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ABSTRACT

The tumor microenvironment is a wedcognized contributor to cancer progression

solid tumors Cancer cell interactions with abnormal extracellular matrix, tumor
associated immune and stromal cells, and abefhaidt flow all contribute to cancer
progressionBreast tumors are often characterized by a dense collagenous stroma and a
hypoxic core. A recently identified and little understood component of the breast tumor
microenvironment is the breast microbiomeeTork described here elaborates on the
importance of the tumor microenvironment in cancer progression and demonstrates the
importance of studying canecaricrobiome interactions in the context of tumor
microenvironmental stimuli.
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GENERAL AUDIENCEABSTRACT

One of the major barriers to effective cancer treatment is the environment is which cancer
grows. Tumorsnsulate themselves in a thick protein structure that leads to a stiffening of
the breast tissue. In addition, irregular turassociated blood vessééad to poor blood

flow, and therefore a lack of oxygen, in the center of the tumor. These and other
characteristics of tumors create an environment in which cancer cells are resistant to
current anticancer therapies anthereby allows thento flourish. It was recently
discovered that, contrary to previous belief, there are redidete¢ria present in normal

and cancerous breast tissue. The role they play in controlling cancer development and
progression in the tumas unknown. The work described heldab®rates on the tumor
environmental barriers to curreanticancertherapies and shows howne bacterial
producedcompoundmay interact with othefeaturesof the tumorenvironmentin order

to control breast cancer survival.
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CHAPTER 1. INTRODUCT ION

In 2015, breast cancer was the second leading cause of death fromfeamaanen in

the U.S. (1). It wasestimatedhat womenin the U.S.would be diagnosed with 231,840

new cases of invasive breast cancer and 60,290 cases of in situ cancer i{1)2015
Perhaps most disconcerting is the fact that, in the United States, incidence rates of breast
cancer have increased for women age82@0.6% per year from 1994 to 2012), ages
60-69 (1.0% per year since 200dnd ages 70 or older (1.2% per year since 2(QDb)

For patients vth distant metastasdbe five'year survival rate is 2492).

It is known that one of the major difficulties in treating invasive cancers is the
pathological microenvironment inherent to these solid tumors. The microemant is
characterized by dense collagech stroma, abnormal fluid flows, and tumor associated
stromal and immune cel(8, 4). These components act in concert to drive the phenotypic
changes associated with malignancy and cancer progrei&in In addition, these
microenvironmental factors limit our ability to effaaly treat the bulk of the tumor
tissue. High intratumoral pressure caused by leaky tumor vasculature severely impedes
flow and, consequently, the ability of chemotherapeutic agents to reach much beyond
capillaries in the tumor peripher{4-6). Beyond the physical boundaries the tumor
microenvironment creates, pathgical cell interactions are driven by adhesion to the
tumor extracellular matrix (ECM) as well as by the hypoxia that is caused by ineffective
vascular flow to the tumor core. These factors drive cancer cell phenotypes that are
associated with significatl less death from chemotherap{s, 7-9). Such
microenvironmental interactions are one reason-caricer drug candidates that are
promising in the preclinical setting fail when applied in clinical tr{a).

In order to better understand and treat invasive breast cancers, it is necessary that we
develop and utilize better preclinical models of tumor tissue. Caeseairchn vitro

most often involves culturing cells on polystyrene or other plagti€s 11) By
incorporating tumor environmental stimuli such as-E€IIM adhesionsywe can develop
improvedin vitro models will facilitate both basic science and therapeutic insidht

12). Furthermore, unlike animal models in which human xenograft tumors are interacting
with northuman micoenvironmentsin vitro models offer the opportunity to customize

the tissue engineered system to better represent the hamao environment(13, 14)

These systems also allow for better experimental control which translates to further
insights into cancer dynamics that may be lost in the rinisywo environment(15). In

this thesis, Chapter 1 provides a full discussion of the complexities of the tumor
microenvironment and the nowval vitro culture systems that seek to replicate aspects of
that environment.

One aspect of the breast tumor microenvironment that has, until recently, largely escaped
attention is the microbiome. For years breast tissue lvelisved to be steril€16).
However, biopsies of breast tissuevl@aevealedmany different generaof bacteria
growing throughout the human bre§t6-19). Although many studies have investigated

and demonstrated the important rolg §acteria play in cancgR0), the investigations
connecting the breast microbiome to cancer progression are recent arfdl7{&@).



Brittany N. Balhouse Chapter 1 2

Finally, these interactions are rarely studiadvitro (21) and in the context of tumor
microenvironmental stimuli (i.e. hypoxia and ECMjhe importance oftumor
microenvironmental stimuli idiscussed in Chapter 1.

In an effort to understand these interactions, Chaptetéllsl a preliminary investigation

into the importance of a bacterial secreted molecule, and its impact on tumor
microenvironmental interactions relevant to breast cancer progression. This study utilized
N-(3-oxododecanoyt).-homoserine lactong OdDHL), a quorumsensing molecule
secreted byseudomonabacteria(22). This isa genus of bacterthat has beeshown to
represent a significant portion of the breast microbid¢bte 2326)), and alsao impact

the viaility of a wide range of mammalian cell21, 2731). Significantly, it selectively

kills off breast cancer cells while having no significant impathonmalignant breast
epithelial cells(21). Thus, we used OdDHL to study the differential response of
malignant and nomalignant breast cells subjecteddmor relevant stressors of hypoxia
and a dense collageicth tissue mimic. It was found that such stressors significantly
alteredthe response of malignant cells lines. This outcome emphasizes théaimeponf
microbiometumor microenvironment interactions from both a basic science and
therapeutic perspective.
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CHAPTER 2. ENGINEERED MICROENVI RONMENTS FOR
CANCER STUDY

Balhouse B, Ivey J, Verbridge SS. Chapter X&E8gineered Microenvironments for
Cancer Study A2 Baldacchini, Tommasd.hreeDimensional Microfabrication Using
Two-photon Polymerization. Oxford: William AndreRublishing; 2016. p. 4145.
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1 INTRODUCTION TO THE TUMOR MICROENVIRONMENT

Tumor cells within the human body do not exist in isolation and bathed in nutrients, the way they are
typically studied in lab settings in vitro. Rather, in vivo tumor cells exist within a complex milieu of
both functional and abnormal tissue components, with heterogeneity operating at multiple length scales
spanning molecular to tissue to entire organism. This integrated tumorous tissue is referred to as the tu-
mor microenvironment (TME), and while the molecular (largely genetic) underpinnings of cancer have
been the major scientific focus for the majority of the “war on cancer,” the role of the TME in tumor ini-
tiation, progression, and therapy response is likely to be at least an equal contributor, and has received
significantly less attention. While cancer is no longer thought of as a collection of aberrant genetic

Three-Dimensional Microfabrication Using Two-Photon Polymerization. http://dx.doi.org/10.1016/B978-0-323-35321-2.00020-0 4 1 7
Copyright © 2016 Elsevier Inc. All rights reserved.



Brittany N. Balhouse Chapter 2 7

L
418 CHAPTER 13.3 ENGINEERED MICROENVIRONMENTS FOR CANCER STUDY

mutations but rather as a heterogeneous disease driven by and driving microenvironmental alterations,
many of the models used to study cancer do not reflect this shift in disease understanding. The micro-
environment evolves and changes as the tumor progresses acting in a two-way relationship with tumor
cells, emphasizing the need to incorporate TME evolution as an active player in the dynamic process of
cancer initiation and progression. The TME is composed of the extracellular matrix (ECM), the soluble
factors (e.g., proteins) therein, and the adjacent cells (namely stromal cells and immune cells) [1]. It has
been established that each of these components, both separately and in combination, contributes to both
tumor initiation and progression, and may provide potential targets for future cancer therapies. As the
age-adjusted cancer death rates have remained relatively static over the past several decades, while ab-
solute death rates have actually increased, new TME-targeted cancer therapies are desperately needed,
and will result from new paradigms in experimental modeling of the human TME. Although death from
some cancers has decreased slightly over the past few decades, such as breast, prostate, colon, lung,
and skin cancers, this is due in large part to advances in early detection or increased awareness rather
than improved treatment options, especially for late-stage cancers. A person diagnosed with invasive
brain cancer in 1995 had a 33.3% 5-year survival rate while a person diagnosed with invasive brain
cancer in 2006 had around a 35.4% 5-year survival rate [2]. Even where progress has been claimed,
there is still significant room for improvement. The 5-year survival rates for liver and pancreatic cancers
have increased from 5.7 to 16.8 and 3.6% to 7.3%, respectively [2]. While these improvements are hugely
important for the patients impacted, with 5-year survival rates at 16.8 and 7.3% for two major cancers
each with nearly 10% incidence, it is indisputable that improvements can be made in cancer therapies
and therapy testing modalities. With the TME playing such a large role in the lifetime of cancer, more
focus must be placed on understanding tumor—TME interactions in cancer progression and therapy
response, which will require improved and highly physiologically relevant in vifro cancer models.

As a concrete example of the central role of the TME, and the importance of better understanding
this role, we consider the example of breast cancer. That tumor cell-ECM interactions are correlated
with tumorigenesis and progression is exemplified by the fact that women with mammographically
dense breasts are four to six times more likely to develop breast cancer [1]. The problem is a com-
plex one, combining challenges of tumor identification (e.g., dense tissue makes tumor identification
by palpation or mammogram more challenging) with the direct impact of the ECM microstructure
on tumor dynamics. The latter has been studied extensively, thanks in large part to the advent of
in vitro three-dimensional (3D) models of breast tissues. For example, fibroblasts, cells that nor-
mally help repair tissue, have been linked to cancer cell proliferation, angiogenesis, invasion, and
metastasis within the TME and demonstrate the importance of tumor—stromal cell—cell interactions
[3]. Cancer—-immune cell—cell interactions have also been linked to tumorigenesis and progression.
Chronic inflammation related to lifestyle factors such as diet or infection leads to DNA damage and
chromosomal instability as well as dysregulation of proinflammatory genes and proinflammatory
protein production in tumor and tumor-associated immune cells, which drives mutation, angiogen-
esis, and metastasis [4]. Interstitial flow within a tumor, caused by leaky vasculature associated
with tumor angiogenesis and the high oncotic pressures that result, creates protein gradients that
can cause tumor cell migration and lead to metastasis, linking fluid interactions to tumor progres-
sion. Thus, any model of the tumor must take into account these important cell-ECM, cell-cell, and
cell-fluid interactions. The importance of these interactions and the potential for new enabling tools
such as two-photon polymerization to impact TME research will be discussed in further detail in
subsequent sections.
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Murine (generally mouse) tumor models are usually considered the gold standard preclinical mod-
els for the development of new cancer therapies. Yet due to the failure of the vast majority of therapies
that show efficacy in mouse models, clearly these models are not ideal. The complexities of the in vivo
environment often confound understanding of results and often do not lead to a representative response
to therapeutics [5,6], while the TME in mouse models is generally very different from that present in
human disease. Yet two-dimensional (2D) in vitro cultures, most often utilized in preclinical testing
of therapeutics, rarely recapitulate the interactions described above that are crucial to a physiological
response of tumor cells in vitro [7]. 3D cultures have, therefore, been created as a way to reconcile the
pitfalls of animal and 2D culture models. 3D culture systems provide a more physiological response to
therapeutics in the preclinical setting as well as insight into basic science mechanisms of tumor initia-
tion and progression that would be hidden in the inherent complexity of in vivo models [5]. 3D culture
is defined, in the context of this chapter, as a system in which cells are suspended in a tissue mimic and
therefore retain the morphology and contacts similar to those seen in vivo. Generally, the tissue mimic
is representative of the ECM in some characteristic that is the ECM stimulus of interest (i.e., protein
concentration, mechanical properties). The challenge with this approach is to accomplish this suspen-
sion in a physiologically relevant manner. Although, for the sake of this chapter, all traditional culture
systems described subsequently may be considered 3D, there are still differences in their dimensional-
ity that may make a difference in the degree of physiological representation of in vivo dynamics. For
example, although spheroids are “spheres,” they do not singularly exhibit tissue-scale dynamics. Also,
although microfluidic devices many times incorporate cells within tissue mimics, the tissues are rela-
tively thin and geometries are planar, which may not adequately represent 3D tumor tissue as it is in
vivo; thus, these devices are sometimes termed as “2.5D.” Truly 3D models can be constructed with 3D
printing, but with inherent technological limitations. That being said, such devices do give important
insights that would not be possible from 2D culture. However, there is much room for improvement,
especially in the space between microfluidic-based and 3D printing—based technologies. This is where
two-photon polymerization may fill the void.

Two-photon polymerization could offer high-resolution (~100 nm lateral spatial resolution [8])
microfabrication of tumor tissue mimics compatible with a wide spectrum of forms, including spher-
oids, microwells, microstructured ECMs, microfluidic tissues, and 3D printed tissues. Application of
such methods of microfabrication via two-photon polymerization could allow further insights into the
relationships between cancer progression and cell-ECM, cell—cell, and cell-fluid interactions. Addi-
tionally, not only would these 3D culture systems offer new insights into the potential of novel cancer
therapies, but also two-photon microfabrication holds the promise of bridging the gap between bench-
top and bedside, with unprecedented scalability of manufacturing and the potential for efficient manu-
facturing of personalized cancer models. The flexibility of design using two-photon polymerization
for applications in cancer research, as well as the basic science and therapeutic insights to which these
applications have led, is the topic for this chapter.

2 TUMOR MICROENGINEERING

While 2D models lack physiological relevance, animal models are highly complex and uncontrolled, and
often do not mimic the human TME. Therefore, more physiologically relevant engineered tumor mod-
els have begun to fill a unique niche in modeling the complex dynamics of the human TME. Advances
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in biomaterials and microfabrication techniques applied to soft materials have helped to drive a recent
resurgence of this field, which has actually been around since spheroid culture models were first in-
troduced decades ago [9-11]. The varied geometries of microengineered tissues allow for hypotheses
concerning a specific aspect of the TME to be efficiently addressed. To facilitate understanding of the
importance of these varied 3D systems to cancer biology, we will provide an overview of the general
composition and purpose for each of the more common as well as cutting-edge model platforms, includ-
ing spheroids, microwell arrays, microfluidic tissues, and 3D printed tissues. To date, these models are
rarely, if ever, created by two-photon polymerization, but the opportunity for use of two-photon polym-
erization, and more broadly dynamic manipulation with focused light, in important applications is clear.

2.1 SPHEROIDS

An arguably classic approach to 3D culture is multicellular spheroids [12]. As the name implies, cells
are cultured in a manner such that cellular adhesion to a conventional 2D substrate (i.e., a polystyrene
Petri dish or well plate) is inhibited and cells proliferate outwardly in every direction to form a multi-
cellular sphere [12]. Spheroids may contain a single or several cell type(s) and, as they are often manu-
factured in an ECM mimic, offer the potential for cell-cell and cell-ECM interactions to be studied
[12]. These spheroids effectively represent small avascular tumors, micrometastases (small groups of
primary tumor cells at a secondary site), and regions between blood vessels in large solid tumors [12].
A number of methods have been developed for the assembly of these spheroids, including hanging drop
culture [13] and magnetic bead assembly [7]. Hanging drop cultures are established by plating drops of
media with dissociated cells on a nonadherent lid inverted over a hydration chamber and grown under
normal cell culture conditions until single cells proliferate outwardly into spheroids [13]. This method
is often tedious and not suitable for high-throughput applications [7]; however, it has recently been
made accessible to a larger number of labs with the availability of commercial culture plates designed
for hanging drop culture [14].

Some efforts have been made to make multicellular spheroids more adaptable for high-throughput
drug testing. Multicellular tumor spheroids have been well characterized as an important tool for cancer
research and preclinical testing of novel therapeutics as they can represent metabolic and proliferative
gradients inherent to tumors. These platforms have demonstrated clinically relevant resistance to che-
motherapy [12], and therefore offer great promise for use in drug screening applications. Such efforts to
improve this platform involve designing spheroid culture array plates to accommodate multiple spheroid
models grown simultaneously in a given platform with improved control over spheroid size [15]. Other
efforts have been made to use spheroids in order to construct a larger tissue-scale model for such appli-
cations as angiogenesis, metastasis, and drug testing studies. One such demonstration utilized spheroids
centered around magnetic microparticles that could be embedded in tissue mimics and could be manipu-
lated by a magnetic field [16]. Traditionally, uniform spheroid production for high-throughput drug test-
ing has been a barrier to use in preclinical studies [12]; however, production methods such as two-photon
polymerization may be used to reduce variability in their production while adding the ability to culture
multiple models at a time for high-throughput testing, namely through the use of microwell arrays.

2.2 MICROWELL ARRAYS

Microwell arrays were developed as a high-throughput way to study cell interactions with microen-
vironmental stimuli (i.e., ECM structure) as well as with therapeutic agents in the context of cancer
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research [17]. They are high-density arrays of microscale wells patterned into polymer or tissue mimet-
ic matrices. Wells range from tens to hundreds of micrometers in size [17]. These systems traditionally
use gravity to isolate cells into microwells and the number of cells in a given well is controlled by well
size and the density of cells in the solution applied to the array [17]. Both single-cell arrays and spatial-
ly controlled multicellular bodies, such as spheroids, can be studied in this system [17]. In this platform
cells are typically seeded within some user-defined ECM, typically hydrogels such as Matrigel®, col-
lagen, or alginate [18,19], enabling studies of the role of cell-ECM interactions in defined geometries
and soluble factor conditions [20]. Furthermore, multiple cell types can be included, and their relative
positions better controlled than in simple spheroid cultures, for investigation of cell—cell interactions
[17]. The most common method for patterning microwells is by soft lithography. A negative photoresist
such as SU-8 is spun on a silicon wafer to a desired film thickness corresponding to the desired well
depth. The SU-8—coated wafer is then exposed to UV light and developed to form the replica mold. On
baking, the mold hardens into a master over which polydimethylsiloxane (PDMS) is poured and the
well shape is imprinted on the PDMS, which can then be used as a stamp (Fig. 13.3.1a) [21]. Yet, soft
lithography replica molding techniques are limited in that small changes to microwell design require
a new master to be created each time. Other strategies have been adapted for microwell creation such
as laser cutting concave microwells directly out of polystyrene surface (Fig. 13.3.1b) [22]. Single-cell
trapping has been demonstrated as a particular issue and addressed with devices such as that of Park
et al. with flow incorporation [23]. Dynamic restructuring of tissue mimics with two-photon polymer-
ization may hold the key to single-cell manipulation, as well as dynamic, high-resolution manipulation
of ECM in these platforms during ongoing experiments.

Uniform production of cell arrays and flexibility of patterning could be aided by the high resolu-
tion associated with two-photon polymerization; the production technique could contribute to the high
degree of repeatability and tunability necessary for high-throughput studies on cancer biology and
response to therapeutics. However, neither microarrays nor the spheroids potentially present therein in-
herently incorporate to another microenvironmental cue that has proven itself important in the cascade
of cancer progression: fluid transport.

(@) , (b)
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(a) Process for patterning microwells by soft lithography (modified from Kim et al. [21]); (b) process for patterning
microwells by laser cutting (modified from Tu et al. [22]).
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2.3 MICROFLUIDIC DEVICES

Microfluidic systems are valuable in the study of cancer due to their enabling the recreation of many of
the TME complexities described previously, including cell-fluid interactions, while maintaining a high
degree of control of individual microenvironmental cues. Through control over physical dimensional-
ity, as well as the spatiotemporal gradients of physiologically relevant molecules (namely chemokines
and angiogenic factors), and the control over cell-cell contacts and the ECM, microfluidic devices
can mimic many physical and chemical physiological cues found in the cancer microenvironment.
Microfluidic devices also allow for cells to be exposed to physiological fluid transport, such as that
mimicking blood flow and interstitial flow (through the tumor tissue) in the TME. Such fluid flows have
been demonstrated as important microenvironmental components as they are linked to the angiogenesis
that is essential for tumor growth beyond a diffusion-limited size on the scale of 1-2 mm [24] (growth
of new blood vessels is required to meet nutritional requirements) and the concentration gradients of
growth factors and other molecules implicated in invasion and metastasis [25,26].

As the name implies, microfluidic devices involve fluid flow in channels at the micrometer scale.
Many microfluidic devices for cancer research utilize soft lithography similar to those used for microw-
ell patterning, specifically patterning microchannels with a PDMS stamp [27]. A master is created with
a desired pattern (e.g., channel(s) for fluid flow) from which PDMS devices are molded. Multiple layers
of photoresist can be patterned to create multilayer devices while patterned PDMS thin membranes can
be stacked to create 3D devices. Unlike with microwells, these microchannel devices must be sealed
so that channels provide defined flow pathways, rather than leaving patterned structures exposed to a
media bath. PDMS can be bonded to other materials, such as glass coverslips, to create a sealed device
[28]. Soft lithography—based microfluidic devices have many advantages for cancer research applica-
tions such as cost-effectiveness, high-throughput testing, automated operation, high spatiotemporal
resolution, low consumption of biochemical reagents, and the biocompatibility of PDMS, and can
include a tissue mimic and several different cell types [27].

Two categories of devices make up the majority of microfluidic cancer models. The first includes 2D
devices with channels patterned in PDMS. These devices are useful for controlling fluid flow across a
layer of seeded cells, such as in creating gradients. The second class includes 3D devices where channels
are patterned in hydrogels in which cells are seeded. These microchannels act as in vitro vasculature
and may, therefore, be thought of as a biomimetic approach to providing nutrition to the depth of 3D-
engineered tissues. The degree of physiological relevance of these vascular channels varies significantly,
from simple conduits for convective delivery of nutrients to fully endothelialized and pericyte-supported
in vitro blood vessels with demonstrated antithrombotic properties [29]. The flow is laminar in both
classes of devices, as is the case in capillaries and small vessels in vivo, and allows for a high degree of
temporal and spatial control; fluid pressures, shear forces, and nutrient accessibility can be controlled
through adjustment of the flow rate in the channels. In addition to control over flow properties, cells can
be cultured in separate compartments, which allows for cell-cell communication only by cellular release
of soluble factors (i.e., secreted proteins), a powerful platform for understanding cell—cell interactions.

Microfluidic devices were first created mainly as 2D fluid gradient generators to study directional
responses of cells to molecular gradients. In such gradient-generating devices, two inputs are used to
inject two different liquids with discrete concentrations of the molecule to be studied (often a high-
concentration liquid is injected along with a blank liquid). These fluids then flow through a grid of
channels causing the solutions to mix at intersection points and exiting at the main channel before fully
mixing, thereby creating a gradient across the range of the two injected concentrations (see Fig. 13.3.2)
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FIGURE 13.3.2 Process for Concentration Gradient Generation and Exposure of Solution to Cell Chambers in 2D

Modified from Tian et al. [33].
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