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Epigraph

“It is not the critic who counts; not the man who points out how the strong man
stumbles, or where the doer of deeds could have done them better. The credit
belongs to the man who is actually in the arena, whose face is marred by dust and
sweat and blood.”

Theodore Roosevelt, The Man in The Arena
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In the United States, cancer is the second leading cause of death only to be

surpassed by heart diseases (1). Within 2016, an estimated 1.6 million new cases of

cancer will be diagnosed and approximately 0.6 million individuals will die from this

disease (1). The survival rate of individuals afflicted with cancer have increased over the
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years due to early detection and increased fundamental understanding of this disease.
However, the complex nature of cancer exceeds the current capacity to recapitulate its
features in vitro. Additionally, the animal models that have been relied upon within the
field of oncology may not be translatable to the human counterpart (2-5). In this
dissertation, I have created novel in vitro technological platforms focusing on specific
aspects of cancer progression. With these tools, I have identified underlying biological
phenomenon and recapitulated the in vivo cancer microenvironment to provide better
alternatives for the screening of cancer drugs.

Chapter 1 is a literature review focusing on cancer cell migration during
metastasis and in vitro platforms used to model the cancer microenvironment.
Specifically, I have focused on the role of the extracellular matrix (ECM) network on
modulating the protease dependent or independent mode of migration during metastasis.
In vitro systems used to study cancer cell metastasis within 3D matrices are also briefly
reviewed. Next, I have described the use of organ-on-a-chip technology as the potential
platforms towards creating low cost, efficient, and realistic tumor models for screening of
oncologic drugs. Lastly, I have summarized the emergence of a potent cancer treatment,
immunotherapy, and its mechanism through the immune cells within the tumor
environment are activated to eliminate cancer. Furthermore, I have discussed the crucial
role of cytotoxic T-cells in immunotherapies and the means by which they are recruited
to the tumor stroma.

Studies have implicated the physical cues of the cancer microenvironment in
modulating the particular mode of migration. In Chapter 2, I have investigated how these

various cues activate an intracellular “trigger” to dictate a cell’s mode of invasion. I have
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developed a novel single cell invasion assay to quantitatively investigate the interplay
between cell generated traction forces and protease activity during cancer cell invasion
into a basement membrane-like ECM network known as Matrigel. Within these studies, I
observed the translocation of a crucial membrane bound protease, MT1-MMP, from the
cytoplasm to the cell surface to degrade the surrounding protein network. Chapter 3
further investigates the transport pathway through which this translocation occurs. The
results from this study implicate a regulated secretory pathway known as CARTS
responsible for MT1-MMP transport and the protease dependent invasion of cancer cells.
In addition to understanding cancer cell metastasis, I next shifted my research focus
towards recreating the cancer microenvironment to test the efficacy of cancer drugs.
Chapter 4 describes the development of a state-of-the-art 3D tumor-on-a-chip platform
containing cancer and endothelial cells to assess the penetration and efficacy of cancer
drugs. Here, I have used a morphogen gradient to induce the self-assembly of an
endothelial and cancer cell mixture resulting in a tumor mass enveloped by an endothelial
layer. The drug screening capacity of this system was assessed using doxorubicin as a
model drug. Current immunotherapies rely on the presence of cytotoxic T-cells within
the tumor microenvironment to eliminate cancer cells. In Chapter 5, I have adapted the
tumor-on-a-chip device to incorporate immune cells to recapitulate cancer-immune
interactions and investigate its effect on the recruitment of T-cells into the engineered
microenvironment. In the last chapter, I have discussed potential applications for the
platforms that I have created to better understand and investigate interactions between
cancer and immune cells. Specifically, I have discussed the inclusion of macrophages as

well as primary immune cells into the system for increased physiological relevance.
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Chapter 1: In vitro systems to study and model cancer

progression

1.1 Introduction

Cancer is an epidemic that is touted to claim the lives of approximately half a
million individuals within the US alone in 2016 (1). This mortality rate is only to be
superseded by heart disease. Over the years, the mortality rate for patients afflicted with
all types of cancer has decreased due to early detection and treatment of this disease (6,
7). Such improvements can be attributed to the growing understanding of how cancer
progresses as well as identifying novel therapeutics that disrupts certain stages of the
disease. Despite the discovery of such approaches, numerous aspects of cancer have yet
to be understood. Current methods to understand cancer as a disease involve a plethora
of studies relying on animal models, particularly mice (2-5). Although these models
offer the biological complexity that better mimics the physiological conditions within the
human body, these in vivo systems still lack a desired level of control and understanding
which poses a need for alternative in vitro systems. In particular, studies investigating
cancer cell migration within extracellular (ECM) networks, the role of stromal cells on
disease progression, or drug penetration into a tumor microenvironment have a growing
need for well-defined microenvironments to better isolate the effect of single variables on

the outcome of the experiments.



1.2. In vitro systems to investigate cancer cell migration
1.2.1. 3D cell migration

Unlike migration on 2D surfaces, migration of cancer cells within a 3D ECM
network is complex phenomena that intricately balances the cell-generated forces,
malleability of the ECM network and cell body, and proteolysis to allow cells to traverse
a protein network (8). For single cells, two distinct modes of migration, amoeboid and
mesenchymal, exist (Figure 1.1, Table 1.1) (9).

During the amoeboid mode of migration, cells maintain a rounded phenotype as
they translate the cell bodies with minimal (pseudopodal) or non-adhesive (blebby)
contacts with the ECM (10). In the specific context of pseudopodal migration, the
movement of cells is mediated by a mixture of Rac activated membrane protrusions and
loose adhesion at the front and Rho mediated contractions at the rear of the cell (11). For
bleb-associated migration, the movement of cells is completely driven by Rho-mediated
acto-myosin contractions (10, 12, 13). This form of movement has been touted to be
associated with the forward propulsion of cell body caused by cellular contractions at the
rear. In general, amoeboid mode of migration is devoid of protease activity as cells are
observed to “squeeze” and deform around ECM proteins to traverse an ECM network
(12, 14). In contrast, mesenchymal mode of migration is associated with elongated cell
morphology, moderate to high ECM adhesivity, and Rac-mediated cellular protrusions at
the front of the cell (15). In this mode of migration, cells have been observed to rely on
protease degradation to traverse ECM network.

The properties of the ECM network have been touted to dictate the particular

mode of migration (16). In particular, the physical properties of the ECM network such



as pore size, topographical structure, and rigidity induce a specific type of migration. For
ECM networks with high rigidity and pore sizes smaller than ~ 0.2 microns, cells are
unable to displace the ECM proteins to propel the cell body forward (17, 18). As a result,
cells tend to rely on mesenchymal mode of migration in protease activity and large forces
are induced within the migrating cell. On the other hand, soft and cell deformable ECM
networks with small or large pore sizes may encounter cells migrating under amoeboid
mode of migration (9). Within this context, cells will employ the appropriate mode of
migration based on their ability to physically “squeeze” or rely on proteolysis to “break”
through their microenvironment (16). Interestingly, topographical cues have been shown
to influence the mode of migration. Cells encounter various types of ECM proteins
during migration in vivo. For instance, cells adopt a mesenchymal mode of migration on
based on the fibrillar and anisotropic arrangement of collagen bundles, and such
structural arrangements have been shown to induce proteolytic activity in migrating cells
(19, 20).

Cell motility within a 3D environment are generated from actomyosin contraction
at the cell rear to propel the cell forward or within the protrusions at the cell front to pull
the cell body forward. Propulsive forces are often observed during amoeboid movement
or migration within soft ECM networks. Furthermore, these forces are used to overcome
cells with low adhesion strength to the substrate thereby allowing the cells to easily
propel forward (12). On the other hand, the contractile forces generated within the
frontal membrane protrusions are often observed during mesenchymal migration (16).
The high adhesion strength of the cells to the ECM substrate provides the needed anchor

to allow the cells to pull their rear forward without detaching from the network (15, 21).



Nevertheless, several exceptions have been observed in which elongated cells with low
adhesion strength are capable of migrating with low traction stresses (13, 22). It is most
probable that several combinations and archetypes of force generations and adhesion

patterns exist that has yet to be identified.

1.2.2. 3D cell migration Assays

Assays for 3D cell migration can be generalized into two categories: embedded
cell migration and invasion into ECM networks (23). For embedded cell migration
assays, cell(s) are encapsulated with an ECM network and their movement within the
protein network is analyzed. Due to the abundance and remodeling of collagen in in vivo
tumors, cancer cells are usually encapsulated within collagen of varying percentages,
mesh, or fiber size (24). Within such systems, the migration of cells is usually tracked to
assess the mean distance traveled or even its directionality in the presence of potential
chemoattractants (25, 26). Recent studies have also employed the use of polyacrylamide
and collagen hydrogel bilayers to approximate the forces generated by the cancer cells
migrating within the collagen network (27). Others have also estimated the strain energy
imparted by cancer cells migrating within a collagen hydrogel (28). In addition to single
cells, spheroids can also be encapsulated within ECM networks to better study the “jail
break” of cancer cells into the cancer stroma (29, 30).  Alternative methods for
embedded cell migration assays employ the sequential use of plating cells on monolayer
surfaces prior to forming an ECM hydrogel over the adhered cells after several days of

initial seeding (31). This approach can be considered a hybrid 2D/3D migration since



cells may or may not migrate vertically into the gel—the vertical migration is induced by
adding chemoattractants above the hydrogel.

For ECM invasion assays, cancer cells are seeded onto the surface of an ECM
hydrogel and are allowed to invade into the network. Such approaches are usually
combined with transwells where ECM gels are formed on the porous membranes of the
upper chamber to assess the invasion of cancer cells from the gel surface to the bottom of
the porous membrane (32-34). The use of transwells allows for the use of
chemoattractants to facilitate the invasion of cancer cells to the bottom chamber (32).
Alternatively, the invasion of cancer cells into ECM networks can be assessed without
the use a transwell thus allowing the invasion process to be imaged using a microscope.
Such an approach permits the in depth analysis of the invasion process beyond
quantifying the number of cells that have invaded into the bottom chamber of a transwell
(35, 36). In contrast to using collagen gels to investigate cell migration in 3D, laminin-
rich ECM are chosen to recapitulate the escape of cancer cells through the basement
membrane during the metastatic process. Commercially available Matrigel is commonly
used as a basement membrane substitute although the matrix differs in rigidity compared
to its in vivo counterpart (35). Similar to the embedded cell migration assays, cancer
spheroids can also be used in addition to single cells (37). Recent studies have
highlighted alternative approaches to the invasion assay. In particular, Quaranta and
colleagues have sequentially used a 2D scratch wound assay on cancer monolayers
followed by embedding the cells in Matrigel (31). Such an approach provides

directionality for cell migration as the wound area closes with time.



1.3. Cancer-on-chip devices

1.3.1. 2D versus 3D cultures

In the simplest form, monolayer of cancer cells serve as the first drug screening
platform to provide information about functional efficacy beyond generating thousands of
compounds that are capable of binding to a target molecule. However, the ease of
creating cancer spheroids and the emergence of technology to standardize these multi-
cellular structures allows drug testing on 3D cultures that better recapitulates in vivo
tumor compared to cells on 2D surfaces (38, 39). The commonly used method of a
hanging drop along with creation of 96 well plates capable of accommodating these
cultures allows for rapid and high throughput screen of compounds on cancer spheroids
(39). Studies have highlighted stark differences in the reaction of cancer cells to
oncologic drugs based on 2D and 3D cultures. The packing of cells within the spheroid
provides physiologically relevant barriers to drug penetration (40). In addition, the
hypoxic conditions within cancer spheroids upregulate HIF-1 alpha and its associated
downstream pathways, which have been shown to induce drug resistance (41). The
comparison of cellular responses from 2D verses 3D cultures towards therapeutics
highlights the necessity to use more complex models for cancer research. Although
cancer spheroids provide a 3D microenvironment for cells, they remain within stagnant
culture media, lack stromal cells and, more importantly, microvasculature which is

crucial in promoting cancer growth in vivo.



1.3.2. Microfluidics-based platforms

The recent advent of organ-on-chip technologies lead to the pursuit of
recapitulating disease models within fluidic devices for drug screening purposes. These
systems offer several advantages over traditional methods of testing the efficacy of novel
oncologic drugs. The capacity to entrap cancer spheroids as well as provide convective
flow which recapitulates the circulation present in vivo systems. This perfusion-based
system provides a more efficient mechanism for delivering nutrients and drugs while
removing cellular waste from the growing tumor mass (42). These physiologically
relevant conditions lead to differences in dose-dependent responses of cancer spheroids
cultured in stagnant versus perfused conditions—stagnation of drug compounds within
the spheroid as well as removal of cellular debris from apoptosed cells may resulted in
different cellular responses (43, 44). In addition to providing perfusion from the
surrounding media, recent studies have incorporated the use of stromal fibroblast and
endothelial cells into the cancer microenvironment. George and colleagues have shown
the importance of these cells in promoting the formation of vasculature around the cancer
spheroids after exposing a mixture of cancer and endothelial cells to fibroblasts (Figure
1.2) (45). Interestingly, the observed vasculature was shown to transport single cancer
cells within its lumen. Others have employed similar co-culture approaches to form
micro-vessels within fluidic devices (46, 47). Alternatively, vascular channels have been
formed via unique flow chamber designs and multi-layered fluidic devices. Within these
systems, a membrane or a channel is designed to allow the attachment and proliferation
of endothelial cells to form a monolayer (48). Furthermore, cancer cells are positioned

behind this monolayer such that the diffusive fluxes from the media must pass through



the vascular barrier. Such approaches achieve a more controlled formation of the
vasculature since the flow path can be designed to specification. However, the scale of
this vasculature is significantly larger than those formed spontaneously. These systems
have been used to study cancer cell extravasation, drug, and nanoparticle penetration in

the presence of a vascular barrier (48, 49).

1.3.3. Organ-on-chip integrated cancer platforms

Cancer-on-chip platforms provide varying degrees of complexity in comparison
to traditional drug screening platforms comprised of 2D monolayers and 3D spheroids.
As a result, these systems provide more accurate results in regards to the efficacy of an
oncologic drug. During drug discovery and development, the success of the drug is not
solely based on efficacy since patient safety must also be considered. As a result, animal
studies are carried out to determine both efficacy and toxicity of a given compound and
dosage. With the emergence of organ-on-chip systems to model organs such as liver,
heart, and lung, the integration of these organ mimics with a disease model provides an
attractive platform to determine both efficacy and toxicity within a single platform (50-
52). Furthermore, the integration of these organ systems provides a means of crosstalk,
which may be crucial in better predicting in vivo outcome. Schuler and colleagues have
pioneered the integration of these devices involving liver- and cancer-on-chip platforms
while maintaining crosstalk by allowing the recirculation of soluble factors between
different organ systems and the disease model (Figure 1.3) (53). In addition to providing

crosstalk between organ systems, the inclusion of liver cells within the platform allows



compounds to be tested where the active forms are generated as secondary metabolites
after being metabolized within the liver tissue. In particular, compounds such as 5-
fluoro-pyrimidinone (5FP) are required to be metabolized by hepatic aldehyde oxidase to
become a pro-drug used to treat cancer (54). Beyond liver tissues, the presence of
cardiomyocytes are essential for predicting acute toxicity with the heart tissue thereby
eliminating the compound from the drug discovery pipeline (55). Nonetheless, the
incorporation of different organ systems is essential for recreating a human in vitro model
that may pave the path towards accurate and translational drug screening platform in the

future.

1.4. Cancer-immune cell interactions

1.4.1. Clinical outlook on immunotherapy

Within this decade, we have witnessed the rise of immuno-oncology (I0) drugs that
recruit patients’ own immune cells to combat and cure cancer. Such approaches hold great
promise as the FDA recently approved several immunotherapeutics where one compound in
particular, Ipilimumab, showed a reduction in the risk of death by ~30% and doubled the
likelihood of patient survival from 1 to 2 years (56). These results are unprecedented in the field
of oncology thus pharmaceutical companies have greatly increased their investment into 1O as the
number of immunotherapeutics is expected to increase from XY to XZ over the next ZZ years
(57). Simply put, immunotherapies are here to stay however their efficacy is expected to increase

as the therapeutic mechanism becomes better understood.
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1.4.1. Path towards immunosuppression

In most cases, the presence of cancer elicits an immune response due to the
recognition of the cancer specific antigen by immune cells (Figure 1.4) (58). Due to this
immunosurveillance, cancer cells are eliminated by adaptive and innate immune
responses, which recruit macrophages, natural killer cells, and cytotoxic T-cells amongst
other immune cells capable of mounting an inflammatory response (59, 60). Under
certain circumstances in which the proliferation rate of cancer cells is balanced by the
elimination rate of cancer cells by the host immune system, equilibrium is reached which
allows cancer cells to mutate under selective pressure to evade or halt the immune
response (61, 62). This process occurs via several methods such as the decreased
presentation of cancer-specific antigen by the downregulation of MHC class I receptors
(63, 64). Furthermore, immuno-suppression can occur directly via expression of immune
checkpoint inhibitors such as PD-L1 (65). In addition to directly inhibiting the T-cells as
well as decreasing antigen presentation, cancer cells can alter the immune environment
through the capacity to recruit anti-inflammatory immune cells. In particular, cancer
cells have been shown to induce a Th2 microenvironment that is capable of polarizing
macrophages towards alternative activation and recruiting regulatory T-cells (66).
Therefore, the suppression of immune system occurs directly via receptors expressed on
cancer cell surfaces as well as indirectly through immune cells that promote anti-
inflammatory conditions. Cancers showing the presence of immune infiltration yet
possess an immune suppressed phenotype has been shown to be most responsive towards

immunotherapy treatments (67). Therefore, the need to fully investigate the complex
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interplay between cancer and immune cells may identify efficacious approaches to

overcome the immune suppression process.

1.4.3. Role of monocytes and their polarized phenotypes within the tumor
microenvironment

Within the tumor microenvironment, immune cells are comprised predominantly
of macrophages. Throughout the progression of cancers, monocytes play crucial roles as
they can be polarized towards different phenotypes of macrophages where they have been
shown to eliminate cancer during the initial stages while aiding its progression towards
metastasis in the latter stages of the disease (68). Specifically, studies have indicated that
the monocytes polarized towards classically activated macrophages during
immunosurveillance of cancer will eliminate and promote the inflammatory reaction
against the cancer cells. However, after cancer-induced suppression of the immune
system, alternatively activated macrophages (M2) dominate the macrophage population
within the cancer stroma. The shift for in the macrophage population can partly be
attributed to the changing cytokine signal in the cancer microenvironment. Specifically,
the switch in the presence of T helper cell type I to type II induces the secretion of 1L-4
and IL-13 amongst other anti-inflammatory cytokines (66). IL-4 and IL-14 have been
shown to have strong effects on the polarization of monocytes towards alternatively
activated macrophages. As a result, the increase in the alternatively activated
macrophage population may originate from the plasticity of macrophages in vivo, in

response to changes in the T helper cell mediated cytokine signatures within the cancer
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microenvironment. However, the exact origin or cause of M2 macrophage population
has yet to be identified since recruitment of monocytes followed by subsequent
conversion towards alternative activation can also occur.

The presence of alternatively activated macrophages promotes the progression of
cancer through a multitude of functions ranging from immune suppression to
angiogenesis. For immune suppression, M2 macrophages have been shown to recruit
regulatory T-cells via chemokines such as CCL5 and CCL20, secrete TGF-beta and IL-
10 both of which interferes with the function of cytotoxic T-cells to eliminate cancer
cells, and express PD-L1 to exhaust T-cells (69-71).  These activities aid in the
suppression of immune cells thereby safeguarding cancer cells against apoptosis.
Additionally, these macrophages aid in the remodeling of local ECM networks by the
production of proteases (71-73). Softening the microenvironment can potentially
facilitate the growth of cancer cells by decreasing the physical resistance provided by the
stromal ECM. Furthermore, macrophages have also been shown to secrete soluble
factors that promote the metastasis of cancer cells from the primary tumor. The duality
of TGF-beta includes the suppression of T-cell activity as well as the induction of
epithelial-mesenchyme transition that triggers the metastatic process. In addition, the
secretion of EGF promotes the migration of single cancer cells towards blood vessels
(74). Lastly, studies have identified the presence of M2 macrophages in hypoxic regions
of the cancer masses. Here, M2 macrophages are known to secrete VEGF to promote the
formation of vasculature around the tumor (75). Interestingly, studies have also
identified hypoxia-induced recruitment of monocytes and their subsequent conversion

towards the M2 phenotype (76). Taken together, the macrophages may allow the growth
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of cancer cells to overcome the diffusion limitation by inducing vasculature formation
near to hypoxic regions (76). M2 macrophages have been shown to play a pivotal role in
sustaining as well as progressing cancer therefore incorporation of these cells within in

vitro tumor models is crucial to recapitulate the in vivo microenvironment.

1.4.4. Importance of T-cell trafficking into cancer stroma and its implications

The recent application of chimeric antigen receptor (CAR) bearing T-cell therapy
against cancer has yielded unprecedented level of success in treating certain types of
cancers such as leukemia and melanoma. This therapy isolates a patient’s own T-cells
from blood, induce the expression of a CAR specific to the patient’s cancer antigen, and
generate a MHC-independent killing of cancer cells. This potent therapy circumvents
some of the immunosuppressive mechanisms created by the cancer cells such as the
down-regulation of cancer specific antigens (77). However, the use of CAR T-cell
therapy has been limited in the treatment of most solid tumors. The major limitation
imposed by solid tumors is the inability of CAR T-cells to effectively infiltrate into the
cancer stroma as well as into the tumor mass. Therefore, the understanding of factors
inducing efficient T-cell infiltration along with novel therapeutics to bring about such
changes are invaluable in translating this therapy towards other types of cancer.

T-cell recruitment is regulated by the presence of key chemokines secreted
predominantly by inflammatory immune cells (Table 1.2) (78). Amongst numerous
chemokines, CCL3, CCL4, CCL5, CXCL9, CXCL10, CXCL11, and CX3CL1 are

responsible for the trafficking of T-cells to the tumor site (79). The expression of several
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of these chemokines is present within monocytes and classically activated macrophages.
However, the expression and secretion of these chemokines within immune suppressive
microenvironments have not yet to be well characterized. In addition to chemokines that
directly recruit T-cells, the presence of other chemokines that recruit immune cells
capable of inducing effector T-cell functions are also vital for a full-scale cytotoxic T-cell
response. In particular, the presence of CCL17 and CCL19 have been implicated in the
recruitment of dendritic cells which are necessary for antigen presentation along with co-

stimulatory receptor activation of cytotoxic T-cells (80).

1.5. Conclusion

This chapter highlights the need for well-defined and controlled in vitro platforms
to better understand cancer as a disease. These platforms range in varying levels of
complexity. From the perspective of single cell migration, in vitro platforms general
investigate migration within or into an ECM network. Such systems can aid in
understanding the interplay that balances ECM remodeling, cell force generation, and cell
malleability. Moreover, these systems provide insight into the metastatic process of
cancer cells. Next, more complex systems that recapitulate in vivo tumor tissues were
discussed. These systems were described in the context of microfluidics based
technology which allows for better control of assessing drug delivery and penetration into
tumors. In addition, these platforms approach the physiologically relevant conditions
compared to traditional methods of monolayer or even spheroid cultures. Lastly, the

importance of cancer and stromal cell interactions were highlighted from the context of
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cancer-immune interactions. The emergent trend on the use of immunotherapy as the
oncologic treatment of tomorrow coerces the need for improved systems incorporating
immune cells. To this end, key immune cells such as macrophages and their role in tumor
progression was discussed. Furthermore, the cutting-edge technology of CAR T-cell
Therapy aims to spear head the effort towards popularizing immunotherapy treatments
for cancer patients. Therefore, the potential triggers for improving the recruitment of T-

cells into the cancer microenvironment were reviewed.



1.6. Figures

Morphology

Figure 1.1: Various modes of 3D migration
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Cells migrating within 3D ECM networks adopt two distinct modes of migration:
amoeboid and mesenchymal. Within the amoeboid mode of migration, cells can adopt a
blebby or pseudopodal phenotype characterized by low adhesion and propulsive
movements. In mesenchymal mode of migration, cells high adhesion to the substrate as it

adopts an elongated phenotype. Reproduced from (81).
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Figure 1.2: Vasculature formation by endothelial cells

(a) Microfluidic device. (b) Image of the interior chamber of the device. (c) Vascular bed
formed by endothelial cells stained for CD31 after 14 to 21 days in culture. (d) Magnified
image of vascular bed. (e,f) Incorporation of a third cell type such as cancer or
cardiomyocytes allows the vasculature to form around the cells. Reproduced from (82).
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Figure 1.3: Integration of different organ systems

(a) Schematic of the microfluidic device. (b) Diagram of the organ system involved
within the device. Here, liver, bone marrow, and a tumor model were integrated together.
The interactions are described by a pharmacokinetic model. (¢) The actual image of the
device next to a dime to illustrate its size. The flow channels contain a red dye solution
for visualization purposes. Reproduced from (53).
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Figure 1.4: Cancer immune interactions

Cancer cells are eliminated by immune systems during immunosurveillance. However,
in certain cases, cancer can undergo immunoediting by suppressing the active immune
system. Cancer capable of escaping the immune assault progresses towards growth and
metastasis. Reproduced from (58).
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1.7. Tables
Table 1.1. Summary of different modes of 3D migration.

The migration of single cells in 3D is characterized by amoeboid and mesenchymal
phenotype. Example cell types undergoing a particular mode of migration is displayed.

Furthermore, the properties of the ECM or cell eliciting a particular mode of migration
are also included. Reproduced from (8).

Migration mode Cell types ECM determinants Cell determinants Related transitions
Single
Amoeboid, Zebrafish macrophage,  Poorly adhesive; soft  Asymmetric bleb-rich cortical Blebby-to-pseudopodal
blebby some stem cells embryonic connective  actomyosin cytoskeleton, low transitions

tissue; obligate 3D polarity; low migration speed
(below 1 pm/min)

Amoeboid, Leukocytes, including Loose primordial or  Poorly adhesive, no formation Amoeboid-to-

pseudopodal dendritic cells; mature connective tissue; of focal adhesions; Rac-driven mesenchymal
Dictyostelium 2D or 3D anterior protrusion with counter- transition
discoideum balance by Rho/ROCK in other

cell parts; relatively rapid
migration (10 pm/min)

Mesenchymal Fibroblasts, neural crest Loose or dense primor- Moderately to highly adhesive; ~ Mesenchymal-to-
cells, sarcoma cells, dial or mature focal interactions with ECM;  amoeboid transition;
dedifferentiated cancer connective tissue; high contractility; high anterior ~ mesenchymal-to-
cells of different origin  usually associated with  Rac activity counterbalanced  epithelial/collective
fibrin or collagen by Rho in other cell parts; slow transition

remodeling migration (0.1-1 pm/min)
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Table 1.2. Summary of chemokines secreted within the cancer microenvironment

The type of chemokine, the corresponding receptors, the cell type capable of secreting the
chemokine, and the effect of the chemokine towards regulating cytotoxic T-cells (CTLs)
are listed. Reproduced from (78).

Table 1. Regulation of cytotoxic T lymphocyte activation and their recruitment to tumors by

chemoattractants and their receptors.

CCR7/CCL19,21

XCR1/XCL1

CCR4/CCL17,22

CCR5/CCL3,4,5

CXCR3/CXCLY,10,11

CX3CR1/CX3CL1

BLT1/LTB,

Constitutive expression on
leukocytes including naive
CD4* and CD8* T cells

Expressed on subset DCs
that are CD8*

Constitutive expression on
naive CD8" T cells

Constitutive and inducible
expression on primed
T cells including CTLs

Inducible expression on
primed and memory
T cells including CTLs

Inducible expression on
primed CTLs

Inducible expression on
primed and memory
T cells including CTLs

Expressed in the high endothelial
venules of lymph nodes and Peyer’s
patches, in the T cell areas of
spleen and in the lymphatic
endothelium of multiple organs

Expressed by newly primed CD8*
T cells in DLNs during priming

CCL3, CCL4 and CCL17 secretion
by DCs upon interaction with CD4*
T and NK cells

CCL3 and CCL5 expressed at the
tumor site by tumor cells,
fibroblasts, mesenchymal stem cells,
myeloid cells like MDSC, etc.

CXCL9/10/11 mainly produced by
epithelial cells, APCs in response to
IFNs

CX3CL1 expressed by epithelial
cells, endothelial, lymphocytes,
neurons, microglial cells, etc

LTB, primarily released by APCs,
neutrophils and mast cells. In some
rare cases by tumor cells as well

CTL: Cytotoxic T lymphocyte; DC: Dendritic cells; DLN: Draining lymph node.

Homeostatic control and peripheral
circulation of immune cells among

various lymphoid organs.

DC sampling and their migration to
DLN

Migration of naive T cells to DLNs

Facilitates the DC migration to DLNs
to enhance antigen presentation and
cross priming

Facilitates the naive CD8* T cell
migration to DLNs to enhance antigen
presentation and cross priming

Facilitates the migration of activated
CTLs to tumor site

Facilitates the migration of activated
CTLs to tumor site

Facilitates the migration of activated
CTLs to tumor site

Facilitates the migration of activated
CTLs to tumor site. Appears to control
early innate and CTL mediated
responses



Chapter 2: 3D Traction stresses activate protease-dependent invasion of

cancer cells

2.1. Abstract

Cell invasion and migration such as in cancer metastasis is rooted in the ability of
cells to navigate through varying levels of physical constraints exerted by the
extracellular matrix (ECM). Cancer cells can invade into matrices either in a protease
independent or dependent manner. An emerging critical component that influences the
mode of cell invasion is traction stresses generated by the cells in response to the
physico-structural properties of the ECM. In this study, we have developed a reference-
free quantitative assay for measuring three-dimensional (3D) traction stresses generated
by the cells during the initial stages of invasion into matrices exerting varying levels of
mechanical resistance. Our results show that as cells encounter higher mechanical
resistance, a larger fraction of them shift to protease-mediated invasion and this process
begins at lower values of cell invasion depth. On the other hand, the compressive stress
generated by the cells at the onset of protease-mediated invasion is found to be
independent of “matrix stiffness”, suggesting that 3D traction stresses are a key factor in
triggering protease-mediated cancer cell invasion. At low 3D compressive traction
stresses, cells utilize bleb formation to indent the matrix in a protease independent
manner. However, at higher stress values, cells utilize invadopodia-like structures to

mediate protease dependent invasion into the 3D matrix. The critical value of

22
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compressive traction stress at the transition from protease independent to protease

dependent mode of invasion is found to be approximately 165 Pa.

2.2. Introduction

Metastatic dissemination of cancer cells is a key contributor to more than 90% of
cancer-inflicted mortality (83). Though metastasis involves multiple steps, the ability of
cancer cells to break through the basement membrane and traverse through the ECM is a
crucial manifestation of cancer malignancy. Recent studies suggest that cancer cells can
invade into matrices either in a protease independent or dependent manner. An emerging
critical component that influences the mode of cell invasion is the physical properties of
the ECM, which includes porosity, alignment, and stiffness (12, 20, 25, 81, 84-90). For
instance, cells encapsulated in a loosely crosslinked collagen network have been shown
to migrate without the use of MMPs in a protease independent manner by adopting an
amoeboid phenotype and employing actomyosin-generated forces to squeeze through the
pores and channels of the ECM network (12, 25, 81, 84-86). Conversely, cells utilize
protease-mediated degradation to navigate through dense ECM networks lacking such
porous structures (20, 86-89, 91).

It is widely established that the mechanical properties of the tissue are drastically
altered in the vicinity of solid tumors such as breast cancer as the disease progresses (92).
The changes in mechanical and structural environment of the tumor have been shown to
contribute to dissemination and enhanced migration of cancer cells. Results from
Leventhal et al., have demonstrated the prevalent effect of collagen crosslinking-

mediated stiffening of the matrix on cancer cell dissemination (93, 94). The mechanical
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and structural changes of the environment could significantly affect the cellular traction
force, which is a key regulator of migration, of the residing cancer cells (93). Chavrier
and colleagues have shown that the contractility of the cell rear promotes migration and
invasion of MDA-MB-231 cells in a Matrigel network (12). Similarly, studies have
shown that contractile forces contribute to glycosylphosphatidylinositol-anchored
Receptor CD24-facilitated cancer cell invasion (95). The increased invasiveness could
also attributed to traction stress-mediated invadopodia formation (90). Studies have also
reported significant differences in mechanical properties of the cells with their metastatic
competence (96).

The aforementioned studies clearly demonstrate the pivotal role that the physical
properties of the ECM play to promote invasion and migration of cancer cells. In this
study, we quantify the interdependence between the initiation of cancer cell invasion into
3D matrices and the mechanical resistance to cell penetration opposed by the matrix. To
this end, we developed a quantitative single cell invasion assay and determined the role
of cell generated three-dimensional (3D) traction stresses on driving cancer cell invasion

and protease activity using MDA-MB-231 cells as a model system.

2.3. Materials and Methods

2.3.1. Cell Culture
MBA-MD-231 (ATCC) cells were expanded in growth medium (GM) comprised

of high glucose DMEM (Life Technologies), 10% fetal bovine serum (FBS, Hyclone), 2
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mM L-glutamine (Life Technologies), and 50 units per ml of penicillin/streptomycin

(Life Technologies). The cells were maintained at 37° C and 5 % CO..

2.3.2. Fabrication of Matrigel networks tethered to glass.

In order to tether the Matrigel networks, glass-bottom dishes (Fluorodishes,
World Precision Instruments) were activated to react with amine groups of the Matrigel
network. To activate the glass surfaces, 2.5 M NaOH was added for 30 minutes to
remove impurities from the glass surface (97). The glass-bottom dishes were then rinsed
with distilled water, dried, and reacted with 3-Aminopropyl-trimethoxysilane (Sigma-
Aldrich) for 7 minutes. The treated dishes were then washed with distilled water, dried,
and reacted with 0.5% glutraldehyde (Electron Microscopy Sciences) for 40 minutes. The
activated surfaces were rinsed thoroughly and kept in distilled water for an additional 30
minutes. All of the above reactions were carried out at room temperature. The activated
glass bottom dishes were used immediately.

The Matrigel networks were formed following manufacturer’s instructions.
Briefly, frozen Matrigel® (Cat. # 354234 & Lot # 30133, BD Biosciences) solutions were
thawed overnight on ice at 4° C. Fluorescent particles with a nominal diameter of 200 nm
(Fluospheres, Life Technologies; max excitation at 660 nm and max emission at 680 nm)
were dispersed in the Matrigel solution to achieve a final concentration of 2% (v/v). After
mixing thoroughly, 18.75 uL of the solution was quickly transferred to the activated
glass-bottom dish and spread over a circular region of approximately 15 mm in diameter.

The solution was then spun using a Spin Coater KW-4A (Chemat Scientific) at room
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temperature for 1 minute at RPMs of 600, 800, 1100, and 1300 to thin the Matrigel
solution to create networks with different thicknesses (T) of 30, 20, 10, and 6 = 2.5 um,
respectively, without altering the concentration. The spun Matrigels were incubated at
37° C for 6 minutes to complete gelation before the addition of phosphate buffer solution
(PBS). After 15 minutes of incubation in PBS, the Matrigel was UV-sterilized for 30
minutes before replacing the PBS with GM. The thicknesses of the equilibrated
Matrigels were determined using a spinning disk confocal microscope (Perkin Elmer
UltraView Vox Spinning Disk Confocal). The difference in the vertical position at which
the fluorescent beads were in focus at the top and bottom of the gel was designated as the
thickness of the gel. Both the surface and the bottom of the Matrigels were imaged at
multiple locations to determine the gel thickness. Figure 2.1 shows the X-Y and X-Z
cross sectional images of Matrigel networks with varying thicknesses. The dishes were

then incubated in medium at 37° C and 5% CO, overnight prior to cell seeding.

2.3.3. Cell invasion and imaging

The invasion of MDA-MB-231 cells into the Matrigel network was determined by
using a quantitative single-cell invasion assay. MDA-MB-231 cells were plated onto the
Matrigel networks tethered to the glass-bottom dishes at a density of 6,000 cells/cm” in
GM with serum or OptiMEM (OM) for serum-free conditions. The cells were allowed to
invade into the Matrigel for 1, 2, and 4 hours. Individual cells were imaged and their
corresponding stage positions were marked. For each location, a DIC image of the cell

and fluorescence image stacks of the matrix embedded with fluorescent particles were
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acquired. The z-slice spacing was set as 200 nm and the z-range was chosen to
encompass 3 wm above the surface of the Matrigel to 3 um below the maximum
penetration depth of the cells. Previously marked stage positions were re-imaged after the

removal of the invaded cells. A total of n > 160 cells were used and analyzed.

2.3.4. Removal of cells after cell invasion

The invading cells were removed using a cell-dissolving solution as described
elsewhere (98). The cell dissolving solution was made by mixing NH4OH and Triton X-
100 in PBS to achieve a final solution containing 20 mM NH4OH and 3% w/v Triton X-
100. To remove the cells, 1 mL of the culture medium was removed from the 2 mL total
volume before adding 0.5 mL of the cell dissolving solution. To this, 2 mL of PBS was
added before removing 3 mL of the above mixture followed by an addition of 2 more mL
of PBS. The continuous washing with PBS was used to neutralize the drastic changes in
pH due to the cell dissolving solution (Fig. 2.2A). The effect of the cell removal process
on swelling and/or shrinking of the Matrigel network was determined as described in SI
Text (Fig. 2.2B-E). The removal of cells was also confirmed through bright field images

and staining for F-actin. (Fig. 2.3).

2.3.5. Mechanical Yielding Tests of Matrigel Networks
Glass-bottom dishes with grid markings were generated by attaching Cellattice
sheets (Electron Microscopy Sciences) underneath the dishes using an optical adhesive.

The glass surface within the dish was activated and the Matrigel networks embedded with
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fluorescent beads were synthesized as described above. Specific locations of the
Matrigel network and the lattice grids were imaged at 60x magnification by using a water
immersion lens mounted onto a spinning disk Confocal. 10-um thick image stacks of the
network with embedded fluorescent beads were obtained at vertical increments of 0.2
um. A schematic of the experimental procedure to measure the mechanical yielding of
the matrix is outlined in Fig. 2.4. The tips of cantilevers with a spring constant of 0.5
N/m were modified by attaching 30 um diameter glass beads. These modified tips were
mounted onto the BAFM and used to indent the Matrigel at the imaged locations. One
set of deflection threshold was used to indent 5 different locations before increasing the
threshold to apply larger forces. The deflection threshold ranged from 10 to 70 nm while
ramp sizes for all indentations were set at 1.872 um. The indentation depth, defined as
the difference between the cantilever deflection and the z ramp displacement obtained
from the force curves, was used to calculate the maximum applied compressive pressure
using the Hertzian model corrected for finite substrate thickness (99). These locations
were then re-imaged using the spinning disk confocal microscope as mentioned above.
The image stacks obtained before and after the BAFM indentation were processed to
account for rotational and translation shifts using custom MATLAB software.
Specifically, maximum cross correlation between the pre-indentation images and the
rotated post-indentation images was determined to correct for the rotational and
translational shifts. The displacement field was obtained from corrected image stacks

using 3D image correlation algorithms described elsewhere (100).
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2.3.6. MT1-MMP FRET Analysis

Cells were plated into 24-well plates, cultured in GM, and allowed to reach 80 %
confluence before transfection. The cells were transfected with MT1-MMP FRET
biosensor plasmid using Fugene HD Transfection Reagent (Promega) two days prior to
the experiments. For transfection, each well containing the cells was exposed to 1.7 uL of
Fugene transfection reagent mixed with 25 uL of OM (Life Technologies) containing 1.1
ug of the DNA plasmid. Prior to plating the cells, 50 pg/ml of fibronectin (Sigma) diluted
in PBS was coated onto glass surfaces or 30 um thick Matrigels for 1.5 hours at 37 °C.
Untreated cells or cells treated overnight with the MMP inhibitor GM6001 (50 uM) were
plated on either glass or Matrigel surfaces. Images were collected 4 hours post-plating
using a Zeiss Axiovert inverted microscope equipped with 100x objective (1.4 NA) and a
cooled charge-coupled device camera (Cascade 512B; Photometrics) using the
MetaFluor 6.2 software (Universal Imaging). The parameters of dichroic mirrors,
excitation and emission filters for different fluorescence proteins were described
previously (101). In brief, the MT1-MMP biosensor was excited at 420 = 20 nm, and the
emissions were collected at 475 = 40 nm or 535 += 25 nm for ECFP or FRET images,

respectively. The quantification of ECFP/FRET ratio signal was performed using our
MATLAB-based software fluocell (102, 103). Higher FRET ratio indicates increased

activity and/or presence of MT1-MMP on the cell surface.

2.3.7. Zymography and fluorogenic peptide assay

Secreted Protease Activity Detection Using Zymography
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To obtain ~ 30 wm thick gels, 7 uL of the thawed Matrigel solution was added
into each well of a 24-well plate. The Matrigel solution was spread across the well using
a pipette at 4° C and left for 10 minutes before transferring to 37° C for 30 minutes. PBS
was added to the wells containing Matrigel networks and the entire plate was sterilized by
exposing to UV for 30 minutes. The PBS was replaced with OM and incubated overnight
at 37°C before plating the cells. The OM was removed and the cells were plated at a
density of 10,000 cells/cm®in 650 uL OM for each well, and cell invasion into Matrigel
was allowed to persist for 6 hours resulting in a ¢3;p >20° (Fig. 2.5A). 600 uL of the
collected OM was centrifuged to remove non-adhered cells at 1,000 RPM for 10 minutes.
500 uL of this solution was concentrated for secreted factors by using centrifugal filter
tubes with a molecular weight cutoff of 50 kDa (Microcon) as instructed by the
manufacturer’s protocol. Conditioned medium from 8 wells were collected to obtain a
concentrated solution of ~ 30 uL.

The concentrated conditioned medium was assayed for protease activity as
described elsewhere (104). Briefly, we used a stacking gel comprised of 3.68 %
acrylamide and 0.01 % bisacrylamide and a resolving gel comprised of 7.5 % acrylamide
gel, 0.33 % bisacrylamide, and 0.08% gelatin. After the gels were polymerized, cathode
and anode reservoir buffers were added to the outer and inner chamber of an upright
electrophoresis apparatus, respectively. The cathode buffer consisted of 10.25 mM
ammediol, 10 mM glycine, and 0.1 % SDS adjusted to pH of 9.39 while anode buffer
consisted of 21 mM ammediol adjusted to pH of 8.23. The gel lanes consisted of a

positive control, a negative control, concentrated conditioned medium, activated
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concentrated conditioned medium, and control for activated concentrated conditioned
medium. The positive and negative controls consisted of 0.1 ug of Bovine Collagenase
IV (Gibco) and OM concentrated from 8 wells containing acellular Matrigels,
respectively. To activate the concentrated conditioned medium, the medium was
incubated in 1 mM 4-Aminophenylmercuric Acetate (APMA, Sigma-Aldrich) dissolved
in 80 mM NaOH for 2 hours in 37°C prior to loading the samples. The control for the
activated and concentrated conditioned medium was generated by incubating the medium
in 80mM NaOH without APMA. 16 uL of each solution was loaded into their respective
lanes and gel electrophoresis was run for 1.5 hours using a voltage of 150 V. After
electrophoresis, the proteins in each lane were renatured by submerging the gel in a
developing buffer mixed with 2.5 % Triton-X 100 for one hour with frequent washing
before incubating the gels in developing buffer overnight at 37 °C. The developing
buffer used consisted of 50 mM Tris base, 200 mM NaCl, 5.2 uM ZnCl,, 5 mM
CaCl-2H,0, and 3 mM NaNj. After the overnight incubation, the gel was stained for 30

minutes in 0.125 % Coomassie brilliant blue R-250 dissolved in a mixture of methanol,

acetic acid, and water at volume ratios of 1.25:0.5:0.75. The gel was subsequently
destained in a solution comprised of methanol, water, and formic acid at a volume ratio
of 1.5:3.5:0.05. The gel was destained until the desired contrast between the light bands
devoid of gelatin due to protease-mediated degradation and the surrounding gelatin was

achieved. The gel was frequently imaged to document the contrast.

The presence of bands in the lane consisting of concentrated conditioned medium

indicates that secreted proteases were present within the medium. The finding that the
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bands did not shift when compared to the lane consisting of medium treated with APMA

further reveals that the secreted proteases were in the active form (Fig. 2.5B).

Secreted Protease Activity Detection Using Fluorogenic Peptides

Matrigels were synthesized in 24-well plates as previously mentioned. Cells were
plated onto the Matrigel-containing wells at a density of 6,000 cells/cm” with a total
volume of 500 uL. Acellular Matrigel cultured in GM under identical culture conditions
was used as a negative control (NC). The cells were allowed to invade into the Matrigel
for 3 hours (¢3p > 15°) before collecting 200 uL of the media from each well. For each
well, the collected media was centrifuged to remove any suspended cells. 98 uL of the
collected media was then mixed with 2 uL. of 0.5 mM stock solution of MMP sensitive
fluorogenic peptide substrate (Cat # ES001 & Lot # DHYO08, R&D Systems). This
approach was used to circumvent the interference from Matrigel during the
measurements from the plate reader. For the positive control, 0.1 ug of Bovine
Collagenase IV solubilized in 98 uL of PBS was mixed with 2 uL of the peptide substrate
stock. The mixtures were transferred to a 96 well plate and allowed to incubate for 15
minutes at 37° C. The fluorescence caused by MMP cleavage was determined using a
plate reader (Infinite 200 Pro, Tecan) at excitation and emission wavelengths of 320 + 4.5
and 405 = 10 nm, respectively. The higher fluorescence value for conditioned medium
from invading MDA-MB-231 cells compared to NC indicates higher protease activity

associated with the invasion of MDA-MB-231 cells (Fig. 2.6).
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2.3.8. Immunofluorescence Staining and Imaging

MDA-MB-231 cells were plated onto Matrigel at a seeding density of 6,000
cells/cm” and allowed to invade the matrix for over 2 hours. To stain cells generating
steep indentations (¢3p > 10°), Matrigels with the invading cells were fixed in 4%
paraformaldehyde for 10 minutes, washed in PBS, and incubated in a blocking buffer
containing 3% bovine serum albumin and 0.25% triton X-100 in PBS for 30 minutes. The
fixed cells were incubated with primary antibodies such as Alexa Fluor 488-conjugated
Phalloidin (Life Technologies), anti-Cortactin p80/85 antibody (Millipore), and/or anti-
MT1-MMP (Abcam, Cat. Ab38970) diluted 1:100 in the blocking buffer for 1 hour at
room temperature. The samples were washed extensively in PBS before adding Alexa
Fluor 568-conjugated secondary antibody diluted (1:250) in the blocking buffer for 1
hour. The samples were washed in PBS and were imaged immediately.

For cells generating flat indentations (¢3;p < 10°), glutaraldehyde (GA)-mediated
fixing of the cells was found to provide the best results. The cells were plated at a density
of 20,000 cells/cm® and were allowed to invade for 15 minutes before fixing with 0.1%
w/v GA in PBS for 1 minute. The higher cell density was used to ensure enough cells
have invaded into the matrix during the short time span. The samples were subsequently
washed in PBS and permeabilized with blocking buffer for 30 minutes. After removing
the blocking buffer, the GA-treated samples were incubated in 0.1% w/v sodium
borohydride in PBS to neutralize unreacted aldehyde moieties for 30 minutes to quench
the autofluoresence. Sodium borohydride was subsequently removed and the samples

were washed in PBS before incubating with primary and secondary antibodies.
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All experiments were carried our independently at least thrice, beyond the

replicates used in each experiments.

2.3.9. Quantitative Cell Invasion assay

We have developed a quantitative single cell invasion assay that can quantify the
traction stresses and the accompanying matrix deformations while the cancer cells
migrate into the matrix. The cell invasion assay utilized an ECM network, Matrigel,
tethered onto glass and embedded with fluorescent particles to track the progressive
matrix deformation as MDA-MB-231 cells invade into the matrix as single cells (Fig.
2.7) (see Fig. 2.8 for characterization of the Matrigel networks). We chose Matrigel
because of its tight microstructure of the network (mesh size < 20 nm); the absence of
large network pores and channels will eliminate the possibility of cells squeezing through

the network (105, 106).

2.3.10. Quantification of the matrix indentation profile caused by the invading cells
from confocal images

MDA-MB-231 cells were allowed to invade the Matrigel network and imaged
using a confocal microscope to detect the accompanying matrix deformation. The image
stacks corresponding the cell invasion were analyzed using a custom MATLAB code to
quantify the matrix indentation depth caused by the cells Hj(x,y), the maximum
indentation depth caused by the cells, 4, i, the indentation depth after the cell removal,

Mo cell, and the radius of indentation, R (Fig. 2.9). First, each z-slice of the stacks was
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normalized with the average image intensity of the whole z-stack. A Sobel edge detection
filter was applied to each slice in the stack to detect and count the number of in-focus
pixels as a function of z (blue line in Fig. 2.9). The slice with the maximum z-change of
in-focus pixels is set as the top surface of the matrix and used as reference to obtain the
indentation profile, A,/ e, Ao e, and R. For each image slice, we calculated the in-plane
Euclidean distance transform, which yielded the minimum distance to an in-focus pixel in
that z-slice. Because cell indentation pushed the beads downwards and out of focus (see
inset in Fig. 2.7A), the maximum value of the Euclidean distance in the whole z-stack
was defined as R (green circles in Fig. 2.9). On the other hand, the z-slice at which the
Euclidean distance reached its floor was designated as the bottom of the cell. The z-
distance between the top and bottom slices provided 4, ... After cell removal, the
previously marked positions of the cells (i.e., before their removal) were reimaged to
determine A, ceir.

The quantities /4, cen and Ay cen, provides unique information about the nature of
matrix deformation due to cell invasion — elastic vs. permanent. The extent of
permanent matrix deformation caused by the invading cells was quantified by the ratio of
maximum indentation depths before and after removing the cells, y = Ao cetr / B/ cenr A
zero-value for y indicates elastic recovery, while y # 0 suggests permanent deformation of
the matrix due to structural changes during cell invasion. The deformation of the matrix
was further quantified by using the angle of 3D indentation calculated as ¢sp = tan” (h,,

cei/ R), where R is the radius of matrix deformation (Fig. 2.7A). The angle ¢;p quantifies

whether the matrix deformation created by the cell is flat (¢sp = 0) or steep (¢3p = 90°).
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Representative indentation profiles of the Matrigel network with varying thicknesses
during cell invasion are shown in Fig. 2.7B.

To eliminate the interference of post-plating time on degree of permanent
deformation of the matrix, we have determined ¢sp values for different post-plating times
(1, 2, 4 hours). Our results indicated that a subset of cells imaged during different post
plating times attain similar ¢sp values. Therefore, to rule out the possibility of these cells
exhibiting different extent of matrix degradation as a function of time, the y values for
cells at similar ¢;p values but different plating times were plotted (Fig. 2.10). The effect
of time on the degree of permanent deformation was negligible since the gamma values

for cells analyzed at different post-plating times were statistically insignificant.

2.3.11. Calculation of 3D Traction Stresses During Cell Invasion

To calculate 3D traction stresses such as those shown in Figure 2.7D, we acquired
time-lapse image z-stacks of cells invading into the Matrigel. The cells were removed
before the matrix was permanently deformed to determine the stresses generated by the
cells by using 3D Fourier Traction Force Microscopy (3DTFM) methods that have been
fully detailed elsewhere (107, 108). The lack of degradation of the Matrigel was
experimentally confirmed by the lack of vertical surface indentation after cell removal.
The corresponding images of the un-deformed matrix were used as a reference state to
obtain the matrix 3D deformation of each z-stack by image correlation. Imposing these

measurements as boundary conditions and zero displacements at the bottom of the matrix
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tethered to glass, we obtained the exact analytical solution to the equation of elastic
equilibrium for a homogeneous and isotropic 3D body:

V(V-u) + (1 —-20)V?U = 0. [1]
The solution to this equation provided the full 3-D strain tensor in the whole Matrigel
network, which was plugged into Hooke's law to calculate the traction stresses. An
important feature of this solution is that it takes into account the finite thickness of the gel
(107, 108). The Poisson’s ratio of the Matrigel network was approximated to be 0.495

while the elastic modulus was measured to be 400 Pa.

2.3.12. Reference-free Estimation of Normal Traction Stresses During Cell Invasion
Standard 3D TFM methods, such as the one used to plot Figure 2.7D, require
imaging the network in an undeformed condition to use it as zero-stress reference (28,
107, 109-111). This can be achieved by either tracking single particles or, as done in our
study, by applying image correlation techniques (112, 113). However, if cells switch
from protease independent to protease dependent invasion, the network may experience
permanent remodeling and it may not be in an undeformed reference condition after cell
removal. This also imposes stringent experimental requirements that an unperturbed zero-
stress reference state needs to be imaged for each cell prior to the invasion process. To
circumvent these limitations and to determine the threshold traction stress at which the
invading cells switch from a protease independent to a dependent mode, we developed a

novel reference-free method that does not require imaging the undeformed condition to
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measure the compressive traction stresses generated by the cells. This method models the
measured indentation profiles generated by the invading cells as

2

HY) = hyycen (= 1) e 7, 2]
where r = \/m is the distance to the indentation center. The parameters A,/ .; and
R were determined experimentally, and 4 = 0.74R was fixed by imposing w(R) = 0. The
functional dependence of this model profile was chosen to conform to the following
experimental observations and physical considerations: 1) the vertical deformation
caused by the cell is negative (i.e. downward) under the cell center and positive around
the cell periphery (Fig. 2.7); 2) the vertical deformation decays to zero away from the cell
periphery; and 3) the cell is in mechanical equilibrium. The model is plotted in Fig. 2.7B
together with measurements of matrix deformation in the normal direction for several
cells showing good agreement with experimental data regardless of matrix thickness.

For each cell, the normal traction stresses were computed using Eq. 2 for the
normal deformation profile and zero tangential deformation in the 3DTFM equations
(107). Particularly, we focused on the maximum negative value of the normal traction
stresses,7..(0), which is found at the lowest point of the indentation, because this value
indicates the pushing force exerted by the cell to penetrate into the matrix. Figure 2.7C
compares the value of 7..(0) obtained with this reference-free method with the value
obtained using the full 3DTFM method of del Alamo et al. for a small group of cells to
which both methods were applied (107). The results show good agreement between the
two methods, although the reference-free method slightly underestimates z..(0) (mean

error = 11 %) due to the averaging involved in the fitting procedure used to obtain 4,
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and R. This approach is further justified because the normal traction stresses are much
higher than the tangential ones for the invading cells, and the tangential stresses are zero
under the central region of the cell where the normal stresses are maximal (Figure 2.7D).
This reference free approach facilitates high-throughput and quantitative analyses of
individual cells with varying indentation profiles. Our calculation of normal stresses is
flexible regarding the shape of H(x,y), which could be easily replaced by any other
profile. It should be noted that a Hertz model could not be used for this purpose as the
cells not only pushed into the matrix but also pulled away from it (Fig. 2.7B) to satisfy

the mechanical equilibrium condition.

2.3.13. Estimation of Apparent Young Modulus Encountered by the Invading Cells

Because the Matrigel networks are anchored to the underlying glass, which is
significantly stiffer compared to the Matrigel network, and because compressive traction
stresses penetrate deep into the gel (Fig. 2.7D), the apparent Young’s modulus
encountered by the cells has been shown to increase as the thickness of the matrix
decreases to a value comparable to cell size (107). To quantify the apparent Young’s
modulus (£,,,) encountered by each invading cell, we multiplied the nominal Young’s
modulus of the Matrigel (E = 400 Pa) with the ratio of the measured normal traction
stresses considering the finite thickness of the matrix to the stresses calculated for a
matrix of infinite thickness (107):

T22(h)
T72(%)

app
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2.3.14. Characterization Of Matrigel Networks

Prior to characterization, the Matrigels were incubated overnight in growth
medium (GM) at 37° C and 5% CO,. Surface topography of Matrigels of 7'= 30 and 10
um tethered to a glass-bottom culture dish was obtained in GM using a Bioscope Atomic
Force Microscope (BAFM) equipped with a Nanoscope IIIA controller (Bruker). The
topographical images were obtained in contact mode by using SizNy cantilevers with 0.02
N/m nominal spring constants at forces of ~ 4 nN over areas of 10x10 um®. The surface
roughness values were determined using the Nanoscope software and the images were
processed with a flattening order of 2 to account for tilts during the measurements. The
measurements show similar roughness and topography for the Matrigel networks of 10

and 30 um thickness (Fig. 2.8A, B).

2.4. Results and discussion

2.4.1. Invasion of MDA-MB-231 cells into Matrigel networks

By employing the quantitative cell invasion assay, we have determined the
invasion of MDA-MB-231 cells into a Matrigel networks of 30 um thickness tethered
onto glass. The 3DTFM analyses of the invading cells suggest that to invade downward
into Matrigel, the cells pulled away from the matrix at several locations along the cell
periphery, while pushing against the matrix under its center (see Fig. 2.7D). Because all
forces must be in equilibrium as cell inertia is negligible, this lead to a significant
amplification of the pushing stresses (by over a factor of 3 as in Fig. 2.7D), a mechanism

that we have named “stress focusing”. These normal traction stresses (7,,) were also
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found to be much higher than the tangential ones (\/m ), suggesting that the
invading cells were actively burrowing through the matrix using mechanical forces.
Because pushing traction forces penetrate much deeper into the matrix than pulling and
shearing traction stresses, it could be possible that cells utilize this type of force to sense
the mechanical resistance exerted by the matrix (Fig. 2.7D).

The cell invasion analyses demonstrate that as the cells invaded deeper into a 30
um thick matrix, they created steeper matrix deformations leading to an increase in ¢sp
and A, cen (Fig. 2.11A). The cells exerting these large deformations (¢3p =20° and A,/ cen
> 5 um) resulted in permanent matrix deformations (Fig. 2.11B). On the contrary, for
small deformations (¢5p < 10° and A,y con ~ 2 um), the cells deformed the matrix
elastically and the Matrigel recovered its undeformed state after cell removal. Permanent
deformation due to pure mechanical yielding of the matrix in response to cellular traction
stresses was ruled out because the Matrigel did not undergo permanent deformation when
subjected to pure mechanical loads > 200 Pa — a value higher than the maximum
traction stress measured at the transition from elastic to permanent matrix deformation
(Figs. 2.4 and 2.12) (114). Thus the permanent deformations observed during cell
invasion for large matrix indentations were due to proteolytic degradation of the Matrigel
network.

This transition from elastic to permanent matrix deformation as the cells invade
deeper into the matrix suggests a switch from a protease-independent to a protease-
dependent mode of invasion. To further understand the cellular responses associated with

different modes of invasion, we examined the changes in F-actin and MT1-MMP, a key
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MMP involved in MDA-MB-231 invasion (84, 115), for the population of cells that
elastically and permanently deformed the 30 um thick matrix. Immunofluorescent
staining for F-actin revealed plasma membrane blebbing, which preceded the invasion of
cells into the Matrigel and persisted until a ¢3p of ~ 15° and £,/ ceis of ~ 3 pwm was reached.
The majority of these blebs were found at the leading edge, whereas the MT1-MMPs
were clustered within the cytoplasm (Figs. 2.11 C, D). The absence of MT1-MMP on the
cell periphery for such small matrix deformations was confirmed by low levels of MT1-
MMP FRET signal, which were comparable to cells treated with broad-spectrum MMP
inhibitor, GM6001 (Fig. 2.6A left and center panel, 2.6B). The matrix-mediated bleb
formation was also observed in cultures containing no serum, thus eliminating the
contribution of serum components on this phenomenon (Fig. 2.13).

Conversely, for large matrix deformations (¢sp > 20° and A,/ ¢ > 4 um), blebbing
was no longer observed and the MT1-MMP was re-localized from the cytoplasm to the
plasma membrane. These cells with round morphology exhibited invadopodia like
protrusions enriched with actin fibers, cortactin, and MT1-MMP at the leading edge (Fig.
2.11E, F) (116-119). Although cortactin was located all along the protruded structures,
MTI-MMP was located at the base of the invadopodia in discrete locations. At the onset
of permanent matrix deformation, the invading cells showed the coexistence of bleb and
invadopodia-like structures (Fig. 2.14). A recent study by Bergert ef al. has shown that
migrating cells exhibit bleb to lamellipodia transition in response to changes in
actomyosin contractility (120). Giri et al. reported the usage of dendritic protrusions by
the cells to deform the surrounding matrix (121). The re-localization of MTI-MMP to the

cell membrane and MT1-MMP activation with large matrix deformation was further
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confirmed by FRET analyses using these MT1-MMP biosensors (Figs. 2.6A, B) (122).
We also observed the presence of secreted MMPs and their activity by zymography and

by monitoring the cleavage of MMP sensitive fluorogenic peptides (Fig. 2.5 and 2.6C).

2.4.2. Effect of mechanical resistance on invasion of MDA-MB-231 cells

In order to decouple the role of traction stresses on triggering protease activity
from other parameters, such as steepness and depth of the matrix indentation, we
examined the invasion of MDA-MB-231 cells into Matrigel networks that exert varying
levels of mechanical resistance while keeping the network composition and interfacial
properties constant. Matrigel networks with similar interfacial properties but varying
“effective rigidity” were created by adjusting the overall thickness of the gels to
approximately 7 = 10, 20, and 30 = 2.5 mm. This quantitative approach allows a unique
opportunity to vary the mechanical resistance in a controlled manner without altering the
network composition and matrix surface properties across the experiments and thus
eliminating the effect of matrix interfacial properties on cell functions (123, 124).

As the thickness of the gels decreased, the apparent Young’s modulus
encountered by the cells increased and a higher fraction of cells deformed the matrix
permanently (Fig. 2.15A, first and second panels). Cells on thinner gels elicited
permanent matrix deformation at smaller matrix deformations and shallower indentation
angles (Fig. 2.15A, third and fourth panels), suggesting that neither 4, .. nor ¢sp were
decisive factors in triggering proteolytic ECM degradation. The critical values of 4, i,

¢sp, and normal traction stress at the transition between protease-independent and
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protease-dependent invasion were determined averaging data from cells with 0.05 <y <
0.2, which had barely degraded the ECM. Contrary to A, .. and ¢sp, the critical value of
normal traction stresses (i.e., the pushing traction forces) at the transition between elastic
and permanent matrix deformation, |z..(0)| ., Was found to be independent of gel
thickness and around 165 += 20 Pa (right panel of Figs. 2.15A and 2.16). Because the
normal traction stresses were calculated assuming elastic deformation (y = 0), our
prediction of z.. .., could possibly overestimate the true traction stresses at the onset of
proteolytic matrix degradation. Nevertheless, it should be noted that the small error
associated to this approach (5%-20%) is lower than the statistical noise in the
measurements (the standard deviation in the plot is = 33% of the mean), and it does not
introduce a bias when considering different matrix thickness.

We also examined the transition from bleb to invadopodia for cells invading into
a thinner Matrigel exhibiting very small matrix deformations. Similar to the 30 pm thick
matrix, bleb formation was observed before any substantial deformation of the matrix
was detected while MT1-MMPs remained within the cytoplasm (Fig. 2.15B). As cells
continued the invasion process, blebbing was deflected along the cell-matrix interface
while MTI-MMP still remained in the cytoplasm (Fig. 2.15C). This suggests that the
blebs were unable to push forward in the normal direction, where they encountered a
higher mechanical resistance due to the influence of the glass at the bottom of the gel. As
the cells spread further on the Matrigel surface, the blebbing disappeared, actin stress
fibers formed at the basal domain of the cells, and invadopodia-like protrusions were

localized with cortactin and MTI-MMP (Figs. 2.15D, E). These findings further confirm
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that invadopodia enriched with MTI-MMP form at low matrix deformation when the
mechanical resistance is increased.

Together, these findings identify traction stresses as a key determinant in
triggering protease-dependent cancer cell invasion into 3D matrices. This is in
accordance with recent studies implicating the potential role of mechanical forces on
extracellular proteolysis (20, 90, 91, 125). Although other extracellular matrix properties
such as pore size and fibrillar structure(s) were not addressed, the findings from this
study can be easily extended to unravel the effect of these ECM properties on cancer cell
invasion. The physical characteristics of ECM provide different levels of mechanical
resistance and thereby cell generated traction stresses to trigger protease-mediated
invasion and migration. For instance, networks with large pores allows cells to migrate
through the matrix with minimal resistance thus the cells would be in a state below the
threshold of traction forces (86). On the other hand, the alignment of the fibrillar structure
of the ECM mediated by the cells increases the mechanical tension in the extracellular
network and promotes proteolysis (20). Furthermore, the anisotropic alignment of 3D
cellular traction stresses has been correlated with cancer cell invasiveness (28). The
interplay between traction stresses and ECM remodeling could also vary dynamically, as
the cell could adapt its protease-dependent invasive phenotype to the time evolving
resistance resulting from matrix degradation. Future developments of quantitative force
microscopy assays that consider inhomogeneity and anisotropy of the ECM, and its time
evolving material properties, will provide further insight into the interplay between

traction stresses and protease-dependent cancer cell invasion into 3D matrices.
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2.5. Conclusion

In summary, the results reported here demonstrate the role of 3D traction stresses
on regulating the mode with which cancer cells invade the ECM networks to contribute to
cancer metastasis. We showed that invading cells pull away from the matrix at several
locations while they compress the matrix at only one site, thus enabling a “stress
focusing” mechanism that amplifies the compressive load applied to the matrix and
conceivably promote invasion. At low compressive stresses, the cells indent the matrix in
a protease independent manner by using bleb formation. However, at compressive
traction stresses higher than ~165 Pa, the cells invade in a protease dependent manner as
they utilize invadopodia like structures where MT1-MMP activity on the cell surface is
high. Identification of such quantitative approaches could not only advance our
understanding of cell mechanics-ECM proteolysis interdependency on dissemination of
cancer buy could also shed light onto new pathways that could be targeted to develop

new therapies to treat cancer metastasis.
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2.7. Figures

Figure 2.1: Verification of Matrigel network thickness.

X-Y and X-Z planes of Matrigel networks created with varying thickness and tethered to
glass obtained via confocal imaging. Horizontal and vertical scale bars represent 10 um.
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Figure 2.2: Effect of cell dissolving solution on the Matrigel network.

(A) Table shows the pH of the cell dissolving solution containing 3% Triton-X 100 with
increasing concentration of NH4OH. Confocal images of the surface of the Matrigel
network embedded with fluorescent beads (B) before and (C) after the treatment with the
dissolving solution comprised of 20 mM NH4OH and 3% Triton-X 100. The tangential
(D) and the vertical (E) displacement fields obtained by image correlation analysis show
that the effect of dissolving solution on Matrigel network is negligible. Scale bars: 30

um.
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Figure 2.3 Efficiency of cell removal.

MDA-MB-231 cells on Petri dishes were treated with cell dissolving solution containing
3% Triton-X 100 and (A) 5 mM and (B) 20 mM NH4OH. (C) MDA-MB-231 cells
invading into 30 um thick Matrigels were treated with cell dissolving solution containing
20 mM NH4OH and 3% Triton-X 100. Bright field images of cells were taken before
(left column) and 15 minutes after (right column) the treatment with cell dissolving
solution. F-Actin staining validates that 20 mM NH4OH and 3% Triton-X 100 is
sufficient to remove the cells (right column). Scale bars: 50 um.
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Figure 2.4: Schematic representation of the experiments utilized to determine the
mechanical yielding of the Matrigel in the absence of cells.

(A) Cell lattice grid attached to glass-bottom dish. (B) Matrigel network embedded with
fluorescent beads tethered to the glass-bottom dish. (C) Confocal microscope was used to
acquire Z-stack images of the fluorescent beads at specific grid locations. (D) AFM
cantilever tip modified with 30 um diameter glass bead. (E) The modified cantilever was
subsequently used to indent the pre-imaged locations of the Matrigel network using
BAFM. (F) Re-imaging of the above locations (imaged in E) to determine permanent
deformation of the Matrigel due to mechanical loading.
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Figure 2.5: Secreted proteases during cell invasion using zymography.

(A) Phase contrast images of MDA-MB-231 cell cultured on 30 wm thick Matrigel in
Opti-MEM (OM) at an initial cell density of 10,000 cells/cm®. (B) Gelatin zymogram for
different samples. Lane 1: 0.1 ug of bovine collagenase IV containing OM collected
from acellular Matrigel as a positive control. Lane 2: OM incubated with Matrigel as a
negative control. Lane 3: OM collected during cell invasion (¢3;p > 20°). Lane 4: OM
collected during cell invasion incubated with 1| mM APMA dissolved in 80 mM NaOH to
activate proenzymes. Lane 5: OM collected during cell invasion incubated with 80 mM
NaOH.
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Figure 2.6: Protease activity during invasion of MDA-MB-231 cells into 30 pm thick
Matrigel networks.

Cells were transfected with the MTI-MMP FRET biosensor to detect the activity of
MT1-MMP at the cell surface. High FRET ratio indicates active MTI-MMPs at the cell
surface. (A) The MT1-MMP activity map for cells invading into 30 um thick Matrigel for
low ¢3p (< 10°) and high ¢3;p ( > 20°). The MMP inhibitor GM6001 was used as a
control (left panel). (B) The corresponding mean FRET ratios where the mean FRET
ratios of cells at low ¢sp were found to be significantly lower compared to cells at high
¢3p values. ** denotes statistical significant amongst groups (p < 0.05) calculated using
T-test (n > 12). (C) Fluorogenic peptide assay for broad-spectrum secreted proteases
measured at 405 nm wavelength is shown for NC, 231, and PC. NC and PC indicate
negative control (growth medium collected from acellular Matrigel) and positive control
(growth medium collected from acellular Matrigel containing bovine collagenase 1V),
respectively, while 231 indicates medium collected Matrigel networks with invading
MDA-MB-231 cells (¢3p > 20°). ** denotes statistical significance amongst groups (p <
0.005) calculated based on one way analysis of variance (ANOVA) followed by
Bonferroni post-test (n = 3). The error bars indicate the standard deviation of the
measurements.
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Figure 2.7: Quantitative single cell invasion assay

(A) Schematic representation of a cancer cell (MDA-MB-231) invading into a Matrigel
network embedded with 200 nm fluorescent beads and tethered onto glass.
Experimentally obtained confocal z-stack images are shown. The red lines illustrate the
confocal sectioning along the vertical axis of the invading cells. 4,,..; and R denote the
depth and radius of matrix indentation during cell invasion, respectively. 7 is the
thickness of the Matrigel. ¢sp is the indentation angle, defined as ¢sp = tan” (hyjcen / R).
(B) Indentation profiles generated by invading cells along the radial direction (shown in
the inset image) are shown in blue squares and red circles for cells in 30 um (n=4) and 10
um (n=2) thick Matrigels, respectively. The black line is a semi-empirical fit, which
shows an agreement between the experimental data and the model and satisfies
mechanical equilibrium. The y-axis indicates the normal deformation at various radial
locations, w(r), normalized to the deformation at the center of the indentation, w(0). (C)
Maximum compressive stresses exerted by the same cells in panel B, obtained using our
novel reference-free TFM method (x axis) and the full 3D TFM method of del Alamo et
al (107) (y axis). The solid line represents x=y (zero error) while the dashed lines
represent y = 0.75 x and y = 1.25 x. (D) Tangential and normal traction stresses of MDA-
MB-231 cells elastically deforming a 30 wm thick Matrigel obtained using 3DTFM. The
top panels display the traction stresses on the free surface of the gel (i.e. x-y plane)
superimposed on the DIC cell image. The bottom panels display the measured traction
stresses and deformation profile on the vertical section of the gel (i.e. x-z plane)
corresponding to the yellow dashed lines in the top panels, showing the propagation of
normal stresses into the gel. The color bar represents the magnitude of the stresses and
the green arrows indicate the direction and magnitude of the tangential stresses.
Horizontal and vertical scale bars are 5 and 1 um, respectively.
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Figure 2.8: Characterization of Matrigel networks tethered to glass.

Surface topography and roughness of 30 um (A) and 10 um (B) thick Matrigel networks
tethered to glass were obtained by using a BAFM. (C) The elastic modulus of the 30 um
thick Matrigel estimated from the indentation of several locations of the equilibrated
Matrigel. The Hertzian model corrected for finite thickness was fitted to the approach and
retraction curves to obtain the elastic modulus of the Matrigel network.
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Figure 2.9. Quantification of the matrix indentation profile caused by the invading
cells from confocal images.

Image analysis of a confocal fluorescent bead z-stack of a Matrigel network embedded
with fluorescent beads that has been indented by an invading cell (see inset, scale bar = 5
microns). The indentation appears as a dark region of out-of focus beads that have been
displaced downwards by the cell. Blue line (left y-axis): Number of in-focus pixels in
each z-slice as a function of z. The z-position with highest variation of in-focus pixels
corresponds to the top surface of the network. Green circles (right y-axis): Maximum
Euclidean distance to an in-focus pixel in each z-slice as a function of z. The maximum
value of the Euclidean distance in the whole Matrigel was defined as R. The z-slice at
which the Euclidean distance reached its floor was designated as the bottom of the cell.
The z-distance between the top and bottom slices allows to determine 4,/ ce1.
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Figure 2.10: Effect of time on degree of permanent deformation.

Graph of the extent of permanent matrix deformation, y, at different ¢3p, where the cells
were allowed to invade into 30 um thick Matrigel for 1, 2, and 4 hours, rules out the
influence of time on y. The plot was generated by binning the cell population around the
listed angles with an allowance of =+ 1°.
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Figure 2.11: Invasion of MDA-MB-231 cells into 30 pm thick Matrigel networks.

(A) Scatter plot of the increase in the indentation angle, ¢;p, as the cells invade into the
Matrigel network. Each symbol corresponds to one cell. The size and color of the
symbols is proportional to the density of data points such that large, dark symbols
indicate highly frequent observations. The inset shows the schematic of the matrix
indentation generated by the invading cells. (B) Corresponding scatter plot showing the
extent of permanent matrix deformation caused by the invading cells, vy, as a function of
invasion depth, 4,,..;. Similar to panel A, each symbol corresponds to one cell and large,
dark symbols indicate highly frequent observations. (C-E) Confocal z-slice images of the
invading cells as a function of ¢;p. (Left panels) X-Y images showing the F-actin staining
(green) and beads (white) within the network. (Right panels) X-Z section of the
corresponding X-Y image stacks for F-actin (green) and MT1-MMP (red). At ¢3p < 10°,
plasma membrane blebbing was observed (X-Y Plane 1-3), while MT1-MMP was
located in the cytoplasm (X-Z Plane). At ¢;p ~ 15°, the extent of blebbing diminished and
MTI1-MMP was again detected within the cytoplasm. At ¢;p = 20°, actin rich
invadopodia-like protrusions filled with MT1-MMP were observed at the cellular cortex
as indicated by the arrows. (F) Co-localization of F-actin and cortactin confirms
invadopodia formation. Both horizontal and vertical scale bars represent 10 um.
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Figure 2.12: Matrigel networks exhibit complete elastic recovery for compressive
stresses >200 Pa.

(A) Three components of the displacement field measured for a Matrigel network that
was subjected to a compressive pressure of 207.4 Pa. (B) Confocal images of the
Matrigel networks embedded with beads before and after subjecting them to the
compressive pressure. The identical images reveal the absence of any permanent matrix
deformation due to the application of compressive pressure of 207.4 Pa. Scale bars: 10

um.
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Figure 2.13: Invasion of cells in serum free conditions.

The invasion of MDA-MB-231 cells in a serum free condition was analyzed for 30 um
thick Matrigels. F-actin staining shows blebbing of the invading cells as indicated by
curved actin structures from the confocal section of the cell 10 wm above the leading
edge (A) and at the leading edge (B). (C) The gamma values generated by the cells are
comparable in both growth medium containing serum and serum free medium at ¢;p>
20°.
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Figure 2.14: Morphological transition at the leading edge of the cells invading into
30 pm thick Matrigel.

Cross sectional images of cells stained for F-actin at different ¢3p values. X-Y Plane 1
indicates the region 10 um above the leading edge while X-Y Plane 5 indicates the
leading edge of the invading cell. White arrows show the actin-rich protrusions. Scale
bar: 10 um.
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Figure 2.15 Effect of mechanical resistance on the invasion of MDA-MB-231 cells
into Matrigel networks.

(A) heris, @3p,cris and T i, for cells invading into Matrigel networks of varying thickness

(T =10 (red), 20 (green) and 30 (blue) um) calculated between y values of 0.05 to 0.2.
Stars denote statistically significant differences amongst groups using the Kruskal-Wallis
non-parametric analysis of variance (* and * denote p < 0.005 and p < 0.05 respectively).
The error bars indicate the 5% confidence interval of the mean (n = 73, 88 and 161,
respectively, for T = 10, 20 and 30 microns). (B-D) Confocal images of the cells invading
into a 6 um thick Matrigel network at ¢3p < 5° with varying post-plating time (30-90
min). (Left panels) X-Y images showing the F-actin staining (green) and beads (white)
within the network. (Right panels) X-Z section of the corresponding X-Y images for F-
actin (green) and MTI-MMP (red). At t = 30 min, plasma membrane blebbing was
observed in cells similar to invasion into 30 um thick Matrigel (X-Y Plane 1-3). MT1-
MMP was detected within the cytoplasm (X-Z Plane). At t = 60 min, the blebs were
found to divert along the Matrigel surface as indicated by arrows (X-Y Plane 1-3). MT1-
MMP was again detected within the cytoplasm (X-Z Plane). At t = 90 min, cells adopted
a spread morphology with the appearance of actin stress fibers at the basal domain of the
cell (X-Y Plane 1-3). The MT1-MMP translocated to the cellular periphery (X-Z Plane).
(E) The presence of invadopodia is observed through colocalization of cortactin and F-
actin at discrete locations. The insets in the X-Z plane in (D) and (E) illustrate the
zoomed in images of the location of invadopodia formation indicated by the white
arrows. Both horizontal and vertical scale bars represent 10 um.
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Figure 2.16: Establishing the dependence of y on A, . ¢3p, and 7. S

Scatter plots showing the extent of permanent matrix deformation caused by the invading
cells, v, in Matrigels of varying thickness, 7, and represented as a function of different
parameters listed below. In all panels, each symbol corresponds to one cell. The size and
color of the symbols is proportional to the density of data points such that large, dark
symbols indicate highly frequent observations. Left column: y versus cell penetration
hywcen (units um). Center column: y versus cell indentation angle ¢3p. Right column: y
versus maximum compressive traction stress, z..(0) (units Pa). Top row (blue squares): 7
= 30 um; middle row (green circles): 7= 20 um; bottom row (red triangles): 7= 10 um.
The line plots in each panel of the bottom row represent the median values of /.. (left
column), ¢;3p (center column) or z..(0) (right column) corresponding to each value of y for
the three Matrigel thicknesses (blue line: 7= 30 um, green line: 7= 20 wm, black line: T
= 10 um) to indicate collapse or lack of collapse of the data obtained for different 7
values.



Chapter 3: MT1-MMP trafficking in protease dependent invasion of

cancer cells utilizes CARTS secretory pathway

3.1. Abstract

Invasion and migration of cancer cells within a 3D environment is a physical process by
which cancer cells push and pull against their surroundings to traverse extracellular
matrix (ECM) networks. During this process, the pliability of the cell and the ECM
network along the forces generated by the cells determine whether the invading cells
utilize protease dependent or independent mode of migration. In protease dependent
migration, cells translocate a key matrix metalloproteinase (MT1-MMP) from the
cytoplasm to the cell surface where this protease activates other MMPs as well as actively
degrade the surrounding ECM to aid cell locomotion. In this study, we illustrate that the
cancer cells employ a regulated transport pathway known as CARriers of the TGN to cell
surface (CARTS) to shuttle MTI-MMP from the cytoplasm to the cell surface during
invasion into Matrigel networks. Our results indicate that MT1-MMP is indeed found
within golgi vesicles involved in the CARTS pathway and in addition, the disruption of
the CARTS pathway via inhibition of vesicle formation, down regulation of CARTS
specific kinesin motor proteins, and loss of CARTS vesicular marker inhibited the
formation of invadopodia-like structures during migration and impeded the invasion

process.
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3.2. Introduction

Metastasis of cancer is the leading cause of death amongst people afflicted with
this disease. This process begins with the invasion of cancer cells from the primary
tumor to adjacent tissues where the migrant cells intravasate into local blood vessels,
extravasate to a secondary site, and form a new tumor mass. The initial stages of
metastasis in which cancer cells invade into and migrate within the adjacent tissues has
garnered a substantial focus on understanding the process by which these cells traverse
the extracellular matrix (ECM) networks with a wide variety of physicochemical
properties such as pore structures, mechanical properties, or protein composition (81, 86).
Emerging studies have shown that cancer cells can migrate both in a protease dependent
or independent manner in response to the physicochemical properties of the ECM (8).
Recently, we have shown that 3D compressive traction stresses generated by the cells
modulates the transition from bleb-mediated protease independent to invadopodia-
mediated protease dependent mode of invasion into ECM networks (35).

The transition between the different modes is distinguished by the formation of
invadopodia, which is a key cellular machinery required for protease dependent migration
and invasion (116, 126). Within these actin-rich protrusions, numerous matrix-
metalloproteinases (MMP) accrue amongst which MT1-MMP has been touted as a key
regulator of proteolysis (115, 127). Studies have established the role of MT1-MMP in
activating other secreted MMPs such as MMP-2 and MMP-9—both of which are
hallmark secretory MMPs of invasive cancer cells (127-129). Additionally, the
significance of the MT1-MMP is further highlighted by the impaired migration of cancer

cells devoid of this membrane bound MMP within crosslinked and rigid ECM networks
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which render the cells incapable of deforming the fibers and/or squeezing through the
pore structures (130-132).

The crucial role of MT1-MMP during protease dependent migration elicits a
further understanding of its transport mechanism from the cytoplasmic vesicles to the
invadopodia. Recent findings indicate that transport of MTI-MMP to the plasma
membrane is a crucial means to regulate its activity within the cell (115, 130, 133, 134).
Studies have demonstrated that MT1-MMP synthesized de novo resides within the Golgi
prior to being transported to the plasma membrane while the recycled MT1-MMP
shuttles between the trans-Golgi network, late endosomal vesicles, and the plasma
membrane (135, 136). Additionally, Bravo-Cordova et al. has identified Rab8 as the
GTPase involved in the vesicular transport of MT1-MMP within cancer cells (133).
Despite the findings of these studies, the exocytotic pathway through which MT1-MMP
is transported remains elusive. Within this study, we employed an invasion assay into
Matrigel networks and observed that the transport of MT1-MMP after the transition from
protease independent to dependent mode of invasion occurs via CARTS pathway, a
newly identified regulated secretory pathway (137). The inhibition of the CARTS
pathway resulted in the impaired invasion into the Matrigel network as well as the loss of

invadopodial protrusions indicative of protease dependent invasion.

3.3. Materials and Methods

3.3.1. Cell Culture
MDA-MB-231 were cultured in growth medium containing Dulbecco’s modified

eagle medium (DMEM; high glucose; Hyclone), 10% (vol/vol) fetal bovine serum
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(Gibco), supplemented with 100 units/mL of penicillin, and 100 ug/mL of streptomycin
(Gibco). PC-3 were cultured in growth medium containing F-12K Kaighn’s medium
(Life Technologies) with 10% (vol/vol) fetal bovine serum (Gibco), 100 units/mL of

penicillin, and 100 ng/mL of streptomycin (Gibco).

3.3.2. Plasmid Transfection

MDA-MB-231 cells were plated into 24-well plates, cultured in GM, and allowed
to reach 80 % confluency. Cells were transfected with the mRFP-PAUF plasmid using
Fugene HD Transfection Reagent (Promega) two days prior to the experiments. Each
well containing the cells was exposed to 1.7 uL of Fugene transfection reagent mixed

with 25 uL of OptiMEM (OM) (Life Technologies) containing 1.1 ug of the plasmid.

3.3.3. siRNA knockdown

For knockdown studies, MDA-MB-231 and PC-3 cells were transfected with 2.5
nM of each targeting and sham siRNA oligonucleotides (Silencer Select; Life
Technologies) according to the manufacturer’s instructions. Briefly, siRNA and
RNAimax were first individually mixed with OptiMEM (Life Technologies), both
solutions were then incubated together for 5 minutes at room temperature before being
added to cells in the presence of growth medium. Sham oligonucleotide sequences are 5’
UAACGACGCGACGACGUAALtt 3’ (sense), 5> UUACGUCGUCGCGUCGUUALtt 3’
(antisense); TGN46 Type 1 (TGOLN2) oligonucleotide sequences are 5’

CAACAAGCGGAAGAUCAUUTT 3’ (sense), 5> AAUGAUCUUCCGCUUGUUGTG
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3> (antisense); and Eg5 (KIF11) oligonucleotide sequences are 5’
GACUGAUCUUCUAAGUUCALtt 3’ (sense), 5 UGAACUUAGAAGAUCAGUCtt 3’

(antisense).

3.3.4. Activation of glass surface

The procedure for activating glass surfaces to be amine-reactive was adapted from
previous studies (35). In brief, glass surfaces within 14 mm diameter glass-bottom dishes
(MatTek) were treated with 0.1 M NaOH for 30 minutes, rinsed in DI water, and dried
using an aspirator. The cleaned glass surface was treated with 3-Aminopropyl-
trimethoxysilane (Sigma-Aldrich) for 5 minutes prior to rinsing in DI water and drying.
The glass surface was treated with 0.5% Glutraldehyde for 40 minutes and rinsed in DI
water to complete the activation process. The glass-bottom dishes were used

immediately.

3.3.5. Fabrication of 30 pm thick Matrigel networks tethered to glass

Aliquot of frozen Matrigel solution (Corning) was thawed on ice at 4° C for 16
hours. Crimson beads of 200 nm diameter (Fluorospheres from Life Technologies, max
excitation at 660 nm and max emission at 680 nm) were dispersed in the thawed solution
to reach a concentration of 2% v/v. 28 pL of the mixture was spread over the activated
glass surface within the 14 mm diameter glass-bottom dish. The solution was
immediately spin-coated at 400 RPM for 1 minute using Spin Coater KW-4A (Chemat

Scientific) to thin down the polymer solution prior to incubating the dish at 37 °C for 6
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minutes to complete the gelation process. The resulting Matrigel network was incubated
in PBS for 30 minutes before UV-sterilizing for 30 minutes. PBS was replaced with
growth medium and was incubated overnight at 37 °C and 5% CO; prior to the plating of
cancer cells.

For studies analyzing the effect of PKI and H89 on cancer cell invasion, Matrigels

of 30 um thickness were synthesized as previously mentioned and were incubated in GM

containing 8.5 uM PKI (EMD, Millipore) or 20 uM H89 (EMD, Millipore) overnight.

3.3.6. Single cell invasion assay

Cancer cells were plated onto 30 pm thick Matrigel tethered onto glass at a
density of 5000 cells/cm” in growth medium. The cells were allowed to invade into the
matrix for 2 hours prior to imaging the cells using a spinning disk confocal microscope
(Perkin Elmer UltraView Vox Spinning Disk Confocal). Z-stack images were obtained
from 3 pm above the surface of the Matrigel to 2 um below the maximum invasion depth
of the cancer cell at vertical increments of 0.2 um. The surface of the Matrigel was
approximated as the Z plane in which the fluorescent beads come into focus while the
maximum invasion depth was approximated as the plane at which the indentation
observed within the beads disappears.

For cancer cell invasion in presence of H89 and PKI, the cells were resuspended
in GM containing 8.5 uM PKI or 20 uM H89 for 20 minutes at 37 °C prior to plating

onto Matrigel networks that were also preincubated overnight with PKI or H89.
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3.3.7. Image analysis to quantify maximum invasion depth, h;,,

The maximum invasion depth, h;,,, was quantified as previously described using a
custom Matlab algorithm (35). Briefly, the z-stack image volume was normalized to the
mean intensity of the image volume. Individual z slices were passed through a Sobel
edge detection filter to quantify the number of pixels in focus for each z plane. The z
plane at which the maximum change in the number in focus occurs was designated as the
top surface of the Matrigel. To determine h;,,, we quantified the Euclidean distance
transform for each individual z slice subsequent to the top surface of the Matrigel. The
value of the distance transform reaches its maximum at the surface of the Matrigel due to
the indentation caused by the cell and reaches its minimum at the bottom of the cell
where the indentation dissipates. By scaling the difference between z plane at which the
top surface of the Matrigel and the z plane at which the minimum value of the distance
transform is reached to z spacing between each slice, we obtain the maximum invasion

depth of the invading cell, h;y,.

3.3.8. Immunofluorescent Staining

To stain the invading cells at h;,, > 4 um, cancer cells were plated onto 30 um
thick Matrigel networks tethered onto glass at a density of 5000 cells/cm’. The cells were
allowed to invade into the matrix for 2 hours prior to fixing with 4% paraformaldehyde
for 10 minutes, washing with PBS thrice at 10 minute intervals, and blocking with 2%
Bovine Serum Albumin and 0.1% Triton-X100 in PBS (blocking buffer). The sample

was incubated with primary antibody for MTI-MMP (Abcam, Cat. Ab38970) diluted
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1:100 in for one hour in blocking buffer. The samples were rinsed thrice with PBS at 10
minutes intervals prior to adding Alexa Fluor 568-conjugated secondary antibody (Life
Technologies) for MTI-MMP and Alexa Fluor 488-conjugated Phalloidin (Life
Technologies), both diluted 1:250 in blocking buffer, for 1 hour at room temperature.
The sample was rinsed thoroughly with PBS prior to imaging.

To stain the invading cells at h;,, < 2 wm, cancer cells were plated onto the
Matrigel network at a density of 20,000 cells and were allowed to invade for 15 minutes.
The high cell density was used to ensure that sufficient number of cells have adhered
onto the surface during the short duration allotted for invasion. The cells were fixed with
0.1% Glutraldehyde for 1 minute before washing thoroughly with PBS thrice at 10
minutes interval. To quench the autofluoresence caused by the unreacted aldehehyde
groups, 0.1% w/v sodium borohydride in PBS was added for thirty minutes before
washing in PBS twice. The samples were subsequently incubated in blocking buffer,
primary, and secondary antibodies as described above.

For immunostaining of cells transfected with mRFP-PAUF at both h;,, < 2 um
and h;,, > 4 um, the cells were permeabilized with 50 ug/mL digitonin in PBS instead of
Triton-X 100 for 15 minutes prior to the addition of antibodies. The immunostained
samples were imaged using Olympus FV1000 Laser Scanning Confocal microscope or
Perkin Elmer UltraView Vox Spinning Disk Confocal. A z-slice spacing of 200 nm was
used to generate 3D image stacks. The primary antibodies used were anti-MT1-MMP
(Abcam), anti-TGN46 (Sigma-Aldrich) and Alexa Fluor 488-conjugated Phalloidin (Life

Technologies).
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3.3.9. PAUF Secretion Assay

Frozen aliquots of Matrigel solution was thawed as previously described. A 24
well plate was chilled on ice and at 4° C prior to adding and spreading 20 uL of the
thawed solution in each well to result in a Matrigel with a thickness of ~ 30 wm. The
plate was kept at 4° C on a flat surface for 10 minutes before transferring to 37° C for 20
minutes to complete the gelation process. The Matrigel networks were incubated in PBS
at 37° C for 30 minutes and were UV-sterilized for an additional 30 minutes. PBS was
replaced with a mixture of GM and 0.1% DMSO before incubating overnight at 37° C
and 5% CO, prior to seeding the cancer cells. To measure the PAUF secretion in presence
of PKD blocker H89, Matrigel networks were instead incubated in GM containing 20 uM
of H89.

MDA-MB-231 cells transfected with mRFP-PAUF were plated onto the Matrigel
networks formed within the 24 well plates in 500 uL of GM and 0.1% DMSO. Time zero
readings for the negative control and the growth medium was generated using medium
containing GM and 0.1% DMSO from acellular Matrigel and medium from cells in
suspension prior to seeding them on Matrigel, respectively. The mRFP-PAUF secretion
from the cells invading into the Matrigel was examined as a function of time (1, 2, and 4
hrs post-plating). At specified time points, 105 uL of the media was collected from each
well and centrifuged. 100 uL of this collected medium was transferred into a 96-well
plate and used for fluorometric measurements. A plate reader (Infinite 200 Pro, Tecan)
with an excitation and emission wavelengths of 568 = 4.5 and 600 = 10 nm, respectively,

was used. To measure the PAUF secretion in presence H89, the cells were incubated with
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GM containing 20 uM of H89 for 10 minutes in suspension prior to plating. GM
containing 20 uM of H89 from acellular Matrigel networks were used as negative control
for cells invading in the presence of H89.

To determine the maximum invasion depth, h;,, as a function of time, cells were
plated onto Matrigel networks tethered to glass bottom dishes as previously described.
Cells were allowed to invade into the matrix for 1, 2, and 4 hours prior to imaging using a

spinning disk Confocal. The confocal z-stacks were analyzed for h;,, as described above.

3.3.10. Western blot

Cells were lysed in lysis buffer containing protease inhibitors (Sigma-Aldrich).
Cell lysate was quantified with Bradford assay reagent (Bio-Rad), and electrophoresis
was carried out on 8% polyacrylamide gels and then transferred to polyvinylidene
fluoride (PVDF) membranes. Membranes were blocked and incubated with mouse
TGN46 (Santa Cruz), mouse Eg5 (Santa Cruz) and mouse beta-actin (Santa Cruz)
primary antibodies overnight at 4°C. Anti-mouse secondary horseradish peroxidase
antibodies were incubated the next day for 1 hour. Membranes were covered in
chemiluminescent substrate (GE Healthcare) and imaged with a FluorChem E System

imager (ProteinSimple) for chemiluminescence.
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3.4. Results
3.4.1. Cancer cells transition from protease independent to dependent mode during
invasion

MDA-MB-231 cells invading into 30 um thick Matrigel network tethered onto
glass were immunostained for F-actin and MT1-MMP at various maximum invasion
depths. At h;, < 2 um, cells employ protease independent mode of invasion. The
confocal sections indicate the presence of actin mediated bleb formations, which are
predominantly observed at the leading edge of the cell (Fig. 3.1A). MT1-MMP was
sequestered within the cell cytoplasm suggesting the lack of protease activity on the cell
surface (Fig. 3.1A, B). As the cancer cells invade deeper into the matrix (h;,, >4 um), a
transition from protease independent to dependent mode of invasion occurs where the
formation of blebs are replaced by the actin-rich protrusions (Fig. 3.2A). Additionally,
MTI1-MMP was observed to translocate from the cytoplasm to the cell surface and
localize within these protrusions (Fig. 3.2A, B). Previous studies have indicated that these
actin-rich protrusion observed during protease dependent invasion are also enriched with

cortactin indicating that these protrusions are invadopodia-like structures (35).

3.4.2. Protease dependent invasion utilizes CARTS pathway

While the transport of MTI-MMP from the cytoplasmic vesicles to the cell
periphery during the transition into protease dependent invasion is intriguing, it is equally
important to understand how this is achieved. We investigated the role of the recently
identified CARTS (CARriers of the TGN to the cell Surface) pathway, which is distinct

from the carriers of proteins that are constitutively secreted from the cell, on MT1-MMP



75

translocation (137). Interestingly, for cells invading into a 30 pm thick Matrigel (h;,, > 4
um), the MT1-MMP was found to co-localize with TGN46 within the Golgi apparatus, a
protein landmark for the CARTS pathway (Fig. 3.3A, bottom). On the contrary, no such
overlap was observed for cells with h;,, <2 pm (Fig. 3.3A, top). Additionally, both MT1-
MMP and TGN46 was found to co-localize with PAUF (pancreatic adenocarcinoma
upregulated factor), a secretory cargo that utilizes CARTS on its way to being released
from the cell (Figs. 3.3B, 3.4). Quantification of extracellular PAUF as the cells invaded
into a 30-pum thick Matrigel shows an increase in PAUF secretion with increasing /., cen
(i.e., large matrix deformation) (Fig. 3.3C). Since the PAUF cargo is co-transported with
MT1-MMP at h;,, > 4 pm, the increase PAUF secretion further supports the translocation

of MT1-MMP from the cytoplasm to the cell periphery.

3.4.3. Inhibition of CARTS pathway impairs cancer cell invasion

To further verify the translocation of MT1-MMP through the CARTS pathway,
we blocked Protein Kinase D (PKD), which is required for the fission of the transport
carrier from the trans Golgi network (TGN) that is destined for the cell surface. Our
blocking studies showed that the invasion of MDA-MB-231 cells was significantly
impeded in the presence of H89. Since this pharmacological inhibitor is also known to
inhibit Protein Kinase A (PKA), we used a PKA specific inhibitor (PKI) and found that
the H89-mediated attenuation of cell invasion could not be recapitulated with PKI (Fig.
3.5A). The effect of H89 on cell invasion was also reversible where the removal of H89
from the culture restored the cell invasion (Fig. 3.6B). In addition to invasion, the

blocking of PKD with H89 prevented PAUF secretion (Fig. 3.6A).
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To exclude the possibility of the off-target effects of H89, we investigated
whether the knockdown of TGN46 via Si-RNA can recapitulate the effects of H89 on
cancer cell invasion. Our results show that the downregulation of TGN46 within MDA -
MB-231 cells post 2 days after Si-RNA treatment impairs the invasion of cancer cells (for
the validation of TGN46 knockdown post Si-RNA treatment and the sustained effect of
TGN46 knockdown on cancer cell invasion post 4 days after Si-RNA treatment see
Figure 3.7A-C) (Fig. 3.5B). To determine the generality of impaired cancer cell invasion
after the inhibition of CARTS pathway, we have also investigated the effect of TGN46
knockdown on PC3. Our results show that PC3 cell invasion into 30 um thick Matrigel is
abrogated post 2 days after knockdown (see Figure 3.8A-B for validation of TGN46
knockdown in PC3 cells) (Fig. 3.8A, D). Similarly, the downregulation of Eg5, a kinesin
motor shown to transport CARTS specific vesicles, resulted in the impaired invasion of

both MDA-MB-231 and PC3 cells into the Matrigel network (138) (Fig. 3.5C, 3.8B-C.

3.4.4. CARTS pathway inhibition prevents invadopodia formation during cancer
cell invasion

To further determine whether the inhibition of CARTS pathway prevents the
translocation of MT1-MMP from the cytoplasm to cell periphery, invading cancer cells
were immunostained for actin and MT1-MMP. Confocal sections of Si-TGN46 treated
cancer cells invading into the Matrigel network reveal the lack of actin rich protrusions
indicative of invadopodia-like structures amongst cells at h;,, > 2 um. Due to the lack of
invadopodia-like structures, the MT1-MMP fail to localize at discrete locations as

observed in Fig. 3.9, the MT1-MMP staining remains diffused within the cytoplasm.
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Additionally, the lack of invadopodia-like structures at the cell periphery was not
supplemented by bleb formations since the cortical actin reveals a smooth cell periphery
(Fig. 3.9). Similarly, the lack of invadopodia-like structures was also observed after
treatment with Si-Eg5 (Fig. 3.10). Together, these results suggest that CARTS inhibition
impairs the invasion of cancer cells into Matrigel network via the lack of invadopodia

formation, which requires the presence of MT1-MMP to trigger proteolysis.

3.4.5. Integrin dependent invasion of cancer cells into Matrigel network

Cancer cells were treated with siRNA to downregulate the expression of 1 or 2
integrins. The efficiency of the knockdown was assessed via western blot (Fig. 3.11A).
Our results indicate that the downregulation of a, or Biimpaired the invasion of cancer
cells into the Matrigel network. However, the down regulation of both 1 or 2 integrin

abrogated the invasion of cancer cells into the network (Fig. 3.11B).

3.5. Discussion

The current study indicates that cancer cells utilize CARTS pathway to transport
MTI1-MMP during protease dependent invasion into Matrigel networks. This pathway
was also inhibited by preventing the biogenesis of TGN46 vesicles and downregulating
the TGN46 marker or the kinesin motor transporter Eg5. The invasion of cancer cells
into the Matrigel network was impeded irrespective of the stage at which CARTS
pathway was inhibited. The immunostaining of cells inhibited by TGN46 or Eg5 both

reveal the lack of invadopodia-like structures during the impaired invasion process.
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3.5.1. Additional evidence of CARTS pathway involvement in MT1-MMP
Transport

During cancer cell invasion into Matrigel networks, our immunostaining results
have illustrated cytoplasmic MT1-MMP are packaged within the trans-Golgi network
vesicles (TGN46) during proteolysis. Similar to these findings, Wang et al. also reported
that the MT1-MMP, along with MT3-MMP, are observed to recycle through the trans-
Golgi network (139). In addition, the study by Vivek and colleagues unveiling the newly
discovered CARTS pathway demonstrated the involvement of Rab6 and Rab8 within the
CARTS vesicles (137). Likewise, time-lapse microscopy of cancer cells co-transfected
with GFP-Rab8 and RFP-MTI1-MMP reveals the real-time transport of MT1-MMP and
Rab8 containing vesicles to the cell periphery (133). Furthermore, our previous study has
implicated the compressive traction stress as a modulator for protease dependent invasion
of cancer cells into Matrigel network where the transport of MT1-MMP from the
cytoplasm to the cell periphery occurs (35). Interestingly, the ability of the CARTS
pathway to transport its cargo is dependent on non-muscle myosin II activity since the
presence of blebbistatin inhibited the secretion of its cargo proteins such as Pancreatic
Adenocarcinoma Upregulated Factor (PAUF) (137). Together, these findings further
implicates the role of CARTS pathway in transporting MT1-MMP and the possibility that
the traction stresses generated by the cells can be the regulatory signal required by

CARTS.



79

3.5.2. Context specific use of CARTS during cancer cell invasion

The transport of MT1-MMP has been reported to occur from TGN to the plasma
membrane for newly synthesized membrane bound MMPs or from the late endosomal
vesicles to the plasma membrane for recycled MT1-MMPs (115, 136, 140). We have
observed the use of CARTS pathway, which transport MT1-MMP from the TGN to the
plasma membrane for cells that progressed from a non-adherent to adherent state as they
invade into the matrix. The transition from a non-adherent state requires the mobilization
of the actin and microtubule networks along with other cytoplasmic machinery required
for transport mechanism indicative of booting an “offline” system. This specific context
differs from other reported studies in which MT1-MMP transport was investigated in
cancer cells that have adhered and engaged in the migration process. In these cells, the
transport of MT1-MMP can drastically vary since the cellular infrastructure for golgi
transport is already established. For these cases, the “front to back” recycling model of
surface proteins that occurs for integrins is more likely plausible (141). To determine the
generality of the CARTS pathway on the MT1-MMP transport, further studies are needed

to analyze cells outside the context of invasion.

3.5.3. Invadopodia formation and CARTS inhibition

The disappearance of invadopodia amongst cancer cells knocked down for
TGN46 and Eg5 implicates the inability of MT1-MMP to be transported from the
cytoplasmic vesicles to these structures. This finding is further supported by studies
showing the inability of actin and cortactin to cumulate and initiate the formation of

invadopodia when cells were depleted for MTI-MMPs (142-144). Alternatively, the
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inhibition of CARTS pathway may hinder the transport of other essential proteins
necessary for invadopodia formation and/or maturation such as formins. To address this
possibility, additional analysis of whether these proteins are packaged within the CARTS
vesicles must be further explored.

In this study, we illustrate the involvement of the CARTS pathway in a
pathologically relevant model system of protease dependent invasion of cancer cells.
These findings provide the necessary framework to investigate other unknown molecules
that are potentially responsible for activation of MT1-MMP by exploring other whose

proteins transport pathway intersects with CARTS.
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3.7. Conclusion

Cancer cell invading into Matrigel networks utilize protease dependent mode of
migration. During this process, cancer cells employ CARTS pathway to transport MT1-
MMP from the cell cytoplasm to the cell surface. Our data indicates that beyond an
invasion depth of 2 um, MT1-MMP is packaged within CARTs vesicle along with a
known CARTS cargo, PAUF. We have shown the transport of MT1-MMP to the cell
surface by monitoring the secretion of PAUF as a function of invasion depth. In addition,
the disruption of the CARTS vesicle formation via inhibition of protein kinase D
decreased the invasion depth of cancer cells. Similarly, down regulation of Eg5, kinesin
motor shown to transport CARTS vesicles, and TGN46, a marker for CARTS vesicle,
impeded the invasion of cancer cells into the Matrigel network. Moreover, we
demonstrate the loss of invadopodia-like protrusions amongst cancer cells when CARTSs

pathway was disrupted.
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3.7. Figures

MT1-MMP Merged
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Figure 3.1: Protease independent invasion of MDA-MB-231 cells into 30 pm thick
Matrigel networks.

(A) Confocal z-section images of an immunofluorescently stained cancer cell at invasion
depths (h;,,) of less than 2 pm. Each row shows the X-Y planes of actin (green), MT1-
MMP (red), merged images, and fluorescent particles embedded within the Matrigel
(white). The z section images are shown from the mid-section to the leading edge of the
cell as X-Y plane 1 approaches plane 3. (B) Corresponding X-Z plane reconstructed
from confocal z-stack images. Both horizontal and vertical scale bar represent 10 pm.
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Figure 3.2: Protease dependent invasion of MDA-MB-231 cells into 30 pm thick
Matrigel networks.

(A) Confocal z-section images of an immunofluorescently stained cancer cell at invasion
depths (h;,,) of greater than 4 pym. Each row shows the X-Y planes of actin (green), MT1-
MMP (red), merged images, and fluorescent particles embedded within the Matrigel
(white). The z section images are shown from the mid-section to the leading edge of the
cell as X-Y plane 1 approaches plane 3. (B) Corresponding X-Z plane reconstructed from
confocal z-stack images. Both horizontal and vertical scale bar represent 10 um.
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Figure 3.3: MT1-MMP transport through CARTS pathway during MDA-MB-231
cell invasion.

(A) Immunofluorescent staining for TGN46 (green) and MTI-MMP (red) of cancer cell
invading into a 30 um thick Matrigel network for h;,, <2 pm (top panel) and h;,, <4 um
(bottom panel). (B) Immunofluorescent staining for TGN46 (green) and PAUF (red) of
cancer cell invading into a 30 wm thick Matrigel network for h;,, <2 pum (top panel) and
hj,y < 4 um (bottom panel). Scale bars: 10 um. (C) Effect of the extent of cell invasion
(left panel) on mRFP-PAUF secretion (right panel) shows an increase in PAUF secretion
with increasing invasion depth. Negative control and growth medium indicate media
collected from acellular Matrigel and RFP-PAUF transfected cells invading into 30 um
thick Matrigel, respectively. ** denotes statistical significance between negative control
and growth medium (p < 0.005) calculated based on t-test.
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hinv >2 pm

MT1-MMP PAUF Merged

Figure 3.4: Colocalization of MT1-MMP and PAUF within MDA-MB-231 cells
invading into 30 pm thick Matrigel network.

Confocal images of a representative cell invading into Matrigel network display
colocalization of MT1-MMP (green) with PAUF (red) at h;,, <4 pm. Scale bar: 10 um.
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Figure 3.5: CARTS inhibition abrogates MDA-MB-231 invasion into 30 pm thick
Matrigel network.

(A) Protein Kinase D (H89) inhibitor impedes the invasion of cancer cells into the
Matrigel network while that of Protein Kinase A (PKI) have no significant effect on cell
invasion under identical culture conditions. Stars denote statistical significance amongst
groups (* and ** denotes p < 0.05 and p < 0.005, respectively) calculated based on one
way analysis of variance (ANOVA) followed by Bonferroni post-test. Inhibition of
TGN46 (B) and Eg5 (C) via Si-RNA also impairs the invasion of cancer cells into the
Matrigel network. * and ** denotes p < 0.05 and p < 0.005, respectively, for statistical
significance calculated from t-test.
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Figure 3.6: Effect of H89 on MDA-MB-231 cell invasion.

(A) Treatment with 20 uM H89 impedes the secretion of PAUF during invasion into 30
um thick Matrigel. Negative control and 20 uM H89 indicate media collected from
acellular Matrigel incubated with 20 uM H89 and RFP-PAUF transfected cells invading
in the presence of 20 pM H89, respectively. (B) Invasion of cancer cells into 30 pm thick
Matrigel can be reinstated upon removal of H89 indicating reversibility of the inhibitor.
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Figure 3.5: Downregulation of TGN46 inhibits the formation of invadopodia-like
protrusions in MDA-MB-231 cells.

Confocal sections of immunofluorescently stained cancer cells treated with Si-TGN46
invading into a 30 um thick Matrigel network. Each row shows the X-Y planes of actin
(green), MT1-MMP (red), merged images, and embedded particles (white). The z section
images are shown from the mid-section to the leading edge of the cell as X-Y plane 1
approaches plane 3. Scale bar: 10 pm.
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Figure 3.6: Colocalization of MT1-MMP and PAUF within MDA-MB-231 cells
invading into 30 pm thick Matrigel network.

Confocal images of a representative cell invading into Matrigel network display
colocalization of MT1-MMP (green) with PAUF (red) at h;,, <4 pm. Scale bar: 10 um.



90

A B —

5-
£ 150001 [ Negative Control 4
3 B 20 uM H89
o —~~
5 10000 g 3
& =
S =2
L 5000+
E  —
©
[0]
(e T T C T
Ohrs 1hrs 2hrs  4hrs Prewash Postwash

Figure 3.7: Effect of H89 on MDA-MB-231 cell invasion.

(A) Treatment with 20 uM H89 impedes the secretion of PAUF during invasion into 30
um thick Matrigel. Negative control and 20 uM H89 indicate media collected from
acellular Matrigel incubated with 20 uM H89 and RFP-PAUF transfected cells invading
in the presence of 20 pM H89, respectively. (B) Invasion of cancer cells into 30 pm thick
Matrigel can be reinstated upon removal of H89 indicating reversibility of the inhibitor.
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Figure 3.7: Validation of TGN46 downregulation in MDA-MB-231 subsequent to Si-
RNA treatment.

(A) Bright field and fluorescent images of MDA-MB-231 cells immunostained for
TGN46 post 2 days after treatment with Sham Si-RNA (Si-Control), Si-TGN 46 Type 1,
and Si-TGN46 Type II. The fluorescent images indicate that Si-TGN46 Type I achieves
the highest downregulation. Therefore, Si-TGN46 Type I was only used within the study
and it is referred to as Si-TGN46 within the text. Time dependent downregulation of
TGN46 post 4 and 6 days treatment of cells with Si-Control (B) and Si-TGN46 (C).
Scale Bar: 50 um. (D) Invasion of MDA-MB-231 cells into 30 um thick Matrigel post 4
days after treatment with Si-TGN46. * denotes statistical significance of p < 0.05
calculated from t-test.
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Figure 3.8: Validation of TGN46 downregulation in PC3 subsequent to Si-RNA
treatment.

(A) Bright field and fluorescent images of PC3 cells immunostained for TGN46 post 2
days after treatment with Si-Control and Si-TGN46. Scale Bar: 50 um. (B)
Downregulation of TGN46 impairs the invasion of PC3 cells into 30 um thick Matrigel
post 2 days after treatment. ** denotes statistical significance of p < 0.005 calculated
from t-test.
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Figure 3.9: Downregulation of TGN46 inhibits the formation of invadopodia-like
protrusions in MDA-MB-231 cells.

Confocal sections of immunofluorescently stained cancer cells treated with Si-TGN46
invading into a 30 um thick Matrigel network. Each row shows the X-Y planes of actin
(green), MT1-MMP (red), merged images, and embedded particles (white). The z section
images are shown from the mid-section to the leading edge of the cell as X-Y plane 1
approaches plane 3. Scale bar: 10 pm.
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Figure 3.10: Downregulation of Eg5 inhibits the formation of invadopodia-like
protrusions in MDA-MB-231 cells.

Confocal sections of immunofluorescently stained cancer cells treated with Si-TGN46
invading into a 30 um thick Matrigel network. Each row shows the X-Y planes of actin
(green), MT1-MMP (red), merged images, and embedded particles (white). The z section
images are shown from the mid-section to the leading edge of the cell as X-Y plane 1
approaches plane 3. Scale bar: 10 pm.
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Figure 3.11: Down regulation of p1 and B3 integrin abrogates cancer cell invasion.

Control B1/B3 B1

(A) Bright field images of MDA-MB-231 transfected with control and si-RNA for B1
and/or B3 integrin. (B) Quantification of invasion depth into Matrigel network for cells
treated with control, B1 integrin alone, and both 1 and 3 integrin.



Chapter 4: Chemotaxis-driven assembly of endothelial barrier

in a tumor-on-a-chip platform

4.1. Abstract

The integration of three-dimensional micropatterning with microfluidics provides a
unique opportunity to create perfusable tissue constructs in vitro. Herein, we have used
this approach to create a tumor-on-chip with endothelial barrier. Specifically, we
photopatterned a mixture of endothelial cells and cancer spheroids within a gelatin
methacrylate (GeIMA) hydrogel inside of a microfluidic device. The differential motility
of endothelial and cancer cells in response to a controlled morphogen gradient across the
cell-laden network drove the migration of endothelial cells to the periphery while
maintaining the cancer cells within the interior of the hydrogel. The resultant endothelial
cell layer forming cell-cell contact via VE-Cadherin junctions was found to encompass
the entire the GelMA hydrogel structure. Furthermore, we have also examined the
potential of such tumor-on-a-chip system as a drug screening platform using

Doxorubicin, a model cancer drug.
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4.2. Introduction

According to the American Cancer Society, cancer is the second leading cause of
death in the United States where one in four deaths in 2015 were cancer-related (1).
Despite such grim outlooks, survival rate amongst cancer patients has steadily increased
from 49% to 68% over the past decade due to the increase in our fundamental
understanding of this disease and technological advances (1). Some of these
technological advances include the development of three-dimensional (3D) in vitro
models recapitulating various complexities of the disease. For instance, multicellular
tumor spheroids, consisting of cancer cells or multiple cell types, have been developed to
study cancer progression and drug efficacy (40, 41, 145-148). Other efforts in the area
include encapsulation of tumor spheroids within biomaterials to mimic the extracellular
matrix environment (149-152). 3D in vitro systems incorporating stromal and vascular
cells have also been developed (153-155). In a recent study, George and colleagues have
created vascularized tumor spheroids where the endothelial cells incorporated within the
spheroids formed vascular networks in presence of stromal fibroblasts (45).

The integration of 3D cell cultures with microfluidics technology can be used to
create tumor models with perfusion to facilitate mass transport (156), (82). Such
microfluidic devices have been used to study various aspects of cancer progression such
as tumor growth, presence of high interstitial fluid pressure, and cancer cell extravasation
(38, 42, 48, 49, 157-159). Such technological platforms have also been used to
understand drug-tumor interactions such as drug specificity, penetration into cancer

spheroids, and efficacy towards repressing cancer growth (42, 49, 160, 161). Many of
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these platforms employ multi-layered or multi-channel devices to create a perfused
tumor-a-on-chip system (48, 158, 160). Generation of such integrative fluidic system
often requires multiple steps and complex fabrication processes.

In this study, we describe a novel yet simple approach to create a tumor-on-a-chip
(TOC) device that contains tumor spheroids within an artificial extracellular matrix
surrounded by a single-celled endothelial barrier that is assembled through vascular
endothelial (VE)-cadherin junctions. Specifically, cancer spheroids along with human
umbilical vein endothelial cells (HUVECs) were confined within gelatin methacrylate
(GelMA) hydrogel structures through 3D photopatterning and integrated into a
microfluidic device (162). The differential motility of cancer spheroids and endothelial
cells in response to chemotactic gradients generated within the 3D environment was
harnessed to drive the migration of endothelial cells to the periphery to form a barrier
surrounding the cell-laden GeIMA structures. We further validated the potential of this
tumor-on-a-chip device as a drug-screening platform by using Doxorubicin, a commonly

used anti-cancer drug, as a model compound.

4.3 Materials and Methods

4.3.1. Cell culture

MCF7 and HUVECs were obtained from ATCC. MCF7 cells were cultured in
growth media (GM) comprised of Dulbecco Modified Eagle’s high glucose media
(Hyclone), 10% fetal bovine serum (FBS, Gibco), and 1% Penicillin/Streptomycin

(Gibco). HUVECs were cultured in HUVEC Media (HM) containing 79% M199 media
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(Gibco), 10% FBS (Gibco), 10% endothelial cell growth media (Cell Application, Inc.),
and 1% Penicillin/Streptomycin. HUVECs used in this study were limited to cells

between passage 6 and 8.

4.3.2 MCF7 Spheroid Formation

MCF7 cells were cultured to about 80% confluency prior to trypsinization. To
create spheroids, 1 million MCF7 cells in 4 mL GM were plated in a 60 mm diameter
petri dish and cultured on an orbital shaker (VWR, Model No. DS-500E) at 45 rpm in a
humidified incubator maintained at 37 °C and 5% CO,. The cultures were maintained for
~20 hours to form spheroids. The average diameter of the spheroids were found to be

~200 pm.

4.3.3. Fabrication of Silicon Mold

Micropatterned silicon molds were fabricated according to the protocol as
described previously(163). In brief, microfluidic channels were photolithographically
defined using NR9-1500PY negative photoresist (Futurrex, Frankling, NJ, USA) on a 4-
inch diameter Si wafer. The Si wafer with the photoresist defined was then etched using
the deep reactive ion etching (DRIE) process. In the DRIE process, SF6 gas was flowed
at 100 sccm throughout the 11 seconds of reaction time, followed by a passivation cycle
when C4F8 gas was flowed at 80 sccm for 7 s. A 75 um of etching depth was achieved
under the etching rate of about 0.7 um per cycle. After the DRIE process, the NR9-

1500PY photoresist was removed by immersing in acetone for 4 hours before rinsing
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with methanol, isopropanol, and deionized water. The Si mold was then dried under
compressed nitrogen gas and silanized by vapor deposition of trichlorosilane (TCI Inc,

Portland, OR, USA) to facilitate PDMS molding and removal.

4.3.4. Synthesis of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as a
photoinitiator

First, 2,4,6-trimethylbenzoyl chloride was added drop wise to an equal molar
quantity of dimethyl phenylphosphonite under argon while stirring at room
temperature(164). This mixture was allowed to react for 18 hours. Next, the temperature
of the reaction mixture was increased to 50 °C while 4 molar excess of lithium bromide
mixed with 2-butanone was added to the reaction mixture. resulting in precipitation to
form within 10 minutes. After precipitation, the temperature was cooled to room
temperature and allowed to rest for 4 hours. Next, to ensure complete removal of excess
lithium bromide, the precipitate was collected by filtration and washed three times using
2-butanone. Finally, the product was dried using a vacuum to remove excess 2-butanone,

yielding LAP.

4.3.5. Synthesis of Gelatin Methacrylate (GelMA)

Gelatin was methacrylated in accordance with the protocol described elsewhere
(165, 166). In brief, 10g of bovine skin gelatin (Sigma Aldrich, St. Louis, MO, USA) was
dissolved in 100 mL of PBS and stirred at 60 °C for roughly 1 hour to achieve complete

solvation. Next the solution was lowered to 50°C, after which, 8mL of methacrylic
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anhydride (cat no.: 276685; Sigma Aldrich) was added to the solution drop wise with
vigorous stirring. The solution was kept at 50°C with vigorous stirring for an hour after
the addition was complete, after which, it is quenched with 2x the volume of PBS (200
mL). The solution was then dialyzed against milliQ water using 12—-14 kDa cutoff
dialysis tubing (Spectrum Laboratories, Rancho Dominguez, CA, USA) for one week (3
times per day water change) at 40 °C to remove trace contaminants. Next, the GelMA
solution was frozen in liquid nitrogen and lyophilized in a freeze dryer for 4 days before

being stored at —20 °C until usage.

4.3.6. Fabrication of Tumor-on-a-Chip Device

The tumor-on-a-chip device was fabricated with slight modifications of a device
described previously(163). The device includes a trilayer hydrogel system where cell-
laden GelMA hydrogels were sandwiched between two polyacrylamide (PAm)

hydrogels. The fabrication of the device involves the following steps:

Methacrylation of glass surfaces: To achieve the chemical tethering of PAm hydrogels,
glass coverslips were methacrylated as described elsewhere (162, 163). Briefly, glass
coverslips were cleaned with 1.5 M NaOH for 30 minutes followed by rinsing with DI
water and drying with air. The cleaned coverslips were treated with 2% (v/v) 3-
(Trimethoxysilyl)propyl methacrylate solution diluted in 0.54% glacial acetic acid and
99.46% ethanol for 5 minutes at room temperature to immobilize methacrylate groups

onto the surfaces. Care was taken to aliquot sufficient volume of the reacting solution
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onto the coverslips to eliminate artifacts associated with their evaporation. The surface
modified coverslips were washed with pure ethanol for 10 minutes under gentle stirring
to remove excess reactants. The above step was repeated twice, rinsed with DI water,

and dried at 50 °C for 30 minutes. The coverslips were used immediately.

Trilayer hydrogel formation: Methacrylated coverslips of 22x60 mm rectangular and 12
mm diameter were used. 3 pL of a polyacrylamide hydrogel precursor solution
comprised of 5% (w/v) acrylamide (Am), 0.2% (w/v) Bis-Acrylamide (BisAm), 0.1%
(w/v)  Ammonium  Persulfate = (APS), and 0.01% (w/v) N,N,N,N'-
Tetramethylethylenediamine (Sigma-Aldrich) in PBS, was placed in the center of the
methacrylated 22x60 mm rectangular coverslip and the droplet was covered with a non-
methacrylated 15 mm diameter coverslip. This would result in the bottom layer of the
device (Fig. 4.1A, B). This process was repeated with a methacrylated 15mm circular
coverslip and non-methacrylated square coverslip to fabricate the top layer (Fig. 4.1A,
B). The precursor solution was left to polymerize for 20 minutes prior to gently
removing the non-methacrylated coverslips. The resulting structures containing PAm
hydrogels tethered to the circular and rectangular coverslips were allowed to equilibrate
in PBS overnight at room temperature to remove trace amounts of unreacted monomers.
Around 5 pL of DI water was placed onto a circular region of the fabricated
silicon mold before covering the droplet with PAm hydrogel tethered-15 mm diameter
circular coverslip (Fig. 4.1C). Polydimethylsiloxane (PDMS, Sylgard 184) base solution
was mixed with its curing agent at a weight ratio of 10:1 and degassed to remove air

bubbles if any (Fig. 4.1D). This mixture was gently poured onto the silicon wafer
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containing the PAm hydrogel and baked at 60 °C for 2 hours (Fig. 4.1E). The PDMS
mold containing the hydrogel was detached from the silicon wafer and bonded to the
rectangular coverslips containing a PAm hydrogel using UV-Ozone treatment (Fig. 4.1F).
Care was taken to prevent direct exposure of the PAm hydrogel to deep UV.

The PDMS mold and the glass coverslips were immediately attached to each other
while maintaining the alignment between the hydrogels on their respective surfaces. This
ensures that the top and bottom of the microfluidics chamber are comprised of PAm
hydrogels. The fabrication process was completed by bonding the PDMS mold and glass
coverslips at 60 °C. The device was equilibrated in PBS and UV sterilized for 45

minutes prior to using it for cell culture.

Preparation of GelMA solution: Gelatin methacrylate was dissolved in PBS to achieve a
10% wt/v precursor solution. To ensure complete dissolution, the GeIMA dispersed PBS
was incubated at 60 °C in a water bath for 20 minutes. The GeIMA solution was syringe
filtered (pore size of 0.22 um) to remove any insoluble residues and maintained at 37 °C

until use.

Encapsulation of cells within GelMA structures in microfluidic device: HUVECs and
MCEF7 spheroids were encapsulated within GelMA hydrogels. The MCF spheroids were
passed through a cell strainer having 100 um pore size (Corning) to eliminate single cells
and small spheroids. Around 50 spheroids with a diameter of ~ 200 um were dispersed in
5 mL of PBS containing 2 million HUVEC cells. The mixture was centrifuged for 3

minutes at 800 rpm. The supernatant was aspirated and 100 pL of 10% GelMA solution
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was added to the cell pellet. The cells were resuspended gently using a pipette before the
addition of 0.01% ascorbic acid (antioxidant) and 2 uM LAP (photoinitiator) to the
solution. This solution was again mixed gently, drawn into a syringe, and injected into
the microfluidic device (Fig. 4.1G).

This device was placed onto a transparency film photomask containing an ellipse
pattern and mounted onto a microscope stage (Fig. 4.1H-I). Using the stage controller of
the microscope, the position of the fluidic device was moved to locate individual MCF7
spheroids surrounded by HUVECs under brightfield illumination. Each location was
exposed to UV light with an excitation and emission wavelengths of approximately 358
and 463 nm, respectively, for 18 seconds. Several locations were photopolymerized
before flushing the device with PBS containing 4% Penicillin/Streptomycin. Mixed
Media (MM) containing 50% GM and 50% HM was subsequently injected into the
device and the GelMA structures containing MCF7 spheroids and HUVECs were

cultured at 37 °C and 10% CO..

4.3.7. Quantification of cell motility within the cell-laden GelMA hydrogel
structures

The motility of HUVEC cells and MCF7 spheroids was determined by examining
the changes in their local cell density within the GelMA hydrogel as a function of culture
time. Brightfield images of the cell-laden GelMA hydrogels were taken for up to 5 days.
A custom Matlab software was used to process the brightfield images of the cell-laden

GelMA hydrogel by identifying the boundary of the hydrogel structure and partitioning it
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into smaller zones of Z1 to Z6 as indicated in Figure 4.2B inset. In order to partition the
structure into smaller zones, a Sobel filter was applied to the bright field image of the
cell-laden GeIMA hydrogel to identify its boundaries. High-pass filter was applied to
remove random non-zero values outside the GeIMA hydrogel structure. A distance
transform was applied to the filtered image resulting in small and large values within the
interior and exterior of the ellipse GeIMA hydrogel, respectively. The ellipse structure of
the cell-laden GeIMA hydrogel was identified by applying a low-pass filter onto the
distance transform image and converting the filtered results into a binary image. Finally,
a built-in Matlab function, Regionprops, was used to identify the centroid, major, and
minor axes lengths of the ellipse hydrogel structures. We further created smaller ellipses
by reducing the major and minor axes of the outer ellipse structure to create multiple
zones as in Fig. 4.2C.

The local cell density was obtained by counting the number of cells divided by the
area of each zone. Zone 6 was excluded from all analysis since the number of cells at the
perimeter of the ellipse cannot be accurately counted. For quantifying the flow-rate
dependent migration of cells in Figure 4.3B, zones 1 through 5 were merged to form a

single area.

4.3.8. Quantification of MCF7 spheroids growth within GeIlMA hydrogel structures
Brightfield images of the GelMA hydrogels containing the spheroids and

HUVECs were recorded as a function of culture time (1-5 days) to examine their growth
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post-encapsulation. The area of the spheroid was quantified by tracing the boundary of

the spheroid using the free-hand selection tool on Imagel.

4.3.9. FITC-Dextran diffusion into cell-laden GelMA hydrogel

GelMA hydrogels containing MCF7 spheroids and endothelial cells were cultured
within our microfluidics device for 4 days in MM. PBS containing 10 pg/mL 10 kDa
Dextran (Sigma-Aldrich) or 100 pg/mL 150 kDa Dextran was introduced into the device
and the diffusion of these molecules into the GeIMA hydrogels was monitored by
recording the epi-fluoresence images at specified time intervals for 30 minutes. Prior to
post processing, the fluorescence intensity within the hydrogel was normalized to the
mean intensity outside of the hydrogel. This normalized intensity was used in all of the
analysis. To quantify the diffusion process, the intensity of the normalized fluorescent
signal at the central region of the ellipse was used for both the time plots and steady state
analysis. The central region consist of a small “zone 1” ellipse as shown in Figure 4.2B.
The region within this small ellipse that overlaps with the cancer spheroid was excluded

from the analysis.

4.3.10. Immunofluorescence staining of HUVECs

Cells within the device were fixed in 10% Paraformaldehyde (PFA) solution for
10 minutes at room temperature followed by infusing the device with PBS to remove the
excess PFA. Blocking buffer, comprised of 0.1% Triton-X100 and 3% Bovine Serum

Albumin (BSA), was added and the cells were incubated in this solution for 30 minutes at
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room temperature. The device was washed with PBS after each step to remove the
residual solutions. The fixed cells were treated overnight with rabbit polyclonal VE-
Cadherin antibody (Cat. No. D87F2, Cell Signaling) diluted in blocking buffer at 4 °C.
The primary antibody solution was removed by washing with PBS. The device was
incubated in blocking buffer containing Alexafluor 488 goat anti-rabbit secondary
antibody (Cat. No. A-11008, ThermoFisher Scientific) and Rhodamine-conjugated
Phalloidin (Cat. No. R415, ThermoFisher Scientific) for 70 minutes at room temperature.
The cells were subsequently washed with PBS and stained with 20 pg/mL DAPI solution
for 20 minutes to visualize the nuclei. The device was rinsed several times with PBS and

imaged using a confocal microscope.

4.3.11. Doxorubicin solution

Doxorubicin (Cat. No. D1515, Sigma-Aldrich) was weighed and dissolved in
DMSO to achieve a concentration of 100 mg/mL. This solutions was distributed into
small aliquots and stored in -20 °C. The stock solution was thawed and diluted to 100
pug/mL in prewarmed MM (~ 37 °C) and sterilized using a DMSO-resistant syringe filter
(Pall Corporations). This 100 pg/mL solution was further diluted in MM to acquire

doxorubicin concentrations of 1 and 10 pg/mL used in the study.

4.3.12. Penetration of Doxorubicin into spheroid-laden GelMA structures
The cell-laden GelMA hydrogels were exposed to MM containing 1, 10, and 100

pug/mL Doxorubicin. The presence of Doxorubicin within the spheroids was detected
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using a Zeiss Observer A1 Microscope with a 10x A-Plan lens after 3 days of incubation

on the red fluorescent channel. An exposure time of 700 ms was used for all samples.

4.3.13. Confocal microscopy for imaging immunofluorescently stained cells

Laser scanning confocal microscope was used to obtain Z-stack images of cells
stained for nuclei, F-Actin, and VE-Cadherin as well as for the PAm hydrogels embedded
with fluorescent beads. A vertical step size of 1 um was used to acquire the Z-stack

images.

4.3.14. Effect of flow rates on mechanical compression of the GelMA hydrogels

To determine whether the GelMA structures are differentially compressed at
different flow rates, acellular structures containing 2% (v/v) fluorescent beads of 200 nm
diameter (Cat. No. F8782, ThermoFisher Scientific) were used. The fluorescent bead
laden-GelMA hydrogels were perfused with MM and allowed to equilibrate for 6 hours at
37 °C. The equilibrated structures were subjected to different flow rates of 10, 20, 40,
and 1000 puL/hr. The X-Y images of the hydrogels subjected to different flow rates at 37
°C were acquired by using a spinning disk confocal microscope. The reference state was
generated by recording the X-Y section of the ellipse hydrogel structure at a z-position
that bisects the top and bottom of the chamber in the absence of any flow. The samples
were then exposed to different flow rates and the X-Y images were recorded at the same
z-position that was used for the reference state. The 2-D displacement fields, u and v,

were obtained by comparing the reference image to the images recorded under different
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flow rates using Particle Image Velocimetry (PIV). The area strain, Agirgin, Was

calculated by using the following equation:

ou v

Astrain = a ay (Eq° 7)

4.3.15. Modeling of mass transfer within the cell-laden GelMA hydrogel structures
COMSOL Version 4.2 was used to solve the 2-D diffusion-reaction equation (Eq.

1, 6) with a convective boundary condition (Eq. 3). The domain of the system was

comprised of an ellipse structure with major and minor axes lengths of 1.2 and 0.45 mm,

respectively.

4.4. Results

4.4.1. Formation and characterization of trilayer hydrogel-based device

GelMA hydrogels were photopatterned within a microfluidics device to achieve
an ellipse structure with major and minor axes lengths of 1.2 mm and 0.45 mm,
respectively. A X-Z confocal section of the fluidic chamber depicts a structure embedded
with green fluorescent particles sandwiched between two PAm hydrogels containing far
red particles (Fig. 4.4A). The non-adhesive PAm hydrogels were used to eliminate the
adhesion (if any) of the encapsulated cells to the surfaces outside GeIMA structures. The
X-Y confocal sections showed the presence of a tri-layer hydrogel as sections at Z1 and
73 show both the GeIMA and PAm hydrogels while Z2 only shows the GeIMA hydrogel

(Fig. 4.4B). The time-lapse recording of the perfused device (visualized by addition of
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0.1% green fluorescent beads) shows the robustness of the PAm-GelMA interface, which
do not dislodge from shear forces caused by flow rates up to 80 pL/hr. Furthermore,
visualization of the flow field around various portions of the GelMA structure illustrates

the convective mass transport reminiscent of blood flow in vivo.

4.4.2. Flow induces concentration gradient within GelMA structures

Fluid flow within the device containing cell-laden hydrogels can impart two
effects—(i) compression of the GelMA structures due to increased fluid pressure and (ii)
steady state concentration gradient of chemoattractants within the GeIMA structures (due
to their consumption by the entrapped cells) (167). Quantification of flow rate induced
changes of the GelMA hydrogels exposed to various flow rates showed no differences in
their area strain up to a flow rate of 40 puL/hr (Fig. 4.5). However, a significant change in
the area strain was observed at 1000 uL/hr, which was used as a positive control (Fig.
4.5). Area strain instead of volumetric strain was used to assess the flow induced
mechanical compression because the GeIMA hydrogels were confined within the fluidics
channel that does not allow any vertical displacements.

Next we assessed the presence of a chemotactic gradient within the GelMA
hydrogel exposed to different flow rates (10, 20, and 40 pL/hr). To model the
concentration gradient, we simulated the convective mass transfer of an arbitrary solute
from the medium (C) capable of binding to its target enzyme/receptor through a

Michaelis-Menten based consumption reaction (R¢) (Fig. 4.6A, Eq. 1).
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Z—i = Dc(V-VCO) + R (Eq. 1)
Here, D¢ is the diffusion coefficient of solute within the GelMA hydrogel. As indicated
in Figure 4.6A, the domain, Q, of the system is a 2-dimensional ellipse where the
consumption of solute occurs via Michaelis-Menten kinetics (Eq. 2) while the perimeter,
I, of the GeIMA hydrogel is governed by convective flux boundary condition (Eq. 3)

where the Mass Transfer Coefficient (H) is approximated from the laminar flow over a

plate (Eq. 4).

_ kcatEoC

Re = oo (Eq.2)
n-Jo=H(C(x)— Cgyy), forxel (Eq. 3)

H= ZDCSC;/L?’Rel/Z (Eq. 4)
SC:,;HTC : Rez%l (Eq. 5)

In the above equations, k., is the catalytic coefficient, E is the enzyme concentration,
Kyis the Michaelis constant, L is the characteristic length, and Cg, is the concentration
of solute in the bulk solution. Furthermore, we linearized the Michaelis-Menten reaction
by assuming that the substrate concentration is much less than Kj,since high cell density

within the hydrogels would increase the consumption rate of solutes such that their
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concentration remains substantially low. With this assumption, Equation 2 can be

simplified as follows:

RC = (kcat/KM) EOC (Eq° 6)

Based on this theoretical framework, we modeled the mass transfer of an arbitrary solute
of molecular weight (MW) 75 kDa, more common for serum proteins, whose D, within
the GeIMA hydrogel was approximated to be 10 pm®/s (168). The concentration and the
catalytic efficiency of the enzyme consuming this soluble factor was designated to be 100
nM and 10 mM'min™, respectively, based on common enzymes found within the
cytosol(169, 170). In addition, the resulting concentration profile as a function of time is
shown as 2-D heat maps and concentration profiles along the minor axis in Figures 4.6B
and 2C, respectively. These plots suggest that the concentration of solute was
substantially higher at the periphery than at the center of the GelMA structure at all time
points. This is mainly due to the consumption of the solute by the encapsulated cells.
Therefore, at steady state (at 10000s), a large concentration gradient was established
within the GeIMA structure indicating the presence of a chemotactic gradient (Fig. 4.6C).

To generalize this model to any proteins or biomolecules, we further examined
how the concentration profile changes as a function of ¢, which is defined as a ratio of
D¢/Ag to (keqr/Ky)Eo, where Ag is the perimeter of the ellipse multiplied by the height
of the fluidics chamber. Here, ¢ is a non-dimensionalized parameter that compares the
diffusion of a solute to its consumption rate. Our results indicate that increasing flow

rates (X-Y) reduces the time required to reach steady state concentration profile at all ¢
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values (Fig. 4.6D and Fig. 4.7). The examination of steady state concentration profile
indicates increase in concentration gradient throughout the entire ellipse structure with
increase in flow rates (Fig. 4.6E and Fig. 4.8). On the other hand, the concentration
gradient decreases in the ellipse structure with decreasing ¢ value. Our results indicate
that the increase in flow rate exposes the cells within the GeIMA hydrogels to greater

concentration gradients even at an early time point after encapsulation.

4.4.3. Migration of HUVEC: to the periphery of 3D GelMA structures

The above-discussed theoretical analysis predicts the existence of a chemotactic
gradient that could drive the migration of HUVECs encapsulated within the GelMA
hydrogels. The cell-laden structures were subjected to varying flow rates (10, 20, and 40
uL/hr) for three days post-encapsulation. Brightfield images at 3 days post-encapsulation
show that the cell density at the interior of the GeIMA structures decreases irrespective of
the flow rates with large decrease in cell density with higher flow rates (Fig. 4.3A 1* and
2" column). The quantitative analysis of cell density across the GeIMA hydrogel as a
function of culture time for different flow rates supports the above observation (Fig.
4.3B). We also observed differences in the spatial distribution of cells within the GelMA
hydrogel under different flow rates. At 10 pL/hr, the cells within the GelMA structures
were uniformly distributed at day 3 (Fig. 4.3A 2" column). On the other hand, flow rates
of 20 and 40 pL/hr resulted in the migration of most of the HUVECs to the periphery of
the GeIMA hydrogel structure (Fig. 4.3A 1 and 2™ column, 3B). The thickness of the

HUVEC layer at the periphery of the GelMA hydrogel was found to be decreased for 40
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compared to 20 pL/hr flow rate (Figure 4.3B 3™ column). For the remainder of the

studies, we used cultures exposed to a flow rate of 40 pL/hr.

4.4.4. Co-Culture of HUVECs and cancer cell spheroids

We examined whether the migration of encapsulated HUVEC:s to the periphery of
the GeIMA hydrogel will persist in the presence of cancer spheroids. Brightfield images
of the encapsulated cells at days 0, 3, and 5 reveal that the HUVECs indeed migrate to
the periphery of the GeIMA structures even in the presence of MCF7 spheroids (Fig.
4.2A).

We investigated the migration of HUVECs at smaller time increments by
quantifying the changes in the local cell density as a function of time. To this end, we
partitioned the ellipse structure into different zones, and quantified the cell density in
each zone as a function of culture time. Immediately after encapsulation, the density of
the encapsulated HUVECs across Z1 to Z5 was found to be uniform, suggesting a
homogenous distribution of cells within the GeIMA hydrogel structures (Fig. 4.2B).
During days 1 to 3, a large number of HUVECSs migrated to the periphery of the hydrogel
with a decrease of 30-40% in cell density was observed within the GeIMA hydrogel. This
initial migration of HUVECs to the periphery substantially declined from day 4 and
onwards (only 7-10% cell density decrease was observed from day 4 onwards) (Fig.
4.2C).

On the contrary, encapsulated MCF7 cell clusters remained intact and we did not

observe migration of the spheroids or any individual cells migrating away from the
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spheroid. This observation was validated using labeled MCF7 cells (Fig. 4.9). The
encapsulated cancer spheroids exhibited a gradual growth as a function of culture time
(Fig. 4.2D). The spheroids were found to grow to approximately twice its size between

days 0 and 5.

4.4.5. Characterization of the HUVEC layer at the periphery of the hydrogel
structure

We next investigated whether the assembly of HUVECs around the GelMA
structure forms an endothelial barrier. The cell-laden GelMA structures grown for 5 days
were used to characterize the HUVEC structure. Confocal images of F-Actin and DAPI
stained structures revealed the presence of HUVECs along the entire periphery (observed
along the lateral and vertical directions) of the GelMA hydrogel (Fig. 4.10A). The
HUVECs were also observed at both the GelIMA-PAm interface (Fig. 4.10A).
Interestingly, the HUVECs were found to be of single cell thickness as illustrated by the
nuclei staining of the HUVECs around the ellipse (Fig 4.10A, DAPI column). In
addition, the presence of continuous F-actin indicates that the HUVECs form a
continuous monolayer sheet along the periphery (Fig 4.10A, Phalloidin column).
Furthermore, to determine if cell-cell junctions are present within the monolayer sheet,
the cell-laden GeIMA structures were stained for VE-cadherin. Confocal images of the
structures showed the presence of VE-cadherin that connects the neighboring HUVECs
to form a single layer along the GeIMA structure (Fig. 4.10B). In addition to presence of

cell-cell junctions, we assessed the capacity of the endothelial sheet to serve as barrier to
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fluxes of molecules within the media by analyzing the diffusion of FITC-Dextran with
MW of 10 and 150 kDa. The diffusion of Dextran into the cell-laden GelMa hydrogel
was observed as the fluorescent signal within the ellipse increased with time (Fig. 4.11A).
This process was quantified by plotting the mean normalized intensity within the central
region of the ellipse (Fig. 4.11B). As expected, the 10 kDa Dextran achieved steady state
after ~ 15 minutes while 150 kDa required ~ 30 minutes. At steady state, the larger MW
dextran could not achieve nearly the same intensity as that of its smaller MW counter part
suggesting the hindrance by the endothelial barrier towards allowing high MW molecules

to diffuse into the hydrogel (Fig. 4.11C).

4.4.6. Dose dependent response of cells within the GelMA hydrogel to Doxorubicin
We assessed the potential of our device as a drug screening platform by analyzing
the effects of Doxorubicin on HUVEC barrier and the tumor spheroids. Cell laden
GelMA structures, cultured for 5 days, were exposed to different concentrations of
Doxorubicin (1, 10, and 100 pg/mL) for 3 days. We investigated the penetration of
Doxorubicin into the cancer spheroids by using fluorescent imaging. Our results indicate
an increased accumulation of Doxorubicin in samples treated with 10 and 100 pg/mL of
drugs (Fig. 4.12A). However, minimal accumulation of Doxorubicin was observed in
samples treated with 1 pg/mL concentration (Fig. 4.12A). Brightfield images of cancer
spheroids before and after 3 days of Doxorubicin exposure suggested a decrease in
spheroid size and the darkening of the MCF7 spheroids exposed to 10 and 100 pg/mL

Doxorubicin (Fig. 4.12B). To quantify the effects of Doxorubicin, we analyzed the
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changes in spheroid size before and after treatment with varying concentrations of the
drug. MCF7 spheroids exposed to 10 and 100 pg/mL Doxorubicin experienced ~7 and
~15% decrease in spheroid area. On the other hand, the growth of the cancer spheroid
was still observed at 1 pg/mL although the growth was ~ 20% less than those cultured in
the absence of the drug (Fig. 4.12C). In addition to cancer spheroids, the drug was also
found to be cytotoxic to HUVECs cells as the endothelial barrier was found to have
disappeared upon exposure to Doxorubicin. This finding is consistent with other reports,

which showed the cytotoxic effect of Doxorubicin on endothelial cells (171).

4.5. Discussion

This study describes the development of a tumor-on-a-chip platform comprised of
cancer spheroid encapsulated within a GeIMA hydrogel and surrounded by an endothelial
barrier. Using a single step process, we simultaneously encapsulated HUVECs and
MCF7 spheroids within our device. In addition, we harnessed the differential
chemoattractant-induced motility of HUVECs and cancer spheroids to control their
confinement and organization within the device.

Our results show the effect of flow rates on the generation of concentration
gradient of soluble factors within the cell-laden GelMA structures. Our theoretical
analysis does not specify a molecule or protein as a chemoattractant. Instead we used a
range of ¢ values, the ratio of the diffusion to the consumption rate of a solute, to
generalize the model to encompass the range of biomacromolecules present in the culture

media. Specifically, we employed ¢ ranging from 1 to 1000 to account for (i) proteins or
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molecules with large differences MW which affects the diffusion coefficient and (ii) their
specific receptors on the cell surface will vary in their catalytic efficiency (172).

Within the GeIMA hydrogel containing both HUVECs and MCF7 spheroids, the
cancer cells did not migrate in response to the gradient of soluble factors as they were
confined to the center of the hydrogel. This lack of motility could be attributed to
insufficient strength of the chemotactic gradient to cause the migration of cancer
spheroids and/or cancer cells from the spheroids. In addition, the cell-cell contact
mediated by the cadherin junctions within the cancer spheroid may also mitigate
migration of cancer cells away from the spheres and within the GelMA hydrogel.

The Doxorubicin studies showed the potential of this tumor-on-a-chip platform to
assess the response of cells to oncologic drugs. We have assessed the penetration of
Doxorubicin into the tumor spheroid and its quantifiable cytotoxic effect on the cancer
spheroid. Additionally, the loss of the endothelial barrier in devices exposed to high
doses of Doxorubicin (> 10 ug/mL) suggests the lack of target specificity of this
oncologic drug. This tumor-on-a-chip device can be translated to assess the efficacy of
other cancer therapeutics in a physiologically relevant system that provides a co-culture
system to test drug specificity, cancer spheroid in a 3-D environment, as well as an
endothelial barrier that can potentially resist drug penetration especially for higher MW
compounds (48).

Although the platform described here utilizes endothelial and cancer cell co-
cultures, our approach provides a versatile framework for establishing systems with
increased complexity observed in physiological tumors. In  vivo tumor

microenvironments are comprised of a variety of resident cells ranging from stromal cells



119

to immune cells (173). The incorporation of supporting cells into the device can be
accomplished by incorporating these cells into the GelMA structures along with
HUVECs and cancer spheroid. The 3D pattern mediated confinement of cells within the
device allows the compartmentalization of various cell populations to dissect the
interaction and contribution of various cellular populations towards cancer growth
individually and in concert. Such an in vitro platform recapitulating various attributes of
in vivo tumor microenvironment could not only offers new insights but could also be
used as a drug-screening platform. The presence of an encompassing endothelium
closely mimics the vasculature present within actual tumors by allowing the circulating
cells to attach, roll, and transmigrate. This could provide an additional perspective for
analyzing the extravasation of circulating cells into the tumor site, which can be achieved
by introducing suspended single cells into the injected media or intravasation of cancer

cells into the circulating system.
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Figure 4.1: Schematic of fabrication of tumor-on-a-chip devices.

(A-B) Synthesis of thin PAm hydrogels tethered to the methacrylated coverslips is done
by sandwiching 3 pL of polymer precursor solution between a methacrylated coverslip
and a non-treated coverslip. (C-E) 5 puL of deionized water is sandwiched between the Si
wafer mold and PAm hydrogel tethered to the methacrylated coverslip to act as a spacer
as the uncured PDMS solution is poured on top of the wafer slowly and casted in the
oven for 2 hours at 60°C. (F) Holes were punched on the cured PDMS after detachment
from the Si wafer prior UVO treatment and bonding. (G) MCF7 spheroids and HUVECs
were suspended gently in GelMA solution, drawn into a syringe before injecting into the
microfluidic chip. (H-I) The chip is then mounted onto the movable microscope stage
mount, on a transparency photomask. This allows us to see the MCF7 spheroids through
the photomask on the microscope. After centering a spheroid in the middle of the
transparency hole, collimated UV light is reflected via the DAPI filter cube through the
transparency, gelling only the selected region of within the microfluidic chamber.
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Figure 4.2: Co-culture of HUVECs and MCF7 spheroids within GelMA structures.

(A) Brightfield images of HUVECs co-cultured with MCF7 spheroids at immediately
after encapsulation (D0), Day 3 (D3), and Day 5 (D5). Scale bar: 200 um. (B) Cell
density within Zones 1 through 5 on DO within the GeIMA hydrogel. Different zones are
indicated within the inset. The shaded peripheral region in the diagram, Zone 6, is
excluded from the quantification. (C) Changes in the normalized zonal density of
HUVECs with culture time. Within each zone, the cell density monitored as a function
of culture time was normalized to DO density and was plotted in the bar graph. (D)
Spheroid size, quantified by 2-D area and normalized to DO size, as a function of culture
time. * and ** indicate statistically significant differences of p < 0.05 and 0.01,
respectively, as obtained from pair wise t-test. In (C), differences were reported only if
the changes in normalized cell density were statistically significant in all zones (Zone 1-
5) between different culture days.
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Figure 4.3: Flow-induced migration of encapsulated HUVECs.

(A) Brightfield images of HUVECs within GelMA hydrogels as a function of culture
time. Each row represents different flow rates while the 1 and 2™ column represent
different culture days —day 0 (DO0) indicates the day of encapsulation. Scale bar: 200
um. The 3" column represents a magnified image of the region identified by a square
window with yellow dashed lines in each row of day 3 (D3) images. The red arrows
indicate the HUVECs at the periphery of GelMA structure. Scale bar: 30 um. (B) The
change in local density of HUVEC: at different culture times for flow rates of 10, 20, and
40 pL/hr. The y-axis represents the local cell density quantified at specified culture day
normalized to DO cell density. * and ** indicate statistically significant differences of p
< 0.05 and 0.01, respectively, as obtained from pair wise t-test.
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Figure 4.4: Characterization of the device.

(A) X-Z confocal sections of a photo-patterned GeIMA hydrogel sandwiched between
two PAm hydrogels. Far red and green fluorescent beads are used to visualize the PAm
and GelMA hydrogels, respectively. Scale bar: 50 um. (B) X-Y confocal sections of the
green and far-red channels at Z positions—Z1, Z2, and Z3—Ilisted in (A). Scale bar: 200

um.
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Figure 4.5: Flow induced compression of GeIMA hydrogels.

(A-D) The deformation of the GeIMA hydrogel at different flow rates of 10, 20, 40, and
1000 puL/hr. The deformation of the hydrogel is depicted by (i) 2D displacement vectors
overlaid onto the fluorescent images and (ii) distribution of area strain, shown as a
histogram, to assess the extent of mechanical compression.
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Figure 4.6: Concentration gradient within GelMA hydrogels.
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(A) Hlustration of the diffusion-reaction mass transfer system with convective boundary
condition. The interior of the ellipse contains encapsulated cells that consume the soluble
factors supplied across the boundary of the ellipse via convection. (B) Heat map of the
changes in the normalized concentration (concentration within the GelMA normalized to
the bulk concentration in the media) with time. (C) Changes in the normalized
concentration profile with time along the minor axis of the ellipse. Time required to reach
steady state (D) and maximum normalized concentration gradient at steady state (E) for

different flow rates at ¢ = 1, 10, 100.
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Figure 4.7: Transient concentration changes within the GelMA hydrogel.

The normalized concentration, defined as the ratio of the concentration within the
hydrogel to the bulk concentration, at the center of the ellipse as function of time for
different flow rates and ¢ values. Here, ¢ is a non-dimensionalized parameter that
compares the diffusion to the consumption of a solute.



128

1 1 1
©0.01 mL/hr >-0.01 mL/hr >0.01 mL/hr
0.02 mL/hr 0.02 mL/hr 0.02 ml/hr
_0.8 ©0.04 mL/hr __0.8] 0.04 mL/hr, _ 08 0.04 mL/hr
s s 2
E E E |7
5 0.6 5 0.6 5 0.6
s s s
§0.4 504 - 504
5] 53 S
e 2 e
o o o
o o o
0.2 0.2 0.2
"g"ieuow“mwaeeméoﬂoud"““' i A J |
00 0.1 0.2 0.3 0.4 00 0.1 0.4 00 0.1

0.4

. . 0.2 0.3 0.2 0.3
Y Position (mm) Y Position (mm) Y Position (mm)

Figure 4.8: Steady state profile within the GelMA hydrogel.

The normalized concentration (the ratio of the concentration within the hydrogel to the

bulk concentration) profile along the minor axis of the ellipse structure for different flow
rates and ¢ values.
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Merged Bright Field Cancer

Figure 4.9: Cancer spheroids remain clustered within the GelMA hydrogel with
culture time.

Brightfield and fluorescent images of HUVECs and cancer spheroid (labeled with green
dye) within GeIMA structures at immediately after encapsulation and after 1, 2, and 3
days in culture. Scale bar: 200 pm.
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Figure 4.10: Immunostaining of HUVECs cells migrated to the periphery of the
GelMA structure.

(A) X-Y confocal sections of HUVECs cells stained for F-Actin (red) and nuclei (blue)
at different Z positions: GelMA-PAm interface (labeled as Top and Bottom) and middle
of the GeIMA hydrogel (labeled as Mid). Green fluorescent beads were embedded within
the PAm hydrogels to visualize the presence of the hydrogels. The rows indicate the
specified Z positions. The columns 1-3 indicate the specific color channel while column 4
displays the merged image from other channels. Scale bar: 100 pm. (B) High
magnification X-Y sections of HUVECs stained for VE-Cadherin (green), F-Actin (red),
and nuclei (blue) at the midsection of the GelMA hydrogel. Scale bar: 10 um. The
HUVECs in both images were cultured with MCF7 spheroids for 5 days within the
fluidics device prior to staining.
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Figure 4.11: Diffusion of FITC-Dextran into cell-laden GeIlMA hydrogels.

(A) Fluorescent images of 10 pg/mL 10 kDa and 100 pg/mL 150 kDa FITC-Dextran (top
and bottom row, respectively) diffusing into the ellipse-shaped GeIMA hydrogels at the
specified time points. The mean normalized intensity with zone 1 or Z1 ellipse for 10 and
150 kDa Dextran as a function of time (B) and at steady state (C). Zone 1 or Z1 ellipse is
the small ellipse shown in Figure 3B. ** indicates a statistically significant difference of
p <0.01 as obtained from t-test.
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Figure 4.12: Dose-dependent response of encapsulated tumor spheroids to
Doxorubicin.

(A) Fluorescent images to identify Doxorubicin penetration into the cancer spheroids at
DS. Increased penetration of Doxorubicin into the MCF7 spheroid is observed at higher
dosages. Scale bar: 200 um. (B) Brightfield images of HUVECs and MCF7 spheroids
prior to (D5) and 3days after Doxorubicin treatment (D8). Red arrow points towards the
presence of endothelial barrier and the lack thereof at and above 10 pg/mL of
Doxorubicin, respectively. Scale Bar: 200 pm. (C) Change in spheroid size of MCF7
after Doxorubicin treatment for different dosages of Doxorubicin. The spheroid area,
obtained from 2-D brightfield images, at D8 is normalized to the area at D5. * and **
indicate statistically significant differences of p < 0.05 and 0.01, respectively, as obtained
from pair wise t-test.



Chapter 5: Engineered tumor-on-a-chip device with cancer

immune interactions for assessing T-cell recruitment

5.1. Abstract

Cancer is touted to be the 2" leading cause of death in the United States only to
be superseded by heart disease. Despite the outbreak of this epidemic, the increased
understanding of the disease has lead to the development of novel and effective
treatments such as immunotherapy that mobilizes patients’ immune cells to eliminate
cancer. Specifically, these therapies rely on the presence of cytotoxic T-cells within the
tumor to achieve an efficacious outcome. The current understanding of cytotoxic T-cell
trafficking into the tumor microenvironment utilizes animal models to identify specific
immune cells and their interactions that result in the secretion of chemokines. The
complexity of these in vivo systems hinders further investigation into cancer-immune
interactions that may abrogate or promote T-cell recruitment. To this end, we have
utilized a 3D photopatterning and microfluidics technology to create bilayer cylindrical
hydrogels with the interior compartments containing cancer cells and monocytes and
exterior compartment containing endothelial cells encompassing the periphery of the
entire structure. Furthermore, we have created two distinct morphologies of the cancer
cells, dispersed single cells and a spheroid, to determine the effect of not only the co-
culture system but of cancer cell morphology on the extravasation of T-cells from the
surrounding media. Our results indicate that cancer spheroids recruit T-cells into the
GelMA hydrogels in contrast to dispersed cancer cells. Furthermore, the presence of

monocytes along with dispersed cancer cell or cancer spheroid increased the recruitment
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capacity. Interestingly, monocytes alone were observed to not recruit T-cells into the
cell-laden hydrogel. These results highlights the capacity of this platform to create co-
cultures that controllably recapitulate cancer-immune interactions and assess how such

cross talk can recruit T-cells.
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5.2. Introduction

Within the United States alone, approximately 0.6 million individuals are
estimated to die from cancer in 2016 (1). The lives claimed by this disease is second only
to heart diseases as the number of new caner patients continue to steadily increase with
each successive year (1). However, tremendous progress has been made to curb this
epidemic due to the novel treatments that capitalize on the increased understanding of
cancer biology and cancer-stromal interactions. As such, the use of immunotherapies that
deploy patients’ own immune cells to eliminate cancer cells has shown tremendous
potential as a cure for cancer (77, 174, 175).

Current approaches focus on using cytotoxic T-cells that are touted as the primary
immune cells capable of efficiently eliminating cancer cells. These treatments range
from using engineered T-cells such Chimeric Antigen Receptor (CAR) T-cells for
targeted therapy to immune checkpoint inhibitors to overcome cytotoxic T-cell
suppression by cancer cells (174-177). Moreover, the efficacious result from using T-
cells is highlighted by having 19 out of 27 patients with acute lymphoblastic leukemia
(ALL) remain in remission after CAR T-cell therapy (174). Despite the potential use of
T-cells for liquid cancers, the use of T-cells for eliminating solid tumors has yet come to
fruition due to the lack of understanding of key mechanisms that underlies cytotoxic T-
cell recruitment into the tumor stroma (178-180).

The infiltration of cytotoxic T-cells into solid tumors is dependent on cancer-
stromal interactions that modulate the local immune microenvironment (68, 181). These
interactions can result in selective recruitment of inflammatory cells such as classically

activated macrophages that secrete potent chemokines such as CXCL9 and CXCL10
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which in turn recruit activated immune cells such as cytotoxic T-cells (182-184).
Conversely, the shift in interactions between cancer and immune cells may skew the
recruitment towards alternatively activated macrophages, which attract regulatory T-cells
via CCL5 and CCL20 to suppress the inflammatory responses (68, 185-187). These
interactions are only a minute display of the cross talks occurring between cancer and
stromal cells while a plethora of other unknown interactions that modulate cytotoxic T-
cell recruitment has yet to be identified. The shear complexity of the cancer
microenvironment involving numerous cell types each affected by physicochemical cues
renders the elucidation of novel interactions to be a daunting task.

In addition to the role of stromal cells in shaping the cancer microenvironment,
the morphology of the cancer cells modulates their behavior. Studies have indicated the
crucial differences between cancer cells on 2D surfaces and within 3D environment
where their migration and proliferation are altered (81, 188). Cancer cells in particular
further exhibit drastic changes by residing within a 3D microenvironment or within a 3D
cellular aggregate (189-191). The compact nature of cells within an aggregate results in
the depravation of nutrients in the interior thereby causing gradients in oxygen, glucose,
lactate, and ATP to form within the cell mass (41, 192-194). More importantly, these
gradients lead to hypoxic conditions within the spheroid reflecting the tumor
microenvironment observed in vivo.

To accurately investigate the role of cancer-immune interactions on T-cell
recruitment, the morphology of the cancer cells and the presence of immune cells must be
recapitulated. We have adapted our microfluidics-based 3D photopatterning approach to

recreate the cancer stroma containing immune cells (162, 163, 195). Specifically, we
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used an additive approach to photopattern a bilayer cylindrical GeIMA hydrogel where
the interior scaffold contains cancer cells (MCF7) and monocytes (THP-1) while the
exterior contains endothelial cells (HuVECs). The endothelial cells were found to create
a layer encasing the periphery of the GelMA hydrogel. With this approach, hydrogels
were created containing cancer spheroids or dispersed cancer cells, monocytes, and
endothelial cells. Furthermore, we have used these cell-laden constructs to analyze the
extravasation of T-cells (TALL-104) from the surrounding media into the GelMA
hydrogels. Our results indicate that the cancer spheroid better recruits T-cells compared
to dispersed cancer cells. In addition, monocytes together with cancer cells

synergistically recruit T-cells into the GelMA hydrogel.

5.3. Materials and Methods

5.3.1. Cell Culture

Human vascular endothelial cells (HuVECs), MCF7 cells, THP-1 cells, and
TALL-104 cells were obtained from ATCC and cultured according to their protocol.
HuVECs were cultured in HuVEC media (HM) comprised of 78% Medium 199 media
(Gibco), 10% fetal bovine serum (FBS) (Gibco), 10% endothelial cell growth media (Cell
Application, Inc.), 1% sodium pyruvate (Gibco), and 1% Penicillin/Streptomycin (P/S).
The HuVECs used in this study did not exceed passage 6. MCF7 cells were cultured in
growth medium (GM) containing 89% Dulbecco Modified Eagle’s high glucose media,
10% FBS, and 1% P/S. THP-1 cells were cultured in monocyte media (MoM)

supplemented with ~ 79% RPMI-1640 media (Gibco), 10% FBS, 1% P/S, and 5 uM 2-
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Mercaptoethanol. TALL-104 cells were cultured in T-cell media (TM) comprised of
20% FBS and 80% Iscove’s Modified Dulbecco’s Medium (ATCC). This mixture was
further supplemented with 75 units/mL recombinant human IL-2 (Peprotech), 2.5 ug/mL
human albumin (Sigma-Aldrich), 0.5 pg/mL D-Mannitrol (Sigma-Aldrich). Cell laden

hydrogels were cultured in mixed media (MM) comprised of 50% HM and 50% MoM.

5.3.2. MCF7 spheroid formation

MCEF7 cells were trypsinized from tissue culture dish and 1 million cells were
resuspended in 4.5 mL of GM. This mixture was added to a 60 mm diameter petri dish
and cultured on an orbital shaker (VWR, Model No. DS-500E) rotating at 45 rpm in a
cell culture incubator kept at 37 °C and 5% CO,. The spheroids were used after being

cultured for 2 days.

5.3.3. Fluorescent labeling of cells

THP-1 or TALL-104 cells grown in their respective culture media were collected
into 15 mL conical centrifuge tubes and pelleted by centrifugation at ~ 800 RCF for 4
minutes. The culture media was aspirated and the pellet was resuspended in 1 mL of
Opti-MEM (Gibco) containing 5 uM Green Cell Tracker or Red Cell Tracker. This
mixture was incubated at 37°C and 5% CO, for 15 minutes. The cell labeling process
was stopped by adding 9 mL of PBS followed by centrifugation and aspiration of PBS
containing excess fluorescent dye. The pellet was resuspended and maintained in 1 mL

of culture media.
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5.3.4. Preparation of GeIMA hydrogel precursor solution

Different amounts of GelMA were dissolved in PBS to create a 7, 8.5, or 10%
wt/v solution and incubated in a 60°C water bath for 20 minutes. The solution was
immediately syringe filtered with a pore size of 0.22 um to avoid possible contamination

during cell culture. The filtered solution was kept at 37 °C until use.

5.3.5. Fabrication of tumor-on-a-chip device for additive photopatterning

We have previously described the fabrication process for tumor-on-chip device
(195). In brief, the process can be generalized into the following steps: methacrylation
of glass surfaces, fabrication of microfluidics device containing polyacrylamide (PAm)

hydrogels, and photopatterning of cell-laden GelMA hydrogels within the fluidics device.

Methacrylation of glass surfaces

25 x 50 mm rectangular and 15 mm diameter glass coverslips were cleaned using
1.5 M NaOH for 30 minutes and rinsed in DI water. The coverslips were air dried and
incubated with 2% (v/v) 3-(Trimethoxysilyl)propyl methacrylate solution diluted in
0.55% glacial acetic acid and 99.5% ethanol for 5 minutes. After the reaction was
completed, the glass surfaces were thoroughly rinsed with pure ethanol and dried in an

oven at 60 °C for 30 minutes. The coverslips were used immediately.

Fabrication of microfluidics device containing PAm hydrogels
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PAm hydrogels were formed on methacrylated glass surfaces by sandwiching
1.75 pL of hydrogel precursor solution containing 5% wt/v acrylamide, 0.2% wt/v bis-
acrylamide, 0.1% wt/v ammonium persulfate, and 0.01% wt/v N,N,N',N'-
Tetramethylethylenediamine between a methacrylated and a non-methacrylated coverslip.
Specifically, the precursor solution was added to the center of a methacrylated
rectangular coverslip and a non-methacrylated 15 mm diameter coverslip was placed on
top of the droplet to form a hydrogel layer at the bottom of the fluidics device. This
procedure was repeated for a methacrylated circular coverslip and a non-methacrylated
square coverslip to form the top layer of the device. After 30 minutes of polymerization,
the hydrogels were incubated in DI water for 20 minutes before carefully removing the
non-methacrylated coverslips. The resulting hydrogels were equilibrated overnight in DI
water prior to use.

5 uL of DI water was added to the center of the mold for the flow chamber
patterned on a silicon wafer. PAm hydrogel attached to a 15 mm diameter coverslip was
placed onto the drop and PDMS solution, made from a degassed mixture of Sylgard 184
base and catalyst at weight ratio of 10:1, was carefully poured onto the silicon wafer until
the entire surface was covered. The silicon wafer containing the PAm hydrogel was
baked in the oven at 60 °C for 2 hours before removing the polymerized PDMS mold
along with the attached hydrogel. The hydrogel tethered to the PDMS mold was re-
equilibrated in a large droplet of DI water for 2 hours.

The rectangular coverslip and PDMS mold containing PAm hydrogels were
placed in an UV-Ozone chamber under oxygen flow for 5 minutes. Care was taken to

prevent the direct exposure of the PAm hydrogels to deep UV light. After the UV-Ozone
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treatment, the rectangular coverslip and PDMS mold were bonded together by bringing
them into contact while maintaining the alignment between the PAm hydrogels attached
to their surfaces. The microfluidics device was placed in a 60 °C oven overnight to
complete the bonding process. To culture cells within the microfluidics device, the PAm
hydrogels were equilibrated in PBS and the flow chamber was UV-sterilized for 45

minutes.

Photopatterning of cell-laden GelMA hydrogels within the fluidics device

For the additive photoencapsulation process, 1 mL of MoM containing 5 million
fluorescently labeled THP-1 cells were mixed with 1 mL of GM containing MCF7
spheroids. 6 mL of PBS was added to the mixture before recovering the cells via
centrifugation and removal of the supernatant. The cell pellet was resuspended in
GelMA precursor solution containing 0.01% wt/v ascorbic acid and 2.0 uM LAP before
adding the solution into a microfluidics device containing PAm hydrogels. The cell-
laden device was placed on a microscope stage mounted with a transparency film
containing a 350 um diameter circle pattern and single MCF7 spheroids surrounded by
fluorescently labeled THP-1 cells were located. This region was exposed to UV light
(365 nm + 15 nm wavelength) for 20 seconds to form cylindrical GeIMA hydrogels laden
with cells. The unpolymerized solution was removed by adding PBS containing 5% P/S.
The resultant hydrogels were maintained in PBS with 5% P/S for 5 minutes before adding
a GelMA precursor solution containing 2 million HuVECs, 0.01% wt/v ascorbic acid,
and 2.0 uM LAP. The fluidics device was placed on a transparency film containing

1000 pm diameter circle and mounted onto a microscope. The cancer and monocyte
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laden cylindrical hydrogels were located and positioned to be at the center of the circular
pattern prior to exposing the region to UV light for 20 seconds to form the annular
GelMA structure laden with HuVECs.  Unpolymerized solution was removed by the
addition of PBS with 5% P/S and the encapsulated cells within the microfluidics device
was maintained in MM and cultured in a humidified incubator kept at 37°C and 5% COs.
To photopattern bilayered GeIMA hydrogels with dispersed cancer cells and
monocytes in the interior cylinder, 6 million cancer cells were used in the encapsulation
process instead of cancer spheroids. After injection of cancer cells and monocytes
suspended in GelMA precursor solution, arbitrary areas were chosen to photopolymerize
350 pm diameter cylindrical hydrogels laden with dispersed cancer cells and monocytes.
For the single step encapsulation process, 2 million HUVECs, 5 million THP-1
cells, and 1 mL of GM containing MCF7 spheroids were diluted in PBS and pelleted via
centrifugation. The supernatant was removed and the cells were resuspended in GelMA
precursor solution containing 0.01% wt/v ascorbic acid, and 2.0 uM LAP. This mixture
was added to the microfluidics device and photopolymerized using a transparency film

containing a 1000 um diameter circle pattern.

5.3.6. TALL-104 cell infiltration assay

GelMA hydrogel composite structures (cylinder and annulus) laden with cells
were cultured within the microfluidics device for 4 days. 6 million TALL-104 cells were
suspended in 100 uL. of MM, added into the fluidics device, and incubated at 37 °C and

5% CO; for 40 minutes. Excess T-cells unattached to the GeIMA hydrogels were
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removed by rinsing in PBS and the cell-laden hydrogels with T-cells adhered to the

endothelial cells were cultured for 2 days in MM.

5.3.7. Analysis of TALL-104 cell distribution within GelMA hydrogel

Fluorescent images of GeIMA hydrogels infiltrated with fluorescently labeled
TALL-104 cells at Day'0 through Day'2 were analyzed and processed using a custom
written code in Matlab. In brief, the circular cross section of the hydrogel was partitioned
into 9 annular regions as indicated in the inset of Figure 4C. The number of cells within
each region were counted and normalized by the total number of cells within the
hydrogel. The cell fraction within each zone was plotted against the position of the
midpoint in each annular region normalized to the radius of the entire GeIMA hydrogel.

To obtain the value for the Distribution of T-cells (DoT), the centroid of each cell
was obtained and the following formula was used: Z:; M7, where i is an individual
T-cell, n is the total number of T-cells throughout the construct at DayT 2, m; is 1/n, and

1; 1s the distance between the center of the bilayer GelMA hydrogel to the centroid of a

particular T-cell.

5.4. Results

5.4.1. Characterization of 3D photopatterned GelMA hydrogels within a fluidics
device
GelMA precursor solution containing green fluorescent particles of 200 nm

diameters is photopatterned into a cylindrical structure within a microfluidics device.
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The X-Z confocal section shows the GeIMA hydrogel sandwiched between two PAm
hydrogels, embedded with far-red fluorescent particles of 200 nm diameters, on the top
and bottom of the flow chamber (Fig. 5.1A). The X-Y confocal sections at the vertical
positions Z1 and Z3 depict the interfaces between the GelMA and PAm hydrogels while
the Z2 position illustrates the circular cross section of the GeIMA hydrogel at the middle

of the fluidics chamber (Fig. 5.1A).

5.4.2. Monocytes intravasate into the perfused media from the GelMA hydrogel
containing a multi-cellular co-culture

GelMA hydrogels laden with a cancer spheroid, monocytes, and endothelial cells
were monitored as a function of culture time. Brightfield images show the formation of
an endothelial layer at the periphery of the hydrogel in the absence and presence of
cancer cells (Fig. 5.1B). In addition, the fluorescence images show a decrease in the
number of encapsulated monocytes with culture time. The quantification of monocyte
density indicates a ~30% decrease after two days in culture with and without a cancer
spheroid (Fig. 5.1C). Furthermore, the local cell density after two days of culture shows
a low monocyte density in zone 1 (center of the cylinder) compared to zones 2-4 (towards
the periphery) suggesting a sustained departure of these cells from the GelMA hydrogel

into the perfusing media (Fig. 5.1D).



145

5.4.3. Additive 3D photopatterning for spatial organization and
compartmentalization of multi-cellular co-cultures

To position and compartmentalize different cell types within the same
microfluidics device, GelMA precursor solutions containing different cells were
polymerized sequentially. Specifically, a 350 um diameter cylindrical hydrogel encased
within a larger cylinder with an outer diameter of 1000 pm was created. The X-Z
confocal section of the acellular hydrogels show an inner core embedded with red
particles surrounded by an exterior hydrogel layer of ~ 325 um thickness (Fig. 5.2A).
The X-Y confocal sections at different z positions show the PAm-GelMA interface along
with the two distinct hydrogel structures: an inner cylindrical core (visualized by red

particles) and an exterior cylindrical hydrogel (visualized by green particles) (Fig. 5.2A).

5.4.4. Formation of a cancer spheroid-immune cell co-culture encased within an
endothelial barrier using the additive photopatterning approach

Using the additive photopatterning approach, a cancer spheroid and monocytes
were encapsulated within a cylindrical GeIMA hydrogel (7% wt/v) prior to polymerizing
the outer hydrogel from 10% wt/v GeIMA precursor solution containing endothelial cells.
The brightfield image of the encapsulated cells at Day 0 depicts the presence of a cancer
spheroid surrounded by monocytes labeled with a green fluorescent dye (Fig. 5.2A Top
Left panel). After two days of culture, the endothelial cells were observed to migrate to
the periphery of the hydrogel composite structure to form an endothelial layer (Fig. 5.2A

Top Right panel).
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We next characterize the effect of exterior GeIMA hydrogel concentration on the
encapsulated cells. Brightfield images of endothelial cells encapsulated in 10% or 7%
GelMA hydrogels show the formation of an endothelial layer at the periphery after two
days of culture irrespective of GeIMA concentration (Fig. 5.2A). Additionally, GeIMA
hydrogels at all concentrations retain a substantial number of fluorescently labeled
monocytes with culture time unlike the single step encapsulation process (Fig. 5.2B).
Further quantification suggests that ~80% of the monocytes remained in the inner GelMA
hydrogel even after 4 days of culture irrespective of the concentration of the GelMA
hydrogel (Fig. 5.2C). We next assessed the effect of GeIMA concentration on the
growth rate of the cancer spheroids. Our results indicate the decreased GelMA
concentration in the exterior hydrogel facilitated the growth of the cancer cells as the
largest spheroids resulted from the 7% wt/v GeIMA hydrogels after 4 days of culture
(Fig. 5.2D). For all subsequent studies, the 7% wt/v GeIMA hydrogels were used to
create both the interior and exterior hydrogels due to the high retention of the

encapsulated monocytes and its support of cancer spheroid growth.

5.4.5. Isolating the effect of cancer cell-cell contact using a dispersed cancer and
immune cell co-cultures

To isolate the effect of cell-cell contact within cancer spheroids on the recruitment
of T-cells into the cancer stromal, a mixture of individual cancer cells and fluorescently
labeled monocytes (green) were encapsulated within the inner cylindrical hydrogel.

Brightfield and fluorescent images of the encapsulated cells at Day 0 reveal the
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homogeneous distribution of monocytes amongst the cancer cells, which is maintained
throughout culture time (Fig. 5.3A). Similar to the co-culture system containing cancer
spheroids, endothelial cells are observed to form a layer at the periphery (Fig. 5.3A).
Additionally, we assessed the retention of cancer cells and monocytes within the GeIMA
hydrogel.  Using fluorescently labeled cells, the density of both cancer cells and
monocytes maintained at approximately ~90% of the cell density at Day 0 after two days
of culture (Fig. 5.3B). The morphology of the cancer cell and monocyte mixture was
further characterized to ensure that the cancer cells remain as single cells or small clusters
(2-3 cells) despite two days of culture time. XZ confocal section along with XY sections
at specified vertical positions (Z1, Z2, and Z3) indicate that the cancer cells, labeled as
green, and monocytes, labeled as red, remain dispersed within the inner cylindrical
GelMA hydrogel (Fig. 5.3C). Furthermore, the confocal sections reveal a high density of
cancer cells to recapitulate the high cell number present within a cancer spheroid (Fig.

5.3C).

5.4.6. Monocytes and cancer spheroid synergistically recruit T-cells into the cell-
laden GelMA hydrogel

T-cell line, TALL-104, was allowed to extravasate from the surrounding media
into GeIMA hydrogels containing different cell types to determine the T-cell recruitment
capacity of multi-cellular co-cultures. The following cell types were used within the
bilayer hydrogel: cancer spheroid and monocytes (CS + Mo), cancer spheroid (CS),

dispersed cancer cells and monocytes (DC + Mo), dispersed cancer cells alone (DC), and



148

monocytes alone (Mo). The bright field images of GeIMA hydrogels containing a cancer
spheroid and monocytes immediately after T-cell infiltration assay (Day' 0) show the
cancer spheroid at the center of the construct surrounded by numerous single cells and an
endothelial layer at the periphery (Fig. 5.4A). In addition, fluorescent images at Day' 0
indicate the presence of T-cells, stained with a red fluorescent dye, at the hydrogel
periphery and monocytes, stained with a green dye, near the center of the GelMA
hydrogel (Fig. 5.4A, Day' 0 Panel). After allowing two days for further infiltration
(Day' 2), fluorescent images of the same construct reveal the high distribution of T-cells
(red) throughout the interior of the hydrogel and the magnified fluorescent image of the
center of the hydrogel (designated by “C”) show a high density of T-cells near the cancer
spheroid and amongst the monocytes (green) (Fig. 5.4A, Day' 2 Panel). In addition,
bright field and fluorescent images of T-cell hydrogels containing different cell types at
Day' 2 reveal the differential recruitment of T-cells by the encapsulated cells (Fig. 5.4B).
This differential T-cell recruitment into the GelMA hydrogels was quantified by
examining the fraction of labeled T-cells at various normalized radial positions within the
circular XY section of the hydrogel at Day' 0, Day' 1, and Day' 2. Here, normalized
radial position (R”) of 0 and 1 indicates the center and the edge of the GelMA hydrogel,
respectively. Our analysis indicates that hydrogels containing cancer spheroids show a
higher fraction of T-cells at normalized radial positions lower than 0.56 at Day' 1 and
Day' 2 compared to any other constructs (Fig. 5.4B-G). This indicates that the presence
of a cancer spheroid better recruits T-cells compared to hydrogels containing individual
cancer cells (DC and DC + Mo). Furthermore, the inclusion of monocytes with either a

cancer spheroid or with individual cancer cells leads to higher T-cell presence at lower
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normalized positions at Day' 1 and Day' 2 (Fig. 5.4C-F). Interestingly, the presence of
monocytes alone does not induce infiltration of T-cells into the interior as the majority of
T-cells remain at high values of normalized radial positions throughout culture time (Fig.
5.4F).

To concisely summarize the recruitment of T-cells into each construct, the
distribution of T-cells (DoT) within the GeIMA hydrogel at Day' 2 was calculated.
Large and small values of DoT indicates that the peripheral and central location of T-
cells, respectively, within the GeIMA hydrogel. Using this analysis, the DoT values for
hydrogels with different cell types from lowest to highest are CS + Mo < CS < DC + Mo
< DC < Mo (Fig. 5.4G). This result suggests that the cancer spheroids can better recruit
T-cells compared to individual cancer cells and this recruitment is further enhanced by

the presence of monocytes.

5.5. Discussion

We have created a multi-cellular co-culture system containing breast cancer cells,
monocytes, and endothelial cells within a microfluidics device. Moreover, we have used
an additive photopatterning technique to encapsulate and position different cell types
within a bilayer cylindrical hydrogel where a mixture of monocytes with a cancer
spheroid or cancer cells reside in the interior and endothelial cells in the exterior
hydrogel. After days of culture, the endothelial cells in the exterior were observed to
form a layer at the periphery of the entire GeIMA hydrogels encompassing the cell-laden

scaffold. We assessed the capacity of the cancer and/or monocytes to recruit T-cells by
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allowing T-cells to extravasate from the surrounding media into the GelMA hydrogels.
The analysis of T-cell distribution within the cell-laden construct after two days post
extravasation reveals that a cancer spheroid and not individual cancer cells can
significantly recruit T-cells. Additionally, the co-culture of monocytes and cancer
spheroids synergistically increased T-cell recruitment although monocytes alone cannot
attract T-cells.

The use of additive photopatterning approach maintained the monocyte
population in the GeIMA hydrogel compared to the single encapsulation process where a
significant loss of monocytes was observed with culture time. The inclusion of a cancer
spheroid within the hydrogel was used to attract and maintain a monocyte population
within the GelMA hydrogel. This was not achieved since density of monocytes
decreased by ~70% compared to Day 0 post encapsulation. Contrastingly, the additive
photopatterning approach halted the loss of monocytes although the exact mechanism is
unknown. However, we speculate that the presence of an interface between the two
bilayers may have resulted in a physical barrier that deterred the migration of monocytes
into the exterior hydrogel. The physical barrier may be an increase in rigidity at the
hydrogel interface, however the validation of this hypothesis is beyond the scope of this
study. Nevertheless, the TALL-104 cells infiltrating into GeIMA hydrogels, containing a
cancer spheroid and monocytes, traversed the bilayer interface as they are observed
amongst the monocytes in the interior hydrogel. In contrast to the T-cells, the monocytes
may not have the degradative capacity to overcome the increased in interfacial rigidity.

TALL-104 cells were used as a model cell line representing cytotoxic T-cells

within this study due to their cytotoxic activity towards MCF7 breast cancer cells in vitro
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(196-198). TALL-104 cells were isolated from a patient with ALL and treated with IL-2
and a co-stimulatory factor in vitro to induce lymphokine activated killer activity.
Studies have indicated the capacity of these cells to selectively kill cancer cells
originating from different tissues such as breast and brain in an MHC-independent
manner (198). In addition, these cells retain key cell surface receptors implicated in
chemokine-induced recruitment of cytotoxic T-cells such as CXCR3, CX3CRI1, and
CCR5 (199). Therefore, these cells serve as a model cell line to recapitulate the
recruitment of cytotoxic T-cells or CAR T-cell recruitment into the cancer
microenvironment as seen in vivo.

Within the study, GeIMA hydrogel containing cancer spheroids were shown to
recruit T-cells in contrast to single cancer cells. To isolate the effect of cell number
dependent secretion of chemokines, the dispersed mixture of cancer cells and monocytes
were encapsulated at high densities to recapitulate the number of cancer cells present
within the spheroid. Therefore, the differential secretion of chemokines is caused the
morphological difference between single cancer cells in 3D and cancer cells within a
tumor spheroid. The highly dense packing of cancer cells along with the consumption of
nutrients throughout the spheroid can potentially deprive the cells within the interior from
nutrients as well as inhibit efficient waste removal (146). These conditions create
gradients within the tumor spheroid thereby inducing unique cues that may be absent
within individual cancer cells. Furthermore, the depravation of oxygen within the interior
of the cancer spheroid can lead to hypoxia therefore triggering a cascade of pathways
associated with HIF-1a activation (41, 146, 200). However, it is also possible that the

differences observed in the recruitment of T-cells may not be attributed to nutrient
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depravation. The presence of cell-cell contact via cell surface receptors may induce

differential secretion of chemokines, which must be explored in future studies.

5.6. Acknowledgements

AA acknowledges the support from ARCS foundation and the Ruth L. Kirschstein
National Research Service Award NIH/NHLBI T32 HL 105373.

Chapter 5, in full, is currently being prepared for submission for publication of the
material. “Engineered tumor-on-a-chip device with cancer-immune interactions for
assessing T-cell recruitment”. Aung, Aereas; Theprungsirikul, Jomkuan; Davey, Shruti
K.; Varghese, Shyni. The dissertation author is the primary investigator and author of this

material.



153

5.7. Figures
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Figure 5.1: Single step encapsulation process for co-cultures of cancer cells,
monocytes, and endothelial cells.

(A) XZ confocal section of a cylindrical GeIMA hydrogel sandwiched between two PAm
hydrogels. XY confocal sections at vertical positions Z1 and Z3 show the interface
between the hydrogels and Z2 show the circular cross section of the GeIMA structure.
GelMA and PAm hydrogels are embedded with green and magenta particles,
respectively, for visualization of the hydrogels. Horizontal scale bar: 200 um. Vertical
scale bar: 20 pm. Bright field and fluorescent images of GeIMA hydrogels containing a
co-culture of endothelial and monocytes (B) or cancer spheroid, monocytes, and
endothelial cells (C) immediately after encapsulation, Day 0, and after two days of
culture, Day 2. Scale bar: 200 um. Monocyte density within the GelMA hydrogels as a
function of culture time (D) and within the zones, Z1 through Z4, after two days of
culture (E) in the absence (white) and presence (shaded) of a cancer spheroid. Cancer
spheroids, monocytes, and endothelial cells are denoted by CS, Mo, and E, respectively.
* and ** indicate statistically significant differences of p < 0.05 and 0.01, respectively, as
obtained from pair wise t-test between samples designated by ® and =>.
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Figure 5.2: Additive photoencapsulation process for a spatially controlled co-culture
of cancer spheroid, monocytes and endothelial cells.

(A) XZ confocal section of a bilayer GeIMA hydrogel comprised of two concentric
cylinders sandwiched by PAm hydrogels at the top and bottom surfaces. XY confocal
sections at vertical positions, Z1 through Z3, show the interface between GeIMA and
PAm hydrogel as well as the cross section of the bilayer structure. The interior and
exterior GelMA hydrogels are labeled with red and green fluorescent particles,
respectively, while the PAm hydrogels are labeled with magenta fluorescent particles.
(B) Brightfield and fluorescent images of GelMA hydrogels embedded cells post-
encapsulation (Day 0) and after two days in culture (Day 4). The interior hydrogel
contains fluorescently labeled monocytes (green) while the exterior contains endothelial
cells. Red and blue lines designate the boundaries of the interior and exterior hydrogels,
respectively. Top and bottom rows show cell-laden constructs with 7% and 10% GelMA
concentration for the exterior hydrogels. Scale bar: 200 um. Day 0 normalized number of
monocytes (C) and cancer spheroid size within the GeIMA hydrogel (D) as a function of
culture time, D1 through D4, and exterior GeIMA hydrogel concentration, 10%, 8.5%,
and 7% wt/v. * and ** indicate statistically significant differences of p < 0.05 and 0.01,
respectively, as obtained from pair wise t-test between samples designated by ® and =».
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Figure 5.3: Co-culture system with dispersed cancer cells, monocytes, and
endothelial cells.

(A) Brightfield and fluorescent images of cell-laden bilayer GeIMA hydrogel. The
interior hydrogel contains a mixture of cancer cells and fluorescently labeled monocytes
while the exterior contains endothelial cells. The boundaries of the interior and exterior
hydrogels are lined with red and blue circles, respectively. (B) Quantification of
normalized monocyte (white) and cancer cell (shaded) number within the GelMA
hydrogel as a function of culture time. (C) Confocal sections of dispersed cancer cell and
monocyte mixture in the interior of the bilayer GeIMA hydrogel. XZ section along with
XY section as at labeled vertical positions (Z1-Z3) show homogeneously distributed
cancer cells and monocytes. Here, cancer cells and monocytes are labeled as green and
red, respectively. Horizontal scale bar: 200 um. Vertical scale bar: 20 um. * and **
indicate statistically significant differences of p < 0.05 and 0.01, respectively, as obtained
from pair wise t-test between samples designated by ® and =».
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Figure 5.4: TALL-104 cell infiltration into bilayer GelMA hydrogels laden with
cells.

(A, Day'0 Panel) Merged and fluorescent image of bilayer GeIMA hydrogels containing
a cancer spheroid, fluorescently labeled monocytes, endothelial cells, and fluorescently
labeled T-cells (CS + Mo) immediately after T-cell infiltration assay, Day' 0. (A, Day' 2
Panel) Fluorescent image of the entire hydrogel and magnified center of the hydrogel two
days post-infiltration (Day' 2). The center of the hydrogel is designated by the letter
“C”. (B) Brightfield and fluorescent image of the bilayer hydrogels with cancer spheroid
(CS), dispersed caner cells and monocytes (DC + Mo), dispersed cancer cells (DC), and
monocytes (Mo) in the interior hydrogel at Day' 2. Monocytes and T-cells are labeled
with green and red dye, respectively. (C-G) Fraction of cells residing within each annular
region, diagram shown in the inset from Day" 0 to Day' 2 for hydrogels containing CS +
Mo, CS, DC + Mo, DC, and Mo. The normalized radial position denotes the radial
midpoint location in each annulus. (H) Quantification of the Distribution of T-cells
(DoT) for hydrogels containing different cell types and morphologies. DoT is calculated
from Z:; L m;r?, where i is an individual T-cell, n is the total number of T-cells
throughout the construct at Day' 2, m; is 1/n, and r; is the distance between the center of
the bilayer GeIMA hydrogel to the centroid of a particular T-cell. Lower and higher DoT
values indicate the distribution of T-cells towards the center and periphery, respectively.
* and ** indicate statistically significant differences of p < 0.05 and 0.01, respectively, as
obtained from pair wise t-test between samples designated by ® and =>.



Chapter 6: Future Directions

Within this thesis, I have investigated the interplay between traction force and
protease activity within cancer cells invading in to an ECM network. The findings from
this study indicate that the cells must reach a force threshold prior to proteolysis triggered
by transport of MT1-MMP from the cytoplasm to the cell surface. In addition, I have
explored the pathway by which MT1-MMP is transported by investigating the role of
CARTS pathway during cancer cell invasion. I have shown that MT1-MMP is packaged
within Golgi vesicles involved in the CARTS pathway and is transported to the cell
surface along with a known CARTS pathway cargo. Furthermore, the disruption of this
transport pathway was shown to abrogate the invasion process. In addition to
investigating the invasion of cancer cells, I have created in vitro platforms recapitulating
the cancer microenvironment using a combination of 3D photopatterning and
microfluidics technology developed within our lab. To this end, I developed a tumor-on-
a-chip system containing cancer spheroids entrapped within an ECM network and
encompassed within an endothelial barrier at the periphery. The encapsulated cells
exhibited a dose-dependent response to doxorubicin thereby illustrating the platform’s
capacity to serve as a drug-screening tool. Lastly, I have improved upon this system by
using an additive photopatterning technique to incorporate monocytes and tune the
morphology of cancer cell to study the effect of cancer-immune interactions on the
recruitment of cytotoxic T-cells.

Within the co-culture system containing cancer cells, monocytes, and endothelial

cells, the differential recruitment of cytotoxic T-cells were observed as a function of cell
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morphology and cell type. Further investigation into the differences in soluble factors
causing the differential recruitment could be of great interest. Using mass spectrometry,
we can identify the soluble factors unique to each culture combinations and further
investigate into these factors. This form of analysis may uncover unique factors beyond
known chemokines or uncover chemokines that may not have been considered to
influence the recruitment of cytotoxic T-cells.

The use of monocytes polarized towards M1 or M2 phenotypes in place of
monocytes may yet increase the complexity and physiological relevancy of this system.
Here, the polarization towards M2 phenotypes can create a pro-tumor microenvironment
that may potentially curb T-cell infiltration. Contrastingly, the presence of M1
macrophages will generate an inflamed microenvironment, which will affect T-cell
infiltration. Furthermore, the incorporation of other cell types such as fibroblasts, which
play a vital pro-tumor role in the cancer micro environment, may be needed to increase
the complexity of this in vitro system. Nevertheless, the use of mass spectroscopy to
identify soluble factors within this co-culture system uncovers novel interactions that
would otherwise be difficult within an in vivo model.

Beyond investigating the infiltration of T-cells, the fluidics-based co-culture
platform containing cancer and immune cells can be used to study the recruitment of
other types of immune cells. These studies in particular may require the use of peripheral
blood mononuclear cells (PBMC) where a plethora of immune cell types exists. In this
manner, evolution of the cancer immune contexture can be recapitulated in vitro in a
controlled manner to better understand how this microenvironment was generated in vivo.

To this end, the use of particular cell types within the co-culture system is crucial due the
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capacity for cross reactivity of immune cells towards cell lines. Therefore, syngeneic
cancer cell lines along with murine PBMCs may prove to be the optimal pairing that is
needed to execute this study.

The co-culture system described within this thesis provides a 3D
microenvironment, allows for positioning and compartmentalization of different cell
types, and provides perfusion of media that can be used to allow cells to extravasate into
the cell-laden hydrogels. The versatility of this platform creates endless opportunities to
closely recapitulate the in vivo microenvironment especially for complex phenomena
such as cancer-immune interactions. Such a technology can be an invaluable tool in
furthering the capacity of immunotherapies, which hold the highest potential in curing the

cancer epidemic.
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