derived EV in a

more physiological relevant manner would help to elicit better understanding

of the tumor-induced coagulation, leading to better biomarkers, therapies and

interventions for cancer patients.
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Figure 5.5: Proposed mechanisms by which tumor-derived EV can increase
procoagulant activity in endothelial cells. We postulate that tumor-derived
EV can increase procoagulant activity of endothelial cells as follows. 1. Extra-
cellular vesicles bind to endothelial surface and activate Fa. 2. Tissue factor,
transferred to endothelial cells upon uptake of tumor-derived EV, activates FX
on endothelial surface. 3. FXa generated by EV activates PAR-1 on endothelial
cells, inducing de novo synthesis of TF, which can activate FXa.
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Contributing role of extracellular vesicles on vascular endothelium haemo-
static balance in cancer. Journal Of Extracellular Vesicles, 3:24400, 2014.

[13] Agnieszka Blazejczyk, Diana Papiernik, Kseniia Porshneva, and Porsh-
neva Sadowska. Endothelium and cancer metastasis: Perspectives for an-
timetastatic therapy. Pharmacological Reports, 67:711–8, 2015.

[14] VWM van Hinsbergh. Endothelium - role in regulation of coagulation and
inflammation. Semin Immunopathol, 34:93–106, 2012.

[15] W Ruf and M Riewald. Regulation of tissue factor expression. In:
Madame Curie Bioscience Database [Internet], Austin (TX): Landes Bio-
science(http://www.ncbi.nlm.nih.gov/books/NBK6620), 2000-.

[16] A Aharon, T Tamari, and B Brenner. Monocyte-derived micro- particles
and exosomes induce procoagulant and apoptotic effects on endothelial
cells. Thromb Haemost, 100:878–85, 2008.

[17] M Mesri and DC Altieri. Leukocyte microparticles stimulate endothelial
cell cytokine release and tissue factor induction in a jnk-1 signaling path-
way. J Biol Chem, 274:23111–8, 1999.

[18] I Nazarenko, S Rana, A Baumann, J McAlear, A Hellwing, M Trendelen-
burg, G Lochnit, KT Preissner, and M Zoller. Cell surface tetraspanin
tspan8 contributes to molecular pathways of exosome-induced endothelial
cell activation. Cancer Res, 70:1668–78, 2010.

[19] D Garnier, N Magnus, TH Lee, V Bentley, B Meehan, Milsom C, L Monter-
mini, T Kislinger, and J Rak. Cancer cells induced to express mesenchymal
phenotype release exosome-like extracellular vesicles carrying tissue fac-
tor. J Biol Chem, 287(52):43565–72, 2012.

[20] ME Collier, P-M Mah, Y Xiao, A Maraveyas, and C Ettelaie. Microparticle-
associated tissue factor is recycled by endothelial cells resulting in en-
hanced surface tissue factor activity. Thromb Haemost, 110(5):966–76, 2013.

[21] Sandra Margetic. Inflammation and haemostasis. Biochemia Medica,
22(1):49–62, 2012.

[22] Alireza R Rezaie. Protease-activated receptor signalling by coagulation
proteases in endothelial cells. Thromb Haemost, 112:876, 2014.

[23] C Banfi, M Brioschi, SS Barbieri, S Ellgini, S Barcella, E Tremoli, S Colli, and
L Mussnoi. Mitochondrial reactive oxygen species: a common pathway
for par1- and par2-mediated tissue factor induction in human endothelial
cells. J Thromb Haemost, 7(1):206–16, 2009.

203



[24] K Bartha, C Brisson, G Archipoff, C de la Salle, F Lanza, JP Cazenave, and
A Beretz. Thrombin regulates tissue factor and thrombomodulin mrna lev-
els and activities in human saphenous vein endothelial cells by distinct
mechanisms. J Biol Chem, 268(1):421–9, 1993.

[25] VS Ossovskaya and NW Bunnett. Protease-activated recep- tors: contribu-
tion to physiology and disease. Physiol Rev, 84:579–621, 2004.

[26] W Zhou, MY Fong, Y Min, G Somlo, L Liu, MR Palomares, Y Yu, A Chow,
ST O’Connor, AR Chin, Y Yen, Y Wang, EG Marcusson, P Chu, J Wu, X Wu,
AX Li, Z Li, H Gao, X Ren, MP Boldin, PC Lin, and SE Wang. Cancer-
secreted mir-105 destroys vascular endothelial barriers to promote metas-
tasis. Cancer Cell, 25:501–15, 2014.

[27] Gabi Busch, Isabell Seitz, Birgit Steppich, Sibylle Hess, Robert Eckl, Al-
bert Schömig, and Ilka Ott. Coagulation factor xa stimulates interleukin-8
release in endothelial cells and mononuclear leukocytes: implications in
acute myocardial infarction. Arterioscler Thromb Vasc Biol, 25(2):461–6, Feb
2005.

[28] N H Senden, T M Jeunhomme, J W Heemskerk, R Wagenvoord, C van’t
Veer, H C Hemker, and W A Buurman. Factor xa induces cytokine pro-
duction and expression of adhesion molecules by human umbilical vein
endothelial cells. J Immunol, 161(8):4318–24, Oct 1998.

[29] M Seandel, JM Butler, H Kobayashi, AT Hooper, IA White, F Zhang,
EL Vertes, M Kobayashi, Y Zhang, SV Shmelkov, NR Hackett, S Rabbany,
JL Boyer, and S Farii. Generation of a functional and durable vascular niche
by the adenoviral e4orf1 gene. Proc Natl Acad Sci U S A, 105(49):19288–93,
2008.

[30] Peishen Zhao, Matthew Metcalf, and Nigel W. Bunnett. Biased signaling
of protease-activated receptors. Front Endo, 5(Article 67), 2014.

[31] Luize G Lima, AC Leal, G Vargas, I Porto-Carreiro, and RQ Monteiro. Inter-
cellular transfer of tissue factor via the upatek of tumor-derived microvesi-
cles. Thromb Res, 132(4):450–6, 2013.

[32] Khalid Al-Nedawi, Brian Meehan, RS Kerbel, AC Allison, and J W Rak.
Endothelial expression of autocrine vegf upon the uptake of tumor-derived
microvesicles containing oncogenic egfr. Proc Natl Acad Sci U S A, 106:3794–
99, 2009.

[33] D. Gheldof, J. Hardij, F. Cecchet, B. Chatelain, J. Dogné, and F. Mullier.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

Cancer metastasis is a complicated process that involves multiple processes.

Throughout metastasis, tumor cells are subjected to various stresses imposed

by the body [1]. Tumor cells that successfully completed the metastatic cascade

are highly aggressive, and metastasis remains the main cause of death in cancer

patients [2]. Research into mechanisms of cancer metastasis has primarily fo-

cused on tumor biology and the tumor microenvironment of the primary tumor,

whereas the role of the metastatic microenvironment remains unresolved [3]. A

better understanding of the role of the metastatic environment, especially at the

earlier stages of metastasis where cancer cells interact with endothelial cells, can

help with the development of more effective methods to prevent metastasis.

Most epithelial tumors over-express tissue factor (TF) as a result of oncogenic

mutations [4]. Over-expression of TF has been implicated in metastasis and for-

mation of pre-metastatic niches [5]; however, the mechanism remains largely

unresolved. In this thesis, I investigated and presented data on two different

mechanisms in which tissue factor can mediate tumor metastasis, by promot-

ing adhesion to endothelial cells, and by inducing a pro-tumor phenotypes in

endothelial cells through tumor-derived extracellular vesicles (EV).

6.1 Tissue factor-mediated adhesion to endothelial cells

Tumor cells must adhere to the vascular endothelium in order to extravasate

into distant organs and form metastases [6]. Previous studies have evaluated

this event by studying tumor cell interactions with endothelial-expressed se-
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lectins and cell adhesion molecules, mimicking the interactions that occur in

leukocyte recruitment. However, expression of these endothelial molecules

require activation by pro-inflammatory cytokines, and these selectin- and

integrin-mediated adhesive events may be organ-specific, suggesting other

mechanisms may be involved in mediating tumor cell arrest on endothelium.

A previous study by Fischer et al. showed that TF expressed on tumor cells

can mediate adhesion to extracellular matrix by interacting with its endogenous

inhibitor, tissue factor pathway inhibitor (TFPI) [7]. In Chapter 2, we evaluated

whether TF expressed on tumor cells can interact with constitutively-expressed

TFPI on endothelial cells to mediate tumor cell adhesion. We observed adhe-

sion of TF-expressing tumor cells to recombinant TFPI under static and shear

conditions. We also observed TF-dependent adhesion of tumor cells to human

umbilical vein endothelial cells (HUVEC) under static conditions, but could

not recapitulate this observation under shear. We speculate that the lack of

TF-dependent adhesion of tumor cells under shear is because the amount of

TFPI expressed on HUVEC is insufficient to capture tumor cells; it would be

worthwhile conducting future studies using endothelial cells with higher TFPI

expression (such as lung microvascular endothelial cells), which are a more ap-

propriate endothelial model of common metastatic organs than HUVEC [8, 9].

The interaction between TF and TFPI only mediates adhesion; other interac-

tions or mechanisms may be necessary to first slow down these tumor cells in

circulation to allow for binding. Interaction of tumor cells with endothelial-

expressed selectins induces rolling and slows down the tumor cells in vascula-

ture [6]. An appropriate cell line that expresses TFPI and selectin ligands (such

as sialyl Lewis-x) could be used to study tumor arrest due to selectin-mediated

rolling, followed by TFPI-mediated adhesion. The high TF-expressing cell line
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used in our study (MDA-MB-231) do not express selectin ligands and could not

be used to test this theory. Activation of endothelial cells for selectin expres-

sion also induces upregulation of other cell adhesion molecules, which must be

inhibited to prevent confounding data.

In the microfluidic studies with endothelial cells, it was difficult to evaluate

whether tumor cells were binding to endothelial cells or gaps between endothe-

lial cells. It is recommended to do these studies under real-time imaging to

observe the interaction between tumor cells and endothelial cells, as opposed

to an end-point evaluation by enumerating number of bound tumor cells. This

type of study would require a set-up on the microscope stage to maintain the

endothelial cells at 37�C because otherwise, endothelial cells will start to die

very quickly.

To investigate the in vivo relevance of TF-TFPI interactions for tumor cell

arrest, studies can be conducted using endothelial specific endothelial TFPI

knockout mouse models, and a high and low TF-expressing tumor cell line (or

a high TF-expressing cell lines and the corresponding TF-knockout cell line).

6.2 Effect of TF-expressing tumor-derived extracellular vesicles

on endothelial phenotype

Tumor-derived EV can promote tumor metastasis by interacting with and re-

educating the stromal microenvironment [10, 11]. Specifically, TF-expressing

tumor-derived EV promoted formation of pre-metastatic niche, but the mecha-

nism remains largely unresolved [12]. Endothelial cells act as a barrier between
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tumor-derived EV and metastatic sites; however, the dynamic responses of en-

dothelial cells may be hijacked by tumor cells [13, 14]. We hypothesized that

tumor-derived EV can modulate endothelial cells to promote formation of pre-

metastatic niches at distant sites. In Chapter 3, we found that isolation meth-

ods for EV highly impacted recovery and purity of isolated fractions, which

subsequently affected the procoagulant activity of the isolated EV. In Chap-

ter 4, we demonstrated that TF-expressing tumor-derived EV promoted a pro-

adhesive and pro-inflammatory phenotype in endothelial cells by a mechanism

which depended on TF-mediated FXa generation, and protease-activated re-

ceptor (PAR)-1 activation on endothelial cells. In Chapter 5, we showed that

these TF-expressing EV promoted a procoagulant phenotype in endothelial cells

by increasing TF-mediated procoagulant activity, largely through binding and

transfer of tumor-associated TF to endothelial cells..

We relied primarily on traditional static in vitro systems in these experi-

ments, and the physiological relevance of the system can be improved in sev-

eral ways. Firstly, by using purified FVIIa and FX, we did not consider the role

of other coagulation proteases and inhibitors in our system. By using plasma,

we could study the effect of the entire coagulation system on endothelial be-

havior. As previously indicated, thrombin is an important protease in medi-

ating pro-inflammatory behavior in endothelial cells. Using plasma (normal,

FX-deficient, and thrombin-deficient), the relative role of thrombin and FXa can

be elucidated in a more physiological mileu of plasma. The use of plasma can

lead to potential problems of clotting in the system, which may be prevented by

using inhibitors (for example, glycine-proline-arginine-proline peptide to pre-

vent fibrinogen polymerization) or certain deficient plasma to prevent contact

pathway-dependent coagulation.
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Endothelial gene expression differs under static and shear conditions [15].

Furthermore, the binding of tumor-derived EV may be affected by shear, with

less EV binding compared to static conditions. For these reasons, the responses

of endothelial cells to tumor-derived EV may be shear stress dependent. Using

a microfluidic model, the effect of shear on EV binding and uptake, as well as

downstream processes (for example, upregulation of adhesion molecules) can

be assessed. It is possible that new phenotypes will be observed under shear

conditions.

Ultimately, the physiological relevance of tumor-derived EV on endothelial

cells must be studied in vivo. Endothelial cells express multiple PAR [16]; knock-

out models in PAR-1 and PAR-2 and PAR-4 could be used to fully appreciate

the roles of PAR. Furthermore, a TF knockout tumor cell line (or overexpres-

sion of TFPI in tumor cells to inhibit TF) is required to understand the role of

TF. The role of specific coagulation proteases (for example, FXa or thrombin)

can be evaluated using inhibitors or knockout models of these proteases. Pro-

cessing of in vitro-generated EV may affect biological responses; furthermore,

injection of EV may induce an artificially high concentration of EV, trigger-

ing massive clotting and death of mice, or non-physiological responses. Thus,

the effect of tumor-derived EV should be studied using tail-vein injection of

in vitro-generated EV (at low dose) and subcutaneous implantation of tumor

(which generates EV in vivo). Realistically, endothelial cells would be exposed

to tumor-derived EV over a long period of time; studying the long term ef-

fect in the mouse model may be more physiologically relevant. Multiple pro-

cesses and effects could be studied in the in vivo model. Firstly, the effect of

tumor-derived EV on endothelial cells and their phenotypes should be eval-

uated. By using tumor clones that preferentially metastasize to a specific or-
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gan and by studying the vasculature of different organs, one could investigate

whether tumor-derived EV preferentially interact with endothelial cells in spe-

cific vascular beds (particularly the ones in the preferential metastatic organs).

The effect of tumor-derived TF and endothelial-expressed PAR on the forma-

tion of the premetastatic niche could be evaluated by looking at accumulation

of tumor-derived EV and recruitment of myeloid-derived cells in pre-metastatic

sites. Lastly, the effect of the tumor-derived EV and formation of premetastaic

niche on tumor metastasis could be evaluated using an experimental metastasis

model (with and without tumor-derived EV pre-conditioning).

We have not fully elucidated the mechanisms of interaction between tumor-

derived EV and endothelial cells, and further in vitro studies can provide a better

understanding on the process. We identified that generation of FXa by tumor-

derived EV activated PAR-1 on endothelial cell, but is binding of tumor-derived

EV to endothelial cell required for PAR-1 signaling, or can FXa generated far

away from endothelial cells mediate PAR-1 signaling? Furthermore, is there a

difference between FXa generated on the surface of EV or endothelial cells (by

TF transferred from EV to endothelial cells)? We observed binding and uptake

of tumor-derived EV by endothelial cells, but the effect of these processes on

PAR-1 activation is unclear. We showed data illustrating that upregulation of

E-selectin and uptake of tumor-derived EV were independent of each other;

however, activation of PAR-1 leads to rapid internalization of the receptor, and

this may be one of the many mechanisms to internalize tumor-derived EV.

The fate of TF in tumor-derived EV upon interaction with endothelial cells

is unknown. We observed an increase in procoagulant activity in endothelial

cells after treatment with tumor-derived EV. Our data suggested that the in-
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crease is primarily due to transfer of TF from tumor-derived EV to endothelial

cells, rather than de novo TF synthesis; however, the specific location of TF re-

mains unresolved. The tumor-derived EV express active TF, and endothelial

procoagulant activity can be increased simply by EV binding. We do not know

if all bound-EV will be internalized, and if internalization occurs by endocy-

tosis or fusion. A previous study observed that TF-expressing EV were endo-

cytosed (associated with a decrease in TF antigen expression and procoagulant

activity) and TF was recycled back to endothelial cell surface after 3 hours (as-

sociated with an increase in TF antigen level and procoagulant activity) [17].

We observed a constant increase in TF-activity suggesting that in our study,

binding is occurring at a faster rate than internalization, even if internalization

is happening. The above processes may be studied by fluorescently-labelling

tumor-derived TF (for example with green-fluorescent protein) and studying its

location within the cell over time, combined with inhibitors of endocytosis or

recycling. Endothelial-derived TF can also be fluorescently labelled (in another

color) to compare the role of tumor-derived TF and endothelial de novo TF syn-

thesis.

Phosphatidylserine catalyzes the activation of coagulation proteases [18] and

has been shown to potentially mediate EV binding [19, 20]. Both functions of PS

could potentially affect how tumor-derived EV interact with endothelial cells.

In our studies, The role of PS seemed contradictory and warrants further study.

Inhibition of PS with Annexin V decreased procoagulant activity of endothelial

cells after tumor-derived EV treatment (Chapter 5); however, Annexin V did not

affect binding and uptake of EV, or upregulation of adhesion molecules by en-

dothelial cells (Chapter 4). Since both tumor-derived EV and endothelial cells

can express PS, it may be important to evaluate the source of PS expression.
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The expression of PS on EV can be evaluated using flow cytometry and western

blot. The role of PS in TF-expressing EV (alone) procoagulant activity should

be studied also. The expression of PS on endothelial cells (with and without

tumor-derived EV treatment) could be evaluated using western blot and im-

munofluorescent microscopy.

We observed EGFR-transactivation by PAR-1 in endothelial cells following

tumor-derived EV treatment. However, we did not study the mechanism of

EGFR transactivation by PAR-1. Ligand-independent transactivation of EGFR

requires intercellular phosphorylation of EGFR by kinases (for example, Src),

while ligand-dependent upregulation typically requires endothelial release of

matrix metalloproteases (MMP), which cleaves and releases EGFR ligands [21].

Using an EGFR phosphorylation inhibitor would block both processes. A MMP

inhibitor would only prevent ligand-dependent transactivation of EGFR, while

an inhibitor of Src would only prevent ligand-independent transactivation.

In this thesis, we have demonstrated the effect of tumor-derived EV on en-

dothelial cells. We observed that endothelial cells adopt a pro-adhesive and pro-

inflammatory phenotype in response to TF-expressing EV treatment, and we

postulated that these endothelial responses enhance recruitment of hematopoi-

etic or immune cells that could contribute to formation of premetastatic niche.

The recruitment of leukocytes can be studied using transwell assays, and ad-

hesion of leukocytes to endothelial cells (after treatment with tumor-derived

EV) should be conducted under static and shear conditions. Other studies

have shown that tumor-activated endothelial cells promoted tumor progression

[14, 22, 23]. Further studies could evaluate whether the endothelial cells (after

treatment with tumor-derived EV) promote tumor processes such as prolifera-
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tion, invasiveness, inflammation and metastasis. Endothelial cells also release

EV upon activation [24], and these EV may modulate tumor behavior. Constitu-

tive fluorescent-labelling of endothelial plasma membrane may be required to

distinguished between endothelial-derived EV and tumor-derived EV.

Lastly, PAR are expressed on other cell types; hence, the PAR activation we

observed in the studies presented herein may not be limited to endothelial cells,

and can potentially alter behavior of tumor cells or other stromal cells such as

fibroblasts.
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APPENDIX A

FLOW CYTOMETRIC ANALYSIS FOR FVIIA BINDING ON MDA-MB-231

CELLS (CHAPTER 2)

Figure A.1: FVIIa binding to MDA-MB-231 cells is dose-dependent. Tumor
cells (1x105) were pre-treated with FVIIa at the indicated concentrations for 15
minutes at 37�, then washed. The cells were incubated with an anti-FVIIa anti-
body (1:100, Hematologic Technologies, Essex Junction, VT) for 20 minutes on
ice, followed by an Alexa-conjugated secondary antibody for 20 minutes on ice.
Representative fluorescence histograms are shown - FVIIa (black line shaded
with purple), no FVIIa control (green), 100nM FVIIa and isotype antibody con-
trol (pink). (n=3).
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APPENDIX B

VESICLE SIZE DISTRIBUTION AND PROCOAGULANT ACTIVITY OF

SUPERNATANT FROM ULTRACENTRIFUGATION (CHAPTER 3)

Figure B.1: The supernatant from ultracentrifugation contains extracellular
vesicles and exhibits procoagulant activity. Cell free-medium and the exo frac-
tion from tabletop centrifugation (exo-C) were processed with ultracentrifuga-
tion. The pellet was resuspended in original volume (CM-U and exo-U) and the
supernatant was collected (CM-U supernatant and exo-U supernatant). A. The
vesicle size distribution was analyzed using NTA, and representative size dis-
tribution is shown. The procoagulant activity was characterized by evaluating
B. FXa generation, C. total thrombin generation and D. lag time (n=2).
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APPENDIX C

RAW DATA OF PROCOAGULANT ACTIVITY OF MCF-7 DERIVED EV

(CHAPTER 4)

Figure C.1: MCF-7-derived EV generate a small amount of FXa. MCF-7 EV
were treated FVIIa and FX, and FXa generation was studied. Negative controls
include samples treated with no factors and FX only (n=3).
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APPENDIX D

EFFECT OF ANNEXIN V ON ENDOTHELIAL UPREGULATION OF

E-SELECTIN (CHAPTER 4)

Figure D.1: Annexin V treatment did not affect endothelial upregulation of
E-selectin. MDA-MB-231-derived EV (undiluted or diluted 1:5) were treated
with Annexin V (10 or 20µg/ml) for 10 minutes and then incubated with E4+

HUVEC or HUVEC. Upregulation of E-selectin was evaluated with a cell-based
ELISA (n=3).
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