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Chapter 1

Introduction

1.1 Breast Cancer Metastasis and its Impacts on Human Health

Breast cancer is a prevalent problem for female patients worldwide. According to
the American Cancer Society, breast cancer is the leading cancer among women with
an estimated 300,000 new cases being diagnosed in 2024. There are several
therapeutic options for breast cancer including hormonal therapies, chemotherapies,
immunotherapies and other personalized medicines. However, mortality rates of breast
cancer are still less than optimal with deaths of breast cancer in 2024 estimated to be
around 42,000. Additionally, breast cancer creates a financial strain on the healthcare
system and patients. In 2020, it was estimated that $29.8 billion USD was spent on
healthcare related to breast cancer. For patients, the estimated cost of initial care in
2020 was $34,979.50 USD and $76,101.20 USD for care during the last year of life.'3
One of the major causes of mortality in breast cancer patients is metastasis to other
sites.

Metastasis is the spread of cancer cells from the primary tumor site to a distant
site in the body and is a well-studied hallmark of cancer and is associated with higher
death rates in patients.*% In breast cancer, distant recurrence is common in sites such
as the brain, bone, liver, lymph nodes, and lungs.® (Fig. 1.1) In order for cancer cells to
metastasize, they undergo an epithelial-to-mesenchymal transition and then circulate in

the vasculature, exiting an colonizing at a secondary site.” This process has been



Figure 1.1. Metastasis of breast cancer and common metastatic sites. Breast cancer can
undergo the metastasis from the primary breast tissue to other parts of the body. Common
secondary sites include the brain, liver, lymph nodes, bones and lungs. Figure created in
BioRender.



coined the “metastatic cascade” and is seen in various types of cancers. It is thought
that breast cancer cells circulate to visceral organs due to access of blood flow,
however, it is also thought that breast cancer cells can establish a premetastatic niche
in other sites to prime them for colonization.?° This growth of tumor cells at other organ
sites causes disruption in function which leads to complications and mortality for
patients. According to the National Cancer Institute’s 2023 Surveillance, Epidemiology
and End Results Program, there is a 5-year survival rate of 99.3% when patients
present localized tumors. However, the survival rate decreases to 31.0% when patients

present distant metastasis.

1.2 Breast Cancer Metastasis and Colonization to the Bone Microenvironment

The bone microenvironment is a common site of metastasis for breast cancer. It
is not well understood why breast cancer tends to home to the bone, but it is speculated
that the vascularization and growth factors in the bone make it ideal for survival and
proliferation.™ It has been shown that bone metastases are correlated to lower
incidences of death in breast cancer patients compared to visceral organs, but 70% of
patients who succumb to the disease have bone metastases after autopsy.!" Patients
may exhibit bone metastases 5-15 years after diagnosis.'?' Interestingly, this late
detection of bone metastases is attributed to tumor cell dormancy, a phenomenon
where tumor cells undergo decreased proliferation. This decreased proliferation of the
tumor can be contributed to immunological processes mediating the tumor size or
intracellular processes inducing quiescence.'*'> The processes of when and how cells
awaken from dormancy and begin proliferation in the bone microenvironment is still

widely debated.



Under normal skeletal remodeling, osteoblasts (bone-forming cells) directly
interact with osteoclasts (bone-degrading cells) to create structurally sound bone. After
breast cancer cell dissemination to the bone marrow, breast cancer cells will interact
with the bone microenvironment through the process known as the ‘vicious cycle of
bone destruction’.'®7 In this process, cancer cells will disrupt normal bone remodeling
by interacting directly with the osteoblasts via expression of parathyroid hormone-
related protein (PTHrP), causing osteoblasts to increase their expression of Receptor
activator of nuclear factor kappa-B ligand (RANKL). The RANK receptors on the
osteoclast precursors bind to RANKL from the osteoblasts. This causes the osteoclast
progenitors to begin fusion into mature osteoclasts and begin resorption of the bone.™®
Tumor cells can also bypass the osteoblast-RANK mediated signaling and
communicate directly with the osteoclasts. This is typically done by using cytokines
such as IL-1 and IL-6 to cause osteoclastogenesis and activity.'® This pathway can
disrupt normal bone remodeling by resorption outcompeting formation. In addition to
bone degradation, the byproducts of this process such as extracellular calcium and
transforming growth factor beta (TGF-B) can be released from the bone matrix and feed
the proliferation and invasion of these metastatic breast cancer cells.'® Although
prevalent in breast cancer, this process is also seen in other cancers that can home to
the bone microenvironment, such as prostate cancer.?’ The vicious cycle of bone
destruction can cause several ailments for patients. These include pathological factures
and hypercalcemia that can lead to renal failure. Typically, patients will have a life

expectancy of 18 months after diagnosis with bone metastases. 2".22



1.3 Physical Influences of Cancer Progression in the Primary Site

Although there have been several studies evaluating the intracellular signaling
that generates the vicious cycle, it is not clear how the bone microenvironment itself
contributes to the progression of the tumors. In this project, we considered analyzing if
the physical factors of the bone microenvironment can influence the tumor cell
progression. This started due to current evidence about how the primary site influences
tumor progression through a variety of processes associated with its physical

characteristics.

Tumorigenic ECM and Biophysical Parameters

The extracellular matrix (ECM) is a network of macromolecules that provide
biophysical and biochemical support for cells.?3?4 In mammals, the ECM primarily
consists of mainly fibrous collagen, but also laminin (which makes up the basement
membrane), and fibronectin (which have integrin-binding sites), that provide a scaffold
for cells to form tissues and migrate. In the context of a tumorigenic breast environment,
tumor cells can manipulate or dysregulate the ECM to their advantage for proliferation
and metastasis. This can be done directly by the tumor cells that are proliferating and
even dormant. One study showed that dormant cancer cells created a fibronectin matrix
and can release matrix metalloproteases (MMPs) to degrade the matrix.?® This
degradation is a key process in allowing cancer cells to move through the stroma and

undergo intravasation and extravasation.



Tumor cells can also utilize fibroblasts which are stromal cells responsible for
generating connective tissue though the deposition of collagen. When normal fibroblasts
encounter tumor cells, they can transition into cancer-associated fibroblasts (CAFs),
fibroblasts that can secrete cytokines and can remodel the ECM to allow growth and
motility. This is done by causing upregulation of transcription factors in the fibroblasts.
For example, when breast cancer cells were co-cultured with normal fibroblasts (NFs),
there was an upregulation of Friend leukemia integration 1 (Fli-1) and Transcription
Factor 12 (TCF-12) genes that are associated with cancer-associated fibroblasts
(CAFs) and tumor progression.?®

The surrounding architecture of the ECM is also important to the movement and
morphology of the cancer cells. (Fig. 1.2) It has been shown that higher confinement of
cancer cells can affect their motility. 27 With these factors taken into consideration, it is
important to make sure that the physical properties of the environments are well
understood to better understand certain premetastatic niches, environments primed for

cancer metastasis.

Mechanotransduction and Breast Cancer Progression

The process by which mechanical cues affect biological responses is called
mechanotransduction. Mechanotransduction is integral to cell development in all parts
of the body, and it is also highly prevalent in looking at tumor progression in the primary
site.?® To promote growth, tumor cells utilize degradation and the formation of collagen,
numerous mechanotransduction processes are taking place and can contribute to the

phenotype of breast cancer cells.?® This is mainly due to the signaling pathways that are
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Figure 1.2. Elongated morphology of breast cancer cells at higher matrix
rigidities due to ECM changes. Increased matrix deposition and degradation
of tumorigenic microenvironments can cause increased rigidities that tumor
cells sense. This can cause breast epithelial cells to change their morphologies
to become more invasive though the activation of mechanotransduction
pathways. Figure created in BioRender.



affected when factors such as fibrotic macromolecules and stress are increased in the
tumorigenic environment. These pathways usually include integrin signaling,
phosphoinositide 3-kinase (P13K)/Akt mechanosensitive pathway, and yes-associated
protein (YAP) and transcriptional coactivators with PDZ-binding motif (TAZ) that is
associated with Hippo and Wnt signaling. The upregulation of these pathways can
cause an increase in metastasis, epithelial-to-mesenchymal transition, and tumor cell
proliferation by inducing pro-tumorigenic proteins such as STAT3, gp130, MMP7 and
Myec. 30 Additionally, mechanosensitive genes can be expressed though
mechanotransducers, which are mechanically activated proteins and attach to

transcription factors in the nucleus and influence gene expression, such as YAP/TAZ.3'

Matrix Riqgidity and Tumor Progression in Breast Cancer

The stiffness of the environment is commonly associated with tumor
progression.3? Cancerous breast tissue is generally stiffer (2 kPa) than normal tissue
(0.1 kPa), and this is highly correlated to the metastatic potential, which is mostly due to
the upregulation of fibrillar macromolecules such as collagen and fibronectin.3® These
macromolecules are deposited by cancer-associated fibroblasts and provide a track for
cancer cell motility. It has also been shown in breast mimetic microenvironments that
breast cancer cells increase their invasive capacity when seeded at higher stiffnesses
via the usage of invadopodia and the upregulation of genes that are used for ECM
remodeling and cell adhesion such as matrix metalloproteinase-1 (MMP1) and
fibronectin 1 (FN1).3435 It is also thought that some cancer therapies, including

radiotherapy, can affect the stiffnesses of the tumor microenvironment. For example,



irradiated tissues have been shown to contribute to tumor cell recruitment.®® Stiffness
not only affects the cancer cells but also the cells that are responsible for the
development of the ECM, including fibroblasts and macrophages.

Researchers have shown that stiffnesses within a microenvironment can cause
stromal and immune cells to change their phenotypes. For example, He et al. showed
that macrophages seeded in higher stiffnesses (60.54 kPa) are not as proliferative as in
softer matrices (1.5 kPa).3” Macrophages with a more pro-tumorigenic phenotype can
deposit matrix metalloproteases for angiogenesis, ultimately increasing metastatic
potential of the surrounding tumor cells. Another component of the microenvironment
that is highly affected by stiffness are the fibroblasts. At higher stiffnesses, fibroblasts
increase in their spreading and production of angiogenic factors.® It has also been
shown that the combination of stiffness and factors associated with cancer can cause
the transition into CAFs. One study showed that microvesicles from MDA-MB-231
breast cancer cells promoted cancer-associated fibroblasts when NFs were seeded on
stiffnesses associated with breast cancer (1 kPa — 20 kPa).3° These CAFs can deposit
more fibrous matrix, ultimately increasing the stiffness of the environment. Overall, the
stiffnesses in the environment causes cells to behave differently and promotes cancer

progression via different mechanisms.

1.4 Physical Influences of Breast Cancer Cell Progression in the Bone

Microenvironment

In the body, various tissues have different matrix rigidities ranging from 0.5 kPa
in the marrow and breast, 2-8 kPa in the lungs, and cortical bone ranging to 20,000

kPa.*? These rigidities are associated primarily with the macromolecules and cell types



that give the organ its function. The bone marrow microenvironment is highly dynamic
and is developed from many fibrous macromolecules and progenitor cells.*'4? It is also
highly variable in its physical properties such as stiffness, three-dimensional (3D)
architecture, and fluid flow. However, few studies have discussed the physical
influences of breast cancer progression at their metastatic sites, particularly in the bone
and bone marrow niche. In this this section, | will discuss how the physical parameters

of the primary and metastatic sites can influence tumor cell progression.

Bone Marrow Composition

The bone marrow is one of the largest organs within the body, accounting for 5%
of the weight of humans.*? It is responsible for the production of hematopeotic stem
cells (HSCs) and downstream progenitor populations.** These cells are responsible for
regulating the production of immune cells such as monocytes, granulocytes,
macrophages, natural killer cells, T cells, and B cells. In addition to these and other
progenitor cells, the bone marrow also houses adipocytes and red blood cells.*® One
important factor to consider is the stromal environment of the bone marrow. On a
macromolecular level, the bone marrow is comprised of mostly collagen and fibronectin
secreted by fibroblasts.*® In addition to progenitor and hemopoietic stem cells,
mesenchymal stem cells in the bone marrow assist in regulating the vasculature and
depositing matrix.#> There are a variety of biophysical factors, such as stiffness and
pressure within the bone marrow, that can assist cause breast cancer progression after

metastasis.
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Stresses in the Bone Marrow Environment

There are a variety of stresses within the bone marrow microenvironment. The
bone marrow’s mechanical factors can be categorized as internal and external forces.
Internal forces consist of hydrostatic pressure and stiffness of the bone marrow while
the external forces are due to physical loading.*” Although these forces are different,
each of them affects biological processes in the bone marrow including the production
of osteoactive agents such as TGF-B.4® Studies have shown that the stiffness of the
bone marrow microenvironment influences the progenitor cells that are responsible for
the development of certain cells such as HSCs.*® With bone marrow spanning from 0.5
kPa to 40 kPa in stiffness, these biophysical changes within the bone environment can
potentially affect the metastatic capability and proliferation of cancer cells and how they

interact with the ECM.%° (Fig. 1.3)

1.5 Bone Microenvironmental Influences on Breast Cancer Progression

Bone Marrow Microenvironment and Breast Cancer Progression

One of the most common sites of breast cancer metastasis is the bone marrow.>’
There are several factors that make this an optimal premetastatic niche. The high
vascularity of the bone marrow increases the likelihood of hematogenous
dissemination.®? Additionally, cytokines within the environment such as stromal cell-
derived factor 1-alpha (SDF1a) attract cancer cells to the metastatic sites since the
binding partner (CXCR4) is highly expressed on cancer cells.®>*5* These cancer cells
can also express genes such as Runt-related transcription factor 2 (RUNX2) and glioma

2 (Gli2) that help the survival of tumor cells in the bone microenvironment.>®

11



Bone Marrow

Perivascular
Niche Central Marrow Endosteal Niche

Cortical/
Trabecular Bone

Blood Vessel

Figure 1.3. Matrix rigidities of the bone marrow and cortical bone.
The rigidity of the bone marrow microenvironment increases from the
central marrow (0.5 kPa), to the endosteal niche (40 kPa), and tis
highest at the cortical bone (2 x 107 kPa). Figure created in BioRender.
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Some studies showed that the adhesion to vascular cell adhesion molecule
(VCAM-1) in the bone marrow can cause multiple myeloma to promote osteoclastogenic
activity.5® This process of the vicious cycle is mostly perpetuated by factors such as
extracellular vesicles, extracellular calcium, and TGF-3, present within the environment
and their signaling to other cells directly in the vicious cycle.>” Other stromal interactions
and processes in the extracellular matrix can cause breast cancer cells to metastasize
and proliferate. These include key factors such as mesenchymal stem cells and CAFs
that can deposit matrix into the environment. Few studies have been conducted to
understand how the physical properties of the bone marrow and bone microenvironment
can affect the metastatic niche and the propensity for cells to metastasize and
proliferate. Some studies have shown that that increased stiffness of the bone marrow
microenvironment causes upregulation of PTHrP, a key molecule in the vicious cycle of
bone destruction.%® Follow-up studies have shown that the expression of PTHrP and
Gli2, the transcription factor for PTHrP, is regulated by Integrin Beta -3 (I33) colocalized
with TGF-B Receptor Type Il (TGF-B RII).%° Studies have shown that the bone
microenvironment can increasingly become remodeled as cancer cells promote the
production of thicker and denser collagen 1.6% With this knowledge, it may be plausible
that vicious cycle may be a mechanotransducive process that is perpetuated not only

through molecules from the bone matrix but biophysical changes through the ECM.

1.6 Hormone Status and Microenvironmental Influences

Hormonal Status and Metastasis in Breast Cancer

13



Hormonal status is highly important for diagnostic and treatment efforts for breast
cancer. Breast cancer is typically evaluated by its expression of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2).
This can be further categorized by combinations of receptors such as luminal A (ER+,
PR+, HER2-, and low Ki67), luminal B (ER+, PR+, HER2+/-, and high Ki67), HER2+
(ER-, PR-, and HER2+) and triple-negative breast cancer (ER-, PR-, and HER2-)
(TNBC). Most breast cancer patients, 60-70%, have hormone receptor-positive breast
cancer.®! These receptors and their subsequent pathways are associated with
development growth for normal epithelial cells.®? However, these receptors can be
mutated or overexpressed for continued proliferation in cancerous epithelial cells.5364
Depending on the subtype, many patients can receive hormonal therapy (for ER+ or
PR+ cases), targeted therapy (typically for HER2+ cases) along with other combination
therapies. For hormonal therapies, many of these cancers require an aromatase
inhibitor, a selective estrogen/progesterone receptor degrader (SERD), or a selective
estrogen/progesterone receptor modulator (SERM). Many of these therapies have been
used for several years and are typically first line treatments for cancer, although there is
debate about which ones are most effective.?56¢ Additionally, new hormonal therapies
are being generated to target ER through a variety of mechanisms.®”

Although these treatments are effective, breast cancer can metastasize to
surrounding tissues and distant organs. In breast cancer patients who present
metastases, HR-positive patients report more metastases to the bone while HR-
negative breast cancer patients tend to have metastases to the brain, lymph nodes, and

lung.®' (Fig. 1.4) Currently, it is unclear why these patterns exist based on breast cancer
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Figure 1.4. Breast cancer subtyping and common sites of metastasis based on receptor
status. When breast cancer cells metastasize, the subtypes that express hormonal receptors
show higher propensity to the bone. Whereas breast cancer subtypes that have lower hormone
receptor status tend to metastasize to visceral organs such as the lung, liver and brain. Figure
created in BioRender.
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subtype; however, there are some working hypotheses. Some researchers believe that
the bone microenvironment provides a hospitable environment for cells and can induce
dormancy, while others also hypothesize that hormonal negative breast cancer does not
have enough time to metastasize to the bone since it is more aggressive at other sites
that cause immediate pathological issues for patients. Most breast cancer patients are
less responsive to hormonal therapies after tumor metastasis and have a shorter life
expectancy.

There is minimal understanding of what hormonal changes occur during the
metastatic cascade. For tumor cells to undergo metastasis, cells must undergo
epithelial-to-mesenchymal transition (EMT). Even though there is not a large body of
work looking at the metastatic cascade though the lens of hormonal responses, there is
some information that links HR status to EMT. Saleh and colleagues showed silencing
of ERa using siRNAs induced a vimentin-based cytoskeleton in MCF7s.58 Other studies
also show that the deletion of ESR1, the gene that encodes for ERa, in MCF7s
increased growth rates and expression of known EMT markers such as ZEBH1,
Snail2/Slug, and fibronectin. They also showed that ERa loss can decrease the
expression of other hormone receptors.®® Ma and coworkers also showed that the
activated YAP can repress transcriptional expression of ESR1.7° These processes of
ER being decreased and cells changing their behavior have been seen at metastatic
sites as well. Bado and colleagues show that in PDX and immortalized ER+ models,
there is a decrease in ER in micrometastases in the bone, and tumor cells regain ER
expression when they form overt tumors.”' They also show that bone micrometastases

of ER+ tumors cells are resistant to endocrine therapies. On the contrary, Clements and
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colleagues showed that in MCF7 bone clones (MCF7b), nuclear and cytoplasmic ERa
was not changed. However, there was a change in proliferation and invasion in MCF7b
compared to parental MCF7 lines.”?

This work shows that the microenvironment that the cells experience may
contribute to how ER+ tumor cells behavior in a metastasis, However, it is unclear what
exact factors of the microenvironment could contribute to those differences in behavior.

Physical Factors and Hormonal Statuses in Breast Cancer

Although there are several studies evaluating breast cancer response to different
physical factors, there is little understood about how the physical factors influence
hormonal signaling in breast cancer. Based on the current literature, there is not a
definitive understanding of how HR-positive breast cancer cells respond to varying
physical stimuli, but HR-negative tend to respond to the environment more readily.
Current immortalized breast cancer models with a positive hormonal status, such as
MCF7s and T47Ds, typically have non-invasive characteristics in both 2D and 3D
cultures.” However, when the microenvironments change, the cell lines can change
their behavior and signaling can change.

In a novel alginate-Matrigel system that mimics the stiffness of the bone marrow
(0.5 kPa — 16 kPa), MCF7s embedded in the hydrogel at 16 kPa show similar
morphologies as more invasive 4T1s. Others have identified that ER signaling can be
activated when compressed by stiffnesses at 37 kPa, like that of dense primary tumors.
They show that p38p and MAPK increased in both normal patient cells and breast
cancer derived from patients.”* Additionally, this concurs with other studies that show

other hormone dependent cancers are modulated at different stiffnesses. One study
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showed that MCF7 and T47Ds (PR+ cell lines) can modulate PR modulators at different
stiffnesses related to tumorigenic environments.”® Spencer and colleagues also showed
that although both MCF7s and T47Ds did not increase proliferation at higher stiffnesses,
there was a decrease in drug responses and lower proliferation, which is a hallmark of
EMT.”® However, Kloxin and colleagues also show that T47Ds, an ER+ breast cancer
line, do not adjust their shape factors when embedded in a PEG hydrogel with various
binding peptides associated with laminin, fibronectin and collagen.”” It is also unclear
how these breast cancer cells behave at stiffnesses related to metastatic sites.
Ruppender and colleagues showed that in bone mimetic models, MCF7s did not
respond to stiffness in terms of their morphologies and osteolytic factors compared to

MDA-MB-231s in polyurethane bone-mimetic models.”®

1.7 Dissertation Focus

My dissertation focuses on two projects related to understanding how the stiffness of
the bone marrow contributes to breast cancer cell progression after metastasis. First, |
will discuss a project where we developed a 3-D bone marrow mimetic hydrogel system
and evaluated breast cancer cell behavior. Here, we were able to identify phenotypic
changes to breast cancer cells that mimic an invasive phenotype. Secondly, | will
present our findings on how stiffnesses of the bone marrow changes the transcriptional
and molecular phenotypes of hormone positive breast cancer cells that can potentially

contribute to changes in the bone microenvironment.
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Chapter 2

Emerging Biomimetic Materials for Studying Tumor and Immune Cell

Behavior

The work in this chapter is published and adapted from: Northcutt L*, Suarez-Arnedo
A*, and Rafat M. Emerging Biomimetic Materials for Studying Tumor and Immune Cell
Behavior. Ann Biomed Eng. 2020 Jul;48(7): 2064-2077.doi: 10.1007/s10439-019-
02384-0. Epub 2019 Oct 15. (*both authors contributed equally to this work)

Abstract

Cancer is one of the leading causes of death both in the United States and worldwide.
The dynamic microenvironment in which tumors grow consists of fibroblasts, immune
cells, extracellular matrix (ECM), and cytokines that enable progression and metastasis.
Novel biomaterials that mimic these complex surroundings give insight into the biological,
chemical, and physical environment that cause cancer cells to metastasize and invade
into other tissues. Two-dimensional (2D) cultures are useful for gaining limited information
about cancer cell behavior; however, they do not accurately represent the environments
that cells experience in vivo. Recent advances in the design and tunability of diverse
three-dimensional (3D) biomaterials complement biological knowledge and allow for
improved recapitulation of in vivo conditions. Understanding cell-ECM and cell-cell
interactions that facilitate tumor survival will accelerate the design of more effective
therapies. This review discusses innovative materials currently being used to study tumor
and immune cell behavior and interactions, including materials that mimic the ECM
composition, mechanical stiffness, and integrin binding sites of the tumor

microenvironment.
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2.1 Introduction

The ability of tumor cells to metastasize beyond the primary tumor and invade into
new tissues is one highly-studied hallmark of cancer.”® To gain more information about
this phenomenon, physicians and researchers use techniques such as incisional biopsies
to extract tumor samples. These specimens are helpful for gaining information such as
expression of genes and prevalent proteins that are associated with malignant
phenotypes and cancer cell proliferation.®° Although informative and extracted from
patients, one disadvantage of direct evaluation of primary tissues is the large degree of
variability in each sample. Another popular methodology in studying cancer in vitro is two-
dimensional (2D) tissue culture. One key limitation of this method is that 2D culture does
not recapitulate physiologically relevant three-dimensional (3D) microenvironments,
which typically results in distinct outcomes from in vivo conditions.®' Another drawback of
this technique is primarily the lack of integrin binding sites present in the tumor
microenvironment. In addition, the complexity and tunability of 2D environments are
severely limited.8?

While much information has been gained from monolayer systems, there has been
a recent push to develop tunable, 3D cell-culturing systems to better mimic the tumor
microenvironment, which includes fibroblasts, immune cells, soluble factors, and
extracellular matrix (ECM) proteins (Fig. 2.1). One of the most sought-after approaches
to address these issues is the use of biomimetic materials that model specific in vivo
characteristics, including chemical composition or stiffness.8® Biomimetic materials have

been developed for applications ranging from the regeneration of cartilage to wound
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Figure 2.1. The tumor microenvironment and its components. Tumor
cells, immune cells, stromal cells, ECM, and soluble factors. Figure
created in BioRender.
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healing.8* Currently, these materials have also been used to create synthetic
environments that can be used to study cell morphology as well as the underlying
molecular causes of malignant cell morphology and invasion.

In addition to tumor cells alone, incorporating multiple cell types such as immune
and stromal cell populations have allowed researchers to better model the in vivo
microenvironment, cell-cell interactions, and cell-ECM interactions. This has led to an
increased understanding of tumor cell behavior and improved tumor targeting therapeutic
strategies. The immunological response is also an important factor when developing 3D
microenvironments. Tumor-promoting inflammation is an additional hallmark of cancer,
so understanding how immune cells interact with tumor cells in the microenvironment is
imperative for determining the causes behind tumor progression and metastasis.”®8%86 |n
this review, we will outline the emerging materials utilized in designing biomimetic

microenvironments for evaluating tumor and immune cell behavior.

2.2 The Extracellular Matrix (ECM)

Defining the ECM

The ECM is a 3D network that consists of various proteins and macromolecules
necessary for providing cellular, biochemical, and structural support. All tissues in the
body contain ECM components but vary in their composition. Most mammalian ECM
consists of collagen, fibronectin, and laminin, along with glycosaminoglycans that form
proteoglycans.?*8” Table 1 lists the key components present in the ECM. In cancer
studies, cell-ECM interactions are commonly studied (Fig. 2.2), which facilitate changes

in
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Figure 2.2. Extracellular matrix (ECM)-cell interactions.
Figure created in BioRender.
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Table 1. Components of the extracellular matrix (ECM).

Main Components Macromolecules Function
Highly Viscous Aggrecan Interact with integrins
Proteoglycans®® Decorin Hydration buffer
Lumican Mitigate shear stress
Perlecan
Syndecan
Versican
Insoluble Collagen Collagen | Provide structure
Fibers89.88 Collagen Il Cell adhesion
Collagen Il
Collagen IV
Collagen V
Soluble Multiadhesive Laminin Integrin binding
Proteing®0.91.88 Fibronectin Cell growth

Cell adhesion
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cytoskeletal actin filaments, upregulation or downregulation of oncogenes, and

expression of proteins associated with cancer cell invasion and proliferation.82:92

ECM and the Tumor Microenvironment

The ECM is a prominent factor in cancer progression in the tumor
microenvironment.®3> There has been extensive research into how the chemical and
physical properties of the ECM can affect the proliferation and migration of cancer and
immune cells as the composition and structure of the ECM is integral to the regulation of
cell growth, phenotype, and organization.® Many recent studies have attempted to mimic
particular ECM properties and structures to study cancer progression. For example,
Narkhede et al. developed hyaluronic acid (HA)-based hydrogels since HA is a key
component of the brain ECM and has similar viscoelastic properties to the ECM.%® The
HA hydrogel stiffness was varied from 0.2 kPa to 4.5 kPa to understand how changes in
mechanical cues can affect the behavior of brain metastatic breast cancer cells.
According to their results, breast cancer cells proliferate and adhere to a greater extent
in stiffer microenvironments, and this was mediated by the focal adhesion kinase (FAK) -
phosphoinositide-3 kinase (PI3K) pathway.®® Another example is the work by Kim et al.,
where they incorporated collagen | and Matrigel into a microfluidic device to study how
the recruitment of immune cells alters the invasiveness of cancer cells. This work
demonstrated monocyte and macrophage-induced remodeling of the ECM, which
enhanced the invasiveness of cancer cells.?® ECM components have also been utilized
as bioinks in 3D printing technologies.®”-%® For instance, Duarte Campos et al. used a type

| collagen-based bioink to make a 3D mini-model of neuroblastoma. These models were
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able to mimic in vivo characteristics of neuroblastoma such as proliferative potential and

the formation of Homer Wright-like rosettes.9%:100

Integrin Binding Patterns

One of the most important drivers of communication between cells and the ECM
is the presence of integrins. Integrins have key functions in multiple processes that
facilitate tumorigenesis, progression, and metastatic potential of cancer cells.’”" These
cellular receptors are implicated in signaling molecules, cell migration machinery, the
epithelial-to-mesenchymal transition (EMT), and mechanotransduction.'9%193  For
instance, integrins allow for the activation of epidermal growth factor receptor (EGFR) and
the modulation of epithelial differentiation in 3D microenvironments. EGFR also promotes
the formation of focal adhesions, structures that bind integrins to the cytoskeleton and
organize the conformation, tension, and morphology of cells.’® Integrin avf6 is the
binding receptor in tumorigenic cells while a5B1 is a constitutively expressed integrin that
plays the same role in healthy cells.'%51% Many studies have identified the role of specific
integrin subtypes in cancer progression mediated by tissue stiffness using diverse
biomaterials. Using alginate-Matrigel interpenetrating networks, Chaudhuri et al.
proposed a mechanism where junction a6p34 integrins and laminin play an important role
in the development of malignant phenotypes in breast cancer, which is dependent on
ECM stiffness. If the stiffness of the ECM is in the normal range (30 Pa), the a6p4
integrin—laminin units overlap and allow for hemidesmosome formation. However, high
ECM stiffness (310 Pa) reduces hemidesmosome formation, and the free 34 can lead to

Rac1 signaling and PI3K activation for phosphorylation by receptor tyrosine kinases.%?
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Moreover, it was shown using 2D tunable collagen I|-coated polyacrylamide (PA)
hydrogels that an increase in stiffness and availability of collagen binding sites leads to
the upregulation of integrin 1 in hepatocellular carcinoma (HCC) that promotes cancer

progression by the activation of transforming growth factor beta-1 (TGFB-1).1%7

2.3 Biomimetic Tumor Microenvironments

To study various organs and diseases, biomimetic environments have typically
been designed to provide structure as a scaffold for cell growth and adhesion. More
recently, many emerging biomaterials have been used to evaluate EMT, cell-ECM
interactions, and immune cell infiltration, including organoids, decellularized ECM, natural
materials, and synthetic materials. These materials and applications are summarized in

Table 2.

2.4 Organoid and Spheroid Models

Organoid and spheroid systems are wuseful models for biomimetic
microenvironments. Organoids are organ-like structures and are derived from cells and
tissues ranging from murine to human species (Fig. 2.3). Organoids recapitulate key
structural and functional components of various sites of interest from the brain to retinal
systems.'%8-110 Qrganoids have been used extensively in studying multiple cancer
models. ""'-""4 For example, CRISPR/Cas9 gene editing was performed to introduce
KRAS, SMAD4, APC, and TP53 mutations into normal human intestinal organoids to form
adenocarcinomas in mouse models during xenograft transplantation.''® Organoid models
have been developed to mimic drug resistant tumors and to evaluate therapeutic

efficacy.'08116.117 Sun et al. reported the formation of organoids from reprogrammed
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hepatocytes to initiate HCC through c-Myc expression.''® It was shown that these
organoid models can form tumors in vivo, making them a useful system for generating

mouse xenografts to study drug response.
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Table 2. Common biomimetic materials and their applications.

Biomaterial Cancer Application
» Mammary epithelial Breast Normal tissue radiation effects on tumor-stromal and
2 cells immune interactions'"®
§ Pancreatic cancer Pancreatic Tumor-stromal and tumor-immune interactions'2°
Io) cells
Bladder-derived Skin, colon, breast Tumor growth delay and immune signatures'2!:122
Mammary fat pad- Breast Radiation effects on tumor cell behavior, breast
derived cancer proliferation, and invasion'23
Colorectal cancer- Colon Establishing the colorectal tumor microenvironment
derived influence on macrophage-mediated cell
s invasion'24:12%
g Breast cancer- Breast Evaluation of tumor development and
3 derived progression'26-129
= Liver-derived Liver Determining how the mechanical properties of
E] cirrhotic liver tissue alter tumor cell behavior'3°
3 Human tumor- Colon Studying the mechanisms of chemotherapy
a derived resistance at different stages of malignancy'3"132
Brain tissue-derived Brain Investigating glioblastoma cell invasion33
Colon tumor-derived Colon Evaluating tumor progression at different stages of
tumorigenesis 134
Xenograft-derived Breast, liver, lung Studying the behavior of cancer cells in crosslinked
dECM 3%
HA hydrogel Breast Stiffness effects on metastasis to the brain®
Collagen |, Matrigel Breast Recruitment of immune cells and their effect on the
" invasiveness of cancer cells
© Porous chitosan- Prostate, breast, liver, Evaluating cancer cell behavior on scaffolds
g alginate scaffolds brain mechanically mimicking cancer progression;
E Investigating cancer stem cell enrichment'36.137
® Alginate-Matrigel Breast Effect of stiffness and ligand ratio on cell morphology
2 and invasion?2138
= Alginate-based Lung, breast, Co-culture model for a drug screening platform®’—
pancreatic, 99,139,140
neuroblastoma,
pituitary
w PEG-b-poly(L- Breast Linking chemical and mechanical ECM
s alanine) hydrogels characteristics to tumor cell behavior 141
8 PA hydrogels Thyroid, renal, breast Stiffness and topography effects on normal and
2 cancer cells'42-144
S, Alginate-PCL Liver Cancer stem cell enrichment4°
@ nanofibers
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Figure 2.3. Normal tissue and tumor organoid model systems.
Tumor organoid model systems can be produced from tumors or
by genetic modification of organoids generated from normal
tissues. Organoids can be used to answer questions about cancer
biology, cell-cell interaction studies, and therapy response
mechanisms.
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In addition to tumor systems, organoids have been used as normal tissue models to
evaluate tissue development as well as to study how normal tissues interact with tumor
and immune cells.'®146 For example, Hacker et. al derived mammary epithelial
organoids from irradiated and normal murine mammary glands.'"® These organoids are
being used to study the effects of normal tissue radiation damage on breast tumor-
stromal and immune interactions, which may elucidate cancer recurrence mechanisms.
Patient-derived organoids are also being explored to develop platforms for studying
novel biomarkers and drug targets as well as tumor-immune and tumor-stromal
interactions. 147,148,149, 150,120

An additional approach to studying 3D tumor models is developing spheroids or
micro-sized cell aggregates that function as in vitro models of the behavior of different
tumor types.'®' Limitations in the use of tumor spheroids include the lack of ECM
interactions and heterogeneity in the size and shape of the aggregates. To address that
variability, Pradhan et al. designed and modeled 3D tumor microspheres formed by
encapsulating MCF7 breast cancer cells in a PEG-fibrinogen hydrogel. This new model
presented more cancer hallmarks compared to classic spheroids, such as increased
disorganization, loss in apicobasal polarity, elevated nuclear-cytoplasmic ratio, nuclear
volume density, and the reduction of cell-cell junction length.'? Recently, alginate-based
bioinks have been used to form 3D tissue spheroids of bone, cartilage, vascular tissue,
and diverse tumors through bioprinting.%8.139.140.153-155 Compared to previous spheroid
formation techniques, this method has been shown to improve cell viability, function, and
architecture. 3D printing can form a ready-to-use tumor model that can mimic interactions

with the ECM and with other cells in a co-culture system. Additionally, compared to self-
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assembled spheroids using Matrigel, this method does not require complex components
such as binding sites, growth factors, diverse extracellular fibers to promote tumor
formation. '8 In their work, Swaminathan et al. not only studied the pre-spheroid formation
of the MDA-MB-231 and MCF7 human breast cancer cells lines but also a non-
tumorigenic MCF10A breast epithelial cell line. They performed a co-culture with vascular
endothelial cells to examine drug response using Matrigel, gelatin-alginate, and collagen-
alginate as bioinks. Laminin was found to be a key factor in the spheroid formation of
breast epithelial cells, the spheroid structure was distinct when comparing tumorigenic
and non-tumorigenic cell lines, and these morphologies were conserved post-

bioprinting.'5¢

2.5 Decellularized ECM (dECM)

Decellularization is a process that removes cellular material from tissues while
leaving the majority of the ECM structure intact.’™” Since the 1990s, decellularized ECM
(dECM) has been used for wound healing and regeneration but has been variable in its
success.'®® dECM can be reconstituted into hydrogels and used for in vitro and in vivo
experiments to study cancer progression (Fig. 2.4). These dECMs consist of structural
and functional molecules that assist in the 3D organization of encapsulated cells. The
organs from which these matrices are derived can produce distinct ECM components,
and these differences alter cell-ECM interactions that serve to influence tumor cell
proliferation and adhesion.’® dECM derived from tumors has been shown to promote
angiogenesis, the EMT response, and MMP-9 production.’? Many studies use ECM
obtained from tumor tissue to establish the effect of the microenvironment on the behavior

and progression of various types of cancer, including colorectal'?4125.131,132,134 ' hregst!26-
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129 liver'™, brain'33, and lung."® This approach allows for the evaluation of dECM
obtained at different stages of tumorigenesis'3* and cancer cell interactions with immune
cells.’?125 One of the most important advantages of dECM is recapitulating the ECM
microenvironment of specific tissues. For example, murine mammary fat pads were
decellularized and exposed to radiation ex vivo.'?® Using these dECM hydrogels allowed
for studying the effect of radiation on breast cancer proliferation and invasion in the
context of recurrence after therapy. Wolf and coworkers also showed that the ECM
derived from urinary bladder can support 3T3 fibroblast growth and proliferation.'60
Another notable characteristic of dECM is that it can promote a pro-regenerative immune
phenotype and thus has been considered to combat tissue loss and promote wound

healing following tumor resection.'?’

2.6 Naturally-Derived Materials

Matrigel

Matrigel is a solubilized basement membrane matrix that is derived from murine
EHS sarcomas, murine tumors rich with ECM proteins such as laminin, collagen IV, and
other growth factors.'®' Matrigel has mostly been used as a 3D matrix for cell growth and
adhesion in culture systems due to relevant cell adhesion sites. Matrigel has also been
combined with other 3D systems such as alginate hydrogels as will be described
below.82:92.138,162.163 Although abundantly examined, Matrigel can vary from batch to
batch, and its components are undefined. Using Matrigel is nonetheless advantageous
for studying how biological, chemical, and mechanical characteristics of the ECM affect

the development and progression of cancer.
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Figure 2.4. The process of deriving decellularized ECM
from various organs for hydrogel formation.
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Alginate

Alginic acid, or alginate, is an anionic polysaccharide derived from brown algae. It
is mostly comprised of a-d-mannuronic acid and B-l-guluronic acid and can form
crosslinked hydrogel networks of tunable mechanical properties through crosslinking
using divalent ions such a calcium and manganese.’® Alginate lacks cell adhesion
binding sites and often requires modification with peptides or combination with collagen
or Matrigel to form interpenetrating networks.®? Read et. al showed that human colorectal
cancer cells were viable when encapsulated within unmodified alginate hydrogels to study
metabolic effects after irradiation.'®® However, not having binding sites available for the
cells reduces the accuracy of the biomimetic environment since the progression of cancer
is connected to cell-ECM dynamics.®* In order to mitigate this, Cavo et al. developed an
alginate hydrogel conjugated with RGD peptides that bind to integrins such as a\gs and
asB1.%2 Other peptide sequences such as DGEA and YIGSR, which are involved in cell
adhesion to the ECM, have been used in conjunction with alginate to further produce
biomimetic environments. It has been shown that the expression of these peptides can
control EMT."%4 Alginate has also been used with collagen for immunotherapy treatments
in mouse studies by Wei and coworkers. They show that the alginate-collagen matrix
along with the TLR7 agonist R837 and radiation decreases 4T1 primary tumor growth
and reduces the volume of distal tumors.'®® Alginate-chitosan scaffolds have been
designed to enhance cell adhesion. These scaffolds have been used to mimic stages of
cancer progression and metastasis in prostate adenocarcinoma and to examine cancer

stem-like enrichment in prostate, breast, liver, and brain cancer.136.137
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Since alginate can be easily tuned through the addition of divalent cations, it is
widely used for evaluating biomimetic stiffnesses of the tumor microenvironment.
Stiffness is an important factor when studying the tumor microenvironment as it has been
shown that matrix rigidity can cause cells to undergo EMT that is characteristic of invasive
phenotypes (Fig. 2.5A).767.168.169 |t js also important to tune biomaterials to mimic the vast
range of mechanical properties experienced by cells in various organ microenvironments,
including breast tissue (0.5-1 kPa), the intestines (20-40 kPa), and bone (15,000-20,000
kPa) (Fig. 2.5B). Alginate-Matrigel hydrogels have been used for breast cancer dormancy
exit studies in relation to microenvironmental stiffness. Chaudhuri et al. fabricated
alginate-Matrigel interpenetrating networks to evaluate breast cancer cell behavior in
environments ranging from 30-300 Pa to mimic progressive tumors. Using the MCF10A
breast cancer cell line, they observed that increased stiffness can promote the transition
from epithelial to mesenchymal phenotypes, which is observed when dormant tumor cells
exit dormancy.®?2 This alginate-Matrigel model has also been used to study how
mechanotransduction pathways such as YAP/TAZ signaling relate to breast cancer
progression.’® These models for integrin binding have also been used to study the
invasiveness of tumor cells. Cavo et al. used alginate-Matrigel hydrogels to understand
how stiffness can cause malignant progression as it has been shown that the
biomechanical properties directly affect neoplastic disease.’”® MCF-7 ER+ breast cancer
cells were shown to exhibit a rounded morphology in microenvironments of 5 kPa
compared to MDA-MB-231 cells, an ER- cancer cell line with higher metastatic and

invasive potential 92138
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Figure 2.5. Biomimetic materials to model different physiological
stiffness ranges. Biomimetic materials have been developed to span
the stiffness range observed in (A) the epithelial-to-mesenchymal
transition (EMT) and (B) commonly studied tissues and organs. Figure
created in BioRender.
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2.7 Synthetic Materials

Polyethylene Glycol (PEG)

PEG is a synthetic polymer that is used in a variety of biomedical applications.'’"
PEG, when modified with methacrylate and dimethacrylate, is photocrosslinkable under
UV light and can easily be conjugated with active protein sites for cell adhesion to better
evaluate cell morphology and production of growth factors.'”2173 This material has been
used to fabricate biologically active microenvironments by conjugating PEG to different
protein binding sites such as RGD, IKVAV, and GFOGER to mimic the cellular binding
sites in the fibrous structure of the ECM."74-176 Gill and coworkers used PEG conjugated
with RGDS (PEG-RGDS) for cell adhesion and GGGPQGIWGQGK (PQ) for degradation
by matrix metalloproteinases. In this model, lung adenocarcinoma cells were used to
understand morphological and epithelial changes in response to microenvironmental
stiffness, ligand adhesion concentration, and TGFR."”” Stiffnesses were varied from 21
kPa to 55 kPa in order to study the effect of stiffness on the morphology of lung
adenocarcinoma cells. Higher stiffnesses promoted an increase in mesenchymal
phenotypes. In addition, cells interacting with larger amounts of RGDS peptide presented
an epithelial phenotype. Sawicki and coworkers varied the concentration of the peptides
GFOGER, RGDS, and IKVAV that bind to collagen, fibronectin, and laminin,
respectively.'”* These concentrations were changed to mimic peptide concentrations

associated with cancerous tissue, including increased collagen | binding sites.'”®

Polyacrylamide (PA)
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Acrylamide-based hydrogels are widely used to model the stiffness range present
in biological matrices, typically from 0.1 kPa to 119 kPa.'”® PA can be functionalized and
coated with ECM components such as fibronectin, vitronectin, and collagen to encourage
cell adhesion.'® A major challenge, however, in using this material is the cytotoxicity of
acrylamide monomers, which skews studies toward 2D models.'®' Currently, PA
hydrogels are being deigned to understand how mechanical cues such as stiffness,
topography, and geometry alter gene expression', EMT, drug resistance'®,
migration'®, and tumor progression.'4>-144 To evaluate mechanotransduction in gradient
hydrogels, Hadden et al. fabricated PA-derived gels to create cell culture surfaces that
have tunable stiffnesses.'® Using human adipose-derived stem cells (hASCs), it was
reported that cells experienced durotaxis on fibronectin-coated PA gels with a steep 8.2
kPa/mm gradient while cells did not migrate in response to a more shallow gradient of 2.9
kPa/mm. This indicates that conditions separating the effects of durotaxis from stiffness
response should be considered in studying tumor cell behavior. PA hydrogels have also
been used to understand cancer stem cell (CSC) plasticity. Tian et al. used PA hydrogels
to understand whether matrix rigidity has an effect on the phenotype of CSCs."8 It was
reported that HCCs had stem cell-like properties and poor spreading at 5.9 kPa
corresponding to normal liver stiffness compared to stiffnesses in the range of cancerous
tissues (48.1 kPa). PA surfaces have also been utilized to study the response of human
primary thyroid cells (S747) and anaplastic thyroid carcinoma cells (S277) when sensing
a range of mechanical environments.'3 It was found that normal cells adapt their
viscoelastic properties in response to stiffness changes while the carcinoma cell

viscoelasticity remained constant.
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Other Synthetic Biomaterials

Other commonly studied synthetic biomimetic materials are polydimethylsiloxane
(PDMS), polycaprolactone (PCL), and polyurethane (PUR) films.'4%185.186 Al of these
materials allow for a higher degree of stiffness matching of tissues and organs compared
to natural biomaterials, and they can also be functionalized or mixed with ECM
components to form hybrid materials that can model the tumor microenvironment.'® One
notable example evaluates the development of porous and tunable alginate-PCL
nanofiber scaffolds for investigating cancer stem-like cell enrichment, EMT, and cell

distribution. 4%

2.8 Immune Cell Behavior

Studying the Immunological Response in Cancer Microenvironments

There are several components of the microenvironment that influence tumor
growth, including cancer-associated fibroblasts, tumor associated neutrophils, and tumor
associated macrophages (TAMs).'87.18 |t has been shown that these cellular and immune
populations, or lack thereof, can contribute to cancer progression and metastasis. For
example, triple negative breast cancer tumor cell recruitment after radiation therapy was
enhanced due to reduced lymphocytes and excess macrophages.'® In addition,
incorporating chemokines and cytokines into models are important as they enable pro-
inflammatory responses that affect the growth of tumors and give signals to immune cells
to encourage malignant behavior.187.190

One overarching goal in designing 3D biomimetic systems is to understand how
tumor cells evade the immune response.’®! TAMs are associated with poor prognosis in

patients and promote tumor growth and migration.'?2192 A biomimetic materials approach
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has been undertaken to evaluate immune cell interactions with stromal and tumor cells.
Wolf et al. used urinary bladder matrix (UBM) scaffolds embedded with three different
cancer cells, melanoma (B16-F10), colorectal carcinoma (CT26), and mammary
carcinoma (4T1) to evaluate how the ECM microenvironment influenced tumor
progression. UBM is a decellularized scaffold composed of basal lamina and lamina
propria of the porcine urinary bladder that contains collagen |, ECM-associated factors,
glycoproteins, and proteoglycans.’®® The UBM scaffold inhibited and delayed tumor
formation while promoting a distinct immune signature that was dependent on CD4+ T-
cell and macrophage infiltration.’' In addition, Zhu and co-authors have shown that
cellular phenotypes and their responses can change within dECM hydrogels. dECM
hydrogels were found to play a role in macrophage activation and polarization that was
dependent on the organ from which the ECM was derived.'??> Keane et al. demonstrated
that decellularized matrices can promote anti-inflammatory responses by reducing
inflammatory macrophage infiltration.'®* The mechanisms behind how dECM can activate
these macrophages warrant further study in order to evaluate polarization that mimics the
tumor microenvironment.

3D bioprinted tumor models have also been used to study the interactions between
different cell types, including immune, cancer, endothelial, and fibroblast cells in vitro.%7:%8
Gelatin and gelatin methacrylate have been used for this application.’® In their work,
Heinrich et al. fabricated a mini-brain with encapsulated glioblastoma-associated
macrophages (GAMs) and glioblastoma multiforme (GBM) tumor cells to study cell

crosstalk in vitro. This work demonstrated how the presence of GAMs promotes the
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invasion and proliferation of GBM as well as how GBM leads to GAM recruitment and
proliferation.®”

An important application of biomimetic materials is to study the behavior of cancer
cells treated with novel therapies.'?® One approach is local cancer immunotherapy, a
treatment intended to stimulate the immune system of cancer patients commonly
achieved through T-cell infusion, vaccines, or antibodies to inhibit proteins produced by
cancer cells using macroscale biomaterials.'®'®7 The principal advantage of local
immunotherapy is specific immunomodulation at the tumor site, which prevents systemic
toxicity. Injectable biomaterials can include cargo such as immunomodulators, immune
cells, or cancer vaccines. Mesoporous silica microrods, PEG with polypeptide blocks,
synthetic peptides with specific motifs, and DNA-scaffolded biomaterials are being
developed for this purpose.’®-201 Additionally, natural biopolymers such as alginate,
chitosan, gelatin, and HA have been explored.®%202 | ee et al. used DNA polyaptamer
hydrogels with Cas9/sgRNA to promote the controlled delivery of immune checkpoint
inhibitors for cancer immunotherapy. The hydrogels are composed of two templates that
contain PD-1 aptamers and prepared by rolling circle amplification containing
complementary sequences of sgRNA to be cleaved by Cas9. The release of a
programmed death receptor (PD-1) DNA aptamer promotes the activation of T-cells and
reduces tumor growth.?%® Furthermore, immune checkpoint inhibitors can be released
with a hydrogel-based polypeptide vaccine to improve tumor immunotherapy. Song et al.
developed an injectable PEG-b-poly(L-alanine) hydrogel with encapsulated granulocyte-
macrophage colony-stimulating factor and anti-CTLA-4/PD-1 antibodies. The injectable

hydrogel promoted the recruitment and activation of dendritic and T-cells. Moreover, the
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hydrogel vaccine led to the secretion of specific cytokines that reduced the growth of B16
melanoma tumors. These injectable biomaterials can be used as a sustained delivery
platform with co-delivery of immunotherapeutics to promote immune cell activation and

eliminate tumors.'#!

Cell Membrane-Mimicking Nanopatrticles

Currently, one of the major limitations in the use of drug delivery nanoparticles in
chemotherapy is low therapeutic efficacy and limited tumor penetration.?% For that
reason, developing biomimetic nanoparticles as drug delivery vehicles to promote an
immunomodulatory response has been explored. These nanoparticles are composed of
a cell membrane coating and can mimic specific cell types due to the surface
functionalization of the originating cell's membrane proteins.25-2'2 An innovative system
for targeting tumors is the design of paclitaxel-loaded polymeric nanoparticles coated with
the cell membrane of a specific tumor cell. For example, Sun et al. fabricated cancer cell
biomimetic nanoparticles from 4T1 murine triple negative breast cancer cell membrane-
derived vesicles and paclitaxel-loaded polymeric nanoparticles composed of PCL. In
contrast with other drug delivery systems, this class of biomimetic nanoparticle has a high
specificity for targeting primary tumors.?%” In conjunction with other materials, PEG has
also been used to help create immunological responses in a drug delivery system. Lai
and coworkers fabricated DSPE-PEG nanoparticles coated with macrophage plasma
membranes as a functional macrophage mimic.?'®> This approach showed minimal

cytotoxicity and successfully allowed the nanoparticles to cross the blood brain barrier to
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selectively accumulate at glioblastoma sites, making this an optimal delivery strategy for

reducing tumor growth.??

2.9 Conclusion

The development of biomimetic materials offers promising avenues of
understanding tumor and immune cell behavior in vitro and in vivo. In this review, we have
demonstrated how various materials and techniques are used to evaluate the phenotypic
and functional changes in tumor and immune cells. Models composed of common
biomaterials such as alginate and PEG, novel materials including DNA hydrogels and
dECM, and new technologies like 3D bioprinting allow for recapitulating the complex
tumor microenvironment and analyzing multiple variables that promote tumor
progression.

New biomimetic materials and synthetic environments are being designed in order
to replicate complex microenvironments of interest and answer relevant biological
questions. Some biomimetic models, such as organoids, are being implanted in vivo to
encourage a vascularized environment.?'* Other studies have also begun to incorporate
hydrogels into bioreactors to better mimic physiological conditions.?'5-2"" Despite the
development of these biomimetic materials and new, innovative ways of using them, not
all of the factors that influence tumor progression can be tested simultaneously. This
necessitates the continued use of in vivo models to validate in vitro observations. The
complexity of design and how closely these models will resemble living systems remains
to be seen. Nonetheless, these biomimetic materials allow for the study of tumor cell

crosstalk with immune cells, mechanotransduction, ligand density, and cell-ECM
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interactions, which can advance the development of more effective therapies leading to

improved patient outcomes.
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Chapter 3

Development of an alginate-Matrigel hydrogel system to evaluate

cancer cell behavior in the stiffness range of the bone marrow

The work in this chapter is published and adapted from: Northcutt L, Questell A,
Rhoades J, Rafat M. Development of an alginate-Matrigel hydrogel system to evaluate
cancer cell behavior in the stiffness range of the bone marrow. Front Biomater
Sci. 2023:2:1140641.doi: 10.3389/fbiom.2023.1140641. Epub 2023 Jun 2.

Abstract

Bone metastasis is highly prevalent in breast cancer patients with metastatic
disease. These metastatic cells may eventually form osteolytic lesions and affect the
integrity of the bone, causing pathological fractures and impairing patient quality of life.
Although some mechanisms have been determined in the metastatic cascade to the
bone, little is known about how the mechanical cues of the bone marrow
microenvironment influence tumor cell growth and invasion once they have homed to
the secondary site. The mechanical properties within the bone marrow range from 0.5
kPa in the sinusoidal region to 40 kPa in the endosteal region. Here, we report an
alginate-Matrigel hydrogel that can be modulated to the stiffness range of the bone
marrow and used to evaluate tumor cell behavior. We fabricated alginate-Matrigel
hydrogels with varying calcium sulfate (CaSO4) concentrations to tune stiffness, and we
demonstrated that these hydrogels recapitulated the mechanical properties observed in
the bone marrow microenvironment (0.7 kPa to 16 kPa). We encapsulated multiple
breast cancer cell lines into these hydrogels to assess growth and invasion. Tumor cells
in stiffer hydrogels exhibited increased proliferation and enhanced elongation compared

to lower stiffness hydrogels, which suggests that stiffer environments in the bone
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marrow promote cellular invasive capacity. This work establishes a system that
replicates bone marrow mechanical properties to elucidate the physical factors that

contribute to metastatic growth.

3.1 Introduction

Metastasis, the spread of cancer cells from the primary tumor site to a distant site
in the body, is a well-studied hallmark of cancer and is associated with higher death
rates in patients. 4% In breast cancer, distant recurrence is common in sites such as the
brain, bone, liver, and lungs ©. It has been shown that bone metastases are correlated
with lower incidences of death in breast cancer patients, but 70% of patients who
succumb to the disease have bone metastases after autopsy.' The bone marrow
microenvironment is highly dynamic and composed of many fibrous macromolecules
and progenitor cells. 4>2'® The bone marrow is highly variable in terms of biophysical
properties such as stiffness, three-dimensional (3D) architecture, and fluid flow. The
process by which mechanical cues, such as matrix stiffness and porosity, can affect
biophysical and biochemical responses is called mechanotransduction and is highly
integral to tumor cell progression in the primary site. The mechanical forces of the
environment can affect biological processes in the bone marrow such as the production
of osteoactive agents for tumor-induced bone disease. 8 Studies have shown that the
stiffness of the bone marrow microenvironment can influence progenitor cells that are
responsible for the development and prevalence of hemopoietic stem cells. 4°
Additionally, previous work has shown that the increased stiffness in the primary breast
tumor microenvironment alters cell behavior, leading to more mesenchymal phenotypes

and enhanced proliferation. 2! However, many sites of metastasis are ten-fold stiffer
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than the breast primary site, and how physical factors at metastatic sites influence
tumor cell behavior is not well-studied 4°. We therefore hypothesized that the stiffness
changes within the bone marrow environment, which spans 0.3 kPa to >35 kPa, will
affect the behavior of cancer cells. %

Like the breast microenvironment, systems to mimic the bone microenvironment
can be synthetic or naturally derived. 22° Cancer-related bone pathologies in both the
marrow and bone are typically evaluated with in vivo models, which can be costly and
can take time to see osteolytic effects, using techniques such as intratibial injections to
study established tumors in bone as well as potential treatments to inhibit tumor-
induced bone disease. ?2'-22% Synthetic hydrogels are highly tunable but often require
UV-crosslinking that may reduce the viability of encapsulated cells. Naturally-derived
hydrogel systems can also be utilized for in vitro studies as they may better replicate the
range of proteins and binding sites in tissues. In addition, engineered systems such as
microfluidic devices have been used to study the metastatic properties of breast cancer
to the bone matrix along with mineralized osteoblastic bone tissue. 224225

Although many studies attempt to model the bone marrow and its surrounding
environment, few systems can replicate its stiffness without changing the number of
biological binding sites. 226 Many of these materials evaluate stiffness in 2D
environments, which limits studying the forces that surround the cell and potential
interactions with the microenvironment. 227228 3D hydrogels typically do not incorporate
both mechanical properties and biological complexity. Recently, Jansen et al. designed
synthetic polyethylene glycol hydrogels with a bone marrow-specific protein signature to

mimic the bone marrow microenvironment. This novel work combined relevant, tunable
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mechanical properties and chemical extracellular matrix (ECM) cues. 22 However, the
study focused on cell behavior in an environment that matched the average marrow
modulus. Here, we present an alginate-Matrigel hydrogel system as a bone marrow
model with varied crosslinking through calcium sulfate (CaSOs) to allow for changes in
stiffness alone. While stiffness does not necessarily drive cell behavior in 3D, we are
interested in probing how 3D environmental stiffness directly influences breast cancer
cells, which may give insight into how sites of metastasis promote tumor growth and
invasion. 230231 |Indeed, the tunability of alginate and the ECM proteins that Matrigel
provides allow for evaluating cellular mechanotransduction in 3D 232234, We found the
stiffness of our hydrogels can span two orders of magnitude within the range of the
bone marrow microenvironment, which can alter tumor cell proliferation and
morphology. Overall, we show how our tunable system may be used to understand how

the stiffness of the bone marrow affects metastatic progression.

3.2 Materials and Methods

IPN Formulation. Hydrogels were developed as previously described.?®® The hydrogels
consisted of high G alginate (PRONOVA) 5 — 10 mg/mL and growth-factor reduced
Matrigel (4.5 mg/mL, Corning). Calcium sulfate (CaSO4) was used for alginate
crosslinking starting at a stock concentration at 1.22 M and diluted to 122 mM in the
appropriate media. For gel crosslinking, the volume of 122 mM was adjusted for each
gel concentration. To form hydrogels, two 1 mL syringes were connected via a Luer lock
with alginate with Matrigel in one and CaSOsin a separate syringe, and the solutions

were mixed back and forth 10 times (Fig. 3.1 A).
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Rheology Measurements. Stiffness measurements of the hydrogels were conducted
using a rheometer (AR 2000 Ex, TA Instruments) with a 25 mm top and bottom plate.
The plate was rotationally mapped. 500 pyL hydrogel solution was added to the plate,
and a disk was formed by lowering the plate head. The plate was warmed to 37°C, and
mineral oil was used to coat the edges of plate to prevent dehydration of the gel. The
resulting plate separation was between 500-1000um. Gel characteristics were
measured over time until the storage modulus reached equilibrium (between 1 to 2.5
hours depending on the crosslinking density) with 0.5% applied strain and strain
frequency of 1Hz. The average storage and loss modulus of the last 3 points were
averaged and calculated using the Young’s Modulus (E) equation in units of Pascals
(Pa):

E=2G(1+v),
where the v is Poisson’s Ratio and assumed to be 0.5. 226
G (bulk modulus) is calculated using G = (G' + G"), where G' is the storage modulus

and G" is the loss modulus.

Culturing of Cancer Cells in Hydrogels. 4T1 murine triple-negative breast cancer
cells (ATCC) were cultured in RPMI media, supplemented with 10% heat-inactivated
fetal bovine serum (HI-FBS) and 1% penicillin-streptomycin. MCF7 human estrogen
receptor-positive breast cancer cells (gifted from Dr. Rachelle Johnson) were cultured in
DMEM media, supplemented with 10% HI-FBS and 1% penicillin-streptomycin. Cells
were embedded at a concentration of 1.0 x 10° cells/mL for each condition and

incorporated in the hydrogel (Fig. 3.1 B). This resulted in
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Figure 3.1. Development of Crosslinked Alginate-Matrigel
Hydrogels. (A) Image of component mixing to form hydrogels. (B)
Schematic of cell encapsulation within hydrogels. Figure created in

BioRender.
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an evenly distributed single cell suspension. A MatTek dish with a No.1 glass slide was
used for culturing cells in hydrogels, and 100 pL of the cell-pre-gel solution was added
to the wells for complete coverage (MatTek, P35G-0-10-C). Hydrogels were allowed to
get for 45 minutes at 37°C before adding 3 mL of media to the wells. The cells formed
clusters and were grown in the hydrogels for either 2 or 7 days in complete media. The

media was changed every 2 days.

Fluorescence Staining. Following culture, the gels were fixed in 10% formalin for 15
minutes and washed with phosphate-buffered saline (PBS) 3 times. The cells were
permeabilized with 0.1% Triton in PBS and blocked with 5% normal goat serum (NGS)
in PBS for 1 hour. After blocking, 1000X Phalloidin (Phalloidin-iFluor 594 Reagent,
Abcam) was diluted to 1X in 5% NGS and incubated for 1.5 hours in the dark. After
staining the actin cytoskeleton, the gels were mounted with Antifade Diamond Mount

with NucBlue overnight. The gels were imaged using a DMi8 fluorescence microscope.

Cluster Morphology Analysis. 10-15 images (0.045 mm? field) per independent
replicate were acquired using a Leica DMi8 inverted microscope. Using ImageJ,
multicellular clusters were traced using the “Freehand Selection Tool” to measure the
major and minor axis dimensions. The elongation index (El) was calculated using the
following equation 236

El = Major Axis/Minor Axis
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Statistics. Data are presented as the standard deviation. Data were analyzed using
analysis of variance (ANOVA) to determine statistical significance (p < 0.05) after

confirming normality. All analyses were performed in GraphPad Prism 9.

3.3 Results and Discussion

3.1 Alginate-Matrigel Hydrogels Crosslinked with CaSO4 Replicate the Stiffness of the
Bone Marrow

In previously published studies using the alginate-Matrigel system, the stiffness
of the breast tumor microenvironment has been mimicked. Here, we intended to extend
previously published methods by increasing CaSO4 concentrations up to 50 mM to
achieve stiffnesses within the bone marrow microenvironment range of 0.5 - 40 kPa. 5°
In hydrogels with 5 mg/mL alginate and 4.5 mg/mL Matrigel, Young’'s moduli ranged
from approximately 0.7 to 7 kPa when varying CaSO4 concentrations between 10 to 50
mM (Fig. 3.2 A,C). To increase the stiffness range, the alginate concentration was
increased to 10 mg/mL, and the Young’s moduli range expanded to 16 kPa when using
5-50 mM CaSOs4 (Fig. 3.2 B, D). Although this system did not exceed 35 kPa, this
system was able to achieve a stiffness range of more than two orders of magnitude,
which to our knowledge has not been shown in similar alginate-Matrigel hydrogel
systems. We continued to use the 5 mg/mL alginate formulation in our proof-of-concept
studies, which spanned one order of magnitude within the stiffness range of the bone

marrow, as the 10 mg/mL formulation showed reduced viability in our cell lines. Future
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Figure 3.2. Evaluation of alginate-Matrigel hydrogel stiffness with
varying alginate and calcium sulfate (CaSO,) concentrations. Hydrogel
mechanical properties were analyzed using rheology. The timecourse of
gelation is shown in (A-B). Young’'s moduli were calculated for (C) 5 mg/mL
and (D) 10 mg/mL alginate-Matrigel hydrogels. Results represent n = 3-9
independent replicates. Error bars are standard deviation. Statistical
significance was determined by One Way ANOVA with *p < 0.05, **p < 0.01
and ***p < 0.0001.
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studies will explore composite hydrogels and the addition of relevant peptides to the

bone marrow microenvironment that may better support cell growth.

3.2 Evaluating Tumor Cell Proliferation

After developing hydrogels within the stiffness range of the bone marrow
microenvironment, we then evaluated the proliferative response of tumor cells
encapsulated in the hydrogels by counting the nuclei in cell clusters. 4T1 and MCF7
cells were seeded in 1 kPa (10 mM CaSOQs) and 7 kPa (50 mM CaSOs) hydrogels up to
7 days. Fluorescence images from nuclear staining demonstrate an increasing
proliferation trend in 4T1 cells (Fig. 3.3 A, 3.3 C) but not MCF7 cells (Fig. 3.3 B, 3.3 D)
after 7 days. Both 4T1 and MCF7 cells are known to grow in clusters in 3D 237239,
Nuclei counts were used as a proxy for proliferation in this study, and we therefore need
to further validate the results. Future studies will confirm proliferative capacity through
Ki67 staining as well as additional proliferation assays that directly measure DNA
synthesis. In addition, we will evaluate cell proliferation beyond 7 days, which may

reveal larger differences in cell subtype.

3.3 Increased Stiffness Enhances Elongation in Triple Negative Breast Cancer Cell
Clusters

Cell morphology has been shown to correlate with the ability of tumor cells to
become invasive and motile. 24° Additionally, alginate-Matrigel systems mimicking breast
tissue environments display increased cell elongation and expression of epithelial-to-

mesenchymal transition markers. 2'® However, this system has not been shown to mimic
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Figure 3.3. Determination of the effect of stiffness on breast cancer cell
proliferation. Breast cancer cells (mouse 4T1; human MCF7) were embedded
into alginate (5 mg/mL)-Matrigel hydrogels crosslinked with 10 mM and 50 mM
CaS0, up to 7 days, and stained nuclei (blue) were counted. Representative (A)
4T1 and (B) MCF7 images are shown. Quantification of nuclei for 4T1 (C) and
MCF7 (D) using ImageJ. 10-15 fields of 0.045 mm? were taken per independent

hydrogel replicate (n = 3) to determine nuclei counts. Cells were seeded at a

concentration of 1x10° cells/mL. Scale bar is 50 um. Error bars are standard

deviation.
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the bone marrow microenvironment. Here, we evaluated the morphology of
encapsulated cell clusters by determining the El following F-actin staining (Fig. 3.4 A-
B). El showed statistically significant increases after 2 and 7 days in both cell lines in
stiffer hydrogels (Fig. 3.4 C-D). 4T1 cells showed a greater increase in El following 7d
compared to MCF7s with an approximately 40% increase in EI compared to a 20%
increase in MCF7 cells in stiffer hydrogels. Taken together, we have shown the
feasibility of studying breast cancer cell invasive properties and cytoskeletal dynamics in
a biomimetic bone marrow hydrogel system and that there may be a differential
response according to subtype. We measured cell cluster elongation consistent with
invasion, but additional work must be done to evaluate cellular invasion beyond
correlative properties. We will evaluate movement through the gel, invadopodia through

cortactin-actin co-localization, and invasion gene signatures in the future.

3.3 Limitations

Although our work is useful for understanding cellular responses within the
stiffness of the bone marrow, using confocal or two-photon microscopy will enhance the
cellular image quality. Our study evaluates single stiffness gels, which do not capture
the complex physical properties of the bone marrow. Future studies will expand this
work to incorporate a stiffness gradient to replicate the bone marrow microenvironment
more accurately. It is also necessary to study multiple microenvironmental factors in the
bone marrow, including other mechanical cues. While this system directly evaluates
stiffness, the primary components of Matrigel are laminin and collagen IV whereas the

bone marrow is mainly comprised of collagen I. 24" Characterizing and mimicking the
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Figure 3.4. Investigating breast cancer cell cluster morphology to
determine invasive capacity. (A ) Example analysis of cell cluster elongation
index. Representative images of (B) F-actin (red) and nuclei (blue) staining of

4T1 and MCF7 cells following 7 days incubation in alginate (5 mg/mL)-
Matrigel hydrogels crosslinked with 10 mM and 50 mM CaSO,. Quantification
of elongation index in (C) 4T1 and (D) MCF7 cell clusters following incubation

for 2 and 7 days. Scale Bar is 50 um. Results represent n = 3 independent
hydrogel replicates with a minimum of 10 colonies evaluated for the 2 day
incubation or 5 colonies for the 7 day incubation per replicate. Statistical
significance was determined by ANOVA with *p<0.05. Error bars are standard
deviation.

58



bone marrow ECM, controlling and modulating other physical properties such as
degradability, and including additional relevant cell types will increase the impact of this
system. Lastly, we visualized cells using fluorescent markers. Future studies will explore
cell extraction from hydrogels to examine specific molecular mechanotransduction

pathways involved in promoting metastasis in the bone marrow microenvironment.

3.4 Conclusion

Currently, there are limited systems that allow for varying environmental
stiffnesses without changing the number of biological binding sites. We have developed
alginate-Matrigel hydrogels that replicate the stiffness within the bone marrow
microenvironment by changing only crosslinker concentration and leaving binding sites
constant. This stiffness range has not been previously studied. Additionally, we have
shown the possibility of studying proliferation and invasive capacity in this system. This
proof-of-concept work will be expanded in the future to evaluate additional cell types,
time points, and gene expression to better understand the role of mechanical properties

in influencing metastatic potential in breast cancer.
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Chapter 4

Increased Matrix Rigidities Modulate Interleukin Gene Signatures in

ER+ Breast Cancer

Abstract

Metastases of breast cancer is a prevalent problem with over 25% of patients
suffering with metastatic disease. Of the patients that present with metastatic disease,
the majority are estrogen receptor positive (ER+) and have skeletal metastases. These
skeletal metastases can cause several issues including pathological fractures, chronic
pain, and hypercalcemia. Currently, there are not any cures for metastatic breast cancer
in bone and only therapies to mediate the osteolysis caused by breast cancer. The bone
microenvironment presents various physical forces that can act on the tumor cell that
has been studied in ER- cells, however, the physical forces on ER+ tumor cells have not
been widely evaluated. In this study, we explored the transcriptional changes that occur
at different matrix rigidities associated with the bone microenvironment (bone marrow:
0.5 kPa to 32 kPa; cortical and trabecular bone — 2 x 107 kPa). We observed that lower
stiffnesses contributed to increased gene signatures associated with interleukin
signaling. Additionally, we observed that downstream estrogen signaling outputs were
modified. These interesting findings give us insights on what may be changing when

ER+ tumor cells encounter rigidities associated with the bone microenvironment.

4.1 Introduction

Physical factors of the tumor microenvironment can play a role in the

aggressiveness of breast cancer cell and transition normal cells into more cancerous
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phenotypes.?4?243 Recent studies have shown that increased rigidity of the
microenvironment can cause elongated morphologies and increased proliferation, which
are characteristics of more aggressive phenotypes due to their abilities to become more
motile and degrade the matrix.?35244 These changes associated with the physical
microenvironment are typically driven signaling changes that are mechanically regulated
such as yes-associated protein signaling and activation of focal adhesion kinases. 245~
247 Additionally, cell regulation processes and epigenetic modifications can occur at
different stiffnesses and promote tumor initiation processes.?#¢24° As tumor cells
become motile and begin to metastasize, mechanical environments can still modify their
behaviors and can prime them for colonization and survival in the secondary sites.
Triple negative breast cancer cells and prostate cancer can produce more osteolytic
factors when seeded at higher stiffnesses towards the cortical bone.”®2%° RUNX2, a
transcription factor that regulates bone metastasis, is also mechanically regulated in
SUM159 cells.?5" Interestingly, tumor cells that are subtyped differently on their
hormonal status, can respond differently to rigid environments and have differing
propensity for metastasis to certain sites.

In breast cancer, the subtyping of cells contributes to therapeutic options such as
aromatase inhibitors or chemotherapy options.?52-2%% Breast cancer typically categorized
as hormone receptor positive; expressing estrogen receptor (ER) and progesterone
receptor; or hormone receptor negative. Interestingly, there has been a growing body of
work that evaluates how the tumor cell subtyping is associated with mechano-
responsiveness. At stiffnesses akin to the primary site, studies suggest that there

seems to be an increase in activated ERa and proliferation in hormonally positive
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cells.”* However, it is unclear what happens to the signaling processes of ER+ cells,
particularly in the bone. Some studies suggest that hormonal signaling remains intact
while other studies suggest that tumor cells dysregulate their signaling after
dissemination.?%6-258 There is some work to suggest how ER+ cells respond to primary
microenvironmental stiffness, but not in the ranges akin to metastatic sites such as the
lymph nodes, liver and bone which are typically stiffer than the primary sites. At the
moment, we do not have a clear understanding of what happens to ER+ tumors when
metastasis occurs to the bone due to model limitations as most ER+ breast cancer cell
models do not have characteristics leading to metastasis. Furthermore, gaining
information about metastatic disease of ER+ breast cancer patients remains difficult due

to the limitations of these models and timeliness to gain metastases in vivo.

Here we sought to explore how the softer matrix rigidities of the bone environments
contribute to tumor progression in ER+ breast cancer cells. We report that ER+ breast
cancer cells increased gene signatures associated with interleukin signaling in softer
environments compared to stiffer environments. We also show that ER+ cells decrease
their estrogen signaling at lower stiffnesses compared to higher stiffnesses, inhibiting
signaling needed for survival in ER+ breast cancers and potentially causing decreasing
in efficacy of aromatase inhibitors. Overall, this works provides an analysis how the

mechanical microenvironment can contribute to changes in ER+ breast cancer.

4.2 Materials and Methods

Culturing of Cancer Cells on Rigidity Plates
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CytoSoft® Rigidity Plates were purchased from Advanced BioMatrix. The plate wells
were coated with 4 ug/mL of fibronectin (Advanced Biomatrix) for 1 hour before use.
MCF7s and T47Ds (human estrogen receptor positive breast cancer positive cells;
ATCC) were cultured in phenol-red free DMEM (Gibco) and phenol-red free RPMI
(Gibco), respectively, and supplemented with 10% charcoal-stripped fetal bovine serum
and 1% penicillin-streptomycin. After 24 hours in culture, cells were plated at 0.2 x 10°
cells per well (6-well plate) and supplemented with 10 nM 17-3 estradiol (E2)

(Invitrogen). Cells were cultured at 37° C for 48 hours.

RNA Sequencing and Data Analysis

MRNA samples were harvested from cells using QIAzol (Qiagen). RNA samples for
MCF7 cells were sequenced by VANTAGE. The Vanderbilt Creative Data Solutions
Shared Resource (RRID:SCR_022366) performed the RNA-Seq data processing,

differential gene expression analysis, GSEA and data deposition.

Western Blotting

Cells cultured on the CytoSoft® Rigidity Plates were harvested for protein using RIPA
buffer. Protein concentration was determined by BCA Assay and 20 ug of protein was
loaded onto an SDS-Page Gel, transferred onto PVDF and blocked with 5% BSA in
TBS for 2 hours. Membranes were probed with antibodies against Calnexin (Abcam),
estrogen receptor a (Invitrogen), growth regulating estrogen receptor binding 1
(GREB1) (Cell Signaling Technologies), and trefoil factor 1 (TFF1) (Cell Signaling

Technologies).
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Statistical Analysis
Data is presented as standard deviation. Data was analyzed using analysis of variance
(ANOVA) to determine statistical significance (p < 0.05). Analyses were performed in

GraphPad Prism 10.

4.3 Results

The Vicious Cycle of Bone Destruction is Not Mechanically Modulated at Stiffnesses in

the Bone Marrow in ER+ Breast Cancer Cells

To mimic the bone marrow microenvironment, we plated MCF7s and T47Ds on
CytoSoft® Rigidity Plates from Advanced BioMatrix ® coated with 4 ug/mL fibronectin.
Plates with 0.5 kPa was used to recapitulate the sinusoidal region, 32 kPa was used to
recapitulate the endosteal region and normal tissue plates were used to mimic the
stiffness of the cortical and trabecular bone (Fig. 4.1A) and cell lysates were collected
for RNA and protein after 48 hours (Fig.4.1B). Gli2 and PTHrP are responsible for
activating osteolytic behavior of tumor cells in ER- cells at various stiffnesses
associated with the bone and bone marrow, but it is unclear if this takes place in ER+
cell types. Here, we aimed to evaluate if the varying stiffnesses of the bone marrow can
modulate the expression of Gli2 and PTHrP in ER+ cell lines. Using gPCR, did not
identify any significant changes in Gli2 or PTHLH expression in MCF7s and T47Ds (Fig.
4.2A-D). This implies that stiffness of the bone marrow does not modulate PTHrP in
ER+ breast cancer. However, we sought to evaluate other cellular processes that could

potentially be modulated by bone marrow stiffnesses. From this study, we looked to
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analyze other factors that could contribute to osteolysis or bone remodeling for ER+

breast cancer cells.
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Trabecular Bone

Blood Vessel
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(Complete Phenol Red Free Media
supplemented with 10 nM E2; coated
with 4 ug/mL fibronectin)

Figure 4.1. Workflow of evaluating ER+ cell behavior on bone marrow
mimetic stiffnesses. Created in BioRender.
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Figure 4.2. Bone marrow mimetic stiffnesses does not change GL/2
and PTHLH expression in ER+ breast cancer cells compared to normal
tissue culture plates. gPCR of GL/2 and PTHLH in at different stiffnesses

in MCF7s and T47Ds. n = 3; ANOVA.
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RNA Sequencing Suqqgests Increased Changes in Interleukin Secretion at Bone Marrow

Mimetic Stiffnesses

To gain an understanding of how ER+ cells are changing at stiffnesses relative to
the bone marrow, we conducted RNA sequencing to evaluate transcriptional changes in
the cells. Interestingly, there were not any differentially expressed genes between 0.5
kPa and 32 kPa (Fig. 4.3C), differing from what we originally hypothesized. However,
there were differentially expressed genes between the 0.5 kPa vs. TC (Fig. 4.3A, 4.3D)
and 32 kPa vs. TC (Fig 4.3B, 4.3E). This leads us to believe that stiffnesses of the
sinusoidal and endosteal niche are not different enough to cause transcriptional
changes in breast cancer cells although previous studies have shown that morphology
changes occur at these stiffnesses. It is more likely that any major transcriptional
changes occur near the cortical and trabecular bone after metastasis. In further analysis
of this data, we compared the top 50 upregulated (Fig. 4.3F) and downregulated (Fig.
4.3G) genes in the 0.5 kPa vs. TC and the 32 kPa vs. TC to evaluate general changes

that are occurring in the softer environments compared to the stiffer environments.

Gene Set Enrichment Analysis Suggests Increased Interleukin Associated Gene
Signature Changes

Using differentially expressed genes; a gene set enrichment analysis (GSEA)
was conducted to analyze biological processes that would be changed at different
stiffnesses. Interestingly, several processes associated with immune activation and
interleukin production were upregulated in softer environments compared to stiffer ones
(Fig. 4.4A-B). IL-1 and IL-6 are known to activate osteoclastogenesis and are not

normally secreted at baseline in most studies in MCF75s.25°-262 |t is also understood that
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No differentially expressed genes

Figure 4.3. RNA Sequencing shows transcriptional changes
between marrow mimetic stiffnesses and normal tissue culture
plates, but not between 0.5 kPa and 32 kPa in MCF7s. Numbers of
differentially expressed genes comparing (A) 0.5 kPa and TC, (B) 32
kPavs. TC, (C) 0.5 kPa vs. 32 kPa.
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Figure 4.4. Gene Set Enrichment Analyses shows increased
expression of genes associated with Interleukin-1 and Interleukin-6
Production Pathway in MCF7s at bone marrow related stiffnesses.
Gene ontology analyses comparing (A) 0.5 kPa vs. TC and (B) 32 kPa vs.
TC.
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increased IL-1b and IL-6 can promote tumor cell invasion and metastasis.?63-266
Additionally, increased interleukin signaling can also change the differentiation of naive
macrophages into pro-tumorigenic macrophages.?%7-268 We saw that there were not any
changes in secreted IL-6 and IL-1b in conditioned media collected from MCF7s in
Luminex. (Fig. 4.5) This change in gene associations but not in protein secretion led us
to believe that the interleukin association processes are changing at rigidities without

the distinct expressions of interleukins.

Softer Environments of the Bone Marrow Show Decrease in Estrogen Signaling

Compared to Stiffer Environments

While evaluating changes in interleukin signaling, some literature suggested that
IL-6 and its downstream targets can co-opt enhancers of estrogen signaling.?%°
Estrogen signaling is an important signaling pathway for ER+ tumor cell progression
and a common target of systemic treatment of ER+ breast cancer. 253270-272 Some work
has evaluated increased physical factors that can cause activated nuclear localization of
estrogen receptor a in systems that mimic the primary site.”* We evaluated if there are
changes in estrogen signaling at different stiffnesses associated with the bone marrow.
Using RNA sequencing data, we conducted gene set enrichment analyses for
processes associated with ‘ESTROGEN’ and found that in 0.5 kPa vs. TC that there
was a downregulation in the ‘ESTROGEN RESPONSE EARLY’ Hallmark Pathway (Fig.
4.6A). In the 32 kPa vs. TC, there was an in increase in the ‘ESTROGEN RESPONSE
EARLY’ and ‘ESTROGEN RESPONSE LATE’ Hallmark Pathways (Fig. 4.6B). This led

us to evaluate downstream outputs of estrogen signaling to see if they were changing.
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Figure 4.5 Increasing rigidities does not modulate cytokine
secretion in MCF7s. MILLIPLEX MAP Human Cytokine/Chemokine
Magnetic Bead Panel results of tumor conditioned media collected after
culturing MCF7 cells for 48 hours in phenol-red free media
supplemented with E2. Statistical significance was determined using
one-way ANOVA. (*p < 0.05)
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Figure 4.6. RNA Sequencing from MCF7s show higher estrogen
signaling gene set enrichments at lower stiffnesses compared to
higher stiffnesses. Gene ontology analyses with 'ESTROGEN'’ as a key
GO Term.
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Figure 4.7. ER+ breast cancer cells show decreased expression of

downstream estrogen outputs at protein level at lower stiffnesses.

Western blot of GREB1 and TFF1 at 0.5 kPa, 32 kPa and TC. Calnexin
used as loading control.
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Figure 4.8. Increasing rigidities does not modulate ERa in MCF7s.
Western blot for ERa in MCF7s after 48 hours in phenol-red free media
supplemented with E2.
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Using GREB1 and TFF1, common downstream output of estrogen signaling, we saw
that GREB1 and TFF1 expression was less expressed in 0.5 kPa compared to 32 kPa
or TC in MCF7s (Fig. 4.7A-B). Interestingly, total ERa was not changed at different
stiffnesses, leading us to believe that changes are happening after dimerization (Fig.

4.8).

4.4 Discussion

Physical factors of the primary tumor microenvironment are an important aspect
consider for cancer cell progression.”® However, it is unclear how the physical factors of
the secondary site contribute to metastasis in ER+ breast cancer. In this work, we
sought to determine how the stiffnesses associated with the bone marrow can change
the transcriptional phenotypes of breast cancer cells. Here, we used ER+ breast cancer
cells as they are understudied in the context of bone metastasis models and not as
highly evaluated in mechanotransduction models.

In our studies, we used CytoSoft Rigidity Plates to mimic the sinusoidal region
and the endosteal region of the bone marrow. Physiologically, this would mimic the
physical environment after breast cancer colonization in the bone. Using RNA
Sequencing, we analyzed the transcriptional changes in the ER+ cells at different
stiffnesses. We have shown that in previous studies, increased stiffnesses are
associated with tumor cell morphology and proliferation changes. Here, we
hypothesized that there would be large transcriptional changes between 0.5 kPa and 32
kPa. Interestingly, there were not any transcriptional changes between 0.5 and 32 kPa.

However, there were changes between 0.5 kPa vs. TC and 32 kPa vs. TC, indicating
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that larger transcriptional changes in ER+ breast cancer cells may not occur until
reaching higher stiffnesses.

In our analysis of the RNA Sequencing, we observed gene signature changes in
interleukin production and immune associated changes. This led us to evaluate
production of interleukins, particularly IL-1b and IL-6; cytokines that could lead to a
tumor promoting environment by macrophage populations. Further analysis by Luminex
and show that there is no significant change in interleukin production. To see if there
were any changes to the myeloid cell populations, we treated monocytes with
conditioned media collected from tumor cells showed no immediate changes in
populations. This could be due to the shorter culturing times at the different stiffnesses.
Also, there is work to suggest at IL-1 and |IL-6 may not be stable in culture media
without protease inhibition. In the future, we plan to incorporate longer culturing times
for these studies.

Lastly, we analyzed estrogen signaling in the ER+ tumor cells at varying
stiffnesses. This became of interest to us as interleukin signaling has been shown to
have a negative correlation to estrogen signaling.?’3-?"> Additionally, aromatase
inhibitors are less effective after metastases to metastatic sites. On our study, we
observed through RNA sequencing that estrogen signaling may be decreased at softer
environments compared to stiffer ones. We observed though downstream outputs of
estrogen signaling, GREB1 and TFF1, were decreased in the softer environment
compared to stiffer ones. This leads us to believe that softer environments of the bone
marrow may contribute to decreased effectiveness in hormonal drug targets. In the

future, we plan to evaluate ER signaling with luciferase reporter cell lines of estrogen
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response elements to further evaluate estrogen signaling. We also plan to conduct drug

studies with aromatase inhibitors to evaluate drug efficacy at different stiffnesses.

4.5 Conclusions

Currently, there is limited understanding in how ER+ breast cancer cells respond
to the physical factors of the metastatic microenvironment of the bone. In our studies,
we find that ER+ breast cancer cells on softer environments show propensity to modify
the bone microenvironment via interleukin signaling and downregulation in estrogen
signaling. Overall, this work can give us insight on the mechanoregulation ER+ breast
cancer cells when experiencing the metastatic microenvironment and potential

considerations when treating breast cancer metastases at different metastatic regions.
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Chapter 5

Summary and Future Directions

The physical characteristics of the metastatic microenvironment are important
aspects to consider when treating metastatic disease. Even though some work has
investigated how physical forces of the cancer microenvironment contribute to
progression at the primary sites, there is not a consensus on how it contributes to
overall growth, colonization, and survival to other sites.

The overall goal of this dissertation was to evaluate how one of the differing
physical factors of the bone marrow, matrix rigidity, can contribute to breast cancer cell
behavior. Utilizing 2D and 3D approaches, we identified that increasing rigidities relative
to the bone marrow can cause breast cancer cells to change their morphologies to
those seen in invasive phenotypes. We also probed the transcriptional changes that
occurred in ER+ breast cancer cells. Here, we determined that interleukin production
gene signature changes occurred in rigidities associated with softer areas bone marrow
and by proxy can cause changes in the downstream target proteins associated with
estrogen signaling. These findings gave us insights into potential ways that breast

cancer cells behave at rigidities associated with their metastatic sites.

5.1 Synopsis of Dissertation Work

When first embarking on this project, we were interested in understanding how
the differing matrix rigidities of bone marrow contribute to phenotypic changes in breast

cancer cells. This was primarily influenced by the work conducted by Chadhuri and
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colleagues that used alginate-Matrigel IPNs probe MCF10A cell behaviors at rigidities
mimicking normal and tumorigenic breast microenvironments.?3%24¢ We sought to
understand how tumor cells responded to rigidities associated within the ranges of the
bone marrow microenvironments, which is reflected in Chapter 3 of this dissertation.
First, we needed to recapitulate the rigidity of the bone marrow microenvironment which
ranges from 0.5 kPa to 40 kPa.?’® To create these systems, we modulated the
stiffnesses of the microenvironments using CaSO4ranging from 5 mM to 50 mM. We
were able to gain a range from 0.5 kPa to 16 kPa, which to our knowledge, was the first
to achieve this stiffness range using this alginate-Matrigel system. After finalizing the
stiffness ranges, we encapsulated tumor cells in the hydrogels and analyzed their
proliferation and morphology using immunofluorescence. Here, we used murine 4T1s
and human MCF7s. We were able to quantify nuclei counts using DAPI staining and
observed that there were not any statically significant changes in nuclei counts at 2
days and 7 days in culture, but we recognize a positive correlation between increasing
matrix rigidity and proliferation. Using Phalloidin staining, we were able to quantify the
morphology of the cell colonies at differing matrix rigidities using an elongation index
outlined in Chapter 2. We observed that higher stiffnesses caused an increase in the
colony El at 2 days and 7 days in culture. These results were intriguing to us due to the
epithelial-like morphology in 4T1s in the softer environments and the mesenchymal-like
morphology of the MCF7s in the stiffer environment. Both observations that are different
from their baseline morphologies in normal tissue culture plates.

During the time of completing Chapter 3 of this thesis, the COVID-19 pandemic

halted our acquisition of materials needed for further analysis using the alginate-
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Matrigel systems. However, we became intrigued in further evaluating changes in the
ER+ cell lines that we observed. This was primarily because most breast cancer
patients who have metastases to the bone are ER+. We sought probe these changes
using a commercially available system with differing rigidities.

In Chapter 4 of my thesis, we sought to evaluate if the different matrix rigidities of
the bone and bone marrow caused ER+ breast cell lines to change their baseline
phenotypes into osteolytic ones. This was developed from literature suggesting that
ER+ cell lines decreased their estrogen signaling when encountering the bone
microenvironment during colonization.?>” However, bone metastatic clones of MCF7s
when cultured on tissue culture plates did not have differences in estrogen signaling.?%8
We also reviewed literature that suggested that decreases in estrogen signaling also
increased transcription factors associated with osteolysis. We hypothesized that lower
rigidities would increase osteolytic factors. We cultured cells on CytoSoft® Rigidity
Plates at 0.5 kPa, 32 kPa and normal tissue culture (TC), mimicking the sinusoidal
marrow, endosteal marrow and cortical bone, respectively. We cultured MCF7s and
T47Ds for 48 hours with phenol-red free media supplemented with 10 nM E2.
Subsequently, we extracted mRNA and protein lysates for analysis. RNA Sequencing
from MCF7s showed that in the lower stiffnesses, there were increased gene signatures
associated with IL-1 and IL-6 production, both of which are associated with increased
metastatic potential of BC cells and osteoclastogenesis. It is also shown in literature that
IL-6 is a known inhibitor of estrogen signaling, a signaling pathway that is associated
with proliferation in ER+ cells. We became interested if estrogen signaling was

downregulated in ER+ cells at lower stiffnesses. We then probed GREB1 and TFF1,

82



downstream outputs of estrogen signaling. There was an observed decrease in GREB1
and TFF1 at lower rigidities compared to higher rigidities. This correlates to the inverse
interleukin activity, although Luminex shows that there is not a significant increase in IL-
1b or IL-6. This work interest us as this shows a potential mechanism for ER+ cells to
promote bone destruction since ER+ cells do not highly express PTHrP or transcription
factors associated with osteolysis. Furthermore, this can also give us insight into how
ER+ cells change the immune microenvironment of the bone marrow to promote

tumorigenesis.

5.2 Limitations

Although this work was completed with much consideration for proper experimental set-

up, there were limitations to this work that is outlined below:

5.2.1 Chapter 3 Limitations:

Conducting the development of the alginate-Matrigel hydrogels was a novel undertaking
for both labs that yielded interesting results outlining breast cancer cell morphologies at
stiffnesses mimicking the bone marrow. However, there are limitations to this work. One
of the major limitations of this work was access to materials to conduct gene expression
and protein expression analyses. Matrigel® became less available to purchase in
proper quantities to conduct western blot and gPCR due to the COVID-19 pandemic.
This led us to use immunofluorescence as a major means to quantify cell behavior.
Secondly, due to BSL2 restrictions, we were not able to analyze the rigidity of the
materials after culturing of the BC cells. This would be of interest to us because the

degradation caused by BC cells could influence the stiffness of the materials over time.
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In the future, we hope to use atomic force microscopy to evaluate the rigidity of the
materials after BC cell culture. Another limitation of this work was analyzing how cells
modify their behavior when exposed to varying stiffnesses. The stiffnesses analyzed in
this model were discrete whereas the stiffnesses of the bone marrow are structured as
a gradient.?’® We have developed model systems to mimic this gradient, however, more
optimization is needed to find compatible materials and proper time frames for culturing.
Lastly, another limitation was the cell lines that were tested. Although 4T1s and MCF7s
were useful models for our experiments, they are also immortalized cell lines from
different species. MDA-MB-231, a human TNBC cell line, were used but
overproliferated after 7 days, not allowing for proper evaluation of cell morphology. In

the future, we will use other ER- cells lines to evaluate morphologies.

5.2.2 Chapter 4 Limitations:

Evaluating ER+ BC cell changes at different rigidities relative to the bone marrow was a
novel direction for both labs, although osteolytic behaviors of ER+ cells at cortical bone
marrow stiffnesses have been evaluated.”®2% |n this system, we were able to gain
insights into how ER+ BC cells respond to different rigidities of the bone marrow and
how these rigidities may contribute to osteolysis. However, there are caveats associated
with this work. One caveat was the proliferation of the cells in the softer
microenvironment. In comparison to TC, BC cells did not proliferate as quickly. In the
RNA sequencing data, several gene signatures associated with DNA replication and
proliferation associated processes were downregulated in the softer environment. This

led us to believe that BC cells may undergo processes that induce dormancy in softer
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environments compared to stiffer ones. Subsequent experiments where confluency of
cells is a factor (cytokine expression, etc.) may be difficult to achieve convincing results.
Another limitation is directly translating this work in vivo. Most studies have not directly
outlined how the metastatic clones in BC cells from in vivo experiments mimic the
changes seen at different rigidities. We believe that this can be remedied with meta-
analyses of sequencing data comparing in vivo experiments with studies analyzing
stiffness changes. Moving forward, we are planning on collaborating with computational

scientists to compare data sets from in vivo to other stiffness studies.

5.3 Future Directions

The projects that | conducted were novel projects that utilized several disciplines
to elucidate our questions. However, there are more questions that we want to evaluate

in the future:

5.3.1 Does changes in the molecules that develop the ECM have an effect along with
the difference in stiffnesses of the bone marrow?

In the first project analyzing tumor cell morphologies at different rigidities relative
to the bone marrow, we utilized an alginate-Matrigel® interpenetrating network
crosslinked with CaSO4. We mostly used Matrigel® as our integrin-binding molecule
due to previously published works with the system. However, it is known that Matrigel®
is primarily composed of laminin, an ECM protein that is not widely expressed in the
bone microenvironment. Other proteins such as fibronectin and collagens are more
widely present in the bone marrow at different areas.?’” In the future, we plan to

remodel the alginate network with varying ECM molecules. This can be done by
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substituting the Matrigel® for other molecules more relevant to the bone
microenvironment such as fibronectin and collagen. We plan to make the same
formulations conducted in Chapter 3. Using rheology, the rigidity of the hydrogels would
be calculated. We would also evaluate morphological and proliferation changes to see if

they are similar or different than our findings.

5.3.2 Does the stiffness of the bone marrow microenvironment cause changes in
immune cell populations in the microenvironment?

In our studies evaluating ER+ breast cancer cell responses to varying stiffnesses,
we observed that softer stiffness ranges elicited a transcriptional change that increased
gene ontology processes that dealt with interleukin signaling and increased immune
activation. It would be of interest for us to evaluate changes in immune populations at
different rigidities. We would allow the cells to seed for 48 — 72 hours and collect tumor
conditioned media (TCM) from the samples. We would then treat immortalized
monocytes (THP-1) with the TCM for 5 days. Using flow cytometry, we would then
analyze the changes in the immune populations. Considering that the myeloid derived
cell lineages are the most involved in the metastatic cascade at the bone, we plan to
use a pro- and anti-tumorigenic flow cytometry macrophage panel. Additionally, we are
interested in seeing if the treatment of the monocytes of the TCM pushed towards

osteoclasts by collecting mRNA and using gPCR for pre-osteoclastic markers.

5.3.3 Does the stiffness of the bone marrow microenvironment cause changes in

response to hormonal therapies used to treat metastatic breast cancer?
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In our matrix rigidity ER+ breast cancer study, we found that the lower stiffness
had less downstream outputs of GREB1 and TFF1, which are canonical estrogen
signaling. This data correlates to previously published work that concludes there is a
negative correlation between interleukin signaling and estrogen signaling.269273-275 With
this data in mind, we are curious about how the matrix rigidity influences antiestrogen
treatments for hormone — positive breast cancer. In this study, we will plate MCF7s and
T47Ds at different stiffnesses associated with the bone marrow using the 96 Well
CytoSoft® Matrix Rigidity Plate. We will then treat the cells with tamoxifen or fulvestrant
for 48 hours and conduct viability assays. Here, we can gain a better idea of how

efficacious the hormonal therapies are at different rigidities.

5.4 Concluding Remarks

Metastasis of breast cancer is a prevalent issue for patients and adds complexity
to treatment options. The biological process of breast cancer metastasis involves
several interactions with the primary and secondary extracellular matrixes, which vary in
physical properties. Regarding breast cancer metastasis to the bone, we hypothesized
that higher matrix rigidities associated with the bone marrow and bone
microenvironment can cause cell behaviors to be more conducive for tumor growth.

In the first part of my dissertation, we evaluated how the differing matrix rigidities
of the bone marrow can influence behaviors in different breast cancer cell lines. In the
second part, we evaluated how ER+ breast cancer cell lines respond to different
rigidities associated with the bone marrow and bone microenvironment, something that

has not been widely studied in the context of tumor-induced bone disease. We hope
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Figure 5.1. Potential model of interleukin secretion and bone
microenvironment remodeling in ER+ breast cancer cells at
different stiffnesses. As the tumor cells exit the vasculature in

early colonization and interact with the softer parts of the marrow,

the tumor cells may secrete IL-6 and promote osteoclast formation.
In late state colonization, the tumor cell colonies change their
morphology and increase IL-1 cytokine secretion, leading into
increased osteoclast activity.
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that this work promotes a general understanding of how the metastatic
microenvironment influences cell behavior and informs considerations when treating

metastatic breast cancer.
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