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ABSTRACT

Metastasis remains the leading cause of cancer-associated death worldwide. A
latency period ranging from months to decades is often observed prior to relapse as
disseminated tumor cells (DTCs) can undergo dormancy upon infiltration of
secondary organs. While eliminating these dormant cells can prevent recurrence,
current chemotherapeutics fail to effectively target and eliminate dormant populations.
Mechanistic understanding of dormancy-associated chemoresistance could lead to
development of targeted therapeutic strategies. In the effort towards developing new
therapeutic strategies to eliminate dormant cells, we developed an in vitro, hydrogel
platform to mimic generic premetastatic niches during initial DTC infiltration of
secondary tissues.

In particular, we investigated the role of hydrogel properties (matrix adhesivity
and degradability) in regulating the phenotypic fate of breast cancer using five breast
cancer cell lines: the triple negative MDA-MB-231 (231) parental line, three
organotropic sublines derived from the parental 231 line: BoM-1833 (bone-tropic),
LM2-4175 (lung-tropic), and BrM2a-831 (brain-tropic), and the estrogen receptor
positive (ER") MCF7 cell line. Each cell line was individually encapsulated and
cultured for 15 days in three distinct, poly(ethylene glycol) (PEG)-based hydrogel
formulations composed of proteolytically degradable PEG (PEG-PQ), integrin-ligating
RGDS, and the non-degradable crosslinker N-vinyl pyrrolidone (NVP). We varied
concentrations of RGDS and NVP to mimic favorable and unfavorable premetastatic

niches including a permissive niche with high levels of adhesivity and degradability
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(Gel 1: ++ adhesivity, ++ degradability), a non-permissive niche with moderate levels
of adhesivity and degradability (Gel 2: + adhesivity, + degradability), and a non-
permissive niche with no adhesivity but high degradability (Gel 3: - adhesivity, ++
degradability). Dormancy-associated metrics including temporal changes in viable cell
density, proliferation, metabolism, apoptosis, phosphorylated-ERK (p-ERK) and -p38
(p-p38), and morphological characteristics were quantified. A multimetric
classification approach was implemented to categorize each hydrogel-induced
phenotype as: (1) growth, (2) balanced tumor dormancy, (3) balanced cellular
dormancy, or (4) restricted survival, cellular dormancy. Hydrogels with high
adhesivity and degradability (permissive gel 1) promoted growth in all five cell lines
tested. Hydrogels with no adhesivity, but high degradability (non-permissive gel 3),
induced restricted survival, cellular dormancy in the parental 231 and MCF7 lines and
balanced cellular dormancy in the organotropic lines demonstrating the role of cell
adhesion in inducing dormancy while also highlighting the enhanced survival
capabilities of organotropic sublines. Hydrogels with moderate adhesivity and
degradability (non-permissive gel 2) induced balanced cellular dormancy in the
parental 231 and lung-tropic lines and balanced tumor mass dormancy in bone- and
brain-tropic lines and MCF7s, demonstrating that matrix confinement can induce
dormancy. The ability to induce escape from dormancy, reactivation, via “on-demand”
dynamic incorporation of RGDS into a highly degradable hydrogel was also
demonstrated.

With an established dormancy and reactivation platform, we implemented this
system to quantify dormancy-associated chemoresistance. The cellular responses to

doxorubicin (DOX), paclitaxel (PAC), and 5-fluorouracil (5-FU) in the growth
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formulation (permissive gel 1), and dormant formulations (non-permissive gels 2 and
3) in parental 231s were quantified via measurement of half maximal inhibitory
concentration (ICso) and half maximal effective concentration (ECso) values. Under
PAC and 5-FU treatment, parental 231s residing in either dormant state exhibited
increased chemoresistance compared to 231s in the growth state in permissive gel 1.
DOX was further tested on growing, dormant, and reactivated parental 23 1s,
organotropic sublines, and MCF7s. Parental 231s undergoing dormancy demonstrated
increased chemoresistance with a 1.4 to 1.8-fold increase in ECso and 1.3 to 1.8-fold
increase in ICso compared to cells in the growth state. Furthermore, reactivated
parental 231s were also chemoresistant and displayed a ~2.5 fold increase in the ECso.
Similar results were observed for organotropic sublines and MCF7s. To
mechanistically investigate the role of dormancy in conferring DOX resistance,
cytoplasmic and nuclear accumulation of DOX was measured. The results indicated
statistically significantly higher DOX accumulation rates and nuclear localization,
determined by nuclear to cytoplasmic mean intensity ratio (NC ratio), in cells in the
growth state (permissive gel 1) compared to the two dormant (non-permissive gels 2
and 3) and reactivated states. These results further validated the utility of
implementing engineered hydrogels as an in vitro platform to induce breast cancer
dormancy for the development of anti-dormancy therapeutic strategies and provided
valuable insight into the mechanisms involved in dormant and reactivated cell
chemoresistance.

Based on our findings that chemoresistant dormant and reactivated cells
exhibit decreased DOX intracellular accumulation rates and subsequent localization to

the nucleus, we investigated the role of three ABC-efflux pumps (P-gp, MRP1, and
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BCRP) which are known to be overexpressed in chemoresistant cancers.
Immunofluorescence analysis revealed that chemoresistant dormant and reactivated
cells expressed significantly greater levels of P-gp, MRP1, and BCRP (excluding
MCF7s which had similar levels of BCRP expression in all states), compared to more
chemosensitive cells residing in the growth state induced by permissive gel 1. To
determine if differential efflux pump expression played a role in chemoresistance,
efflux pumps were inhibited using a P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor
(50 uM MKS571), BCRP inhibitor (10 uM Ko 143), or a combination of all three
inhibitors on parental 231s, brain-tropic 231s, and MCF7s. Results showed that efflux
pump inhibition significantly increased chemosensitivity, indicated by significant
decreases in ECso values, in all three cell lines. For instance, P-gp+MRP1+BCRP
inhibition decreased ECso values to 4.2 £ 1.1 uM (permissive gel 1, ~11-fold
decrease), 0.4 £ 0.1 uM (non-permissive gel 2, ~170-fold decrease), 1.1 £ 0.5 uM
(non-permissive gel 3, ~81-fold decrease), and 1.4 + 0.3 uM (reactivated, ~81-fold
decrease) compared to no inhibition, with significantly lower ECso values in dormant
and reactivated parental 231s than cells in permissive gel 1. Increased chemoresistance
was accompanied by significant increases in the DOX accumulation rate (~3-11-fold
increase) and NC ratio (~1.2-3.2-fold increase) for all three cell lines. Furthermore,
efflux pump inhibition led to significantly greater accumulation rates and, in most
cases, greater NC ratios in dormant and reactivated cells compared to growing cells in
permissive gel 1. These results provide novel insights in the role of efflux pumps in
dormancy and reactivated cell chemoresistance and proposes a therapeutic strategy to

target and eliminate dormant and reactivated cells in vivo.
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Taken together this work provides a well-characterized hydrogel platform to
induce breast cancer dormancy and reactivation as demonstrated in five breast cancer
lines, implements the platform to quantify dormant and reactivated cell
chemoresistance, provides novel insight regarding DOX accumulation and localization
in dormant and reactivated cells, provides insight into the role of efflux pumps in
chemoresistance and DOX transport, and demonstrates the ability to increase DOX
efficacy in treatment of highly chemoresistant dormant and reactivated cancer via
efflux pump inhibition in vitro. Future implementation of these results could be used
to model dormancy in other cancers and investigate mechanisms involved in
dormancy and reactivation. Furthermore, we show that this platform can be used in
drug development and plan future studies to test our treatment strategy in vivo, with

the ultimate goal to eliminate dormant cells and aid in preventing metastatic relapse.
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Chapter 1

INTRODUCTION

Sections in this chapter have been adapted from the following articles:

(1) Pradhan S, Sperduto JL, Farino CJ, Slater JH. Engineered In Vitro Models
of Tumor Dormancy and Reactivation. Journal of Biological Engineering
2018, 12 (37).

(2) Farino CJ, Pradhan S, Slater JH. The Influence of Matrix-Induced
Dormancy on Metastatic Breast Cancer Chemoresistance. ACS Applied
Biomaterials 2020, 3(9), 5832-5844.

(3) Farino Reyes CJ, Pradhan S, Slater JH. The Influence of Ligand Density
and Degradability on Hydrogel Induced Breast Cancer Dormancy and

Reactivation. Advanced Healthcare Materials 2021, 10(11), 2002227.

1.1 Overview and Clinical Relevance

Significant strides in cancer detection and treatment have increased 5-year
survival rates.! Unfortunately, metastasis remains responsible for >90% of cancer-
associated deaths.> Metastasis occurs when disseminated tumor cells (DTCs) leave
the primary tumor and invade secondary organs. However, the pathway between initial
diagnosis and treatment and metastasis is not straightforward. Prior to relapse, there is
often a latency period that can range from months to decades, during which there is no
detectable cancer.’* This latency period is determined by tumor dormancy where

residual DTCs reside in a dormant state that delays the growth of clinically detectable



tumors.> Dormant cells may undergo cellular quiescence for decades,* before returning
to an actively proliferative state that results in metastatic relapse. DTCs originating
from the primary tumor may also extravasate into secondary organs where <2% of the
cells survive.>® Surviving DTCs undergo one of three possible fates: cellular

37:10-12 or growth (Figure 1.1).'*'* In cellular

dormancy,>”* tumor mass dormancy,
dormancy, surviving cells employ anti-apoptotic survival mechanisms to remain in Go-
G cell cycle arrest. Cells undergoing tumor mass dormancy maintain a delicate
balance between proliferation and apoptosis which prevents tumors (or multi-cellular
clusters) from growing to a clinically detectable size. Over time and with matrix
remodeling, dormant DTCs can become reactivated and resume growth, leading to the

formation of overt lesions and metastatic relapse (Figure 1.2).>*
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Figure 1.1: Fate of Disseminated Tumor Cells. Circulating tumor cells extravasate
from vasculature at secondary sites and undergo one of four fates in the
secondary niche: cell death (primarily via apoptosis), cellular dormancy
(remain as single quiescent cells), tumor mass dormancy (small clusters
with balanced proliferation and apoptosis) and metastatic growth (high
proliferation and invasion). Figure adapted from [7] with permission
from Springer Nature.

While survival rates are low (5-year survival rate of 27% in breast cancer') in
metastatic patients, therapeutic intervention before DTCs form aggressive secondary
lesions could provide a better patient outlook. Fortunately, cancer dormancy provides
a therapeutic “window of opportunity” to eliminate dormant cells or prevent their
reactivation, and ultimately prevent metastatic relapse. A major limitation towards this
goal is that current chemotherapeutics often fail to effectively treat dormant, quiescent
cells.!>2° This is likely due to a lack of understanding of the mechanisms that regulate

the dormancy period between DTC infiltration of secondary organs and active



proliferation.?!?* Thus, to develop new drugs and therapeutic strategies that target
dormant cancer cells, there is an urgent need for simple platforms that can induce
dormancy and reactivation in vitro. While dormant cells can be isolated from animal
models, monitoring their response over time can be cumbersome due to limitations of
current in vivo imaging modalities. However, in vitro platforms provide the resolution
and spatiotemporal control to perform mechanistic studies that may aid in drug
development. The work described in the following sections highlight our efforts
towards preventing metastatic relapse by: (1) developing and characterizing a tunable,
hydrogel-based breast cancer dormancy and reactivation platform, (2) implementing
this platform to quantify dormant and reactivated cell chemosensitivity, (3)
investigating mechanisms involved in dormant and reactivated cell chemoresistance,
and (4) implementing a therapeutic strategy to increase drug efficacy in treating
dormant and reactivated breast cancer in vitro.

Together, this work provides an easy-to-use hydrogel platform that can be
applied to perform mechanistic studies that aid in drug development to prevent
metastatic relapse. Furthermore, this platform can potentially be used to model other
cancers known to undergo dormancy, prostate cancer and melanoma for example. This
work also provides novel insight into breast cancer dormancy and reactivated cell
chemoresistance that can be used in clinical settings for drug development. Towards
this goal, we provide a therapeutic strategy that significantly increases drug efficacy in
treating dormant and reactivated breast cancer cells in vitro. With further studies and
optimization, this strategy has the potential to eliminate dormant cells in vivo and

ultimately prevent reactivation and metastatic relapse.
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Figure 1.2: Factors Influencing Reactivation of Dormant Cancer Cells. Dormant tumor
cells in the secondary niche can be stimulated or triggered toward
metastatic growth via multiple sources including pro-inflammatory and
angiogenic factors, paracrine signaling by stromal cells and sprouting
vasculature, and dysregulated cell-matrix interactions amongst others.
Figure adapted from [7] with permission from Springer Nature.

1.2 In Vitro Methods to Model Tumor Dormancy

To study dormant micrometastases and subsequent chemosensitivity,
engineered systems that induce cancer dormancy in vitro have been developed by
implementing multiple components found in the premetastatic niche that induce
dormancy in vivo to achieve cell signaling-induced dormancy, biochemical-induced
dormancy, drug-induced dormancy, and extracellular matrix (ECM)-induced
dormancy (Figure 1.3).” In cell-signaling induced dormancy, co-culturing with
secondary cell types such as mesenchymal stromal cells and endothelial cells can

induce dormancy in multiple cancer types including triple negative MDA-MB-231s



and MCF7s.'%?* Biochemical-induced dormancy has been achieved via hypoxia,
nutrient deprivation, and soluble factors, which can lead to cell-cycle arrest or limited
proliferation.?>?¢ In drug-induced dormancy, cells are exposed to chemotherapies
including doxorubicin, docetaxel, cyclophosphamide, 5-fluorouracil, methotrexate,
cisplatin, bevacizumab, and trastuzumab.” Surviving, chemoresistant cells will often
be in a dormant state. Many studies have used this method to obtain dormant cells in
vivo and in vitro.?”"* Studies have also demonstrated that the ECM can be tuned to
induce cancer cell dormancy in vitro.”%33 The studies in this dissertation implement
ECM-induced dormancy (chapters 2, 3), but future studies that incorporate these

alternative influences are of interest.
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Figure 1.3: Modes of Dormancy Induction. Engineered, in vitro models of tumor
dormancy can be classified based on the mode of dormancy induction:
drug-induced dormancy (selective elimination and survival of sub-
populations under chemotherapeutic treatment), ECM-induced dormancy
(biophysical constraints imposed on cancer cells by the surrounding
matrix), cell-signaling induced dormancy (paracrine signaling from
stromal cells and vasculature) and biochemical-induced dormancy
(influence of soluble factors, hypoxia and nutrients) amongst others.
Figure adapted from [7] with permission from Springer Nature.



1.3 Influence of the Extracellular Matrix on Cancer Cell Fate and Dormancy
The role that microenvironmental properties of the premetastatic niche play in
regulating dormancy has garnered significant interest.” In particular, the ECM has key
biochemical and mechanical components which influence how a disseminated tumor
cell interacts with its microenvironment. For instance, in a permissive
microenvironment, the ECM provides matrix components (proteins, proteoglycans)
that support cell adhesion via integrin-mediated adhesions and cell surface receptors.
Subsequently, these adhesions trigger downstream intracellular pathways that
modulate cancer cell fate including cell cycle progression and migration.
Alternatively, when the ECM is not as permissive to integrin ligation or ligates
different integrins, cancer cells may enter a state of dormancy. Remodeling of the
dormant niche over time may permit engagement of dormant tumor cells with altered
ECM and enable their escape from dormancy. However, there is still a poor
understanding of the underlying mechanisms that induce and maintain cancer
dormancy, as imaging resolution limitations that prevent dormant cells from being
easily detected in vivo make it difficult to use animal models for development of
therapeutics that target dormant micrometastases. Thus, studies have demonstrated
that the ECM can be tuned to induce cancer cell dormancy in vitro using both natural
and synthetic biomaterials (Figure 1.2).73%33 Amongst several factors, physical
confinement, cell-matrix interactions, and matrix strain/deformation have been

manipulated to induce dormancy.’

1.4 Tuning Matrix Properties to Mimic Permissive and Non-Permissive Niches
To mimic permissive and nonpermissive ECMs, our group previously

developed a suite of sixteen poly(ethylene glycol) (PEG)-based hydrogels with



varying biochemical (ligand density and degradability) and mechanical (elasticity,
swelling, mesh size) properties.>*>¢ In chapter 2, we describe three chosen
formulations that induced three distinct phenotypes (growth, balanced cellular
dormancy, and restricted survival cellular dormancy) in triple negative breast cancer
cells, MDA-MB-231s (parental 231s) (Figure 2.1).343¢

Ligand density and matrix degradability were tuned via the concentration of
PEG-RGDS (RGDS) and NVP, respectively, to mimic different ECMs DTCs may
experience during early stages of secondary organ infiltration. Tuning PEG-RGDS
concentration altered adhesive ligand density of the hydrogel matrix required for
integrin-mediated cell adhesion and survival, and NVP incorporation increased the
number of non-degradable crosslinks of the hydrogel matrix, inhibiting cell-mediated
matrix degradation leading to increased physical confinement of encapsulated cells in
their local niche. Permissive gel 1 (2.1 mM RGDS and 0 mM NVP) had high matrix
(++) adhesivity and (++) degradability to mimic a favorable scenario in which cells
can adhere to, and proteolytically degrade, their surrounding matrix. Non-permissive
gel 2 (0.9 mM RGDS, 9.4 mM NVP) contained additional crosslinks (due to NVP) to
generate a matrix with moderate (+) adhesivity but (+) low degradability. This mimics
a scenario in which cells can adhere to their surrounding matrix but cannot degrade the
ECM efficiently. Non-permissive gel 3 (0 mM RGDS, 0 mM NVP) had no (-)
adhesivity but high (++) degradability. This mimics a scenario in which cells can
degrade their matrix but cannot form integrin-mediated adhesions. The logic for this
design is that enhancing cell-matrix interactions will form focal adhesions, leading to

downstream signaling that promotes survival and proliferation. Alternatively, creating



unfavorable conditions by limiting cell-matrix interactions or the ability to degrade the

matrix during growth may induce cells into dormancy.

1.5 ECM-Induced Dormancy and Reactivation in Breast Cancer

To develop a clinically relevant breast cancer dormancy and reactivation
platform, key cell lines were chosen. Since breast cancers preferentially metastasize to
the bone, lung, and brain,?’ genetically unique organotropic cells that also
preferentially metastasize to bone (BoM-1833)%, lung (LM2-4175)°, or brain
(BrM2a-831)* were implemented, along with the parental 231 line that these
organotropic lines were derived from. We hypothesized that genetic signatures that
promote organ-specific survival may also support sustained survival of dormant cells.
The ER" breast cancer line, MCF7, was also utilized, as dormancy in ER" cancer can
persist for over 20 years compared to ~2 years for ER™ breast cancers, providing an
extended “window of opportunity” to eliminate dormant cells before being reactivated
to form burdensome metastatic tumors. Therefore, in chapter 3, parental 231s, the
three organotropic sublines, and MCF7s were all individually encapsulated in
permissive gel 1, non-permissive gel 2, and non-permissive gel 3 for 15 days (Figure
2.1F). 343541

To characterize hydrogel-induced phenotype, we quantified the temporal
change in number of viable cells, proliferating cells, and metabolic activity throughout
the 15 day culture period as described in chapter 3.*! We also determined the balance
between newly formed live and dead cells, and proliferating (EdU™) and apoptotic
(Annexin V") cells at day 15. Other studies have also used viability, metabolic
activity, proliferation, and other phenotypic assays to identify dormant cell

populations.”*-* Morphology and a p-ERK/p-38 ratio (dormancy predictor) was also



quantified. Permissive gel 1 (++ adhesivity, ++ degradability) promoted growth in all
five cell lines. Favorable conditions led to large protruding clusters in parental 231s
and organotropic sublines, and large rounded clusters in MCF7s with high levels of
viability (>82.9%) and proliferation (>33.8%) (Figure 3.10). Removing all matrix
adhesivity in non-permissive gel 3 restricted parental 231 and MCF7 survival (~40%
viability), leading to restricted survival, cellular dormancy (Figure 3.10). Interestingly,
organotropic 231 viability remained high (>88.5%) in non-permissive gel 3 and the
cells were thus characterized as residing in balanced cellular dormancy (Figure 3.10).
Reduced degradability in non-permissive gel 2 confined MCF7s, and bone- and brain-
tropic cells into small clusters residing in balanced tumor mass dormancy, while
parental 231s and lung-tropic lines remained as solitary, single cells in balanced
cellular dormancy (Figure 3.10). Dynamic “on-demand” photocoupling of PEG-
RGDS into non-permissive gel 3 at day 15 increased proliferation and viability in all
five cell lines to levels comparable to cells in the growth state in permissive gel 1,
indicating the ability to reactivate dormant cells via an external trigger (Figure 3.11).
Together, these results demonstrated the ability to achieve growth, distinct dormancy

states, and reactivation in parental 231s, organotropic sublines, and MCF7s.*!

1.6 Chemoresistance in Dormant and Reactivated Breast Cancer

After thorough characterization, the in vitro dormancy and reactivation
platform was implemented to quantify and compare the response of growing, dormant,
and reactivated cells to common chemotherapeutics in chapter 4.4 To measure drug
response, parental 231s were encapsulated and cultured for 15 days to achieve growth
(permissive gel 1) or dormancy (non-permissive gels 2 and 3), or 22 days (15 days in

non-permissive gel 3 + 7 days post RGDS incorporation) to achieve reactivation, and
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exposed to varying concentrations of common chemotherapeutics, doxorubicin
(DOX), paclitaxel (PAC), and 5-fluorouracil (5-FU). Results showed significantly
higher viability in dormant parental 231s in non-permissive gels 2 and 3 compared to
growing cells in permissive gel 1 for all drugs tested (Figure 4.2, 4.4, 4.5). Due to low
efficacy (Figure 4.1), we could not plot dose response curves for PAC and 5-FU.
However, since DOX studies showed overall greater efficacy (Figure 4.1), we were
able to obtain dose response curves and calculate half maximal effective concentration
(ECs0) and half maximal inhibitory concentration (ICso) values. Higher ECso and ICso
values correspond with enhanced chemoresistance, as they indicate that higher
concentrations were required to induce cytotoxicity. Since we were able to obtain
pertinent ECso and ICso values, DOX studies were expanded to investigate the drug
response of parental 23 1s, organotropic sublines, and ER” MCF7s in a growth,
dormant, or reactivated state. Results indicated that all dormant populations (non-
permissive gels 2 and 3) displayed increased chemoresistance to DOX, compared to
growing cells in permissive gel 1 in all five cell lines (Figure 4.5, 4.6). For example,
growing parental 231s in permissive gel 1 had an ECso 0of 44.9 + 6.2 uM, while
dormant parental 231s in non-permissive gels 2 and 3 had significantly higher ECs
values of 65.5 = 7.7 uM (non-permissive gel 2) and 82.9 & 14.5 uM (non-permissive
gel 3) (Figure 4.5, 4.6). Similar trends were observed in organotropic sublines and
MCFT7s. Interestingly, while reactivated cells had similar viability and proliferation
values as cells in permissive gel 1, reactivated populations displayed significantly
greater ECso values than both growing and dormant cells in all cell lines tested. For
instance, reactivated parental 231s had an ECsoof 113.0 £ 15.7 uM, compared to

values ranging from ~44-83 uM in growing and dormant 231s (Figure 4.5, 4.6).
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To investigate if DOX uptake correlated with increased chemoresistance,
intracellular DOX accumulation was measured over 48 hr and plotted to determine the
accumulation rate. Results indicated that chemoresistant dormant (non-permissive gels
2 and 3) and reactivated cells had significantly lower accumulation rates compared to
chemosensitive cells in permissive gel 1 (Figure 4.7). For instance, DOX accumulated
at arate of 112.8 £ 10.1 h'! in permissive gel 1, compared to 100.5 + 7.7 in non-
permissive gel 2 (dormant), 97.2 £+ 9.4 in non-permissive gel 3 (dormant), and 76.6 +
1.7 h'! in reactivated cells (Figure 4.7). Similar trends were observed for organotropic
and MCF7 cell lines. We also quantified the NC ratio to determine DOX nuclear
localization after 48 h exposure and observed significantly greater nuclear localization
in chemosensitive cells in permissive gel 1, compared to dormant and reactivated cells
for all cell lines (Figure 4.8).

Overall, this data demonstrated that both dormant and reactivated populations
acquire chemoresistance to DOX. Results highlight that while reactivated cells have
similar phenotypic behavior as growing cells in permissive gel 1, they have unique
chemoresistance that may have been acquired during entry into dormancy or exit out
of dormancy and into reactivated growth. These results also suggest that acquired
dormancy and reactivated chemoresistance may be due to decreased DOX intracellular
accumulation and subsequent localization to the nucleus. These findings provide
valuable insight that can be used to develop novel drugs and therapeutic strategies that

target dormant and reactivated cells.

1.7 Influence of Efflux Pump Expression on Chemoresistance
Based on findings that indicate DOX transport may play a role in dormant and

reactivated cell chemoresistance, we next aimed to understand what mechanisms
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regulate DOX transport in chemoresistant cells in chapter 5. Since ATP-binding
cassette (ABC) efflux pumps have been established as key factors in cancer
chemoresistance, we investigated expression of three clinically relevant efflux pumps:
ABCBI1 (P-gp)***’, ABCC1 (MRP1),%4° and ABCG2 (BCRP).*>*! Our goals were:
(1) to determine whether parental 231s, organotropic sublines, and MCF7s expressed
these efflux proteins, and (2) if expressed, to determine whether chemoresistant
dormant or reactivated populations expressed significantly higher levels of these
efflux pump proteins. Our results showed that all five cell lines expressed levels of P-
gp, MRP1, and BCRP, however chemoresistant dormant (non-permissive gels 2 and 3)
and reactivated cells tended to express significantly higher levels compared to
chemosensitive growing cells in permissive gel 1 (Figure 5.1-5.6). For instance,
parental 231s expressed significantly greater levels of MRP1 in dormant cells (non-
permissive gel 2: 0.71 £ 0.15, non-permissive gel 3: 0.93 £ 0.23) than growing cells in
permissive gel 1 (0.15 + 0.04) (Figure 5.6). Furthermore, reactivated parental 231s had
the highest MRP1 expression of 1.88 + 0.21 (Figure 5.6). While similar trends were
observed in organotropic sublines, BCRP expression was not significantly different
between growing, dormant, or reactivated MCF7s.

In most cases, efflux pumps P-gp, MRP1, and BCRP were overexpressed in
chemoresistant dormant and reactivated cells. To investigate whether these efflux
pumps played a role in chemoresponse, DOX drug studies were performed with efflux
pump inhibition using a P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50 uM
MKJ571), BCRP inhibitor (10 uM Ko 143), or a combination of all three inhibitors on
parental 231s, brain-tropic 231s, and MCF7s. Note, BCRP was not tested for MCF7s

since BCRP was not overexpressed in dormant or reactivated MCF7s. Results showed
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that inhibiting these efflux pumps significantly increased chemosensitivity, quantified
by significant decreases in ECso values. In many cases efflux pump inhibition
decreased dormant and reactivated cell ECso values below those of growing cells in
permissive gel 1 (Figure 5.9). For instance, P-gp+MRP1+BCRP inhibition decreased
ECso values to 4.2 £ 1.1 uM (permissive gel 1, ~11-fold decrease), 0.4 + 0.1 uM (non-
permissive gel 2, ~170-fold decrease), 1.1 + 0.5 uM (non-permissive gel 3, ~81-fold
decrease), and 1.4 £ 0.3 uM (reactivated, ~81-fold decrease) compared to no
inhibition, with significantly lower ECso values in previously chemoresistant dormant
and reactivated cells (Figure 5.9). DOX accumulation and nuclear localization studies
confirmed that efflux pump inhibition significantly increased the accumulation rate
(~3-11-fold increase) and NC ratio (~1.2-3.2-fold increase) in all cell lines tested
(Figure 5.11-5.15). In particular, efflux pump inhibition resulted in significantly
greater accumulation rates and, in many cases, significantly greater NC ratios in
dormant and reactivated cells compared to growing cells in permissive gel 1.

Overall, this data provides novel insights into dormant and reactivated cell
chemoresistance. Results indicate that chemoresistant dormant and reactivated cells
overexpress P-gp, MRP1, and BCRP, and that their inhibition significantly increases
DOX efficacy by increasing intracellular accumulation rate and nuclear localization.
These findings suggest a mechanism involved in dormant and reactivated cell
chemoresistance and provides a potential therapeutic strategy to target and eliminate

dormant cells during breast cancer latency to help prevent metastatic relapse.
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Chapter 2

3D HYDROGELS WITH TUNABLE ADHESIVITY AND DEGRADABILITY
TO MIMIC PERMISSIVE AND NON-PERMISSIVE NICHES

Sections in this chapter have been adapted from the following articles:

(1) Farino CJ, Pradhan S, Slater JH. The Influence of Matrix-Induced
Dormancy on Metastatic Breast Cancer Chemoresistance. ACS Applied
Biomaterials 2020, 3(9), 5832-5844.

(2) Farino Reyes CJ, Pradhan S, Slater JH. The Influence of Ligand Density
and Degradability on Hydrogel Induced Breast Cancer Dormancy and
Reactivation. Advanced Healthcare Materials 2021, 10(11), 2002227.

2.1 Introduction

Despite improvements in cancer prevention, detection, and treatment,
metastasis remains a serious threat.!>> During metastasis, disseminated tumor cells
(DTCs) originating from a primary tumor extravasate into secondary organs. In many
cases, there is a latency period ranging anywhere from a few months to several
decades prior to metastatic relapse that is explained by tumor dormancy.**7>? During
dormancy, DTCs may enter cellular dormancy, characterized by solitary cells that
survive in cell-cycle arrest via anti-apoptotic mechanisms, or tumor mass dormancy,
characterized by clustered cells residing in a balanced state of proliferation and
apoptosis.>>!? Metastatic relapse can occur when dormant cells undergo a phenotypic
switch to resume proliferation and invasive growth.> The advantage of this latency

period is that it provides a potential therapeutic “window of opportunity” lasting up to
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decades in which eliminating dormant DTCs or preventing their reactivation can be
used to prevent metastatic recurrence. However, current chemotherapeutics that target
proliferating cancer cells, fail to efficiently eliminate quiescent, dormant DTCs. !4
Towards this effort, in vitro platforms that induce dormancy and reactivation are
necessary to investigate cancer dormancy at a resolution that provides mechanistic
understanding at the cellular level to increase chemotherapeutic efficacy.

A general understanding of the factors involved in tumor dormancy has led to
the development of in vitro models that induce dormancy via multiple factors found in
the premetastatic niche which can induce dormancy in vivo.” For instance,
incorporation of immune responses, stromal cell signaling, and nutrient deprivation
have all been applied to induce dormancy.” Another key factor in regulating DTC fate
are the microenvironmental cues provided by the extracellular matrix (ECM). When
cancer cells fail to establish integrin-mediated adhesions to ECM proteins in
unfavorable conditions, downstream signaling may lead to dormancy.’* Using this
logic, we previously implemented a suite of sixteen unique hydrogel formulations
containing well-controlled, systematic variations in ligand and crosslinking density
using three components:** (1) a proteolytically degradable, poly(ethylene glycol)
(PEG)-based, diacrylate macromer containing the peptide sequence,
GGGPQGIWGQGK (PQ), cleavable by cell-secreted matrix metalloproteinases-2 and
-9, flanked on either side by a PEG with a terminal acrylate (PEG-PQ), (2) a mono-
acrylated integrin-ligating peptide (RGDS) that contained a PEG with a terminal
acrylate attached to the N-terminus (PEG-RGDS), and (3) a non-enzymatically
degradable co-monomer N-vinyl pyrrolidone (NVP) that facilitates crosslinking. The

suite of hydrogels was implemented to systematically investigate the influences of
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ligand density and hydrogel degradability, elasticity, and pore size on regulating the
fate of the triple negative, MDA-MB-231 parental line with respect to growth and
dormancy phenotypes.> The results demonstrated that ligand density and hydrogel
degradability had a greater influence on the resultant phenotype compared to hydrogel
elasticity and pore size.>

We implemented three of the sixteen hydrogel formulations that induced
growth and distinct forms of dormancy in parental 231s*3¢ to further characterize
how altering ligand (RGDS) density and hydrogel degradability influence the
phenotype of the parental 231 line and to quantify the response of three organotropic
sublines that preferentially metastasize to the bone, lung, or brain, as well as the ER"
breast cancer cell line, MCF7 in chapters 2 and 3 (Figure 2.1).*! In this chapter, we
characterize the hydrogels used in these studies by measuring key properties known to
influence cell phenotype. Matrix adhesivity and degradability were tuned via RGDS
and NVP concentration in three hydrogel formulations that represented different
premetastatic niches. RGDS provides adhesive ligands, while NVP increases hydrogel
crosslinking density via addition of non-enzymatically degradable crosslinks through
its acrylate side groups.*>>>¢ Permissive gel 1 was composed of 2.1 mM RGDS, 0
mM NVP (++ adhesivity and ++ degradability) and mimicked a favorable niche to
promote tumor growth in which cells are able to adhere and degrade their surrounding
matrix. Non-permissive gel 2 was composed of 0.9 mM RGDS, 9.4 mM NVP (+
adhesivity, + degradability) and mimicked a unfavorable niche in which cells can
adhere to their matrix but do not express the proteases required to enzymatically
degrade the matrix. Non-permissive gel 3 was composed of 0 mM RGDS, 0 mM NVP

(- adhesivity, ++ degradability) and mimicked a case in which cells can degrade their
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matrix but fail to form focal adhesions. The matrices were chosen on the logic that a
favorable ECM will likely promote growth and proliferation, while an unfavorable

ECM (via confinement or lack of adhesion) will promote dormancy (chapter 3).
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Figure 2.1: Hydrogel Characterization and Experimental Workflow. (A) Schematic of
three hydrogel formulations with tunable adhesivity, degradability, and
crosslink density (permissive gel 1, non-permissive gel 2, non-permissive
gel 3). Chemical structures of hydrogel components: PEG-PQ, PEG-
RGDS, and n-vinyl pyrrolidinone (NVP). Quantification of the (B)
compressive modulus of cell-laden hydrogels at day 0 (solid) and 15
(striped), (C) mesh size, (D) swelling ratio, and (E) degradation rate. *
indicates p<0.05. n=4 hydrogels per condition. Values represent mean +
standard deviation. (F) Schematic of the experimental workflow
involving culture of five breast cancer cell lines within three different
hydrogel formulations, quantification of cellular behavior, and
implementation of multimetric classification of hydrogel-induced cellular

phenotypes. Figure reproduced from [41] with permission from John
Wiley and Sons.
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In this chapter, we characterized hydrogel properties by measuring metrics
known to influence cell phenotype including RGDS incorporation efficiency and final
concentration, elastic modulus, mesh size, swelling ratio, and degradation rate.*! In
summary, we found that permissive gel 1 and non-permissive gel 3 had a compressive
modulus of 4.2 + 0.6 kPa, a mesh size of 69 + 5 nm, degradation rate of (0.0125 +
0.0006 min™'), and a swelling ratio of 17 + 9 (Figure 2.1). NVP incorporation in non-
permissive gel 2 led to a modulus of 7.6 + 0.8 kPa, mesh size of 55 + 4 nm,
degradation rate of 0.0081 + 0.0016 min™!, and swelling ratio (13 £ 6). Additionally,
NVP incorporation increased RGDS incorporation in non-permissive gel 2. Overall,
these findings quantify how altering hydrogel composition alter hydrogel mechanical
and chemical properties, which can have significant influence on cancer cell

phenotype, which is explored in the next chapter.
2.2 Methods

2.2.1 Cell Culture

The metastatic, triple negative breast cancer line, MDA-MB-231 (parental
231), was purchased from American Type Culture Collection (ATCC). Cells were
cultured (passage (p) 35-40) in fibronectin coated (10 pg/mL) T75 flasks with
Dulbecco's Modified Eagle Medium (DMEM: Lonza C#12-741F) supplemented with
10% (v/v) fetal bovine serum (FBS: Thermo Fisher C#16000044) and 1% (v/v)
penicillin-streptomycin (Lonza C#DE17-602E) to 80% confluence at 37 °C and 5%
COz. Prior to encapsulation in hydrogels, cells were serum starved in serum-free

DMEM for 48 h to synchronize the cell cycle.?>364!
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2.2.2 PEG Macromer Synthesis and Characterization

The proteolytically-degradable PEG-diacrylate macromer, PEG-PQ-PEG
(PEG-PQ), and the integrin-ligating mono-acrylated macromer, PEG-RGDS, were
synthesized as previously described.>*¢ Briefly, acrylate-PEG-SVA (MW: 3400 Da,
Laysan Bio C#3400-1g) was reacted with a proteolytically degradable peptide
sequence GGGPQG|IWGQGK (PQ, MW: 1141.24 Da, Biopeptek, | denotes
cleavage site by matrix metalloproteinase-2 and -9) at a 2.1:1 molar (M) ratio (PEG-
SV A:peptide) in dimethyl sulfoxide (DMSO) with N,N-diisopropylethylamine
(DIPEA) at a 4:1 M ratio (DIPEA:PQ) at room temperature for 48 h to form the PEG-
PQ macromer. Acrylate-PEG-SV A was reacted to the integrin-ligating peptide
sequence RGDS (MW: 433.42 Da, Biopeptek) at a 1.1:1 M ratio (PEG-SVA: peptide)
in DMSO with DIPEA at a molar ratio of 2:1 (DIPEA:RGDS) to form the PEG-RGDS
macromer. All reacted products were purified via dialysis (DI water, 24 h) MWCO
3500, Regenerated Cellulose, Spectrum Laboratories C#25223-210), frozen,
lyophilized, and stored at —80 °C under argon. PEG-peptide conjugation was verified

via gel permeation chromatography (GPC, Waters, aqueous phase).

2.2.3 Cell Encapsulation

Formulations that induced growth, balanced cellular dormancy, or restricted
survival cellular dormancy in the parental 231 line were prepared as previously
described.?*3¢ PEG-PQ (MW: 7900 Da) was reconstituted in phosphate-buffered
saline (PBS) to a final concentration of 5% weight/volume (w/v) (6.3 mM) for all
hydrogel formulations. PEG-RGDS was reconstituted in PBS to final concentrations
of 10 mM (permissive gel 1) or 1 mM (non-permissive gel 2). Non-permissive gel 3

contained 0 mM PEG-RGDS. For non-permissive gel 2, NVP was added to PEG-PQ
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and PEG-RGDS precursor solutions to a final concentration of 1.0 pL/mL (9.4 mM)
prior to photopolymerization. Lithium phenyl-2.4,6-trimethylbenzoylphosphinate
(LAP), a UV-sensitive photocrosslinker, was added to all formulations at a final
concentration of 3.0 mg/mL (10 mM). Cells were trypsinized, counted, and re-
suspended in the desired pre-polymer solution at a concentration of 10 million
cells/mL. Cell-laden precursor solutions were pipetted (3 uL) onto a perfluoro alkoxy
alkane (McMaster-Carr) coated Petri dish. To control hydrogel height, a glass slide
was gently placed over the droplets with 500 pm thick poly(dimethylsiloxane)
(PDMS) spacers between the slide and Petri dish. Hydrogels were photopolymerized
via exposure to broad spectrum UV (Blak-Ray flood UV lamp, wavelength: 365 nm,
intensity: 10 mW/cm?) for 1 min. Cell-laden hydrogels were cultured in well plates for
15 days in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-

streptomycin. Media was replaced every 4 days.

2.2.4 PEG-RGDS Incorporation

To determine the concentration of PEG-RGDS that was photocoupled into
PEG-PQ hydrogels with either 0 mM NVP and 10 mM PEG-RGDS, or 9.4 mM NVP
and 1 mM PEG-RGDS, fluorescence analysis was implemented (n=4 hydrogels per
condition) as previously described (Figure 2.2).>*3% Briefly, pre-polymer solutions
containing a fluorescent PEG variant, PEG-RGDS functionalized with Alexa Fluor
488 (PEG-RGDS-488) at a concentration of 0.5 mM PEG-RGDS-488 with adjusted
PEG-RGDS concentrations of 9.5 and 0.5 mM were prepared. To account for
photobleaching, pre-polymer solutions were imaged before photopolymerization and
immediately after, using a Zeiss AxioObserver Z1 inverted fluorescent microscope.

Hydrogels were soaked in PBS overnight to allow swelling and to rinse away
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unconjugated PEG-RGDS and PEG-RGDS-488. Rinsed hydrogels were imaged and
measurements comparing the intensity of PEG-RGDS-488 before and after rinsing
were made to determine the conjugation efficiency and concentration of PEG-RGDS

incorporated into the hydrogels as previously described. -3

2.2.5 Mesh Size

Hydrogel mesh size was calculated via diffusion of 150 kDa fluorescein
isothiocyanate (FITC)-labeled dextran (Thermo Fisher) as previously described
(Figure 2.3).2*%% After reaching swelling equilibrium in DI water, PEG-PQ hydrogels
containing 0 or 9.4 mM NVP (n=4 hydrogels per condition) were transferred to
solutions containing 1 mg/mL, 150 kDa FITC-labeled dextran for 48 h at 4 °C.
Hydrogels were transferred into new well plates with DI water. Samples of DI water
containing dextran that diffused out of the hydrogels were collected every 15 min for 4
h and measured with a plate reader (Biotek Synergy, Excitation: 490 nm, Emission:
525 nm). Equal volumes of water were added to the wells at each timepoint.
Fluorescence intensities were used to determine the cumulative mass of dextran that
was released over time. Using the hindered solute diffusion in solvent-filled-pores-
model, these values were used to calculate the hydrogel diffusion coefficient and

theoretical mesh size as previously described.343°

2.2.6 Compressive Modulus

A Universal Testing System 3340 Series (Instron) was used to measure the
compressive modulus of cylindrical (3 mm diameter, 1 mm tall) cell-laden, 5% (w/v)
PEG-PQ hydrogels with 0 or 9.4 mM NVP as previously described (Figure 2.4).343°

Compression tests were performed at day 0 (6 h) and day 15-post cell encapsulation
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(n=3 hydrogels per condition) using a 10 N load cell with an initial load of 0.02 N at 2
um/sec for 100 sec. The slope of the linear portion (within 20% strain) of the resulting

stress-strain curve was used to determine the compressive modulus.

2.2.7 Swelling Ratio

To determine the hydrogel swelling ratio, PEG-PQ hydrogels containing 0 or
9.4 mM NVP (n=4 hydrogels per condition) were photopolymerized, allowed to swell
to equilibrium, stored overnight in PBS, and weighed. The hydrogels were dried for 6
h in ambient air and reweighed. Differences in measured weights were used to

calculate the swelling ratio as previously described (Figure 2.5).34-3¢

2.2.8 Degradation Rate

The hydrogel degradation rate was measured using collagenase IV
(Worthington, 250 U/mg). PEG-PQ hydrogels with 0 or 9.4 mM NVP were
photopolymerized in the presence of | mM methacryloxyethyl thiocarbamoyl
rhodamine B (Polysciences) (n=3 hydrogels per condition) as previously described.**-
3¢ The hydrogels were incubated at 37 °C in 100 pug/mL collagenase IV and imaged
every 15 min for 3 h. FIJI software (NIH, 1.51r) was used to measure the hydrogel
fluorescence intensity over time (Figure 2.6). The slope of the linear relationship
between hydrogel intensity and time was measured to determine the degradation rate.
Hydrogels not exposed to collagenase were used as controls to account for any

photobleaching that may have occurred.

2.2.9 Statistical Analysis
Statistical analysis was performed using Minitab 17 Statistical Software

(Minitab Inc.) Data represent the mean + plus one standard deviation. An Anderson-
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Darling test and a Levene’s test was used to test assumptions of normality and equality
of variance among groups respectively (p>0.05). One-way analysis of variance
(ANOVA) was used for statistical comparison between values, with Tukey family
error = 5% implemented to determine statistical significance between multiple groups,
assuming equal sample size. ANOVA analysis was followed with a Howell post-hoc
test in cases of unequal variance. A 2-sample t-test was used for statistical comparison
between two variables. Unless otherwise indicated, p < 0.05 was considered

statistically significant.
2.3 Results

2.3.1 PEG-RGDS Incorporation

We implemented three unique, PEG-based hydrogel formulations composed of
a proteolytically-degradable PEG-PQ macromer which can be enzymatically degraded
by matrix metalloproteinase-2 and -9 and forms the backbone of the polymers used in
this study. We also incorporated varying concentrations of the integrin ligating peptide
(RGDS) and the non-degradable co-monomer (NVP) (Figure 2.1) to induce
phenotypic changes in breast cancer cell lines.***° Ligand (RGDS) density influences
a cell’s ability to interact with the hydrogel via integrin-mediated adhesions.
Incorporation of NVP increases the density of non-enzymatically degradable
crosslinks in the hydrogel network thereby increasing cell confinement by lowering
matrix degradability. In our previous work,* we implemented a suite of 16 hydrogel
formulations with varying concentrations of PEG-RGDS (0-10 mM) and NVP (0-18.7
mM). Of these formulations, we chose three which induced distinct growth and

dormant states in parental MDA-MB-231s through controlled variations in ligand
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density and degradability to mimic favorable (permissive gel 1) and unfavorable (non-
permissive gel 2 and non-permissive gel 3) premetastatic niches. Permissive gel 1,
composed of 2.1 mM PEG-RGDS and 0 mM NVP, mimics a favorable pre-metastatic
niche that induces growth via a high level of integrin ligation and matrix degradability
(Figure 2.1). Non-permissive gel 2, composed of 0.9 mM PEG-RGDS and 9.7 mM
NVP, mimics a less favorable pre-metastatic niche via decreased ligand density and
degradability compared to permissive gel 1, mimicking conditions where DTCs are
confined and unable to locally degrade or remodel the surrounding matrix (Figure
2.1). Non-permissive gel 3, composed of 0 mM PEG-RGDS and 0 mM NVP,
restricted cell-matrix interactions due to the non-existence of RGDS (Figure 2.1) but
maintained high degradability again mimicking a less favorable pre-metastatic niche
due to the decreased RGDS density. A low or zero PEG-RGDS concentration mimics
a microenvironment in which disseminated tumor cells (DTCs) cannot form integrin-
mediated adhesions, while NVP incorporation resulting in reduced hydrogel
degradation mimics an environment in which DTCs cannot easily degrade the
surrounding matrix.

To quantify the effect of tuning RGDS and NVP concentrations on resulting
hydrogel properties, we measured metrics known to influence cell phenotype
including the RGDS concentration, elastic modulus, mesh size, swelling ratio, and
degradation rate.*! To measure RGDS incorporation, hydrogels were prepared with
fluorescent PEG-RGDS-488 and imaged. Intensity measurements before and after
crosslinking were used to determine RGDS incorporation in each formulation. Results
showed that incorporation efficiency increased from 20.7 £ 6.6% without NVP to 90.4

+ 9.3% with NVP (Figure 2.2). Furthermore, while 10 mM PEG-RGDS was added to
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the permissive gel 1 precursor, the actual RGDS concentration in the matrix was 2.1 £
0.7 mM. Due to high incorporation with NVP, of the 1 mM RGDS that was added to
the non-permissive gel 2 precursor, 0.9 = 0.1 mM RGDS was incorporated into the
matrix (Figure 2.2). Non-permissive gel 3 contained 0 mM PEG-RGDS. Increased
PEG-RGDS incorporation in the presence of NVP is likely due to the increased
number of available acrylate groups during photopolymerization as previously

described. 33641
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Figure 2.2: Quantification of PEG-RGDS Incorporation. (A) Representative
fluorescent images of the hydrogel precursor before crosslinking (left
column), the photopolymerized hydrogel immediately after crosslinking
(middle column), and post-rinse in phosphate buffered saline (right
column) for gels with NVP (gel 2) and without NVP (gel 1). Scale bar =
300 pm. Quantification of (B) the normalized mean fluorescence
intensity pre-crosslinking, post-crosslinking, and post-rinse, (C) RGDS
incorporation, and (D) actual RGDS concentration in gels with NVP (gel
2) and without NVP (gel 1). * indicates statistically significant difference
(p<0.05). n=6 from 6 individual hydrogels. Values represent mean +
standard deviation.
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2.3.2 Mesh Size

To determine how varying NVP and RGDS concentration influenced hydrogel
mesh size, 150 kDa FITC-dextran was added to hydrogels with and without NVP.
Fluorescence intensity measurements quantifying dextran diffusion was used to
calculate diffusion coefficient and mesh size.*! Formulations without NVP (permissive
gel 1, non-permissive gel 3) had a diffusion coefficient of 1.01x1077 + 6.55x10” cm?/s
and mesh size of 69 = 5 nm. In non-permissive gel 2, diffusion coefficient and mesh
size decreased significantly to 8.02x1078 £+ 5.21x10” cm?/s and 55 + 4 nm, respectively
(Figure 2.3). These findings are likely explained by additional number of crosslinks

resulting from N'VP which can create a more constricting matrix.
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Figure 2.3: Quantification of Hydrogel Diffusion and Mesh Size. (A) Absorbance
fluorescence of hydrogels with (gel 2) or without NVP (gel 1,3) over
time. Quantification of (B) diffusion coefficient, and (C) theoretical mesh
size. * indicates statistically significant difference (p<0.05). n=4 from 4
individual hydrogels. Values represent mean + standard deviation. Figure
adapted from [41] with permission from John Wiley and Sons.
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2.3.3 Hydrogel Elasticity

Hydrogel elasticity was measured to determine how bulk modulus changed
with NVP incorporation, as well as with and without cells using compression testing.*!
In acellular hydrogels, hydrogels without NVP (permissive gel 1 and non-permissive
gel 3) had an elastic modulus of 6.5 + 0.3 kPa, while hydrogels containing 9.4 mM
NVP (non-permissive gel 2) had an elastic modulus of 11.6 + 0.5 kPa (Figure 2.4). As
expected, increasing the number of crosslinks via NVP incorporation increased
hydrogel elasticity. In the presence of cells, the elastic modulus decreased to 4.6 + 0.4
and 10.1 £ 0.5 kPa in hydrogels with 0 mM NVP (permissive gel 1 and non-
permissive gel 3) and 9.4 mM NVP (non-permissive gel 2) at day 0 (6 h post

encapsulation), respectively (Figure 2.4).
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Figure 2.4: Quantification of Hydrogel Elasticity. (A)Schematic of mechanical testing
setup. (B) Quantification of compressive modulus of acellular hydrogels
and cell-laden hydrogels at day O (striped) and day 15 (striped).
Representative stress-strain plots of (C) gels without NVP at day 15, and
(D) gels with NVP at day 15. * indicates statistically significant
difference (p<0.05). n=5 from 5 individual hydrogels. Values represent
mean + standard deviation. Figure adapted from [41] with permission

from John Wiley and Sons.

After culturing cell-laden hydrogels for 15 days, the elastic modulus further
decreased to 4.2 £ 0.6 kPa (0 NVP) and 7.6 = 0.8 kPa (9.4 mM NVP). Cell-mediated
hydrogel degradation likely accounts for the observed decreases in elastic modulus
over the 15-day culture period. The elastic modulus values are similar to those

previously reported in PEG-PQ hydrogels.*>#!->">
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2.3.4 Swelling Ratio

Hydrogel swelling ratio can indicate how much water enters the hydrogel
before reaching equilibrium. To quantify swelling ratio in the three hydrogels, sample
mass was measured in its swollen and dry state.*! Without NVP (permissive gel 1,
non-permissive gel 3), sample mass decreased from (swollen) 3.7 to (dry) 0.2 mg,
resulting in a swelling ratio of 17.3 £ 0.9 (Figure 2.5). Addition of NVP in non-
permissive gel 2 dropped mass from (swollen) 2.7 mg to (dry) 0.2 mg, resulting in a
significantly lower swelling ratio of 12.6 + 0.6 (Figure 2.5). These results are

consistent with mesh size and compressive modulus findings.
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Figure 2.5: Quantification of Swelling Ratio. (A) Mass of dry hydrogel (solid) and
swollen hydrogel (striped) for gel 1, 2, and 3. (B) Quantification of
swelling ratio of gel 1, 2, and 3. * indicates statistically significant
difference (p<0.05). n=4 from 4 individual hydrogels. Values represent
mean + standard deviation. Figure adapted from [41] with permission
from John Wiley and Sons.
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2.3.5 Degradation Rate

To determine how NVP incorporation altered overall hydrogel degradability,
hydrogel enzymatic degradation via 100 pg/mL collagenase IV was quantified over
time. Hydrogels without NVP degraded at a rate of 0.0125 = 0.0006 min™' and
achieved 100% degradation in 80 min (Figure 2.6). Hydrogels with NVP had a
significantly lower degradation rate of 0.0081 £ 0.0016 min™' and achieved ~80%
degradation in 120 min (Figure 2.6).

Together, tuning hydrogel degradability via NVP incorporation and matrix
adhesion via RGDS density can alter cell-mediated hydrogel degradation and adhesion

to influence cell phenotype as demonstrated in the following chapter 3.
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Figure 2.6: Quantification of Hydrogel Degradability. (A) Representative fluorescent
images of the hydrogels with (gel 2) or without NVP (gel 1,3) after 0 (left
column), 80 (middle column), or 200 min (right column) in 250 U/mg
collagenase IV. Scale bar = 300 um. Quantification of (B) relative
degradation quantified by normalized fluorescence over time, and (C)
degradation rate determined by the slope of the linear portion of plot B. *
indicates statistically significant difference (p<0.05). n=6 from 6
individual hydrogels. Values represent mean + standard deviation. Figure
adapted from [41] with permission from John Wiley and Sons.



Chapter 3

HYDROGEL-INDUCED DORMANCY AND REACTIVATION IN BREAST
CANCER

Sections in this chapter have been adapted from the following articles:

(1) Farino CJ, Pradhan S, Slater JH. The Influence of Matrix-Induced
Dormancy on Metastatic Breast Cancer Chemoresistance. ACS Applied
Biomaterials 2020, 3(9), 5832-5844.

(2) Farino Reyes CJ, Pradhan S, Slater JH. The Influence of Ligand Density
and Degradability on Hydrogel Induced Breast Cancer Dormancy and
Reactivation. Advanced Healthcare Materials 2021, 10(11), 2002227.

3.1 Introduction

Metastasis remains the leading cause of cancer-associated death.!? During
metastasis, disseminated tumor cells (DTCs) often adopt a dormant phenotype that
provides a potential therapeutic “window of opportunity” lasting up to decades in
which eliminating dormant DTCs or preventing their reactivation can be used to
prevent metastatic recurrence. To form a better understanding of the mechanisms
driving dormancy and reactivation and develop new therapeutics, in vitro platforms
that provide the resolution required to perform mechanistic studies are urgently
needed.

In the efforts to develop an in vitro platform that induces dormancy and
reactivation, it is important to consider the relevant cell types that contain unique

genetic signatures which may influence its phenotypic state. For instance, the concept
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of organotropism initially described by Paget’s seed and soil hypothesis proposes that
cancer metastasis is dictated by a suitable host organ.®*-*2 This concept is supported by
results demonstrating that different cancer types metastasize to distinct secondary
organs. For example, breast cancers preferentially metastasize to the bone, lung, and
brain.’ It is further hypothesized that specific cancer cells contain gene expression
profiles that enable organ-specific seeding, survival, and proliferation known as
organotropism.%® Recent studies support this hypothesis, confirming that triple
negative breast cancer cells that metastasize to the bone (BoM-1833)%, lung (LM2-
4175)%, or brain (BrM2a-831)* contain unique genetic signatures that support their
survival in each respective organ. Similarly, organotropism may play a unique role in
tumor dormancy. The same genetic signatures that promote organ-specific survival
may support the sustained survival of dormant micrometastases, allowing cells to
survive in a quiescent state until microenvironmental conditions become suitable to
support growth. In addition to consideration of organotropism, considering hormone
status is also important in establishing a dormancy platform. For instance, studies
indicate that ER" cancer have a significantly greater chance of entering dormancy than
ER" cancers.®* Furthermore, dormancy in ER* tumors occur >5 years, in some cases
>20 years, after treatment compared to ~2 years in ER™ cancers, providing a longer
window of time to treat these patients.®> Thus, with a greater chance of entering
dormancy and longer periods of latency, ER " cancers are clinically relevant and
provide a greater opportunity for effective treatment. Thus, in this work we included
relevant organotropic sublines (BoM-1833, LM2-4175, and BrM2a-831) and a

representative ER" breast cancer cell line, MCF7.
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In chapter 2, we characterized hydrogels composed of 5% w/v enzymatically
degradable PEG-PQ with controlled variations in ligand density (via RGDS) and
degradability (via NVP), as described in chapter 2 to develop formulations mimicking
three premetastatic niches: permissive gel 1 (++ adhesivity, ++ degradability: 2.1 mM
RGDS, 0 mM NVP), non-permissive gel 2 (+ adhesivity, + degradability: 0.9 mM
RGDS, 9.4 mM NVP), and non-permissive gel 3 (- adhesivity, ++ degradability: 0
mM RGDS, 0 mM NVP). In this chapter, we investigated if tuning matrix properties
via ECM modulation can induce dormancy in organotropic sublines (BoM-1833,
LM2-4175, and BrM2a-831) and an ER " breast cancer cell line, MCF7. The five cell
lines were individually encapsulated and cultured in the three different hydrogel
formulations for 15 days. Dormancy-associated metrics”* including temporal
measurements of cell viability, metabolic activity, proliferation, apoptosis,
morphology, and phosphorylated (extracellular signal-regulated kinase 1/2) ERK and
p38 were quantified.*! Using these metrics, a classification scheme was created based
on logic and well-established dormancy metrics to determine hydrogel-induced
phenotypic states. Using this approach, the cells were classified as residing in either
(1) growth, (2) restricted survival cellular dormancy, (3) balanced cellular dormancy,
or (4) balanced tumor mass dormancy. Results were also compared between parental
231s, organotropic sublines, and MCF7s to identify differences in induced behavior
across the different cell lines. Cells undergoing growth were characterized by
increased viable cell density, proliferation, and metabolic activity. In restricted
survival dormancy, there was significant cell death accompanied by single surviving
cells that did not proliferate or undergo apoptosis throughout the 15-day culture

period. Cells in balanced dormancy remained in a delicate balance between
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proliferation and death with no significant differences in viable cell density,
proliferating cell density, or metabolic activity. Cells undergoing balanced dormancy
were further characterized as balanced tumor mass dormancy or balanced cellular
dormancy depending on whether they formed clusters or remained single cells.

In the RGDS rich and highly degradable hydrogel formulation (permissive gel
1), all five cell lines adopted a growth state. Conversely, when cultured in a hydrogel
formulation void of RGDS but with high degradability (non-permissive gel 3) the
parental 231 and MCF7 lines adopted a restricted survival, cellular dormancy state.
The three organotropic sublines cultured in non-permissive gel 3 adopted a balanced
cellular dormancy state. Interestingly, in gel 3, organotropic lines displayed
significantly higher viability. All five cell lines entered a balanced dormancy state
when cultured in a hydrogel formulation with decreased RGDS density and
degradability (non-permissive gel 2). Parental and lung-tropic 23 1s cultured in non-
permissive gel 2 were further classified as residing in balanced cellular dormancy
while the bone- and brain-tropic sublines, and MCF7s adopted balanced tumor mass
dormancy. Dynamic, “on-demand” photocoupling of PEG-RGDS into non-permissive
gel 3 after 15 days in culture increased proliferation and viability in all five cell lines
resulting in measured values comparable with the growth state induced by permissive
gel 1, indicating the ability to reactivate dormant cells. These results demonstrate the
ability to achieve growth, multiple dormancy states, and reactivation in genetically
distinct organotropic, triple negative and ER" breast cancer lines, and highlights
differences in induced behavior between 231 sublines, its parental line, and ER " cells.
The ability of the hydrogel platform to induce cancer dormancy through facile changes

in hydrogel properties can enable further mechanistic studies on microenvironmental
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regulation of dormancy and metastatic relapse as well as potentially facilitate
identification of new targets for development of therapeutics aimed at eliminating

dormant cancer.

3.2 Methods
Methods used for PEG Macromer Synthesis and Characterization, Cell
Encapsulation, and measuring PEG-RGDS incorporation, mesh size, compressive

modulus, swelling ratio, and degradation rate were performed as described in Chapter

2.

3.2.1 Cell Culture

The metastatic, triple negative breast cancer line, MDA-MB-231 (parental
231), and ER" breast cancer line, MCF7 were purchased from American Type Culture
Collection (ATCC). Organotropic sublines of the parental 231s that preferentially
metastasize to bone (BoM-1833)%, lung (LM2-4175)*°, or brain (BrM2a-831)*" were
acquired from the Massague Lab at Memorial Sloan Kettering via a non-licensing,
academic research agreement. All cell lines were cultured in fibronectin coated (10
pg/mL) T75 flasks with Dulbecco's Modified Eagle Medium (DMEM: Lonza C#12-
741F) supplemented with 10% (v/v) fetal bovine serum (FBS: Thermo Fisher
C#16000044) and 1% (v/v) penicillin-streptomycin (Lonza C#DE17-602E) to 80%
confluence at 37 °C and 5% COx». Prior to encapsulation in hydrogels, cells were
serum starved in serum-free DMEM for 48 h to synchronize the cell cycle.

The organotropic cell lines were selected via multiple rounds of in vivo
inoculation, expansion in culture, and re-inoculation.***® When conducting RNA

expression analysis of MDA-MB-231 sublines, including bone-tropic, BoM-1833s,
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the cells were cultured for two weeks in a 96-well plate before analysis which
indicated differences in genetic expression.*® In an attempt to maintain original
organotypic properties, organotropic sublines were cultured for no longer than two
weeks in standard culture and maintained at low passage numbers prior to hydrogel
encapsulation. The data demonstrating significantly different responses between the
231 parental line and the organotropic sublines, and within the organotropic sublines,
indicates that differential gene expression was likely maintained®¢-*® but future studies
to confirm that the original gene expression differences still exist should be conducted.
The following passage numbers were used for each cell line: parental 231s (p 35-40),

BoM-1833 (p 26-28), LM2-4175 (p 24-26), BrM2a-831 (p 41-43), MCF7s (p 7-10).

3.2.2 Quantification of Viability

At days 0 (6 h post encapsulation) and 15, cell-laden hydrogels were rinsed
with PBS for 15 min and labeled with a Live/Dead® cell viability kit (ThermoFisher
C#L3224) according to the manufacturer's instructions. The hydrogels were rinsed
with PBS and placed between coverslips as previously described.*® Fluorescent z-
stacks (z-height: 150 um) were acquired using structured illumination on a Zeiss
AxioObserver Z1 inverted fluorescent microscope equipped with a Zeiss Apotome?2
imaging system and a Hamamatsu ORCA-Flash 4.0LT camera as previously
described.>® To obtain representative images, z-stacks were captured at the
approximate center of each hydrogel, between its top and bottom surfaces. We did not
encounter limitations in oxygen transport as the hydrogel height (500 um) was too low
to form oxygen/transport gradients.*® Using F1JI software (NIH), the number of live

and dead cells were counted to quantify cell viability. A minimum of 5 z-stacks from 5
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individual hydrogels were imaged and quantified at each time point for each hydrogel

formulation for the five cell lines.

3.2.3 Quantification of Early Apoptosis

At days 0 (6 h post encapsulation) and 15, cell-laden hydrogels were rinsed
with a binding buffer (HEPES-buffered saline (HBS) with 2.5 mM CaCl,) for 15 min.
The hydrogels were incubated at 37 °C for 30 min with a solution containing CF568
Annexin V (Biotium, 1 pg/mL C#29010), an early apoptosis marker. A nuclear stain,
Hoechst 33342 (10 pg/mL), was used for counterstaining. The hydrogels were rinsed
with binding buffer and imaged using structured illumination as described in section
3.2.2. F1JI software was used to quantify the percentage of cells positive for Annexin
V. A minimum of 5 z-stacks from 5 individual hydrogels were imaged and quantified

at each time point for each hydrogel formulation for the five cell lines.

3.2.4 Quantification of Proliferation

To measure cell proliferation, 5-ethynyl-2-deoxyuridine (EdU) incorporation
via Click-It® EdU Imaging Kit (ThermoFisher C#C10340) was used according to the
manufacturer’s instructions at days 0 (6 h post encapsulation) and 15. Hydrogels were
incubated with 10 uM EdU in medium for 24 h. Cell-laden hydrogels were rinsed with
PBS and fixed with 4% paraformaldehyde (room temperature, 30 min). After fixation,
cells were permeabilized in PBS-T (PBS + 0.2% (w/v) bovine serum albumin (BSA)
+0.1% (v/v) Triton-X) for 15 min and blocked with blocking buffer (PBS + 3% (v/v)
FBS) for 30 min. Proliferating nuclei were labeled with Alexa Fluor 647-azide and
counter-stained with Hoechst 33342 (nuclei). Imaging and analysis were performed as

described in section 3.2.2 to quantify the percentage of Alexa Flour 647 positive
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nuclei. A minimum of 5 z-stacks from 5 individual hydrogels were imaged and

quantified at each time point for each hydrogel formulation for the five cell lines.

3.2.5 Quantification of Metabolic Activity

Cell-laden hydrogels were cultured in phenol red-free media. On days 0 (6 h
post encapsulation) and 15, metabolic activity was measured using an Alamar Blue
assay (Thermo Fisher C#A50100). Hydrogels were rinsed with PBS and incubated at
37 °C in a working solution of Alamar Blue (10 pL of 10X stock + 100 uL phenol red-
free media) for 4 h, allowing resazurin in the working solution to be converted to
resorufin. Hydrogels were transferred into fresh well plates in phenol red-free media
and the fluorescence intensities were measured with a plate reader (Biotek Synergy,
Excitation: 550 nm, Emission: 600 nm) to quantify relative metabolic activity. Wells
with media, but no hydrogel, served as background controls. Measured values were
normalized to day 0 values. A minimum of 6 individual hydrogels were quantified at

each time point for each hydrogel formulation for the five cell lines.

3.2.6 Quantification of Cell and Cell Cluster Properties

After 15 days in culture, cell-laden hydrogels were rinsed with PBS, fixed with
4% paraformaldehyde for 30 min, permeabilized with PBS-T for 20 min, and blocked
with BSA blocking buffer (2% (w/v)) for 30 min. F-actin was fluorescently labeled
with Alexa Fluor 568 Phalloidin (ThermoFisher C#A12380) (2.6 pg/mL) for 1 h and
counterstained with Hoechst 33342 (10 ug/mL) for 30 min. After rinsing with PBS,
hydrogels were imaged using structured illumination as described in section 3.2.2.
Individual cells and cell clusters were traced using FIJI to quantify the percentage of

the cell population residing as single cells or in cell clusters, round or protruding
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single cells, and round or protruding cell clusters. Clusters were defined as greater
than 2 nuclei clustered together. Feret diameter, aspect ratio, circularity, roundness,
cluster density, and single cell density were also quantified. Solitary cells and cell

clusters with a roundness value less than 0.80 were categorized as protruding.34-3¢

3.2.7 Quantification of p-ERK and p-p38 Expression

A phospho-p38 (p-p38) mitogen activated kinase (MAPK) (Th180/Tyr182)
mouse antibody (C#9216S) and a phospho-p44/42 MAPK (p-ERK)
(ERK1/2)(Th202/Tyr204) rabbit antibody was purchased from Cell Signaling
(C#4370S). After 15 days in culture, cell-laden hydrogels were fixed using 4%
paraformaldehyde for 30 min and blocked with blocking buffer (5% (w/v) BSA, 0.3%
(v/v) Triton X-100 in PBS) for 30 min at room temperature. Hydrogels were incubated
overnight with the p-p38 primary antibody (1:200 in dilution buffer (1% (w/v) BSA,
0.3% (v/v) Triton X-100 in PBS) at 4°C, rinsed with PBS three times, and incubated
with a secondary antibody (goat anti-mouse IgG-Alexa Fluor 647: 1:500 in dilution
buffer) for 2 h at room temperature in the dark. Labeled hydrogels were rinsed and
incubated with the p-ERK antibody (1:200 in dilution buffer) overnight at 4°C, rinsed
with PBS, and incubated with a secondary antibody (goat-anti rabbit IgG-Alexa Fluor
488: 1:500), and Hoechst 33342 (10 pg/mL) in dilution buffer. Labeled hydrogels
were stored in PBS and imaged as described in section 3.2.2. FIJI software was used
to quantify the mean fluorescence intensity of each z-stack to quantify p-p38, p-ERK,
and the p-ERK to p-p38 ratio. For each image stack, the mean fluorescence intensity
of a maximum intensity z-projection was measured for p-p38 and for p-ERK using
FIJI software. To account for background noise, intensity measurements of five

background regions (regions in each corner and near the center of the image), that did
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not contain cells, were quantified and averaged for each image. Background
measurements were subtracted and normalized intensity values from 5 individual z-
stacks were averaged to obtain the p-ERK and p-p38 intensity values. A minimum of 5
z-stacks from 5 individual hydrogels were imaged and quantified for each hydrogel

formulation for the five cell lines.

3.2.8 Reactivation of Dormant Cells

The 231 parental line, three organotropic sublines, and MCF7s were
individually encapsulated in non-permissive gel 3 (5% w/v PEG-PQ, 0 mM PEG-
RGDS, 0 mM NVP) and cultured for 15 days. On day 15, the cell-laden hydrogels
were rinsed with PBS for 10 min and incubated in a solution containing 10 mM PEG-
RGDS and 10 mM LAP for 1 h at 37°C as previously described.*-¢ After the solution
was allowed to diffuse into the hydrogel for 1 h, the PEG-RGDS was photocoupled to
the hydrogel via exposure to broad spectrum UV for 1 min. The hydrogels were rinsed
with PBS for 10 min to wash away any unbound PEG-RGDS. The cell-laden
hydrogels were cultured for an additional 7 days post RGDS coupling, (22 days total).
At day 22, cell viability and proliferation were measured and quantified as described
in section 3.2.2. A minimum of 6 z-stacks from 6 individual hydrogels were imaged

and quantified for the five cell lines.

3.2.9 Statistical Analysis

Statistical analysis was performed using Minitab 17 Statistical Software
(Minitab Inc.). A sample size of 5 3D stacks from 5 individual hydrogels for each
formulation was used for quantification of viability, early apoptosis, proliferation,

metabolic activity, morphological analysis, and p38/pERK expression. Data in all
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figures represent the mean + plus one standard deviation. Raw data (without exclusion
of outliers) was averaged or normalized to day 0 values as indicated in the text.
Assumptions of normality and equality of variance among groups was evaluated using
an Anderson-Darling test and a Levene’s test respectively (p>0.05). For statistical
comparison between values, one-way analysis of variance (ANOVA) (Tukey family
error = 5%) was used implemented to determine statistical significance between
multiple groups, assuming equal sample size. ANOVA analysis was followed with a
Howell post-hoc test in cases of unequal variance. A 2-sample t-test was used for
statistical comparison between two variables. Unless otherwise indicated, p < 0.05 was

considered statistically significant.
3.3 Results

3.3.1 Overview of Hydrogel Properties

Hydrogel properties were carefully characterized in chapter 2. In summary,
formulations without NVP (permissive gel 1, non-permissive gel 3) had a compressive
modulus of 4.2 £ 0.6 kPa (cellular, day 15), a mesh size of 69 + 5 nm, degradation rate
of (0.0125 £ 0.0006 min™"), and a swelling ratio of 17 + 9 (Figure 2.1). NVP
incorporation in non-permissive gel 2 increased the number of crosslinks, leading to
an increased compressive modulus (7.6 + 0.8 kPa ) and decreased mesh size (55 £ 4
nm), degradation rate (0.0081 = 0.0016 min™'), and swelling ratio (13 £ 6) (Figure
2.1). To quantify the effect of tuning hydrogel composition on alterations in cell
phenotype, we used the highly metastatic, triple negative breast cancer cell line MDA-
MB-231 (231) (parental 231), three organotropic sublines derived from the 231

parental line that preferentially metastasize to bone (BoM-1833), lung (LM2-4175), or
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brain (BrM2a-831), and ER" breast cancer cell line, MCF7.>%%°  Each cell line was
independently encapsulated in the three hydrogel formulations and after 15 days in
culture the induced cell phenotype was classified using a multimetric analysis of
several dormancy-associated metrics (Figure 2.1, 3.7).** These metrics included
temporal changes in cell viability, cell density, metabolic activity, proliferation,
apoptosis, expression of phosphorylated p38 and ERK, and existence as solitary cells
or in cell clusters (Figure 2.1). The classified phenotypic states included: 1) growth,
2) balanced cellular dormancy, 3) balanced tumor mass dormancy, and 4) restricted

survival cellular dormancy.

3.3.2 Hydrogel-Induced Changes in Viability

It has been established that hydrogel properties influence cancer cell
phenotype.”¥>*4% In a previous study, hydrogel formulations that induced growth and
distinct dormant states were identified via quantification of cellular responses using
the parental 231 line.* Here we chose three of those sixteen formulations to quantify
the responses of the organotropic sublines and MCF7 cells. We encapsulated parental
231 line, BoM-1833 (bone-tropic), LM-4175 (lung-tropic), BrM2a-831 (brain-tropic),
or MCF7s in formulations that induced growth (permissive gel 1:10 mM PEG-RGDS,
0 mM NVP), balanced dormancy (non-permissive gel 2: 1 mM PEG-RGDS, 9.7 uM
NVP), or cellular dormancy (non-permissive gel 3: 0 PEG-RGDS, 0 NVP) in the
parental 231s to determine if the organotropic sublines and MCF7s had a similar or
different response.*! Cells were cultured for 15 days in each formulation to provide
enough time to respond to the hydrogel properties, while longer culture periods did not
significantly alter phenotype.>*>® At days 0 (6 h post encapsulation) and 15, we

quantified viability (Figure 3.1). Viability at day 0 was >81.9% in all cases, indicating
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low cytotoxicity during photopolymerization (Figure 3.1). Through day 15, viability
remained high (>82.9%) for all cell lines cultured in permissive gel 1, with
significantly higher viability in the lung- and brain-tropic sublines (Figure 3.1B).
Viability also remained high in non-permissive gel 2 with the parental line being 91.5
+ 0.7% viable, bone-tropic 83.5 £ 1.5% viable, lung-tropic 96.9 + 1.7% viable, brain-
tropic 83.3 £ 3.6% viable, and MCF7s 80.3 + 3.0% (Figure 3.1B). In the absence of
RGDS (non-permissive gel 3), the viability of the parental 231 line (45.4 + 3.2%) and
MCF7 line (42.5 + 2.5%) decreased significantly, while all the organotropic sublines

remained >88.5% viable (Figure 3.1B).
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Figure 3.1: Hydrogel-Induced Changes in Viability. (A) Representative maximum
intensity z-projections from 3D image stacks of MDA-MB-231s
(parental), BoM-1833s (bone-tropic), LM2-4175s (lung-tropic), BrM2a-
831s (brain-tropic), and MCF7s on day 0 (Gel 1, 6 h post encapsulation)
or day 15 within each hydrogel formulation. Cells were labeled with
Calcein AM (green: live cells) and ethidium homodimer (red: dead cells).
Scale bar = 100 um. Quantification of (B) cell viability on day 15 and
(C) viable cell ratio (the number of viable cells at day 15 normalized to
day 0). Dashed line indicates a ratio of 1.0 (no change in the number of
viable cells). * indicates p<0.05 compared to 1.0. n=5 z-stacks from 5
individual hydrogels. Values represent mean + standard deviation. Figure
adapted from [41] with permission from John Wiley and Sons.
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To quantify the temporal change in viable cells throughout the 15-day culture
period, we measured the number of viable cells at day 15 and normalized it to the
number of viable cells at day 0 to determine the viable cell ratio, which indicates if the
viable cell population is increasing, remaining constant, or decreasing over time
(Figure 3.1C). In permissive gel 1, there was a 1.2 to 1.9-fold increase in the number
of viable cells for all five cell lines, indicating that the hydrogel properties of
permissive gel 1 promoted proliferation and survival (Figure 3.1C). In non-permissive
gel 2, there were no statistically significant differences in the number of viable cells
present between days 0 and 15 (viable cell ratio ~1.0) in all cell lines tested indicating
a constant viable cell density over the 15-day culture period (Figure 3.1C). Consistent
to viability results in non-permissive gel 3, the parental 231 and MCF7 line displayed
a viable cell ratio significantly lower than 1 indicating a decrease in the viable cell
density with time, while the organotropic sublines displayed a viable cell ratio ~1.0
(Figure 3.1C) indicating no statistically significant change in the viable cell density
with time.

These results indicate that reduced matrix degradability (non-permissive gel 2)
and cell adhesion (non-permissive gels 2 and 3) both induced an arrested growth state
in the organotropic sublines as indicated by no statistically significant change in the
number of viable cells over 15 days in culture (viable cell ratio ~1.0). This temporally
stable viable cell ratio indicates that the cell density is staying constant over time; a
characteristic that aligns with balanced dormancy. The results also highlight a unique
ability for organotropic cells to survive under unfavorable conditions (non-permissive
gel 3) which induced a significant decrease in cell survival in the parental 231 and

MCEF7 lines but not the organotropic sublines (Figure 3.1B, C), potentially due to
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unique genetic signatures expressed by the organotropic lines that promote survival.*%

40

3.3.3 Hydrogel-Induced Changes in Early Apoptosis

We quantified early apoptosis to determine the mode of cell death that was
occurring. Annexin V, an early apoptosis marker, was used to label and identify cells
undergoing apoptotic death at day 15 (Figure 3.2). In permissive gel 1, Annexin V"
cells remained low with less than 10.1% of the cells undergoing early apoptosis at day
15 (Figure 3.2B). In non-permissive gel 2, Annexin V' cells composed 21.6 + 3.3% of
the parental line, 14.3 = 1.7% of the bone-tropic, 11.4 + 2.0% of the lung-tropic, 11.3
+ 2.9% of the brain-tropic sublines, and of 16.5 + 2.3% MCF7s (Figure 3.2B).
Consistent with viability results, non-permissive gel 3 induced increased apoptosis in
the parental 231s and MCF7s compared to non-permissive gels 2 and 3. In non-
permissive gel 3, apoptosis levels increased to 43.6 + 4.6% in parental 231s and 43.0 +
4.2% in MCF7s, while the three organotropic sublines remained <11.9% (Figure
3.2B). These results further indicate that the parental 231s and MCF7s are more
susceptible to apoptosis under unfavorable microenvironmental conditions, in this
case, lack of integrin ligation via RGDS in non-permissive gel 3, compared to the

organotropic sublines.
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Figure 3.2: Hydrogel-Induced Changes in Early Apoptosis. (A) Representative
maximum intensity z-projections from 3D image stacks of MDA-MB-
231s (parental), BoM-1833s (bone-tropic), LM2-4175s (lung-tropic),
BrM2a-831s (brain-tropic), and MCF7s on day 15 within each hydrogel
formulation. Cells were labeled with the early apoptosis marker Annexin
V (red: apoptotic cells) and Hoechst (blue: nuclei). Scale bar = 100 pum.
(B) Quantification of Annexin V' cells on day 15. * indicates p<0.05.
n=5 z-stacks from 5 individual hydrogels. Values represent mean +
standard deviation. Figure adapted from [41] with permission from John
Wiley and Sons.

To assess if apoptosis was the primary mode of cell death, we compared the

percent of the cell population ethidium homodimer™ (dead) to the percent Annexin V*
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(apoptotic) (Figure 3.3). A Pearson Correlation test demonstrated a strong correlation
(R =0.8911) indicating that apoptosis accounted for the majority of the cell death

observed.
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Figure 3.3: Mode of Cell Death. Quantification of the percent dead cells (via ethidium
homodimer labeling) and percent Annexin V™ cells, indicative of early
apoptosis for the parental and organotropic sublines across gels 1, 2, and
3. A Pearson Correlation test indicates a strong correlation (R = 0.8911),
indicating that apoptosis accounts for most of the cell death that occurs.
Dashed line indicated a 1:1 ratio between % dead and % Annexin V"
cells. n=5 z-stacks from 5 individual hydrogels for each condition.
Values represent mean =+ standard deviation. Figure obtained from [41]
with permission from John Wiley and Sons.

3.3.4 Hydrogel-Induced Changes in Proliferation

Dormant cells survive in a Go-G1 phase, only returning to active proliferation
under favorable conditions (angiogenesis, reduced microenvironmental stress, etc.).”>>
Thus, quantifying the role of hydrogel properties on proliferation aids in

understanding whether cells were in a growth or dormant state. To assess proliferation,

we measured EdU incorporation into newly synthesized DNA of dividing cells. Cells
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stained positive for EdU incorporation (EdU") were considered proliferative (Figure

3.4).
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Figure 3.4: Hydrogel Induced Changes in Proliferation. (A) Representative maximum
intensity z-projections from 3D image stacks of MDA-MB-231s
(parental), BoM-1833s (bone-tropic), LM2-4175s (lung-tropic), BrM2a-
831s (brain-tropic), and MCF7s on day 0 (Gel 1, 6 h post encapsulation)
or day 15 within each hydrogel formulation. Cells were labeled with EQU
(red: proliferative cells) and Hoechst (blue: nuclei). Scale bar = 100 pum.
(B) Quantification of the percentage of EdU" cells on day 15. (C)
Quantification of the EAU™ cell ratio (the number of EAU™ cells on day 15
normalized to day 0). Dashed line indicates a ratio of 1.0 (no change in
the number of actively proliferating cells). * indicates p<0.05 compared
to 1.0. n=5 z-stacks from 5 individual hydrogels. Values represent mean
+ standard deviation. Figure adapted from [41] with permission from
John Wiley and Sons.



Day 0 values after 48 h serum starvation and 6 h culture in hydrogels ranged
between 5.9 to 17.1% EdU" for all gel conditions. In permissive gel 1, proliferation at
day 0 was 11.2 +2.1% for parental 231s, 10.4 £+ 2.1% for bone-tropic, 10.8 = 2.0% for
lung-tropic, 10.8 + 1.7% for brain-tropic sublines, and 16.6 + 4.2% for MCF7s. In
non-permissive gel 2, proliferation at day 0 was 13.2 + 2.1% for parental 231s, 11.2 +
2.3% for bone-tropic, 7.6 = 1.1% for lung-tropic, 5.9 + 3.2% for brain-tropic sublines,
and 17.1 £+ 3.8% for MCF7s. In non-permissive gel 3, proliferation at day 0 was 12.2 +
1.6% for parental 231s, 11.0 £+ 2.8% for bone-tropic, 7.9 + 0.8% for lung-tropic, 14.0
+ 4.1% for brain-tropic sublines, and 14.8 £ 2.0% for MCF7s. The PEG-RGDS rich
and highly degradable matrix (permissive gel 1) promoted proliferation across all cell
lines through day 15 (EdU" cells >33.8%) (Figure 3.4). Consistent across all five cell
lines, proliferation decreased in non-permissive gel 2 (parental: 11.9 + 4.1%; bone:
20.5 £+ 3.8%; lung: 18.4 £ 8.6%; brain: 20.9 + 9.6%; MCF7s: 18.1 + 3.5%) (Figure
3.4B). In the absence of PEG-RGDS (non-permissive gel 3) a further decrease in
proliferation in all cell lines was observed (parental: 10.3 £+ 0.8%; bone: 6.8 + 1.9%;
lung: 7.5 &+ 2.6%; brain: 13.0 £ 2.9%; MCF7s: 12.8 +£ 4.3%) (Figure 3.4B) which were
similar values to those measured after 48 h serum starvation (5.9-17.1%).

We also analyzed temporal changes in proliferation induced by the hydrogels
by comparing the number of EQU™ cells at day 0 to day 15 (EdU" cell ratio) (Figure
3.4C). All cell lines in permissive gel 1 showed a statistically significant increase in
the number of proliferating cells (EdU" ratio >1), with 3.5 to 6.1 times as many
proliferating cells at day 15 compared to day 0 (Figure 3.4C). In contrast, with NVP
incorporation (non-permissive gel 2), there were only significant increases in

proliferation in the bone- and brain-tropic sublines, which both had twice as many
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proliferating cells at day 15 compared to day 0 (Figure 3.4C). When PEG-RGDS was
absent (non-permissive gel 3), only the parental line showed significantly fewer EQU"
cells at day 15, while the number of proliferating cells throughout the 15-day culture
period remained constant, at a low value (<13%), for the organotropic sublines and
MCF7s cultured in non-permissive gel 3 (Figure 3.4C).

This data demonstrates that a RGDS rich and highly degradable hydrogel
(permissive gel 1) promotes proliferation in all cell lines tested, while proliferation is
reduced when cultured in a hydrogel formulation with decreased RGDS and decreased
degradability (non-permissive gel 2), which is even further reduced when no RGDS is
available for ligation (non-permissive gel 3). Along with viability data, these results
indicate that most of the organotropic sublines cultured in non-permissive gels 2 and 3
remain viable but not actively proliferating (with the exception of the bone- and brain-

tropic sublines in non-permissive gel 2), indicative of a quiescent or dormant state.

3.3.5 Ratiometric Analysis of Cell Viability, Death, and Metabolic Activity

To quantitatively assess if hydrogels induced a balanced survival state, we
quantified the ratio of new live cells formed to new dead cells formed post-
encapsulation in the hydrogels over the 15-day culture period. We counted the number
of live cells and dead cells present at day 15, subtracted the number of live and dead
cells present at day 0, and divided the number of new live by the number of new dead
cells to obtain the new live to new dead cell ratio (Figure 3.5). This metric provides a
snapshot of how the cell population density changed with time with regard to
proliferation and death. As expected, all five cell lines cultured in permissive gel 1
showed significantly more new live cells at day 15 (new live: new dead cell ratio >1.0)

(Figure 3.5A) further indicating an increase in the cell population over time. In non-
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permissive gel 3, the parental 231 and MCF7 lines had no new live cells at day 15,
further indicating growth arrest and death. All five cell lines cultured in non-
permissive gel 2 and the three organotropic sublines cultured in non-permissive gel 3
displayed a new live to new dead cell ratio of ~1.0 indicating no significant change in
the total number of cells from day 0 to 15 (Figure 3.5A). These results indicate that
cells cultured in non-permissive gels 2 and 3 attained a near perfect balance in cell
survival and death with the exception of the parental 231 and MCF?7 line in non-

permissive gel 3.
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Figure 3.5: Ratiometric Analysis of Cell Viability, Death, & Metabolic Activity. (A)
Ratio of new live to new dead cells formed in the hydrogels post day 0 as
observed on day 15. Dashed line represents a ratio of 1.0 (indicating a
perfect balance between the number of new live and dead cells formed in
the gels post day 0). (B) Ratio of EAU™ cells to Annexin V" cells at day
15. Dashed line indicates a ratio of 1.0 (indicating a perfect balance
between proliferation and apoptosis). (C) Quantification of relative
metabolic activity on day 15, normalized to day 0. Dashed line indicates
a ratio of 1.0 (no change in metabolic activity post day 0). * indicates
p<0.05 compared to 1.0. n=5 z-stacks from 5 individual hydrogels.
Values represent mean + standard deviation. Figure adapted from [41]
with permission from John Wiley and Sons.
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To determine if a balance between proliferation and apoptosis existed, the ratio
of EQU" cells to Annexin V' cells at day 15 (EdU":Annexin V' ratio) (Figure 3.5B)
was quantified. In permissive gel 1, all cell lines showed significantly more EAU™ cells
than Annexin V" cells (EdU":Annexin V" ratio >1.0), confirming that more cells were
proliferating than undergoing early apoptosis at day 15 (Figure 3.5B). In non-
permissive gel 2, the lung- and brain-tropic sublines showed no significant difference
between proliferating and apoptotic cells (EdU":Annexin V' ratio ~1.0) indicating a
near perfect balance between the two (Figure 3.5B). However, the parental 231 and
MCF?7 lines had significantly more Annexin V" cells than EAU™ cells at day 15
(EdU":Annexin V' ratio <1.0) indicating predominance of apoptosis over
proliferation, while the bone-tropic line had more EAU" cells (EdU": Annexin V' ratio
> 1.0) (Figure 3.5B). In non-permissive gel 3, the parental 231s and MCF7s behaved
similar as in non-permissive gel 2 while all three organotropic sublines maintained a
balance between proliferation and apoptosis (EdU":Annexin V' ratio ~1.0).

Metabolic activity is another dormancy-associated metric, since dormant
populations have been shown to display reduced metabolic activity.>* Thus, we
compared metabolic activity at days 0 (6 h post encapsulation) and 15 in culture using
an Alamar Blue assay. Parental 231s had the largest increase (12.5 + 0.5-fold) in
metabolic activity, while bone-, lung-, brain-tropic, and MCF7s displayed an 8.8+1.9,
5.9£1.0, 6.1£1.0, and 5.3+1.9-fold increase respectively when cultured in permissive
gel 1 (Figure 3.5C). In non-permissive gel 2, metabolic activity remained constant
over the 15-day period in all five cell lines (Figure 3.5C). Similarly, no metabolic
changes were observed in non-permissive gel 3 (Figure 3.5C). These results highlight

the importance of matrix degradability and integrin ligation in regulating metabolic
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activity in parental 231, organotropic 231 sublines, and MCF7s and indicate that
tuning these properties can induce a low metabolic state in the five cell lines
implemented in this study with a value not significantly different compared to after 48

h serum starvation.

3.3.6 Hydrogel-Induced Changes in Cell and Cell Cluster Morphology

The morphology of individual, solitary cells and cell clusters was implemented
to determine whether the hydrogel formulations induced a spread morphology with
filopodial protrusions or not. In conditions that do not promote a spread phenotype,
dormant cells are often characterized by either small, round clusters during tumor

3710 or by round single cells®>” during cellular dormancy. Thus,

mass dormancy,
morphological analysis was conducted on the five cell lines in the three hydrogel
formulations to investigate how the hydrogel properties influenced cell cluster
formation and morphology. All cells were encapsulated, cultured for 15 days, fixed,
fluorescently labeled for F-actin, and counterstained with Hoechst. After imaging, FIJI
software was used to trace solitary cells and cell clusters and to quantify the

single:clustered cell ratio, percent round cells, percent round clusters, cluster diameter,

cluster density, and single cell density (Figure 3.6).
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Figure 3.6: Morphological Analysis of Single Cells & Cell Clusters. (A)
Representative maximum intensity z-projections from 3D image stacks
of MDA-MB-231s (parental), BoM-1833s (bone-tropic), LM2-4175s
(lung-tropic), BrM2a-831s (brain-tropic), and MCF7s after 15 days in
culture. Cells were labeled with phalloidin (red: F-actin) and Hoechst
(blue: nuclei). Scale bar = 100 um. Quantification of (B) ratio of solitary
cells to cells residing in clusters, (C) percentage of round single cells, (D)
percentage of round cell clusters, (E) cluster diameter, (F) cluster density,
and (G) single cell density within the hydrogels. * indicates statistically
significant difference (p<0.05). n=5 z-stacks from 5 individual hydrogels.
Values represent mean + standard deviation. Figure adapted from [41]
with permission from John Wiley and Sons.



The percentage of cells that appeared in clusters or as single cells was
quantified by measuring the single cell:clustered cell ratio. All five cell lines cultured
in permissive gel 1 had a tendency to form cell clusters (single cell:clustered cell ratio
<0.05), likely due to both high hydrogel degradability and RGDS density (Figure
3.6B). Addition of NVP to the hydrogel (non-permissive gel 2) also promoted cluster
formation in the bone- and brain-tropic sublines and MCF7s. More than 91.9% (single
cell:clustered cell ratio <0.1) of the cells in the bone- and brain-tropic sublines and
MCF7s resided in cell clusters compared to less than 19.0% (single cell:clustered cell
ratio >5.0) in the parental and lung-tropic lines (Figure 3.6B). In non-permissive gel 3,
results were consistent across all cell lines, with greater than 86.1% of the cells
residing as single cells (single cell:clustered cell ratio >10.3), confirming that integrin
ligation played an important role in cluster formation (Figure 3.6B). The percentage of
the cell population residing as either round or spread solitary cells or cell clusters was
quantified using a roundness value cutoff of 0.80.%>%¢ A majority of the cells for all
231 lines cultured in permissive gel 1 displayed spreading (<10% round), while most
MCF7s (>99%) remained rounded (Figure 3.6C). In contrast, greater than 95% of the
cells in non-permissive gels 2 and 3 displayed a round, non-spread morphology
indicative of dormant cells for all five cell lines (Figure 3.6C).

While cells cultured in permissive gel 1 and non-permissive gel 2 formed
clusters, there were distinct morphological differences. To quantify these differences,
we measured cluster protrusion and diameter. The results demonstrate that all 231 cell
clusters formed in permissive gel 1 adopted a protruding, spread phenotype, differing
from the round clusters formed by MCF7s in permissive gel 1 or bone- and

brain-tropic lines cultured in non-permissive gel 2 (Figure 3.6D). The majority of
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clusters (>84.6%) in non-permissive gels 2 and 3 adopted a rounded morphology
(Figure 3.6D). Regarding cluster size, that parental 231s formed ~3 times larger
clusters (84.5 = 45.0 um diameter) in permissive gel 1 compared to the organotropic
sublines (24.0-28.9 um diameter) (Figure 3.6E). Similarly, MCF7s formed
significantly larger clusters in permissive gel 1 of 50.4 + 16.6 um diameter.
Significant differences in cluster size between cell lines were also observed in non-
permissive gel 2, with clusters ranging from 18.14+5.0 um (lung) to 37.2+ 9.0 um
(MCF7s) in diameter (Figure 3.6E). Accounting for decreased cluster size, cluster
density measurements show that organotropic sublines had ~3 times as many clusters
per 1 mm? compared to the parental line (Figure 3.6F). Additionally, cluster density
was significantly higher in bone- and brain-tropic sublines, and MCF7s in non-
permissive gel 2, consistent with the single:clustered cell ratio measurements (Figure
3.6F). Accordingly, single cell density was higher in parental and lung-tropic cells in
non-permissive gel 2, where most cells remained solitary (Figure 3.6G).

These results show distinct morphological differences induced by the three
hydrogel formulations. While the four 231 cell lines in permissive gel 1 formed
protruding clusters, indicative of aggressive tumor progression, parental 231s formed
larger clusters, potentially suggesting a higher sensitivity to RGDS density and matrix
degradation. In the case of MCF7s, clusters were round likely due to the origin of the
MCF7 cell line which was originally derived from the pleural effusion of a 69-year-
old woman and thus has retained many epithelial cell characteristics.”® Interestingly,
NVP incorporation led to different results among the cell lines in terms of cluster
formation, diameter, and subsequent cluster and single cell densities. Bone and brain-

tropic sublines, and MCF7s in non-permissive gel 2 formed round clusters, potentially
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indicative of tumor mass dormancy. The parental 231s and the lung-tropic subline in
non-permissive gel 2 remained as solitary, round individual cells indicative of cellular
dormancy. The absence of RGDS (non-permissive gel 3) played a consistent role
across the five cell lines tested and induced solitary, round cells suggesting induction

of cellular dormancy.

3.3.7 Hydrogel-Induced Changes in Phosphorylated ERK (pERK) and p38 (p-
38) Expression

The p-ERK:p-p38 activity ratio has been established as a determinant of
whether cancer cells will enter a dormant state.”'””> ERK activation promotes
proliferation while p38 acts as an inhibitory regulator by inducing Go-G; cell cycle
arrest. Extensive work by Aguirre-Ghiso and colleagues has shown that decreased p-
ERK and increased p-p38 expression can shift cells from a state of tumorgenicity to
dormancy in vivo.”"’? This mechanism has been further supported by confirmation
that overexpression of genes that suppress ERK activation occur during
dormancy.%*7+76 To determine if the parental and organotropic sublines expressed
differences in the p-ERK:p-p38 ratio as a function of hydrogel formulation, cells were
cultured in the hydrogels for 15 days, fixed, fluorescently labeled for phosphorylated

ERK1/2 and p38 and the nucleus counterstained with Hoechst (Figure 3.7-3.9).
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Figure 3.7: Hydrogel-Induced Changes in Phosphorylated p38 & ERK Expression. (A)
Representative maximum intensity z-projections from 3D image stacks
of MDA-MB-231s (parental) cultured in the three hydrogel formulations
that were fixed and fluorescently labeled for phosphorylated p38 (p-p38:
red) and phosphorylated ERK (p-ERK: green) and counterstained with
Hoechst (nuclei: blue). Scale bar = 100 um. Quantification of (B) p-ERK
mean fluorescence intensity, (C) p-p38 mean fluorescence intensity, and
(D) p-ERK:p-p38 mean fluorescence intensity ratio for MDA-MB-231s
(parental), BoM-1833s (bone-tropic), LM2-4175s (lung-tropic), BrM2a-
831s (brain-tropic), and MCF7s after 15 days in culture in the indicated
hydrogel formulation. * indicates statistically significant difference
(p<0.05). n=5 z-stacks from 5 individual hydrogels. Values represent
mean + standard deviation. Figure adapted from [41] with permission
from John Wiley and Sons.

The common dormancy marker, p-p38, was expressed at significantly higher
levels in cells cultured in non-permissive gels 2 and 3 across all five cell lines (Figure
3.7). Conversely, all cell lines cultured in permissive gel 1 expressed significantly
higher levels of p-ERK compared to gels 2 and 3 (Figure 3.7C), indicating a

proliferative state.
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Figure 3.8: Phosphorylated p38 & ERK Expression Bone- and Lung-Tropic Cell lines.
Representative maximum intensity z-projections from 3D image stacks
of (A) BoM-1833s (bone-topic), and (B) LM2-4175s (lung-tropic) cell
lines that were fixed and labeled for p-p38 (red) and p-ERK (green) and
counterstained with Hoechst (nuclei: blue) after 15 days in culture in the
indicated hydrogel formulation. n=6 z-stacks from 6 individual
hydrogels. Figure adapted from [41] with permission from John Wiley
and Sons.
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Figure 3.9: Phosphorylated p38 and ERK Expression in the Brain-Tropic 231s and
MCF7s. Representative maximum intensity z-projections from 3D image
stacks of (A) BrM2a-831s (brain-tropic), and (B) MCF7s that were fixed
and labeled for p-p38 (red) and p-ERK (green) and counterstained with
Hoechst (nuclei, blue) after 15 days in culture in the indicated hydrogel
formulation. n=6 z-stacks from 6 individual hydrogels. Figure adapted
from [41] with permission from John Wiley and Sons.
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The p-ERK:p-38 ratio for each condition was measured. Results indicated a
significantly higher p-ERK:p-38 ratio in permissive gel 1 compared to non-permissive
gels 2 and 3 for all five cell lines (Figure 3.7D). In all cell lines, the p-ERK:p-38 ratio
was greater than 4 (parental: 4.30 £ 2.94, bone: 4.63 &+ 3.01, lung: 4.31 £ 2.96, brain:
4.74 £ 1.85, MCF7s: 5.9 £ 1.1) in permissive gel 1. The p-ERK:p-38 ratio
significantly decreased in non-permissive gel 2 (parental: 0.24 + 0.04, bone: 0.24 +
0.05, lung: 0.24 £ 0.04, brain: 0.25 + 0.05, MCF7s: 0.5 £ 0.2) and non-permissive gel
3 (parental: 0.31 + 0.02, bone: 0.27 £+ 0.06, lung: 0.26 £ 0.05, brain: 0.31 £ 0.06,
MCF7s: 0.5 £0.1) (Figure 3.7D). These results indicate that all five cell lines cultured
in non-permissive gels 2 and 3 displayed higher p-p38 expression compared to p-ERK,

further validating their dormancy status as per established literature reports.

3.3.8 Classifying Hydrogel-Induced Cell Phenotype

To identify phenotypic states in the five cell lines induced by the three
hydrogel formulations we applied a logic-based, multimetric classification approach
(Figure 3.10A). A phenotype classification scheme was created based on well-
established dormancy metrics”* and general logic regarding anticipated behavior of
breast cancer cells residing in a growth or dormant state. Hydrogel-induced
phenotypes for each cell line, in each hydrogel formulation, were determined by
applying the classification scheme to the measured metrics (Figure 3.10A) to
categorize the resultant cell behavior as one of four phenotypes: (1) growth, (2)
restricted survival, cellular dormancy, (3) balanced cellular dormancy, or (4) balanced

tumor mass dormancy (Figure 3.10).
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A Ground Truth Metric
Viable Cell Ratio (Day 15:Day 0)

>1 K ~ 1+ x <1
Dormancy
N\

Supporting Metrics

New Live:Dead Cell Ratio (Day 0 > Day 15) >1 ~1 <1
Metabolic Ratio (Day 15/Day 0) >1 ~1 <1
EdU* Ratio (Day 15/Day 0) >1 21 <1
EdU*:Annexin V* Ratio (Day 15) >1 ~1 <1
p-ERK:p-p38 Ratio (Day 15) 21 <1 <1
Additional Classification Metric
Single Cell:Clustered Cell Ratio >1 <1
Balanced Cellular
Dormancy
B Ceii ?ype
Parental Lung- Bone- Brain- MCE7
Measured Metrics  MDA-MB- Tropic Tropic Tropic
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”‘DJ Single Cell:Clustered Cell Ratio (D15)  0.02 £ 0.01* 0.05+0.03* 0.02 £ 0.01* 0.03 £ 0.01* 0.16 + 0.04*

Viable Cell Ratio (D15/D 0) 1.0£0.05 1.0%0.1

4 New Live:Dead Cell Ratio (D0—15) 1.2%0.3 16%1.2
Metabolic Ratio (D15/D0) 12104 1.7%0.5

EdU* Ratio (D15/D0) 0.8+0.4 1.3£0.6

EdU*:Annexin V* Ratio (D15) 0.5+0.3* 1.2+0.6

B p-ERK:p-p38 Ratio (D15) = 0.24%0.04*  0.24 +0.04*
g Single Cell:Clustered Cell Ratio (D15) 5.0%1.9* 3.3+0.7*

Viable Cell Ratio (D15/D0) 1.0 £0.03
New Live:Dead Cell Ratio (D0—15) 1.3%1.2
Metabolic Ratio (D15/D0) 1.2+0.5
EdU* Ratio (D15/D0) 0.8+0.4
© EdU*:Annexin V* Ratio (D15) 0.9%0.5 1504 0.8+0.2
o p-ERK:p-p38 Ratio (D15) 0.26 +0.05*  0.27 +0.06*  0.31+ 0.06*

O single Cell:Clustered Cell Ratio (D15) 9.6 + 8.2* 22.4+11.3 14.0+2.1* 10.3 + 4.3* 2.54 +1.20*

Figure 3.10: Defining Hydrogel-Induced Phenotypes Via Multi-metric Classification.
(A) Phenotypic states were defined initially by a ground truth metric and
subsequently supported by additional metrics. Balanced dormancy was
further characterized as cellular or tumor mass via the single
cell:clustered cell ratio. (B) Values for measured metrics and classified
phenotypic states. The highlighted values indicate that the cells reside in
the following states: growth (green), balanced cellular dormancy
(yellow), balanced tumor mass dormancy (brown), and restricted survival
cellular dormancy (red). The red and green text for some values in gel 2
indicate values that differed from the definitions used for classification. *
indicates significant difference (p<0.05) from 1.0. Figure adapted from
[41] with permission from John Wiley and Sons.
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The viable cell ratio (number of viable cells at day 15 normalized to the
number of viable cells at day 0 (6 h post encapsulation)) was used as a ground truth
metric to determine whether the hydrogel induced a growth or dormant state. The
logic driving this decision was that if the cells were in a dormant state then one would
anticipate either no significant increase in the viable cell population (a viable cell ratio
not statistically significantly different from 1) or potentially a decrease (a viable cell
ratio significantly less than 1) if cell death also occurred. Conversely, if the hydrogel
induced a growth state, then one would anticipate a significant increase in the viable
cell population (a viable cell ratio significantly greater than 1). This ground truth
metric allowed for classification of cells as residing in either a growth or dormant
state. To further support classification based on the ground truth metric, and to further
classify the hydrogel-induced phenotypes, additional logic-based and dormancy-
associated metrics were implemented including the: (1) new live to new dead cell
ratio, (2) metabolic ratio, (3) EAU" ratio, (4) EAU" to Annexin V" ratio, (5) p-ERK to
p-p38 ratio, and (6) the single cell to clustered cell ratio as described below.

The new live to new dead cell ratio was quantified by counting the number of
new live cells and the number of new dead cells formed in the hydrogel from day 0 (6
h post encapsulation) to day 15 and dividing the number of new live cells by the
number of new dead cells over this time period. If the ratio is statistically significantly
greater than 1, the hydrogel induced an increase in the cell population (growth) which
further supports the ground truth metric (viable cell ratio). Conversely, if the new live
to new dead cell ratio is statistically significantly less than 1, this indicates that cell
death dominated over growth, and when combined with other supporting metrics, may

indicate a restricted survival, cellular dormancy phenotype. In this state, a majority of
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the cell population undergoes apoptosis with surviving cells existing in a quiescent,
dormant state. This is relevant to what occurs in vivo, as studies have demonstrated the
inefficiency of the metastatic process in which only a small percentage of DTCs
survive after infiltration of foreign tissues.®’””-’® If the new live to new dead cell ratio is
not statistically significantly different than 1, this indicates a near perfect balance in
cell proliferation and death (likely apoptosis, see Figure 3.3) and can help explain how
the ground truth metric (viable cell ratio) achieved a value not significantly different
than 1. We and others have defined this as a balanced dormancy state due to the near
perfect balance in cell proliferation and death as further rationalized with additional
metrics.>”!%12 The results of the new live to new dead cell ratio can be further
elucidated by examining the EQU" ratio. The EAU" ratio was quantified by counting
the number of EdU™ cells on day 0 (6 h post encapsulation) and day 15 and dividing
the day 15 value by the day 0 value. It is important to note that the cells were serum-
starved for 48 h prior to encapsulation in hydrogels. This was done for three reasons:
(1) to synchronize the cell cycle, (2) to start the experiments with cells in a quiescent
state, and (3) to ensure a similar starting state for all experiments which allows for the
influence of the hydrogel properties to be more easily interpreted without other
confounding factors. This also means that the number of proliferating cells at day 0
should be as low as it can get due to the 48 h serum starvation. Accordingly, if the
hydrogel induced a growth state then one would anticipate the EQU" ratio to be
statistically significantly greater than 1 as the population must increase through
proliferation. Conversely, if the hydrogel is perceived as a harsh, unfavorable
environment by the cells one would anticipate the EQU™ ratio to be significantly less

than 1 as proliferation would be inhibited. If the hydrogel formulation induced a
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dormant state, then two outcomes are possible. The EAU" ratio could be significantly
greater than 1 and the cell population still not increasing if cell proliferation was
balanced by apoptosis. In this scenario the number of cells undergoing apoptosis
would need to be similar to the number of cells proliferating to maintain a constant
cell density over time. Another potential outcome is that the EQU™ ratio is not
significantly different than 1 indicating that the proliferation rate did not change from
the initial value after 48 h serum starvation and encapsulation. The cell population in
hydrogel formulations inducing this behavior would either stay constant if apoptosis
was occurring or increase very slowly relative to cells cultured in hydrogels that
induced a growth state if no apoptosis was occurring.

Additional insight into the results of the EQU" ratio can be achieved by
examining the EQU" to Annexin V' ratio. At day 15, the number of cells labeled EdU"
(actively proliferating) were counted, as well as the number of cells labeled Annexin
V' (early apoptosis). Dividing the number cells EQU" by the number Annexin V*
provides additional insight into the new live to new dead cell ratio and viable cell ratio
by describing how the measured values were achieved. For example, an EAU" to
Annexin V" ratio statistically significantly greater than 1 indicates that there were
more actively proliferating cells than cells undergoing apoptosis (the primary mode of
death observed in these studies). (Figure 3.3). Accordingly, one would also anticipate
a new live to new dead cell ratio greater than 1, a viable cell ratio greater than 1, and
an EAU" ratio greater than 1 in this case as the cell population would be increasing.
When these three classification metric values are met, along with additional
supporting metrics, the cells were classified as being in a growth state. Conversely, if

the EAU" to Annexin V' ratio was statistically significantly less than 1, apoptotic death
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outweighed proliferation and the hydrogel formulation induced a restricted survival
state. In this case, one would anticipate the viable cell ratio, new live to new dead cell
ratio, and EAU" ratio to all be significantly less than 1. An EJU" to Annexin V" ratio
not statistically significantly different from 1 indicates a near perfect balance between
proliferation and apoptosis and will result in a viable cell ratio and new live to new
dead cell ratio not significantly different than 1 but could potentially have an EQU™"
ratio greater than 1, as long as the EQU" to Annexin V" ratio was not significantly
different from 1, which again supports a balanced dormancy phenotype.

The metabolic ratio was quantified by dividing the metabolic activity measured
on day 15 to that measured on day 0 (6 h post encapsulation) and provides additional
insight into both the cell population density and metabolic activity. If one assumes that
metabolic activity is not different between cells in a growth or dormant state then this
ratio is additional support for the cell density measurements as cell density and
metabolic activity would be linearly related in this case. This may not be the case as it
has been shown that cells in a dormant state may switch from oxidative
phosphorylation to glycolysis.”%! The Alamar blue assay utilized to quantify
metabolic activity in this study accounts for both modes of metabolism and thus, if the
mechanism of metabolism changed, would be accounted for in the data used for
classification. Accordingly, if cells are actively proliferating, highly metabolic, and the
cell population increasing, one would anticipate the metabolism to increase and thus a
metabolic ratio statistically significantly greater than 1, further validating a growth
state. Conversely, if the cell population significantly decreased due to cell death or if
metabolic activity decreased due to quiescence one would anticipate a metabolic ratio

significantly less than 1. If the cells are in a low metabolic, dormant state one would
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anticipate the metabolic ratio to not be significantly different from 1 as the cells were
serum starved prior to encapsulation and would have initially low metabolism at day
0. This indicates that cells classified as undergoing balanced dormancy in this study
(metabolic ratio ~1) displayed a metabolic activity that was not significantly different
from cells that were serum-starved for 48 h and thus a very low activity.

In addition to metrics utilizing temporal changes in proliferation, apoptosis,
metabolism, and population density discussed above, a well-established, dormancy-
associated metric was also applied: phosphorylated ERK and p38.'%7!7? The
phosphorylated ERK to phosphorylated p38 ratio as measured at day 15 is a predictor
of whether cells will enter a dormant state. Work by Aguirre-Ghiso and colleagues has
demonstrated that a | p-ERK:1p-p38 ratio can shift cells from a state of tumorgenicity
to dormancy in vivo.”"’? Studies that quantified gene expression in dormant cancer
support this result as p38, p38 regulated transcription factors, and genes that suppress
ERK activation were all overexpressed in dormant cancer.”* Accordingly, one would
anticipate a p-ERK to p-p38 ratio statistically significantly greater than, or equal to 1,
for cells residing in a growth state and statistically significantly less than 1 for cells
residing in a dormant state. The temporal metrics concerning population density
changes and the p-ERK to p-p38 ratio indicated that hydrogel formulation 1
(permissive gel 1) induced a growth state in all five cell lines.

All of the metrics discussed above were implemented to classify the resultant
cell phenotype, as a function of cell line and hydrogel formulation, as either growth,
balanced dormancy, or restricted survival, cellular dormancy. For cells residing in the
balanced dormancy state, we observed two different responses in the five cell lines

when cultured in non-permissive gel 2. In one response, a majority of the cell
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population resided as solitary, individual cells and in the other the majority resided in
cell clusters. To differentiate between these two responses, the single cell to clustered
cell ratio was quantified. On day 15, the cells were fixed, fluorescently labeled with
phalloidin and Hoechst, and imaged. The 3D image stacks were used to quantify the
percent of the cell population residing as solitary, individual cells or in cell clusters.
The single cell to clustered cell ratio was calculated by dividing the number of cells
residing as solitary individuals by the number of cells residing in clusters.
Accordingly, a value statistically significantly greater than 1 indicates that a majority
of the cells were solitary whereas a value significantly less than 1 indicates that a
majority of cells were residing in clusters. This metric was used to differentiate
between cells residing in a balanced cellular dormant state (single cell to clustered cell
ratio significantly greater than 1) from those residing in a balanced tumor mass
dormant state (single cell to clustered cell ratio significantly less than 1).

The ground truth and supporting metrics, along with the rationale describing
anticipated results, were applied to classify the phenotypes induced in the five cell
lines cultured in the three hydrogel formulations (Figure 3.10B). Figure 3.10B
provides the measured values for each metric for each cell line and hydrogel
formulation. The data is color-coded and matches the phenotypes outlined in Figure
3.10A. The results demonstrate that permissive gel 1 induced a growth state in all five
cell lines indicated by a >1 viable cell ratio and supported by a >1 new live:new dead
cell ratio, significant increases (>1) in metabolic activity and the number of EAU™" cells
at day 15, significantly more EAU" than Annexin V" cells at day 15, a >1 p-ERK:p-

p38 ratio, and cluster formation (Figure 3.10).
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The results also demonstrate that non-permissive gel 3 induced a restricted
survival, cellular dormancy state only in the parental 231 and MCF7 lines and a
balanced cellular dormancy state in the three organotropic sublines indicating a
potential cell line dependence where the sublines were able to survive better, albeit in
a dormant state, in an unfavorable environment. Restricted survival, cellular dormancy
was confirmed in the parental and MCF7 lines in non-permissive gel 3 by a <1 viable
cell ratio, <1 new live:new dead cell ratio, <1 EdU" ratio, and <1 EdU":Annexin V*
ratio, and <1 p-ERK:p-38 ratio (Figure 3.10B). All organotropic populations cultured
in non-permissive gel 3 adopted a balanced cellular dormancy state characterized by a
balanced (~1) viable cell ratio, new live:new dead cell ratio, EQU™ ratio,
EdU":Annexin V" ratio, and metabolic ratio, <I p-ERK:p-p38 ratio, and >1 single
cell:clustered cell ratio (Figure 3.10B).

Additional cell line differences were observed in non-permissive gel 2. The
parental 231 line and lung-tropic subline both displayed balanced cellular dormancy
while the bone- and brain-tropic sublines, and MCF7s adopted balanced tumor mass
dormancy. It should be noted that the all of the black text in Figure 3.7B indicates
measurements that matched the anticipated values while the two colored text values
(EdU":Annexin V" ratio for the parental 231 line in gel 2 (red) and the same metric for
the bone-tropic subline in non-permissive gel 2 (green)) varied from the anticipated
values. As discussed in the previous text, one would anticipate that cells residing in a
balanced dormancy state would have an EAU": Annexin V' ratio not significantly
different from 1. However, parental 231s in non-permissive gel 2 had an
EdU":Annexin V" ratio significantly less than 1 (0.5 + 0.3) indicating apoptosis was

higher than proliferation. A potential reason for this may be that proliferation and
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apoptosis measurements were only taken at two timepoints (day 0 and day 15).
Quantifying the number of proliferating and apoptotic cells with higher temporal
resolution throughout the 15-day culture period may provide additional information
regarding the rate of change in the proliferation/apoptosis ratio. Similarly, it was
anticipated that the bone-tropic subline, when cultured in non-permissive gel 2, would
have an EAU":Annexin V" ratio not significantly different from 1 but the measured
value was 1.4 + 0.3 and statistically significantly greater than 1. Similar to the parental
line in non-permissive gel 2, this may be due to a lack of temporal measurements
when analyzing proliferation and early apoptosis. Alternatively, this case may be
similar to a moderate growth state that we previously characterized in other hydrogel
formulations in the parental 231 line.>> However, since bone-tropic cells in non-
permissive gel 2 fulfill all other expected metrics for balanced dormancy, they were
determined to reside in balanced tumor mass dormancy due to the high density of cell

clusters measured.

3.3.9 “On-Demand” Reactivation of Dormant Breast Cancer Cells

Dormant cancer cells retain the ability to exit dormancy and re-enter the cell
cycle, leading to tumor growth and metastatic relapse. Changes in microenvironmental
cues or immune surveillance can alter downstream signaling to reactivate dormant
cells.® To assess whether dormant breast cancer lines can be reactivated in this
platform, hydrogel adhesivity was dynamically increased in non-permissive gel 3 after
15 days in culture, effectively turning non-permissive gel 3 into permissive gel 1. Cell-
laden hydrogels in non-permissive gel 3 (5% w/v PEG-PQ, 0 mM PEG-RGDS, 0 mM

NVP) were cultured for 15 days, allowing the cells to enter a dormant state. At day 15,
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the RGDS density was dynamically increased via photocoupling of 10 mM PEG-
RGDS, and the cell-laden hydrogels cultured for an additional 7 days.

To quantify changes in cell viability, viability was measured at day 22 (7 days
post RGDS incorporation) and compared to values at day 15 (prior to RGDS
incorporation). Prior to RGDS incorporation, viability was 45.8 + 3.7% in the parental
231 line, 42.5 £ 2.5% in the MCF7 line, and ranged from 89.1-90.7% in the three
organotropic sublines. At day 22, viability significantly increased to 95.0 £ 1.5% in
the parental 231 line, 85.6 + 2.0% in the MCF7 line, and ranged between 92.3-94.5%
in the three organotropic sublines (Figure 3.11). To quantify the change in viable cell
density, we measured the number of viable cells at day 22 and normalized it the
number of viable cells at day 15. RGDS incorporation significantly increased the
number of viable cells by 2.1 + 0.2-fold in the parental 231 line, 2.2 + 0.2 in the MCF7
line, 1.5 £ 0.1 in the bone-tropic line, 1.7 &+ 0.1 in the lung-tropic line, and 1.5+ 0.1 in
the brain-tropic line (Figure 3.11C). Similarly, the percentage of the cell population
EdU" was quantified to determine if dynamically increasing hydrogel adhesivity
altered proliferation. Proliferation significantly increased from 9.4-14.0% prior to
RGDS incorporation to 44.2-52.7%, values comparable to cells in the growth state in
permissive gel 1 (33.8-47.1%) (Figure 3.11D). The parental 231 line increased from
14.0 £ 2.5% to 52.7 £ 4.0%, the MCF7 line increased from 12.8 £ 4.3% to 49.5 +
2.5%, the bone-tropic line increased from 9.4 + 1.2% to 51.3 + 4.3%, the lung-tropic
line increased from 7.5 £ 2.6% to 55.1 + 4.0%, and the brain-tropic line increased
from 13.0 &= 2.9% to 44.2 + 5.5% EdU" cells. Similarly, the number of EQU™ cells
increased significantly between days 15 and 22 (parental: 4.3 = 0.4-fold, MCF7s: 5.9 £
1.0-fold, bone: 7.0 £ 0.6, lung: 5.7 + 0.4, brain: 5.0 = 0.8) (Figure 3.11E). Overall, the
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results indicate that dynamically increasing hydrogel adhesivity via “on-demand”
incorporation of RGDS significantly increased viability and proliferation, indicating

the ability to reactivate dormant cancer cells using this platform and approach.
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Figure 3.11: Reactivation of Dormant Cells. (A) Representative maximum intensity z-
projections from 3D image stacks of dormant MDA-MB-231s (parental),
BoM-1833s (bone-tropic), LM2-4175s (lung-tropic), BrM2a-831s (brain-
tropic), and MCF7s cultured in non-permissive gel 3 (0 RGDS, 0 NVP)
at day 15 (columns 1 and 2). At day 15, cells were reactivated via
incorporation of 10 mM PEG-RGDS, and cells were further cultured for
7 days (day 22) (columns 3 and 4). Cells were labeled with Calcein AM
(green: live cells) and ethidium homodimer (red: dead cells) (columns 1
and 3) , or EAU (red: proliferative cells) and Hoechst (blue: nuclei)
(columns 2 and 4). Quantification of (B) % viability when dormant (day
15) and reactivated (day 22) and (C) the number of reactivated viable
cells at day 22 relative to dormant cells at day 15 prior to RGDS
incorporation. Quantification of (D) proliferation at day 15 and day 22
and (E) the number of EAU" cells at day 22 relative to day 15 prior to
RGDS incorporation. * indicates statistically significant difference
(p<0.05). n=6 z-stacks from 6 individual hydrogels. Values represent
mean + standard deviation. Figure adapted from [41] with permission

from John Wiley and Sons.

3.4 Discussion and Conclusion

A better understanding of the molecular mechanisms that induce and maintain
cancer dormancy is necessary for developing new strategies for the prevention and
treatment of metastatic cancer. Tumor dormancy can be regulated by a multitude of
factors (immune responses, nutrient deprivation, stromal cell signaling, etc.) including
the tumor microenvironment.”®* In a favorable pre-metastatic niche, cancer cell
survival is supported by ECM proteins and proteoglycans that allow cells to ligate the
matrix to invade, migrate, and proteolytically degrade their surrounding matrix, and by
pro-tumorigenic signaling which suppresses anti-tumor immune responses.* Here, we
focused on the role of ECM properties in regulating breast cancer phenotype. Proteins
in the ECM support cell-matrix interactions through integrin-mediated focal
adhesions, which can activate pathways that influence cell fate. However, foreign

environments that fail to promote these interactions in a non-permissive ECM can
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induce a quiescent, dormant state. Additionally, dense matrices that physically confine
cells or cell clusters via inhibition of matrix degradation can also induce
dormancy.”3%3! To better understand how matrix properties influence cancer cell fate,
in vitro studies have manipulated ECM properties via regulation of physical
confinement (matrix degradation), cell-matrix interactions, and strain/deformation to
induce dormancy.’-3!-33-36.69.85.86

In this study, we tuned hydrogel properties to mimic favorable and unfavorable
pre-metastatic niches, albeit in a simplified form. Permissive gel 1 aimed to mimic a
favorable niche with high adhesivity and degradability. Similarly, in an unfavorable
niche, DTCs may not be able to form integrin-mediated adhesions or efficiently
degrade the surrounding matrix due to differences in protein composition compared to
the organ they originated from. Again, we aimed to generally mimic this unfavorable
environment using non-permissive gel 3 which contained no RGDS for integrin
ligation and non-permissive gel 2 which contained moderate adhesivity but
significantly decreased degradability. The three formulations were composed of the
following: (permissive gel 1) 2.1 mM PEG-RGDS and 0 mM NVP, (non-permissive
gel 2) 0.9 mM PEG-RGDS and 9.4 mM NVP, or (non-permissive gel 3) 0 mM PEG-
RGDS and 0 mM NVP. We varied ligand density by altering the RGDS density
incorporated into the hydrogel, and degradability by forming nondegradable crosslinks
via incorporation of NVP to induce different phenotypic changes in parental and
organotropic 231s. In chapter 1, we quantified how altering hydrogel composition
alters key characteristics that can affect cancer cell phenotype including RGDS
incorporation, mesh size, compressive modulus, swelling ratio, and degradation rate.

Overall, results indicated that NVP incorporation (non-permissive gel 2) increased
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RGDS incorporation and compressive modulus, while decreasing mesh size, swelling
ratio, and degradation rate, compared to hydrogels without NVP (permissive gel 1,
non-permissive gel 3).

We previously developed, thoroughly characterized, and implemented a suite
of sixteen unique hydrogel formulations with well-controlled, systematic variations in
hydrogel chemical (ligand density and degradability) and mechanical (elasticity, pore
size, swelling) properties to regulate the fate of the parental 231 line.* The results of
that study, which investigated the influence of a broader landscape of hydrogel
properties on the fate of the 231 parental line, indicated that ligand density and
degradability had the most influence over cell fate. In this study, we utilized three of
the sixteen formulations that induced distinct dormant and growth phenotypes in the
231 parental line to investigate their influence on three organotropic sublines, and
MCF7s. While this study did not investigate the entire hydrogel property landscape as
before, we make the claim that ligand density and degradability will likely have the
most influence on cancer cell fate based on our previous work as well as the data
presented here. With that said, there are differences in elasticity between non-
permissive gel 2 and permissive gel 1 and non-permissive gel 3. Non-permissive gel 2
had an elastic modulus of 10.1 &+ 0.5 kPa 6 h post cell encapsulation while gels 1 and 3
had a value of 4.6 + 0.4 kPa. After 15 days in culture, the elastic moduli of the gels
decreased with non-permissive gel 2 at 7.6 = 0.8 kPa and gels 1 and 3 at 4.2 + 0.6 kPa.
Since the values are still significantly different, one cannot rule out the possibility that
elasticity will play some role, but as stated, our previous study>’ indicated it was a
minor role compared to ligand density and hydrogel degradability. A limitation of our

polymerization scheme is that hydrogel degradability and elasticity are coupled,
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meaning that changing one changes the other. To independently tune these two
parameters would require the implementation of multi-arm PEG chemistry to gain

87-90 and is of interest in future studies.

independent control over these parameters
After serum starvation, cells were encapsulated in one of three hydrogel
formulations. While we anticipate elasticity played a minor role in influencing cancer
cell fate, we found that ligand density had a significant influence on cancer cell
phenotype. This influence was highlighted by observed hydrogel-induced differences
in cell behavior between permissive gel 1 and non-permissive gel 3. Permissive gel 1
contained a high level of adhesive ligand density (0.9 mM PEG-RGDS) and 0 mM
NVP, which supported integrin-mediated cell adhesion and cell mediated-hydrogel
degradation, encouraging proliferation and survival in all five cell lines. However,
when RGDS was excluded from the hydrogel in non-permissive gel 3 (0 mM PEG-
RGDS) cell-matrix adhesion was inhibited, leading to different phenotypes. This
formulation resulted in high levels of cell death in (~40% viability) the parental 231s
and MCF7 lines. Therefore, parental 231s and MCF7s in non-permissive gel 3 were
determined to be in a restricted survival, cellular dormancy state. Interestingly,
organotropic cells were not as sensitive to absence of RGDS. Viability at day 15
remained >88.5% for all three organotropic sublines cultured in non-permissive gel 3.
Furthermore, organotropic cells in non-permissive gel 3 were categorized to be in a
balanced cellular dormancy state. Increased survival in the organotropic sublines may
be due to differences in gene expression.>**’ While dormancy was induced in all five
cell types in non-permissive gel 3, there were distinct differences between the parental
231s, MCF7s, and organotropic sublines, potentially due to the nature of how the

organotropic sublines were developed. The sublines were selected via multiple rounds
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of in vivo inoculation.*3** Subpopulations of cells that survived and metastasized to
either the bone, lung, or brain were collected. These subpopulations express specific
genes that promote their invasion and subsequent survival in their respective organ.>®
40 These pro-survival genes may also allow organotropic cells to survive in
unfavorable conditions in which the parental 231 cells displayed greater cell death,
potentially explaining the results observed in gel 3. Another factor investigated in this
study was matrix degradability, highlighted by comparing results attained from
permissive gel 1 and non-permissive gel 2. Non-permissive gel 2 has significantly
decreased degradability compared to permissive gel 1 due to increased crosslinking
with a non-degradable crosslinker (NVP) during photopolymerization. Non-
permissive gel 2 induced different phenotypes in the five cell lines with the parental
and lung-tropic lines entering balanced cellular dormancy and the bone- and brain-
tropic, and MCF7 lines entering balanced tumor mass dormancy.

Distinct gene expression profiles among organotropic lines may account for
differences observed in the behaviors induced by non-permissive gel 2. For instance,
brain-tropic cells are known to overexpress STOGALNAC5*’ which is a
sialyltransferase that transfers sialic acid to oligosaccharides that can alter both cell-
cell and cell-ECM interactions.”*> ST6GALNACS5 mediates infiltration into the brain
by enhancing adhesion to, and interactions with, brain endothelial cells allowing
penetration through the blood brain barrier.*’ In the same manner that STOGALNACS5
mediates cell-ECM interactions in the brain, STOGALNACS may also alter ECM
interactions in the hydrogels implemented here, leading to the observed existence as
cell clusters rather than solitary cells observed in non-permissive gel 2. Bone-tropic

cells overexpress genes that aid in their survival and facilitate homing, invasion,
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angiogenesis, and osteolysis in the bone marrow.*® Overexpressed genes include
chemokine receptor type 4 (CXCR4), matrix metalloproteinase 1 (MMP1), fibroblast
growth factor 5 (FGF5), connective tissue growth factor (CTFG), interleukin 11 (IL-
11), follistatin, and proteoglycan-1.%3 Proteoglycans are proteins with anionic
glycosaminoglycans that provide hydration and swelling and can alter ECM
composition.” Proteoglycans are also involved in cell signaling,’* growth factor
sequestration,” and modulating cell adhesion and proliferation.’® It is possible that
bone-tropic cells cultured in non-permissive gel 2 adopted a clustered morphology and
increased proliferation due to the bioactive functions of increased proteoglycan-1
expression although further experimentation is required to test this hypothesis. In non-
permissive gel 2, the parental 231s had statistically significantly lower proliferation
than apoptosis as demonstrated by an EAU": Annexin V' ratio of 0.5+0.3, while bone-
tropic sublines displayed more proliferation with an EAU":Annexin V' ratio of
1.4£0.3. Both of these values deviated from the anticipated value of ~1.0. However, in
both cases the viable cell population and new live to new dead ratio remained
constant, with no significant increase or decrease (ratio ~1.0). Additionally, in both
cases all other metrics (metabolic ratio, and p-ERK:p-38 ratio) supported a balanced
dormant state. A potential reason for this discrepancy may be that we only monitored
changes in proliferation and early apoptosis at two timepoints, 6 h and 15 days post
encapsulation. Additional measurements between these two timepoints could provide
additional insight regarding temporal changes in proliferation and apoptosis
throughout the culture period.

We implemented the viable cell ratio (number of viable cells at day 15

normalized to the number of viable cells at day 0) as a ground truth metric to classify
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hydrogel-induced phenotypic states. This is based on the logic that cells in a dormant
state would either display either (1) no significant increase in the number of viable
cells (~1 ratio), or (2) a decrease in viable cell population (<1 ratio) if dormancy was
accompanied by apoptosis. In contrast, one would anticipate that a hydrogel that
induced a growth state would display a significant increase in the viable cell
population (>1 ratio). To support this initial characterization, we implemented
supporting metrics including the new live to new dead cell ratio to indicate the balance
between cell survival and apoptosis, the metabolic ratio to provide insight into cell
population density and metabolic activity, the EQU" ratio to account for changes in
proliferation, and the EQU" to Annexin V" ratio to measure the balance between
proliferation and apoptosis. Similarly, other studies have used viability, metabolic
activity, proliferation, and other phenotypic assays to identify and classify dormant
cell populations.”4244,

Another approach to identifying dormant populations is quantifying the
expression of dormancy markers including p27, NR2F1, and the p-ERK/p-p38
ratio.**”! In this study, we measured p-ERK and p-p38 concentration using
immunofluorescent labeling for further validation. While phenotypic metrics can
indicate observable traits in parental and organotropic 231s and MCF7s, they do not
provide information regarding ECM-induced genetic changes, which is an alternative
method that can be used to determine dormancy. Segall and colleagues used published
data from experimental models, breast cancer cell line expression data, and clinical
studies with primary breast cancers to develop a cell dormancy signature consisting of
22 upregulated and 27 downregulated genes used to calculate a dormancy score.

Higher scores indicate a higher probability that DTCs will enter a dormant state.**
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Genes included in this signature are involved in a multitude of cellular processes
including cell cycle regulation, developmental processes, motility, and differentiation.
Another advantage of using gene expression analysis is the ability to compare in vitro
genetic expression levels to that observed in vivo, thereby validating clinical
relevance.® While we did not include gene expression analysis here, future studies to
quantify similarities and differences in gene expression between the four phenotypic
states could further support classification and insight into hydrogel-induced changes in
behavior. While other approaches can be used to identify dormant populations, we
believe that quantifying the phenotypic changes in encapsulated 231s and MCF7s and
using logic-based, multimetric classification is a strong indication of hydrogel-induced
phenotypic growth or dormant states in this platform.

To investigate how tuning ECM composition can alter cell phenotype, we
aimed to mimic unfavorable conditions of the premetastatic niche in which cells are
unable to establish integrin-mediated adhesions or proteolytically degrade their
surrounding matrix. While we did not incorporate organ-specific ECM peptides to
control these processes, although this is of interest in future studies as organ-specific
hydrogel formulations can significantly impact cell behavior.®®® Additionally, while
the hydrogels used in these studies ranged from ~4-7 kPa, the formulations were not
tuned to match brain (~1-4 kPa)*®, bone marrow (~0.5-1.5 kPa)®’, or lung (~1-5
kPa)!% as the focus was to investigate matrix adhesivity and degradability, though
future work that incorporates organ-specific mechanical and biochemical properties is
of interest.

It is important to note that the cells were serum-starved for 48 h prior to

encapsulation to synchronize the cell cycle and ensure a similar starting point for all
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experiments thereby making it possible to compare the resulting cell behavior across
all five cell lines and three hydrogel formulations without having to account for other
confounding factors. We anticipate that the same phenotypes would be achieved
without serum starvation prior to encapsulation but that the time to achieve them
would vary. For example, one would anticipate cells in the growth state (permissive
gel 1) to have much higher cell densities and proliferation rates at the day 15 time
point due to being highly metabolically active during encapsulation if serum starvation
was not implemented. Similarly, one would anticipate cells cultured in non-permissive
gels 2 and 3 to start off with higher values for metabolic activity, proliferation, etc.
and it could take longer than 15 days to end up with the same resultant dormant
phenotype. Also, since the cells would have a different initial behavior at day 0 (6
hours post encapsulation), the logic-based classification would need to be reworked.
For example, cells classified as residing in a balanced dormancy state are partially
defined by the supporting metric, metabolic ratio, not being statistically significantly
different than the value 1 due to serum starvation-induced low metabolic activity prior
to encapsulation. If the cells were not serum starved, then their day 0 metabolic
activity value would be higher and thus the defining metric would need to be changed
from ~1 to <I to account for this initial condition. This is important to note as other
groups may utilize the classification scheme presented here (Figure. 3.10A) for studies
that do not implement serum starvation prior to encapsulation and need to take the
initial conditions into account.

While other factors including nutrient/oxygen deprivation, secondary cell
signaling, and immune responses can play a role in inducing and maintaining cancer

dormancy,’ this study excluded these factors to solely focus on ECM-induced changes.
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We previously demonstrated that the differences in pore size between the hydrogel
formulations had no statistically significant impact on the transport of 3 kDa dextran>’
indicating that no differences in the transport of nutrients, oxygen, or other small
molecules occur between the hydrogel formulations thereby eliminating differences in
transport as a source of phenotypic control in this study. There is still the potential of
inducing transport limitations if large volume hydrogels are implemented which could
impact cell phenotype. To avoid this situation, we implemented 500 um thick
hydrogels, which is well below the distance that is necessary to develop potentially
harmful nutrient and oxygen limitations for cells in the center of the hydrogels.*¢
However, future studies incorporating the influence of other environmental factors
could provide additional insights into the synergistic roles of these factors in
regulating breast cancer cell fate.

Metastatic relapse can occur when changes in environmental cues encourage
dormant cells to re-enter the cell cycle for proliferation. Several factors including
secondary cell signaling, angiogenesis, and chronic inflammation can activate this
phenotypic switch.®? Integrin signaling has emerged as a critical regulator of
reactivation both in vitro and in vivo.” In this study, we investigated if dynamically
increasing hydrogel adhesivity can be used to reactivate previously dormant cancer
cells. PEG-RGDS was incorporated to non-permissive gel 3 (0 mM PEG-RGDS) after
15 days in culture effectively converting non-permissive gel 3 into permissive gel 1
and the cells were cultured for additional 7 days. Results indicated that the number of
viable cells significantly increased between 1.5-2.1-fold and the number of EAU™ cells
increased between 4.3-7.0-fold at day 22 (7 days post RGDS coupling) compared to

day 15 (prior to RGDS incorporation) (Figure 3.11). Furthermore, the percentage of

87



viable and EAU" cells increased to values observed in the growth phenotype
(permissive gel 1). These results demonstrate the ability to reactivate dormant cell
populations and mimic metastatic relapse. The ability to model the transition into and
out of dormancy is a powerful tool that could be particularly useful to study the
mechanisms driving these cellular events.

Additionally, while we focused on breast cancer, other cancer types can also
undergo dormancy and are of interest to our group. Furthermore, future studies
investigating differences in gene expression between cell and gel types can be
performed to obtain a better understanding of the underlying mechanisms driving
ECM-induced dormancy in this platform.

In conclusion, this study investigated the role of hydrogel properties in
regulating the phenotype of parental 231s, three organotropic sublines, and MCF7s.
We tuned hydrogel properties to induce four distinct phenotypic states. A PEG-RGDS
rich and highly degradable matrix (permissive gel 1) promoted growth in all cell types,
while reducing ligand density and matrix degradability (non-permissive gel 2) induced
balanced cellular dormancy in parental and lung-tropic 231s, and balanced tumor mass
dormancy in bone- and brain-tropic 231s, and MCF7s. Absence of PEG-RGDS (non-
permissive gel 3) led to restricted survival, cellular dormancy in the parental 231s and
MCFT7s, and balanced cellular dormancy in the three organotropic sublines. A distinct
feature of dormant populations, reactivation, was also achieved in all five cell lines
through a dynamic increase in hydrogel adhesivity. Overall, these results indicate the
ability to mediate cancer cell fate and regulate dormancy status via facile, controlled
changes to hydrogel properties. We envision that future implementation of this

hydrogel-based platform may help identify potential anti-dormancy therapeutic targets
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for pre-emptive treatment of dormant cancers prior to reawakening and metastatic

progression. Our efforts towards this goal are explained in the following chapters.
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Chapter 4

HYDROGEL-INDUCED DORMANCY AND REACTIVATED CELL
CHEMORESISTANCE

Sections in this chapter have been adapted from the following articles:

(1) Farino CJ, Pradhan S, Slater JH. The Influence of Matrix-Induced
Dormancy on Metastatic Breast Cancer Chemoresistance. ACS Applied
Biomaterials 2020, 3(9), 5832-5844.

(2) Farino Reyes CJ, Pradhan S, Slater JH. The Influence of Ligand Density
and Degradability on Hydrogel Induced Breast Cancer Dormancy and
Reactivation. Advanced Healthcare Materials 2021, 10(11), 2002227.

4.1 Introduction

Despite significant advances in cancer detection, diagnosis, and treatment,
metastasis (dissemination, invasion, and proliferation of tumor cells in secondary
organs) is still responsible for 90% of cancer-associated mortality.? As described in
chapters 2 and 3, the latency period that often occurs prior to metastatic relapse can
serve as a therapeutic “window of opportunity” to eliminate dormant cells or prevent
their reactivation. One major roadblock in treating dormant cancer cells and
preventing cancer recurrence is that current chemotherapeutics often fail to effectively
treat dormant, quiescent cells. Several patient studies indicate that dormant DTCs
resist common forms of chemotherapy.'>?° For example, patients treated with
adjuvant therapy that had DTCs present in bone marrow aspirates displayed a

significantly decreased 5-year survival rate.!”
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In vitro platforms that induce cancer dormancy can be implemented to
characterize chemoresistance.*'*3!%! For example, ECM-induced dormant cells
displayed a 0.9 to 10.6-fold increase in the half maximal inhibitory concentration
(ICs0) compared to control conditions.*® Several in vitro studies have confirmed these
findings and have even used chemotherapy as a method of inducing
dormancy.”3133:19L102 Ope study seeded 23 1s in an ex vivo system and used standard
chemotherapeutics to selectively target and eliminate proliferating 231s while dormant
sub-populations remained viable.'”> While dormant cancer cells can display increased
chemoresistance, the underlying mechanisms dictating this resistance remain elusive
and platforms available for such studies are lacking. Current hypotheses state that
cytotoxic therapies meant to target proliferative cells fail to target quiescent, dormant
DTCs,*!* while others suggest dormant cells may have evolved mechanisms (such as
increased expression of efflux pumps) to increase resistance to therapy.>*!91% An
understanding of how ECM properties induce dormancy-associated chemoresistance
could potentially lead to the development of therapeutics to prevent metastasis or
relapse.

Towards this effort, in chapters 2 and 3 we demonstrated the ability to tune the
biochemical and mechanical properties in three hydrogels (permissive gel 1, non-
permissive gels 2 and 3) to induce either (1) growth, (2) balanced tumor mass
dormancy, (3) balanced cellular dormancy, or (4) restricted survival dormancy in
parental 231s, 231-derived organotropic sublines (BoM-1833s (bone-tropic), LM2-
4175s (lung-tropic), BrM2-831s (brain-tropic)), and ER" MCF7s. Additionally, we
demonstrated the ability to reactivate dormant cells in non-permissive gel 3 via RGDS

incorporation. In this chapter, we used this dormancy and reactivation platform to
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characterize chemoresistant behavior of dormant parental 231, organotropic 231s, and
MCF7s compared to cells in a growth state.*

Parental 231s were encapsulated and cultured to induce a growth, dormant, or
reactivated phenotype, exposed to doxorubicin (DOX), paclitaxel (PAC), or 5-
fluorouracil (5-FU) for 48 h, labeled for live cells, imaged, and analyzed to assess the
efficacy of each drug and quantify differences in cellular responses among the three
phenotypic states. For all three drugs tested, parental 231s undergoing either restricted
survival or balanced cellular dormancy demonstrated significantly increased
chemoresistance compared to parental 231s in the growth state. For instance, dormant
parental 231s in non-permissive gels 2 and 3 exposed to PAC displayed statistically
significant higher cell viability compared to those in the growth state (permissive gel
1), with >72% of dormant cells viable compared to 39 + 4% of growing cells when
exposed to 1 mM PAC, compared to their respective vehicle control conditions
(Figure 4.2). Similarly, dormant parental 23 1s exposed to 5-FU displayed significantly
greater cell viability, with >93% cell viability in 231s residing in either dormant state,
compared to 75 + 5% for cells in the grow state at 10 mM 5-FU, compared to their
respective vehicle control conditions (Figure 4.4). For DOX, studies were also
performed on organotropic and MCF7 cell lines. Results showed that half maximal
effective concentration (ECso) values obtained from DOX exposure were significantly
greater in dormant cells for all five cell lines tested, compared to growing cells (Figure
4.5, 4.6). Furthermore, reactivated cells sustained this chemoresistance, with
significantly greater ECso values compared to both dormant and growing states of the

same cell type (Figure 4.5, 4.6).
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To investigate if DOX transport played a role in chemoresistance observed in
dormant and reactivated cells, intracellular DOX accumulation rate was quantified via
intensity measurements of DOX autofluorescence over 48 h. DOX accumulated at a
significantly greater rate in growing cells in permissive gel 1 compared to dormant
(non-permissive gels 2 and 3) and reactivated cells in most cases (Figure 4.7). To
determine DOX localization, nuclear to cytoplasmic (NC) drug ratio was also
quantified in growing, dormant, and reactivated cells (Figure 4.8). Corresponding with
accumulation results, data indicated that dormant and reactivated cells had
significantly lower NC ratios compared to growing cells, suggesting that dormancy-
associated chemoresistance may be due to both decreased drug intracellular
accumulation and nuclear localization, at least for DOX.

These results demonstrate how tuning matrix properties alter parental 231,
organotropic 231, and MCF7 phenotypes and subsequent chemoresistance, lends
additional validation that this hydrogel platform can be used to induce breast cancer
dormancy, and supports its use for future development and testing of new anti-
dormancy therapeutic approaches. While this platform does not include other
microenvironmental stimuli that influence dormancy such as immune responses,
hypoxia, nutrient deprivation, soluble factors, and secondary cell signaling, the results
highlight the contributions of hydrogel properties in inducing and maintaining cancer

dormancy and the influence of matrix properties on dormant cancer chemoresistance.

4.2 Methods
Methods used for PEG Macromer Synthesis and Characterization, Cell
Encapsulation, Reactivation, and measuring PEG-RGDS incorporation, cell viability,

and degradation rate were performed as described in Chapters 2 and 3.
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4.2.1 Measuring Drug Responses in 2D

Parental 231s were trypsinized, counted, and seeded in a fibronectin coated (10
ng/mL), 96 well plate at a density of 5,000 cells/well in serum-containing media. To
measure the drug response of cells independent of encapsulation, we replicated pre-
encapsulation conditions by allowing the cells to adhere overnight followed by culture
in serum-free medium for 48 h. DOX, PAC, and 5-FU were purchased (Cayman
Chemical) and reconstituted in DMSO to a stock concentration of 172.4, 58.5, and
384.6 mM, respectively. Stock solutions were diluted in media to a range of
concentrations: DOX (0.001, 0.01, 0.1, 1, 10, 100, or 1000 uM), PAC (0.001, 0.01,
0.1, 1, 10, or 100 uM), and 5-FU (0.001, 0.01, 0.1, 1, 10, 100, or 1000 pM) and added
to the 231s for 48 h (n=6 wells per concentration).*> At the highest drug concentration
tested, the DMSO concentration remained <0.1% (v/v); thus, 0.1% (v/v) DMSO was
used as a vehicle control in 2D studies. Cells were rinsed in PBS twice to remove
excess media, followed by labeling with a Live/Dead® cell viability kit (Invitrogen).
Only live cells were labeled, as dead cells detached from the wells and were washed
away. Labeled cells were imaged using the proper filter cubes and analyzed using F1JI

software (NIH).

4.2.2 Measuring Drug Responses in Cells Cultured in Different Hydrogels
DOX, PAC, and 5-FU stocks were diluted in media to desired concentrations:
DOX (0.001, 0.01, 0.05, 0.1, 0.55, 1, or 2 mM), PAC (0.05, 0.1, 0.55, or 1 mM), and
5-FU (1.0, 4.0, 7.0, or 10 mM). At the highest concentrations tested, the DMSO
concentration ranged between 1-2% (v/v) for all drugs used. A vehicle study was
conducted and showed no significant differences in cell viability between 1 or 2%

(v/v) DMSO and serum-containing media (Figure 4.3). Thus, all vehicle controls used
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in this study contained media with 1% (v/v) DMSO. We also tested higher
concentrations (18%, 26% (v/v)) of DMSO required to use higher doses of PAC and
5-FU, however these concentrations were cytotoxic to parental 231s (Figure 4.3) and
therefore not used.

Cell-laden hydrogels that had been cultured for 15 (gel 1, 2, 3) or 22 days
(reactivated) were rinsed with PBS, and incubated in a given concentration of DOX,
PAC, 5-FU, or a vehicle control for 48 h. Next, cells were rinsed with PBS to remove
excess media, and labeled with a Live/Dead® cell viability kit (Invitrogen) in PBS for
30 min, according to the manufacturer's instructions. The hydrogels were rinsed with
PBS for 10 min to remove excess stain, placed on coverslips, and imaged using
structured illumination on a Zeiss AxioObserver Z1 inverted fluorescent microscope
as previously described.>*¢ Fluorescent z-stacks (z-height: 150 pm) were acquired
approximately at the center of the hydrogels, between the bottom and top surfaces of
each sample, and analyzed using F1JI software (NIH). Due to the red autofluorescence
of DOX, only the live cells were imaged for viability studies. To quantify cell
viability, the number of live cells was normalized to the number of live cells measured
in the vehicle control. A minimum of 6 z-stacks from 6 individual hydrogels were

analyzed for each condition.

4.2.3 Doxorubicin Accumulation and Localization

After 15 (gel 1, 2, 3) or 22 days (reactivated) in culture, cell-laden hydrogels
were exposed to 0.05 mM DOX for 48 h. To measure accumulation, 6 hydrogels for
each formulation were imaged at varying time points over 48 h (1, 2, 3,4, 5, 6, 12, 24,
36, 48 h).1%-197 To determine DOX accumulation over time, a sum z-projection was

acquired from each z-stack and the mean fluorescence intensity of each projection was
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measured. Background noise was accounted for by measuring the intensity of five
background regions that did not contain cells for each projection. These background
measurements were averaged and subtracted to obtain DOX mean fluorescence
intensity. To obtain DOX accumulation rate at 0.05 mM DOX, mean fluorescence
intensity was plotted over time and the slope of the linear portion of the graph
(between 0-6 h) was determined to be the accumulation rate (h™'). Measurements were
obtained from a minimum of 6 z-stacks from 6 individual hydrogels for each
experimental condition.

To measure DOX localization, cells exposed to 0.05 mM DOX for 48 h were
rinsed with PBS, co-stained with Hoechst 33342 to locate cell nuclei, and imaged.
Sum z-projections of each z-stack were used to acquire fluorescence intensity
measurements of the cytoplasmic and nuclear regions, with a minimum of 70 cells
measured per image. Mean DOX intensity in the nucleus was divided by mean
cytoplasmic intensity to obtain nuclear to cytoplasmic ratio for each cell in a total of 4

z-stacks obtained from 4 individual hydrogels for each experimental condition.

4.2.4 Statistical Analysis

For statistical comparison between viability values, distribution normality was
assessed via quantification of skewness and kurtosis, where values within +2 indicated
a normal distribution. Equal variance among groups was additionally evaluated. A
one-way analysis of variance (ANOVA) with a post-hoc Tukey-Kramer test was
implemented to determine statistical significance between multiple groups. Unless
otherwise indicated, p<0.05 was considered statistically significant. OriginLab
software was used to fit DOX viability data. A nonlinear, growth/sigmoidal curve fit

using a dose response function with a Levenberg Marquardt iteration algorithm was
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performed and allowed to converge for all conditions with a chi-square tolerance of

1E-9.

4.3 Results

4.3.1 Response of MDA-MB-231s to Doxorubicin, Paclitaxel, and 5-
Fluorouracil in 2D Culture

Preliminary experiments to determine DOX, PAC, and 5-FU efficacy in
parental 231 cells cultured in 2D were performed. Parental 231s were cultured on 96
well plates and serum-starved for 48 h, following the same protocol used for
encapsulation for ease of comparison. The 231s were exposed to drug-containing
medium at the following concentrations (DOX: 0.001, 0.01, 0.1, 1, 10, 100, or 1000
uM; PAC: 0.001, 0.01, 0.1, 1, 10, or 100 uM; and 5-FU: 0.001, 0.01, 0.1, 1, 10, 100,
or 1000 uM) for 48 h. The live 231s were fluorescently labeled, imaged, and

quantified (Figure 4.1).
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Figure 4.1: Response of MDA-MB-231s Cultured on Tissue Culture Plastic (2D) to 5-
Fluorouracil, Paclitaxel, and Doxorubicin. (A) Quantification of MDA -
MB-231 cell viability cultured on tissue culture plastic (2D) after 48 h
drug exposure. n=6 images from 6 individual wells. Values represent
mean + standard deviation. (B) Dose-response curves for doxorubicin,
paclitaxel, and 5-fluorouracil with ECso and ICso values. Data points
represent mean =+ standard deviation. Figure obtained from [45] with
permission from ACS Publications.

As expected, 231s demonstrated significant decreases in cell viability with
increased drug concentration for all three drugs tested. DOX was the most effective,
followed by PAC, and 5-FU (Figure 4.1). The results demonstrate that viability
decreased to 37 = 9% at 0.01 uM before gradually dropping to 1 + 0% at 100 pM for
DOX (Figure 4.1). Fitting the dose-response curve for DOX resulted in an ECso of
0.006 uM and ICsp of 0.007 uM (Figure 4.1B). PAC was less effective than DOX. At
0.01 uM, viability remained high at 94 + 13%, but decreased to 6 + 2% at the highest
concentration tested (100 uM) (Figure 4.1A. Calculated ECso (0.716 uM) and ICso
(0.651 uM) values were higher for PAC compared to DOX (Figure 4.1B). 5-FU was
the least effective with an ECsp of 1.81 uM and with 65 + 3% of the cell population
viable at the highest dosage of 1 mM (Figure 4.1). An ICso could not be calculated for
5-FU, as viability did not drop below 65% (Figure 4.1B).
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4.3.2 Response of MDA-MB-231s to Paclitaxel

It is well established that dormant cells often display increased
chemoresistance.'®?° To quantify the degree of chemoresistance imparted on parental
231s in dormant states compared to the growth state, the response of parental 231s
cultured in the three hydrogel formulations (permissive gel 1, non-permissive gel 2,
and non-permissive gel 3) to PAC was quantified. Post encapsulation, the cells were
cultured for 15 days in the desired hydrogel formulation to provide enough time for
the cells to respond to the hydrogel properties; culturing for longer time periods did
not significantly alter phenotype.**3¢ Cells were exposed to varying concentrations of
PAC for 48 h (0.05-1 mM) and cell viability was quantified (Figure 4.2).'% To assess
the drug-response of 231s in the three phenotypic states, the cells were labeled with
Calcein AM to fluorescently label live cells, imaged (Figure 4.2A), and the number of
live cells normalized to the vehicle control (media containing 1% DMSO) to quantify

cell viability (Figure 4.2B).
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Figure 4.2: Chemosensitivity to Paclitaxel. (A) Representative maximum intensity z-
projections of 3D image stacks of MDA-MB-231s fluorescently labeled
with Calcein AM (live cells:green) after 48 h exposure to a media + 1%
v/v DMSO vehicle control (DMSO) or varying concentrations of
paclitaxel. Top row: growth (permissive gel 1); middle row: tumor mass
dormancy (non-permissive gel 2); bottom row: restricted survival
dormancy (non-permissive gel 3). Scale bar = 100 um. (B)
Quantification of cell viability. * indicates statistically significant
difference (p<0.05). n=5 z-stacks from 5 individual hydrogels. Values
represent mean + standard deviation. Figure adapted from [53] with
permission from ACS Publications.

Results showed that parental 23 1s undergoing restricted survival cellular
dormancy (in non-permissive gel 3) had statistically significant higher viability for
most PAC concentrations compared to parental 231s in the growth state. For instance,
at 0.10 and 0.55 mM, parental 231s in non-permissive gel 3 remained 91 + 6% and 84
+ 5% viable compared to 55 + 4% and 51 + 4% for cells in the growth state
respectively, compared to their respective DMSO control conditions (Figure 4.2B).
Furthermore, at the highest PAC concentration tested (1 mM), 75 + 3% of dormant
cells in non-permissive gel 3 remained viable while only 39 + 4% of parental 231s in

the growth state were viable (Figure 4.2B). Parental 231s in balanced cellular
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dormancy (non-permissive gel 2) also exhibited significant chemoresistance to PAC.
For example, at 0.55 mM and 1.00 mM, viability was 86 + 5% and 72 + 3% for cells
non-permissive gel 2, and 51 + 4% and 39 + 4% for growing cells in permissive gel 1
respectively. There were no statistically significant differences in viability between the
two dormant states for any concentration of PAC tested (Figure 4.2B).
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Figure 4.3: Influence of DMSO on Cell Viability for Cells Cultured in a Growth
Hydrogel Formulation. (A) Representative maximum intensity z-
projections of 3D image stacks of encapsulated MDA-MB-231s after 48
h exposure to varying concentrations (% v/v) of DMSO in serum-
containing medium. Live cells are labeled with Calcein AM (green).
Dead cells are labeled with Ethidium homodimer (red). SB=100 pm. (B)
Quantification of cell viability. * indicates p<0.05. n=5 z-stacks from 5
individual hydrogels. Values represent mean + standard deviation. Figure
adapted from [45] with permission from ACS Publications.

PAC was dissolved in minimal DMSO according to its solubility and

manufacturer’s instructions. Due to the upper limits of PAC efficacy, we were unable
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to test higher drug doses, as higher doses would exceed the concentration of DMSO
that the parental 231s could tolerate and thus would no longer represent cells targeted
by the mechanism of the drug but instead by the DMSO itself (Figure 4.3). For this
reason, we were unable to fit a dose-response curve to this data. However, viability
data demonstrates that cells in both dormant states showed significant chemoresistance

to PAC.

4.3.3 Response of MDA-MB-231s to 5-Fluorouracil

To determine if dormant-cell chemoresistance was also observed in other
chemotherapeutics, we investigated the effect of a second, commonly used breast
cancer drug, 5-FU on parental 231s in the three phenotypic states. The same protocol
was followed to encapsulate, label, image, and quantify live cells. Compared to PAC,
the 2D studies indicated that 5-FU was the least effective and therefore required higher
dose concentrations (Figure 4.4A,B), which was also limited by DMSO toxicity as
discussed. Nonetheless, a significant increase in chemoresistance was observed for
dormant parental 231s in non-permissive gels 2 and 3, compared to growing cells in

permissive gel 1 (Figure 4.4A,B).
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Figure 4.4: Chemosensitivity to 5-Fluorouracil. (A) Representative maximum intensity
z-projections of 3D image stacks of MDA-MB-231s fluorescently
labeled with Calcein AM (live cells:green) after 48 h exposure to a media
+ 1% v/v DMSO vehicle control (DMSO) or varying concentrations of 5-
Fluorouracil. Top row: growth (permissive gel 1); middle row: tumor
mass dormancy (non-permissive gel 2); bottom row: restricted survival
dormancy (non-permissive gel 3). Scale bar = 100 um. (B)
Quantification of cell viability. * indicates statistically significant
difference (p<0.05). n=5 z-stacks from 5 individual hydrogels. Values
represent mean + standard deviation. Figure adapted from [45] with
permission from ACS Publications.

At 1 mM, parental 231s remained highly viable in all three hydrogel
formulations. However, at 4 mM, growing 231s in permissive gel 1 decreased to 86 £+
7% viability while those undergoing restricted survival cellular dormancy in non-
permissive gel 3 remained 100 + 6 % viable and 23 1s undergoing balanced cellular
dormancy in non-permissive gel 2 displayed 92 + 4% viability, compared to their
respective DMSO control conditions (Figure 4.4B). A similar trend was observed at 7
mM, with growing 231s in permissive gel 1 further decreasing to 80 + 2% viability
while cells in both dormant states remained >90% viable (Figure 4.4B). At the highest

concentration tested (10 mM), dormant 231s undergoing in non-permissive gel 3 were
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99 + 49% viable compared to only 75 + 5% for those in the growth state (Figure 4.4B).
No statistically significant differences were measured between 23 1s in either dormant
state (Figure 4.4B). These results indicate that dormant parental 231s remain >90%
viable at all concentrations of 5-FU tested and display greater chemoresistance to 5-

FU than parental 231s in the growth state (Figure 4.4B).

4.3.4 Response to Doxorubicin

A third chemotherapeutic, DOX was also implemented to assess dormant cell
chemoresistance. Based on the 2D studies, DOX had the greatest overall efficacy,
therefore DOX studies were performed on growing and dormant parental 231s, as well
as reactivated 231s to determine if reactivated cells had similar sensitivity to growing
cells in permissive gel 1. Furthermore, this study was also performed on the other cell
lines shown to enter growth, dormancy, and reactivation in chapter 3: 231-derived
organotropic sublines with preferential metastasis to bone (BoM-1833)3%, lung (LM2-

4175)*, or brain (BrM2a-831)* and ER" MCF7s.

104



A Doxorubicin Concentration [mM]
DMSO 0.001 0.050

GE

GEL 2

Parental 231s

GEL 3

Calcein AM

12 Parental 231s 124

Normalized Viability
Normalized Viability

0.100

Bone-tropic

*1Re= 0.997: Gel 1 \ 1 R2=10.904: Gel 1
0.2 R2=0.992: Gel 2 . 0.2 R2=0.963: Gel 2
R2=0.987: Gel 3 R? = 0.994: Gel 3

0.0 0.0

[ —

Scale Bar = 100 ym

12,  Lung-tropic

R?=0.977: Gel 1
R2=0.978: Gel 2

7 6 5 4 3 2
Log [Doxorubicin] (M)

E Brain-tropic
1.2

2101 1

=

© 0.84

s

5 06

&

T %*1 rR2=0.972: Gel 1

€ o] R¥=0.962: Gel 2

S R? = 0.986: Gel 3 .
Z oo Do

. 7 3

6 5 4 2
Log [Doxorubicin] (M)

-n

Normalized Viability

7 6 5 4
Log [Doxorubicin] (M

[N)

o

o
©

o
o

o
~

o
)

o
5}

BGEL1 BGEL2 EGEL3O

{ “] R2=0.973: Gel 3
S 0.0 \_
k) -8

3 7 6 54 3 2
) Log [Doxorubicin] (M)

R2=0.941: Gel 1
R2=0.989: Gel 2
R2=0.961: Gel 3

8 -3 2

-7 -6 -5 -4
Log [Doxorubicin] (M)

Figure 4.5: Chemosensitivity to Doxorubicin. (A) Representative maximum intensity
z-projections from 3D image stacks of live (Calcein AM:green) MDA -
MB-231s (parental 231s) after 15 days in culture followed by 48 h
exposure to doxorubicin at the indicated concentration. Scale bar = 100
um. Dose-response curves for (B) parental 231s and (C) BoM-1833s
(bone-tropic), (D) LM2-4175s (lung-tropic), (E) BrM2-831s (brain-
tropic), and (F) MCF7s. * indicates statistically significant difference
(p<0.05). n=6 z-stacks from 6 individual hydrogels. Values represent
mean + standard deviation. Figure adapted from [41] with permission

from John Wiley and Sons.
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Cells were cultured in each formulation for 15 days to achieve growth or
dormancy. In reactivated cases, dormant cells grown for 15 days were cultured an
additional 7 days after PEG-RGDS incorporation. Cell-laden hydrogels were then
exposed to varying concentrations of DOX for 48 h, labeled for viability, imaged, and

quantified (Figure 4.5).

A 150 B
1 = 150 *
157 s £ = ] —
125 4 T e T e 1251« el
— ] * * — :| :| *
%_100 J |J'|_1 = r‘-'_l * * = 1 r:‘
= ! * Ny 7 =100 A
g X * * ) 1
2 75 4 g o) 3 75 4
p * s
J * g J
d% 50 3 50
w ] S) .
25 A * 25 A
0 - 0 - :
Parent Bone- Lung- Brain- MCF7 Parent ' Bone- ~ Lung- ~ Brain- = MCF7
231 Tropic Tropic Tropic 231  Tropic Tropic Tropic

B GEL1 BMGEL2 BEGEL 3 OREACTIVATED

Figure 4.6: Doxorubicin ECs¢and ICso Values. (A) ECso and (B) ICso values for MDA-
MB-231s (parental), BoM-1833s (bone-tropic), LM2-4175s (lung-
tropic), BrM2-831s (brain-tropic) sublines, and MCF7s. * indicates
statistically significant difference (p<0.05). n=6 z-stacks from 6
individual hydrogels. Values represent mean + standard deviation.
Figure adapted from [41] with permission from John Wiley and Sons.

Overall, dormant populations exhibited increased chemoresistance to DOX
compared to growing populations. For instance, at 0.01 and 0.05 mM, viability
remained 91 £ 2% and 62 £ 5% for dormant parental 231s in non-permissive gel 3 and
82 + 1% and 44 + 3% for growing cells in permissive gel 1 respectively, compared to

their respective DMSO control conditions (Figure 4.5). Increased differences in

106



viability were observed at higher concentrations (0.55, 1.00 mM) where viability was
4-6 times higher for dormant parental 231s compared to those in the growth state
(Figure 4.5). Parental 231s undergoing balanced dormancy in non-permissive gel 2
also displayed higher viability compared to parental 231s in permissive gel 1 over a
range of concentrations, with significant differences observed at 0.05 mM and 0.55
mM (Figure 4.5).

Dose response curves were fit to the viability data for the growth and two
dormant states to quantify ECso and ICso values (Figure 4.5, 4.6), in which higher
concentrations indicate that more of a drug is required to produce the same effect, and
therefore indicates increased chemoresistance. Results confirmed that dormant cells
had increased chemoresistance to DOX for all five cell lines (Figure 4.5, 4.6). These
findings were expected as DOX targets actively proliferating cells and dormant cells
in non-permissive gels 2 and 3 have low proliferation levels. However, we also found
that reactivated cells (with higher proliferation levels similar to permissive gel 1) also
maintained a similar, and in most cases significantly greater, chemoresistance to DOX.
For instance, growing parental 231s in permissive gel 1 had an ECs value of 44.9 +
6.2 uM, while dormant parental 231s in non-permissive gels 2 and 3 had significantly
greater ECso values of 65.5 = 7.7 uM (gel 2) and 82.9 + 14.5 uM (gel 3) (Figure 4.5,
4.6). Interestingly, reactivated parental 231s had an ECso of 113.0 = 15.7 uM, which
was significantly greater than both growing (~2.5-fold increase) and dormant (~1.4-
1.7-fold increase) cells. This suggests that other mechanisms may be involved in
observed chemoresistance.

Both organotropic 231s and MCF7s showed similar trends with significantly

greater ECso values for dormant cells in non-permissive gels 2 and 3 compared to
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growing cells in permissive gel 1, and significantly greater ECso values for reactivated
cells: bone (permissive gel 1: 43.6 £ 7.5 uM, non-permissive gel 2: 65.0 = 6.5 uM,
non-permissive gel 3: 78.5 + 12.3 uM, reactivated: 111.9 + 9.8 uM), lung (permissive
gel 1: 64.5 £ 10.5 uM, non-permissive gel 2: 83.3 £ 2.4 uM, non-permissive gel 3:
92.7 £ 2.4 uM, reactivated: 109.4 £ 5.5 uM), brain (permissive gel 1: 41.4 £ 6.9 uM,
non-permissive gel 2: 54.4 + 1.9 uM, non-permissive gel 3: 77.1 £ 9.8 uM,
reactivated: 115.8 £ 6.2 uM), MCF7s (permissive gel 1: 5.3 + 0.5 uM, non-permissive
gel 2: 13.5 £ 3.1 uM, non-permissive gel 3: 52.7 + 5.2 uM, reactivated: 76.9 9.7
uM). ICso values showed similar trends (Figure 4.5, 4.6).

This data confirms that both dormant and reactivated cells in this platform
exhibit increased chemoresistance. Since this was observed for triple negative parental
231s, derived organotropic sublines, and ER" MCFT7s, it is likely that this increased
resistance is not cell-type dependent. Furthermore, this data also suggests that while
reactivated cells have similar proliferation and viability values to growing cells in
permissive gel 1, reactivated cells have unique characteristics likely due to their

transition into dormancy, or their exit from dormancy and into reactivated growth.

4.3.5 Doxorubicin Intracellular Accumulation

To determine the cause of increased chemoresistance to DOX displayed by
dormant and reactivated parental 23 1s, organotropic sublines, and MCF7s compared
to those in the growth state, we took advantage of DOX autofluorescence!**!% to
quantify intracellular drug accumulation over time!®-!!! (Figure 4.7A,B). After 15 (gel
1, 2, 3) or 22 days (reactivated) in culture, cells were exposed to 0.05 mM DOX for 48
h. Cell-laden hydrogels were imaged throughout the 48 h at varying time points (1, 2,

3,4,5,6, 12,24, 36, 48 h). Mean fluorescence intensity was measured to determine

108



DOX accumulation at each time point (Figure 4.7). From this data, we obtained DOX
intensity over time which was used to calculate accumulation rate (the slope of the
linear region (between 0 to 6 h)). Note, while 231s in the growth formulation appear
invasive after 15 days in culture, they revert to a rounded morphology after 48 h DOX

exposure.
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Figure 4.7: Doxorubicin Intracellular Accumulation. (A) Representative sum intensity
z-projections from 3D image stacks of 0.05 mM doxorubicin in MCF7s
after 1, 6, and 48 h. Scale bar = 100 um. Quantification of doxorubicin
(0.05 mM) accumulation in (B) MDA-MB-231s (parental 231s), (C)
BoM-1833s (bone-tropic), (D) LM2-4175s (lung-tropic), (E) BrM2-831s
(brain-tropic) sublines, and (F) MCF7s over 48 h via fluorescence
intensity. (G) Schematic indicating how accumulation rate was
determined (the slope of the linear portion (0-6 h) from each
accumulation graph). (H) Doxorubicin accumulation rate. * indicates
statistically significant difference (p<0.05). n=6 z-stacks from 6
individual hydrogels. Values represent mean + standard deviation.
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In the parental 231 line, results indicated that DOX accumulated at a greater
rate in growing cells in permissive gel 1 (accumulation rate: 112.8 + 10.1 h™!),
compared to dormant (100.5 + 7.7 h™! (non-permissive gel 2), 97.2 = 9.4 h™! (non-
permissive gel 3) or reactivated cells (76.6 + 1.7 h'!) (Figure 4.7H). Consistent with
chemoresistance results, accumulation rate in reactivated parental 231s was
significantly lower than in dormant or growing cells.

Organotropic sublines had varying results depending on cell line. In bone-
tropic 231s, there was no significant difference in accumulation between dormant and
growing cells, however, DOX did accumulate at a significantly lower rate in
reactivated cells compared to both growing and dormant states (permissive gel 1:
107.6 £ 4.9 h'!, non-permissive gel 2: 102.6 + 5.9 h™!, non-permissive gel 3: 101.4 +
4.0 h'!, reactivated: 86.03 + 5.2 h'") (Figure 4.7H). In lung-tropic 231s, there was only
a significant difference in accumulation rate between growing cells in permissive gel 1
and reactivated cells, with no significant difference between dormant and reactivated
states (permissive gel 1: 102.6 + 13.1 h'!, non-permissive gel 2: 94.0 £ 5.8 h™!, non-
permissive gel 3: 94.3 £ 6.7 h'!, reactivated: 82.6 £+ 6.4 h'!) (Figure 4.7H). Growing
brain-tropic 231s in permissive gel 1 had a significantly greater accumulation rate than
dormant cells in non-permissive gel 3 and reactivated cells (permissive gel 1: 104.5 +
8.1 h'!, non-permissive gel 2: 95.8 + 8.05 h™!, non-permissive gel 3: 94.0 £ 3.6 h™!,
reactivated: 88.4 =4.5 h'l).

Finally, MCF7s showed the greatest differences in accumulation rate with
significant differences observed between each phenotypic state with the greatest
accumulation rate observed in permissive gel 1 (156.5 = 1.7 h!), followed by dormant

cells in non-permissive gel 2 (117.5 £ 4.0 h™!), dormant cells in non-permissive gel 3
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(77.2 £ 4.5 h'"), and reactivated cells (66.3 = 2.5 h™')( Figure 4.6H). Overall, results
show DOX accumulates at greater rate in chemosensitive, growing cells compared to

more chemoresistant dormant and reactivated cells.

4.3.6 Doxorubicin Intracellular Localization

Once we determined that DOX accumulation varied between formulations and
phenotypic state, we aimed to quantify potential differences in the intracellular
distribution. To measure DOX localization, cells were cultured for 15 (gel 1, 2, 3) or
22 days (reactivated), and exposed to 0.05 mM DOX for 48 h. The cells were
counterstained to visualize the nucleus and imaged. To calculate nuclear: cytoplasmic
(NC) ratio, fluorescence intensity measurements of the cytoplasm and nuclei were

made and compared.
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Figure 4.8: Doxorubicin Nuclear and Cytoplasmic Localization. (A) Representative
sum intensity z-projections from 3D image stacks of doxorubicin (0.05
mM) in MDA-MB-231s (parental 231s) after 48 h (nuclei: blue,
doxorubicin: red). Scale bar = 50 um. (B) Quantification of nuclear to
cytoplasmic localization of doxorubicin (0.05 mM, 48h) in MDA-MB-
231s (parent 231), BoM-1833s (bone-tropic), LM2-4175s (lung-tropic),
BrM2a-831s (brain-tropic), and MCF7s cell lines using intensity
measurements of the cell cytoplasm and nucleus. * indicates p < 0.05
determined by a one-way ANOVA. n = 4 z-stacks from four individual
hydrogels. Values represent mean + standard deviation.

Results showed that across all cell lines, there was significantly greater DOX
localization in the nuclei of growing cells in permissive gel 1 compared to dormant or
reactivated cells (Figure 4.8). For instance, parental 231s had an NC ratio of 0.40 +
0.02 in growing cells (permissive gel 1), 0.31 = 0.02 (non-permissive gel 2) or 0.30 +
0.02 (non-permissive gel 3) in dormant cells, and 0.31 £+ 0.01 in reactivated cells
(Figure 4.8B). Organotropic sublines showed similar trends: bone ((growing)
permissive gel 1: 0.43 £ 0.01, (dormant) non-permissive gel 2: 0.32 £+ 0.02, (dormant)

non-permissive gel 3: 0.31 £ 0.02, reactivated: 0.29 + 0.06), lung ((growing)
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permissive gel 1: 0.41 = 0.01, (dormant) non-permissive gel 2: 0.31 &+ 0.02, (dormant)
non-permissive gel 3: 0.30 + 0.05, reactivated: 0.29 £ 0.03), brain ((growing)
permissive gel 1: 0.42 £ 0.05, (dormant) non-permissive gel 2: 0.31 & 0.02, (dormant)
non-permissive gel 3: 0.30 &+ 0.02, reactivated: 0.29 £ 0.02 (Figure 4.8B). In MCF7s,
growing cells in permissive gel 1 (0.53 + 0.02) also had significantly greater nuclear
localization than dormant (non-permissive gel 2: 0.37 £+ 0.03, non-permissive gel 3:
0.29 £+ 0.03) and reactivated cells (0.22 = 0.06)( Figure 4.8B). Additionally, there was
significantly greater nuclear localization in dormant MCF7s in non-permissive gel 2
compared to reactivated cells.

Overall, results show that along with increased accumulation, growing cells in
permissive gel 1 have greater nuclear localization. Since DOX induces DNA damage
and cell death via methods including intercalation into DNA, this data suggests there
is more DNA-bound DOX in 231s in the growth state compared to those undergoing
dormancy or reactivation. This suggests that the chemoresistance displayed by
dormant and reactivated cells may be due to decreased DOX accumulation and nuclear

localization.

4.4 Discussion and Conclusion

An important step toward preventing and treating cancer metastasis and
recurrence includes forming a better understanding of the various factors that induce
and mediate cancer latency and dormancy and mechanisms of chemoresistance
imparted on dormant cells. A significant roadblock in preventing cancer metastasis is
that many current chemotherapeutics fail to effectively treat dormant cells. In chapters
2 and 3, we developed and implemented three hydrogel formulations that induced

distinct phenotypic states (growth, balanced tumor mass dormancy, balanced cellular
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dormancy, and restricted survival cellular dormancy) in triple negative breast cancer
cells, parental 231s and 23 1-derived organotropic lines, and ER " breast cancer cells,
MCF7s, by altering cell-matrix interactions.>**%*! Here, we implemented these
engineered hydrogels to quantify the drug response of dormant cells to commonly
used chemotherapeutics.* While other methods can be used to induce dormancy in
cancer cells, this study particularly focuses on hydrogel induced dormancy.

Control studies were performed in 2D to assess parental 231 drug response to
DOX, PAC, and 5-FU (Figure 4.1). Following the same protocol used for
encapsulation, parental 231s were cultured, serum starved for 48 h, and exposed to
common breast cancer drugs, DOX, PAC, or 5-FU for 48 h. Viability data
demonstrates ICso values of 0.007 and 0.651 uM for DOX and PAC respectively and
ECso values of 0.006, 0.761, and 1.810 uM for DOX, PAC, and 5-FU respectively
(Figure 4.4, 4.5) which are comparable to previously reported values from 2D
studies.! 12114
For 3D studies, parental 231s were cultured for 15 (gel 1, 2, 3) or 22
(reactivated) days and then exposed to DOX, PAC, or 5-FU, for 48 h.!% Viability
assays were conducted to quantify the response to each drug. As expected, parental
231s in 3D were less sensitive to drugs compared to 2D culture. Differences between
2D and 3D systems in the context of drug screening have previously been reviewed!'!®
and it is accepted that 3D drug platforms better represent drug responses observed in
vivo.!'3116 Cells may respond differently to drugs in 3D due to oxygen gradients
similar to those in in vivo tumors, spatial organization of cell surface receptors, matrix
diffusion, and physical constraints that influence gene expression.!!® Differences in

our system may be do physical constraints imparted by the matrix and spatial
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organization of encapsulated cells. However, we do not expect there to be oxygen
gradients or transport limitations since hydrogels are only 500 pm in thickness, which
is below the distance range necessary to form these gradients. Additionally, we expect
no limitations in drug transport as drugs used in these studies are small molecules with
molecular weights ranging from 130 to 854 g/mol. For instance, DOX was estimated
to be <2 nm in diameter using a molecular model.!'” Additionally, molecules of
similar molecular weights do not exceed 2 nm in size.!'® The average mesh size of the
hydrogels, without NVP (permissive gel 1, and non-permissive gel 3) and with NVP
(non-permissive gel 2) was 69 = 5 nm and 55 + 4 nm respectively. Since the drugs
used here were an order of magnitude smaller than the hydrogel mesh size, we
anticipate high levels of diffusion throughout the hydrogel.

Changes in drug response were also observed between parental 231s
undergoing growth, balanced cellular dormancy, and restricted survival dormancy. In
both PAC and 5-FU, dormant parental 231s in either state had significantly higher
viability than those in the growth state. PAC and 5-FU were less effective in reducing
cell viability and therefore required higher concentrations (Figure 4.1-4.4). Even
though all drugs tested were dissolved in minimal DMSO according to solubility, we
were unable to test higher drug doses as higher doses would lead to cytotoxic effects
from DMSO alone and would confound interpretation of the results. Therefore, we
were not able to generate a dose-response curve for these drugs, however, the viability
data demonstrates that parental 231s in either dormant state showed significant
chemoresistance to PAC and 5-FU.

Since DOX had higher efficacy, shown by 2D studies, we investigated DOX

chemosensitivity in growing (permissive gel 1), dormant (non-permissive gels 2 and
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3), and reactivated parental 231s, as well as 231-derived organotropic lines, and
MCF7s. Dose-response curves demonstrated that cells undergoing either form of
dormancy had significantly greater ECso and ICso values compared to growing cells,
for all five cell lines. This indicates that a higher dosage of DOX is required to induce
50% death in dormant cells compared to actively proliferating cells. Furthermore,
reactivated cells had even greater ECso values than both dormant and growing cells for
all 5 cell lines tested. While our ICso and ECso values fall within the range of other 3D
DOX studies, it is worth noting that current ICso and ECso values reported in 3D drug
studies vary significantly in magnitude, due to differences in key factors including
matrix properties, experimental duration, and cell growth rates.* Overall, these results
agree with current data that indicates dormant cells show increased chemoresistance in
vivo and in vitro.'>1%18-2031 This data also serves to further validate the ability to
induce dormant states using engineered hydrogels composed of simple components as
demonstrated here.

All drugs used in these studies target proliferating cells through various
mechanisms. DOX interferes with cell cycle progression by preventing DNA
replication via intercalation and inhibition of topoisomerase II. Additionally, DOX can
be oxidized to a semiquinone radical, that can generate reactive oxygen species
causing DNA damage.'!® PAC disrupts proliferating cells by preventing microtubule
disassembly during mitosis. 5-FU inhibits RNA transcription and interferes with DNA
synthesis.!%120 Cells unable to proliferate due to DNA damage will activate apoptotic
mechanisms during cell cycle check points.'?! Furthermore, cancer cells often have
inhibited or deficient repair mechanisms that prevent them from repairing damaged

DNA.!2? According to the fractional kill theory, a drug will only eliminate those cells
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that pass through the relevant cell cycle phase during drug exposure.'2!1?* Positive
correlations between clinical response of DNA-targeted chemotherapy and rate of
proliferation support this theory.!?!'2* Thus, DOX, and other cancer drugs,
preferentially target proliferating cells and may even kill rapidly dividing cells that are
not cancerous such as blood cells in the bone marrow. Therefore, dormant cells in a
quiescent state (Go-Gi arrest) that are slow cycling, such as those in this study, would
not be susceptible to drug-induced death for drugs that target cell division.'!2!
Dormancy-associated resistance is supported by multiple patient studies that indicate
dormant DTCs are resistant to common forms of chemotherapy. !> Interestingly,
reactivated cells that have proliferation levels similar to chemosensitive growing cells
in permissive gel 1 showed significant chemoresistance exceeding that of growing and
dormant cells, suggesting that DOX chemoresistance may be due to other mechanisms
aside from proliferation levels, including unique gene expression or chemoresistant-
associated proteins (further explored in chapter 5).

Studies that quantify DOX accumulation and localization have been used to
understand chemoresistance mechanisms. To test if drugs accumulated differently in
dormant and reactivated cells compared to those in the growth state, DOX

105-107 ywas implemented to quantify drug accumulation rate!-!!! by

autofluorescence
temporally measuring the intracellular fluorescence intensity (concentration) of DOX
over 48 h. The results indicated significant differences in intracellular accumulation
rate, with significantly lower accumulation rates in chemoresistant dormant and
reactivated cells in all 5 cell lines. These results indicate that drug accumulation

)125

(difference in uptake and efflux)’'~> was greater in growing cells in permissive gel 1.

This suggests that dormant and reactivated 231s may use efflux pumps that actively
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expel DOX out of the cell, similar to known chemoresistant cells. This theory is
further explored in chapter 5.123126 Overall, this data indicates drug accumulation may
play a role in dormant and reactivated cell chemoresistance, at least for DOX.

While drug accumulation can indicate if DOX made it into a cell, translocation
into the nucleus better indicates its chemotherapeutic effect since DOX works by
intercalating into DNA.!?® To measure this, we calculated the NC ratio by measuring
the DOX fluorescence intensity in the nucleus and cytoplasm of each cell using a
nuclear co-stain (Figure 4.7).'2127 Data showed that dormant and reactivated cells had
significantly lower NC ratios, compared to growing cells in permissive gel 1 across all
5 cell lines. This data suggests DOX accumulation along with distribution within the
cell leads to a difference in chemotherapeutic response.

As it is also well-established that dormant DTCs in secondary organs often

display enhanced chemoresistance,'”2%-101:102

the work presented here further validates
that our simple hydrogel platform can be used to induce dormant and reactivated states
in metastatic breast cancer with increased chemoresistance. Such a platform
potentially provides the ability to better understand how dormancy is initiated, the
mechanisms of chemoresistance used by dormant cells, and the ability to screen new
therapeutics. While a multitude of factors can induce dormancy, this platform focuses
solely on the influence of matrix properties with respect to ligand density and
degradability. While the influence of other dormancy inducing factors including
immune responses, hypoxia, nutrient deprivation, soluble factors, and secondary cell
signaling were excluded in this study they could potentially be included in future

studies although additional complexity needs to be carried out in a well-controlled,

well-characterized, and thorough manner to understand their synergistic roles in
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influencing the observed cancer cell response. Similarly, although we focused
exclusively on breast cancer, we speculate that other cancers could be induced to
undergo dormancy, which could be tested in future studies.

Overall, this study builds on the characterization of our hydrogel platform
(chapter 2), and its ability to induce growth, distinct forms of dormancy, and
reactivation (chapter 3) to quantify chemosensitivity and provide valuable insight into
the mechanisms involved in dormancy-associated chemoresistance, aiding in the
ultimate goal to find novel ways to target and eliminate dormant cells to prevent

metastatic relapse.
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Chapter 5

EFFLUX PUMPS IN DORMANT AND REACTIVATED CELL
CHEMORESISTANCE

Sections in this chapter have been adapted from the following articles:

(1) Farino CJ, Pradhan S, Slater JH. The Influence of Matrix-Induced
Dormancy on Metastatic Breast Cancer Chemoresistance. ACS Applied
Biomaterials 2020, 3(9), 5832-5844.

(2) Farino Reyes CJ, Pradhan S, Slater JH. The Influence of Ligand Density
and Degradability on Hydrogel Induced Breast Cancer Dormancy and
Reactivation. Advanced Healthcare Materials 2021, 10(11), 2002227.

5.1 Introduction

It is well-established that metastases originating from many types of primary
cancer (breast, lung, prostate, etc.) undergo periods of latency or dormancy and whose
length depends on a multitude of factors including origin, receptor status, and
microenvironmental properties of the secondary organ infiltrated.*” It is also well-
established that dormant DTCs in secondary organs often display enhanced
chemoresistance.!>?° Since metastasis is one of the leading causes of cancer-
associated morbidity and mortality there is an urgent need for simple platforms that
allow for thorough investigations of how dormancy is induced and maintained. Such
platforms could be beneficial in developing and testing new therapeutic strategies
targeted at eliminating dormant cancer cells or preventing cells from escaping

dormancy.>*!® Although tumor dormancy can be induced in animal models and
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dormant cells isolated,'?®!%” implementation of these models for drug discovery can be
cumbersome due to the difficulty in monitoring their response over time due to
resolution limitations of current in vivo imaging modalities. Accordingly, in vitro
platforms could potentially accelerate therapeutic development assuming that the
cellular responses induced by these platforms are biomimetic enough to recapitulate
important aspects of what occurs in vivo.

Toward this goal, we demonstrated the ability to induce growth, distinct forms
of dormancy and reactivation in the triple negative parental 231s, organotropic
sublines (BoM-1833s (bone-tropic), LM2-4175s (lung-tropic), BrM2a-831s (brain-
tropic), and ER" MCF7s by tuning matrix adhesivity (via RGDS) and degradability
(via NVP) in chapters 2 and 3. “On-demand” reactivation for all 5 cell lines was also
achieved via RGDS incorporation which effectively converted non-permissive gel 3
into permissive gel 1. Once a dormancy and reactivation system were established, this
platform was implemented to quantify dormant and reactivated cell chemoresistance
in chapter 4. Findings indicated that both dormant (in non-permissive gels 2 and 3)
and reactivated cells exhibited increased chemoresistance to DOX, indicated by
significantly greater ECso and ICso values than corresponding growing cells in
permissive gel 1. Insight into this chemoresistance was provided by results that
showed DOX accumulated at a significantly lower rate in chemoresistant dormant (in
non-permissive gels 2 and 3) and reactivated cells. Furthermore, once in the cell, DOX
nuclear localization was significantly decreased in chemoresistant cells, compared to
chemosensitive cells in permissive gel 1, indicated by the NC ratio. This data suggests
that dormant (in non-permissive gels 2 and 3) and reactivated cells attain increased

chemoresistance via reduced DOX accumulation and nuclear localization. With the
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ultimate goal of finding new therapeutic strategies to target and eliminate dormant
cells, this chapter sought to expand on these findings by investigating what drives
these differential levels of DOX transport into and within the cell.

Cancer chemoresistance involves a myriad of mechanisms depending on
multiple factors. Some of the most commonly studied mechanisms include transporter
pumps, tumor suppressor genes, oncogenes, autophagy, mitochondrial alteration,
epithelial-mesenchymal transition (EMT), cancer stemness, and others.'*° Many of
these mechanisms work in conjunction to decrease drug toxicity, including EMT-
related stemness and oncogenes that modulate apoptosis-related genes.!'*° This study
focused on transport pumps, as previous results confirmed that DOX intake correlates
with increased chemoresistance (chapter 4), however future studies that examine the
role of other mechanisms mentioned are of interest.

In particular, ATP-binding cassette (ABC) transporters belong to a superfamily
of proteins involved in extrusion and importing of biomolecules.'*' ABC efflux
proteins have gained interest as studies have established their influence in multidrug
resistance across varying cell types, with particular focus on ABCB1 (P-gp),*64
ABCC1 (MRP1),4 and ABCG2 (BCRP).***! Furthermore, studies that use
inhibitors including tariquidar (3" generation P-gp inhibitor),'*? MK-571 (MRP1
inhibitor),'3* and Ko 143 (BCRP inhibitor)'** have increased drug efficacy both in
vitro and in vivo. However, no studies have investigated the role of these efflux pumps
in dormant and reactivated-cell chemoresistance. To determine if efflux pumps play a
role in dormant and reactivated cell chemoresistance, this study investigated P-gp,
MRPI, and BCRP expression in growing, dormant (in non-permissive gels 2 and 3),

and reactivated parental 231s, organotropic sublines, and MCF7s.
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Results showed expression of all three efflux pumps in all 5 cell lines. In the
parental 231 line, there was significantly greater P-gp expression in dormant parental
231s in non-permissive gel 3, and greater MRP1 and BCRP expression in
chemoresistant dormant (non-permissive gels 2 and 3) and reactivated cells, compared
to growing parental 231s in permissive gel 1. Similar trends were observed in all three
efflux pumps in organotropic sublines, and for P-gp and MRP1 in MCF7s. Based on
these findings, we investigated whether efflux pump inhibition via tariquidar (10 nM
P-gp inhibitor), MK-571 (50 uM MRP1 inhibitor), Ko 143 (10 uM BCRP inhibitor),
or a combination of these inhibitors influenced DOX efficacy in parental 231s, brain-
tropic 231s, and MCF7s via quantification of ECso, accumulation rate, and NC ratio.
Results showed that efflux inhibition significantly decreased ECso values for all cells
in all formulations. Furthermore, combining all inhibitors decreased dormant (non-
permissive gels 2 and 3) and reactivated ECso values to levels significantly lower than
cells in permissive gel 1 for parental 231s, brain-tropic 231s, and MCF7s. These
findings were accompanied by significant increases in DOX accumulation rate and
nuclear localization across all formulations and cell types.

Taken together, this data suggests that dormant and reactivated cells use efflux
pumps, P-gp, MRP1, and BCRP to reduce DOX accumulation rate and nuclear
localization, leading to increased drug resistance. Inhibition of these efflux pumps
significantly increased DOX uptake and nuclear localization and reduced subsequent
ECso values, resulting in significantly greater chemosensitivity than growing cells in
permissive gel 1. This data indicates that inhibiting P-gp, MRP1, and BCRP in

dormant and reactivated breast cancer cells increases drug efficacy, providing a
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potential therapeutic strategy to eliminate dormant and reactivated cells, and

ultimately aid in preventing metastatic relapse.

5.2 Methods

Methods used for PEG Macromer Synthesis and Characterization, Cell
Encapsulation, Reactivation, Statistical Analysis, and measuring PEG-RGDS
incorporation, cell viability, degradation rate, Drug Response to DOX, and DOX

accumulation and localization were performed as described in Chapters 2, 3, and 4.

5.2.1 Quantification of Efflux Pump Protein Expression

After cell-laden hydrogels were cultured for 15 (gel 1, 2, 3) or 22 days
(reactivated), cells were fixed (4% PFA, 30 min), blocked (5% (w/v) BSA, 0.3% (v/v)
Triton X-100 in PBS, 30 min), and incubated overnight with anti-MDR1/ABCB1
primary rabbit antibody (Cell Signaling #13342), anti-MRP1 primary mouse antibody
(abcam #ab24102), or anti-BCRP/ABCG2 primary mouse antibody (abcam
#ab130244) (1:100 in dilution buffer (1% (w/v) BSA, 0.3% (v/v) Triton X-100 in
PBS, 4°C). After a PBS wash (30 min), cells were incubated with a goat anti-rabbit or
anti-mouse IgG-AlexaFluor647 secondary antibody (1:500 in dilution buffer, 2 h in
the dark). Next, cells were incubated with Alexa Fluor 488 Phalloidin (ThermoFisher
C#A12379) (6.6 uM) and 10 ug/mL Hoechst 33342 (nuclei) in PBS (30 min). Labeled
cells were stored in PBS at 4°C. Imaging was performed as described in section 3.2.2.
To quantify protein expression, a sum z-projection was acquired from each z-stack and
the mean fluorescence intensity of each projection was measured accounting for
background noise as described in chapter 3. Using the Hoechst nuclear counterstain,

the total number of cells were counted and used to obtain mean fluorescence (AU) for
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P-gp, MRP1, and BCRP for each cell line in each gel type. Measurements were
obtained from a minimum of 6 z-stacks from 6 individual hydrogels for each

experimental condition.

5.2.2 Efflux Inhibition in Doxorubicin Drug Studies

DOX stock solutions were prepared as described in chapter 4. In experiments
involving efflux inhibition, SmM stock solutions of P-gp inhibitor (tariquidar
dihydrochloride (Tocris #5757)), MRP1 inhibitor (MK 571 (Tocris #2338)), and
BCRP inhibitor (Ko 143 (Tocris #3241) were prepared in DMSO. Stock solutions
were diluted in media to desired concentrations (P-gp inhibitor (10 nM), MRP1
inhibitor (50 uM), and BCRP inhibitor (10 uM)). At day15 or 22, cell-laden hydrogels
were incubated with each inhibitor or a cocktail of inhibitors for 24 h.

For dose-response experiments, cells were next exposed to varying
concentrations of DOX (0.001, 0.01, 0.05, 0.1, 0.55, 1 mM) dosed with each inhibitor
condition for 48 h, rinsed, labeled, and analyzed as described in chapter 4. To measure
DOX accumulation or localization, cells were exposed to 0.05 mM DOX dosed with
each inhibitor condition for 48 h. Accumulation was then measured over 48 h as
described in chapter 4, and localization was measured as described in chapter 4.
Measurements were obtained from a minimum of 6 z-stacks from 6 individual

hydrogels for each experimental condition.

5.3 Results

5.3.1 Efflux Pump (P-gp, MRP1, BCRP) Expression
Based on the findings that chemoresistant dormant and reactivated cells

display lower levels of DOX accumulation and nuclear localization (described in
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chapter 4), we were interested in determining if efflux pump expression played a role
in breast cancer cell chemosensitivity. To first determine if the cells in our system
expressed efflux pumps, cells were grown to day 15 (gel 1, 2, 3) or 22 (reactivated),
fixed, and labeled for chemoresistance-associated efflux pumps P-gp, MRP1, or
BCRP. Cell nuclei and cytoskeleton were also labeled. Efflux pump expression was

measured by quantifying fluorescence intensity per cell (AU).
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Figure 5.1: Efflux Pump Expression in Dormant and Reactivated Parental 231s.
Representative sum intensity z-projections from 3D image stacks of
MDA-MB-231s (parental 231s) that were cultured in each hydrogel
formulation, fixed, and fluorescently labeled for (A) P-gp, (B) MRP1, or
(C) BCRP (red), phalloidin (F-actin: green), and counterstained with
Hoechst (nuclei: blue). Scale bar = 100 um.
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Figure 5.2: Efflux Pump Expression in Dormant and Reactivated MCF7s.
Representative sum intensity z-projections from 3D image stacks of
MCFT7s that were cultured in each hydrogel formulation, fixed, and
fluorescently labeled for (A) P-gp, (B) MRP1, or (C) BCRP (red),
phalloidin (F-actin: green), and counterstained with Hoechst (nuclei:
blue). Scale bar = 100 um.

Results showed that dormant parental 231s in non-permissive gel 3 expressed

significantly greater levels of P-gp compared to all other formulations (permissive gel
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1: 0.24 + 0.06, non-permissive gel 2: 0.29 + 0.07, non-permissive gel 3: 0.53 + 0.20,
reactivated: 0.24 £ 0.05) (Figure 5.1, 5.6). When quantifying MRP1 expression, we
found that there was significantly greater MRP1 expression in chemoresistant dormant
(non-permissive gel 2: 0.71 £ 0.15, non-permissive gel 3: 0.93 + 0.23) and reactivated
cells (1.88 £ 0.21), compared to chemosensitive, growing cells in permissive gel 1
(0.15 £ 0.04) (Figure 5.6). The same trend was observed for BCRP expression, with
dormant cells in non-permissive gel 3 having the highest BCRP levels (permissive gel
1: 0.27 £ 0.06, non-permissive gel 2: 1.22 + 0.23, non-permissive gel 3: 3.12 + 0.65,
reactivated: 1.42 £ 0.26) (Figure 5.6).

In organotropic lines, greater levels of efflux pump expression in
chemoresistant dormant and reactivated cells were also observed (Figure 5.2-5.6). For
instance, bone-tropic 231s had P-gp expression levels of 0.29 + 0.12 ((growing)
permissive gel 1), 0.73 + 0.15 ((dormant) non-permissive gel 2), 1.04 £ 0.31
((dormant) non-permissive gel 3), and 0.67 £+ 0.05 (reactivated). Bone-tropic MRP1
expression was 0.23+ 0.07 ((growing) permissive gel 1), 1.05 £ 0.15 ((dormant) non-
permissive gel 2), 1.10 + 0.14 ((dormant) non-permissive gel 3), and 0.81 £ 0.07
(reactivated)), with significantly greater MRP1 expression in dormant cells, followed

by reactivated cells, compared to growing cells in permissive gel 1.
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Figure 5.3: Efflux Pump Expression in Dormant and Reactivated Brain-tropic cells.
Representative sum intensity z-projections from 3D image stacks )
BrM2-831s (brain-tropic) sublines that were cultured in each hydrogel
formulation, fixed, and fluorescently labeled for (A) P-gp, (B) MRP1, or
(C) BCRP (red), phalloidin (F-actin: green), and counterstained with
Hoechst (nuclei: blue). Scale bar = 100 um.
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Figure 5.4: Efflux Pump Expression in Dormant and Reactivated Bone-tropic cells.
Representative sum intensity z-projections from 3D image stacks ) BoM-
1833s (bone-tropic) sublines that were cultured in each hydrogel
formulation, fixed, and fluorescently labeled for (A) P-gp, (B) MRP1, or
(C) BCRP (red), phalloidin (F-actin: green), and counterstained with
Hoechst (nuclei: blue). Scale bar = 100 um.
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Figure 5.5: Efflux Pump Expression in Dormant and Reactivated Lung-tropic cells.
Representative sum intensity z-projections from 3D image stacks ) LM2-
4175s (lung-tropic) sublines that were cultured in each hydrogel
formulation, fixed, and fluorescently labeled for (A) P-gp, (B) MRP1, or
(C) BCRP (red), phalloidin (F-actin: green), and counterstained with
Hoechst (nuclei: blue). Scale bar = 100 um.
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BCRP was also expressed in significantly lower amounts in growing bone-
tropic cells ((growing) permissive gel 1: 0.35 £ 0.08, (dormant) non-permissive gel 2:
0.68 = 0.12, (dormant) non-permissive gel 3: 0.86 & 0.09, reactivated: 0.63 £ 0.17).
Similar trends were observed for lung-tropic P-gp ((growing) permissive gel 1: 0.26 +
0.05, (dormant) non-permissive gel 2: 0.89 = 0.13, (dormant) non-permissive gel 3:
1.01 £ 0.13, reactivated: 0.65 £ 0.01), MRP1 ((growing) permissive gel 1: 0.23 +
0.06, (dormant) non-permissive gel 2: 0.57 = 0.07, (dormant) non-permissive gel 3:
0.91 + 0.10, reactivated: 0.94 £+ 0.05), and BCRP expression ((growing) permissive gel
1: 0.25 £ 0.07, (dormant) non-permissive gel 2: 0.90 £ 0.07, (dormant) non-permissive
gel 3: 0.99 £ 0.11, reactivated: 0.62 + 0.12), as well as brain-tropic P-gp ((growing)
permissive gel 1: 0.27 = 0.10, (dormant) non-permissive gel 2: 0.84 &+ 0.17, (dormant)
non-permissive gel 3: 0.83 + 0.14, reactivated: 0.55 £ 0.09), MRP1 ((growing)
permissive gel 1: 0.24 £ 0.04, (dormant) non-permissive gel 2: 0.75 + 0.11, (dormant)
non-permissive gel 3: 0.98 £ 0.15, reactivated: 0.74 + 0.08), and BCRP expression
((growing) permissive gel 1: 0.28 £ 0.08, (dormant) non-permissive gel 2: 0.78 £ 0.15,

(dormant) non-permissive gel 3: 0.77 = 0.10, reactivated: 0.48 + 0.08).

134



A B C
Bone-Tropic Luna-Tronic
_ 6 _ _ 6 _ —_— = _ 6 _ == "~Tvr>
© 1 © 1 © 1
95 g5 g5
24 247 247
g g . g .
ﬁ 31 i 31 » ) ﬁ 31 Y/ l_,_l* '_r—'*
22 224 L. g0 e, 5§21 o * *
2 2 1 A = ora
o1 4 01 4 = 01
S 1 S S ."D ii' i.'|j
T 0 A T 0 A 0 -
Pgp MRP1 BCRP Pgp  MRP1 BCRP Pgp  MRP1 BCRP
D . . E
6 Brain-Tropic 6 - MCF7s

) A

Q5 5 1

= =2

24 24 1

g & ]

£ 3 A * £ 3 A *

g 4 X % g 1 1 "

IR S R

o1 4 - 21

o ] o 1

> =)

D_Aan MDDA1 RODD D_Aan MDDA1 RCODRD
Pgp  MRP1 BCRI Pgp  MRP1 BCRI

EGEL1 HGEL2 BGEL 3 OREACTIVATED

Figure 5.6: Efflux Pump Quantification in Dormant and Reactivated Cells.
Quantification of efflux pump (P-gp, MRP1, BCRP) expression by
measuring fluorescent per cell in (A) MDA-MB-231s (parental 2315s),
(B) BoM-1833s (bone-tropic), (C) LM2-4175s (lung-tropic), (D) BrM2a-
831s (brain-tropic), and (E) MCF7s. * indicates p < 0.05 determined by a
one-way ANOVA. n = 6 z-stacks from six individual hydrogels.

In MCF7s, P-gp expression was significantly higher in chemoresistant dormant
and reactivated cells ((growing) permissive gel 1: 0.46 £+ 0.07, (dormant) non-
permissive gel 2: 0.63 + 0.07, (dormant) non-permissive gel 3: 0.95 + 0.07,
reactivated: 0.96 + 0.14), and MRP1 expression was significantly higher in dormant
cells in non-permissive gel 3 and reactivated cells ((growing) gel 1: 0.89 + 0.13,
(dormant) non-permissive gel 2: 0.67 = 0.21, (dormant) non-permissive gel 3: 0.98 +
0.12, reactivated: 0.98 + 0.21) (Figure 5.6). Interestingly, no significant differences

were observed in BCRP expression between growing, dormant, and reactivated
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MCF7s ((growing) permissive gel 1: 0.49 £ 0.21, (dormant) non-permissive gel 2:
0.56 £ 0.12, (dormant) non-permissive gel 3: 0.58 &+ 0.11, reactivated: 0.55 £ 0.10).
Overall, these results indicate that chemoresistant dormant and reactivated
cells express greater levels of efflux pumps P-gp, MRP1, and BCRP compared to
chemosensitive cells in permissive gel 1. This suggests that efflux pump expression
may play a role in observed chemoresistance to DOX and decreased accumulation and

nuclear localization.

5.3.2 Influence of P-gp, MRP1, BCRP Inhibition in Doxorubicin
Chemosensitivity

To determine if differential efflux pump, P-gp, MRP1, or BCRP, expression
played a role in dormant and reactivated-cell chemoresistance, we investigated drug
response after efflux pump inhibition in parental 231s, a representative organotropic
line (brain-tropic), and MCF7s. Inhibitors were added to cell-laden hydrogels for 24 h
after 15 or 22 days in culture: P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50
uM MKS571), or BCRP inhibitor (10 uM Ko 143). Cells were then exposed to varying
concentrations of DOX with either P-gp inhibitor, MRP1 inhibitor, BCRP inhibitor, or
a combination of all three (P-gp+MRP1+BCRP inhibitor) for 48 h. Since MCF7s did
not show differential BCRP expression, these cells were only exposed to P-gp
inhibitor, MRP1 inhibitor, or a combination (P-gp+MRP1 inhibitor). After 48 h, cells
were rinsed, labeled for viability, imaged, and analyzed to obtain dose-response curves
(Figure 5.7) and ECso and ICso values. To confirm, efflux pump inhibition did not
influence viability, preliminary studies that compared the number of viable cells with

media to those with inhibitor (no DOX) were conducted and indicate no significant
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difference, indicating that efflux pump inhibition alone did not influence cell viability

(Figure 5.7).
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Figure 5.7: Influence of Efflux Inhibition on Cell Viability. Average viable cell
number of encapsulated MDA-MB-231s present when exposed to media
with + 1%DMSO (control), P-gp inhibitor (10 nM tariquidar), MRP1
inhibitor (50 uM MK571), BCRP inhibitor (10 uM Ko 143), or a
combination of all three inhibitors. Results indicate that efflux inhibition
has no significant impact in viable cell number. n=6 z-stacks from 6
individual hydrogels. Values represent mean + standard deviation.

In the parental 231 line, P-gp inhibition increased chemosensitivity and
significantly decreased ECso values of cells undergoing growth in permissive gel 1
from 44.8 £ 4.2 t0 9.5 £ 0.8 uM (~5-fold decrease), cells undergoing dormancy in
non-permissive gel 2 from 67.1 + 16.2 to 38.4 + 6.3 uM (~2-fold decrease), cells
undergoing dormancy in non-permissive gel 3 from 89.1 + 12.4 to 32.7 + 6.3 uM (~3-
fold decrease), and reactivated cells from 113.0 + 16.0 to 23.5 + 2.3 uM (5-fold
decrease) (Figure 5.8-5.9). However, dormant (non-permissive gels 2 and 3) and

reactivated parental 23 1s maintained some chemoresistance compared to cells in the
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growth state, with significantly higher ECso values compared to growing cells in
permissive gel 1. MRP1 inhibition decreased ECso values to 24.3 + 11.4 uM
(permissive gel 1),16.0 £ 5.0 uM (non-permissive gel 2), 12.2 + 2.9 uM (non-
permissive gel 3), and 5.8 £ 1.1 uM (reactivated). Furthermore, MRP1 inhibition
increased dormant cell (non-permissive gels 2 and 3) chemosensitivity, with
significantly lower ECso values for dormant and reactivated cells compared to cells in
the growth state. BCRP inhibition led to similar results and dropped ECso values to
13.3 £ 1.5 uM (permissive gel 1), 7.4 = 0.7 uM (non-permissive gel 2), 1.1 + 0.4 uM
(non-permissive gel 3), and 5.6 £ 0.7 uM (reactivated). Inhibiting P-gp, MRP1, and
BCRP had the greatest effect, dropping ECso values to 4.2 + 1.1 uM (permissive gel 1,
~11-fold decrease), 0.4 + 0.1 uM (non-permissive gel 2, ~170-fold decrease), 1.1 +
0.5 uM (gel 3, ~81-fold decrease), and 1.4 £+ 0.3 uM (reactivated, ~81-fold decrease).
Furthermore, inhibition of all three efflux pumps increased dormant (non-permissive
gels 2 and 3) and reactivated cell chemosensitivity to the extent that growing 231s in
permissive gel 1 had a significantly greater ECso, rendering them less chemosensitive

than dormant and reactivated parental 231s due to efflux pump inhibition.
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Figure 5.8: Doxorubicin Dose-Response Curves in Dormant and Reactivated Cells.

Doxorubicin dose-response curves for (A-D) MDA-MB-231s (parental),
(E-H) BrM2a-831s (brain-tropic), or (I-K) MCF7s with no inhibitor, P-
gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50 uM MK571), BCRP
inhibitor (10 uM Ko 143), or a combination of all inhibitors. n=6 z-
stacks from 6 individual hydrogels. Values represent mean =+ standard

deviation.
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In brain-tropic 231s, P-gp inhibition decreased ECso values from 44.9 + 6.2 to
22.9 £ 3.0 uM in permissive gel 1, 65.5 + 7.7 to 6.9 = 0.7 uM in non-permissive gel 2,
85.7+14.4t0 11.2 + 2.0 uM in non-permissive gel 3, and 113.0 £ 15.7t0 5.6 £ 0.7
UM in reactivated cells, with significantly lower ECs values for dormant (non-
permissive gels 2 and 3) and reactivated cells compared to growing cells in permissive
gel 1, indicating greater chemosensitivity (Figure 5.8-5.10). Similar trends were
observed with MRP1 (ECso: permissive gel 1: 11.8 + 1.2 uM, non-permissive gel 2:
7.2 = 1.2 uM, non-permissive gel 3: 8.3 + 0.5 uM, reactivated: 17.0 = 1.3 uM), and
BCRP inhibition (ECso: permissive gel 1: 25.0 = 3.0 uM, non-permissive gel 2: 21.7 £
1.4 uM, non-permissive gel 3: 28.2 + 1.4 uM, reactivated: 21.6 + 4.9 uM). Inhibition
of all three efflux pumps resulted in a ~17-fold (permissive gel 1 ECso: 2.7 = 0.6 uM),
~26-fold (non-permissive gel 2 ECso: 2.5 £ 0.5 uM), ~61-fold (non-permissive gel 3
ECso: 1.4 + 0.4 uM), and ~40-fold decrease (reactivated ECso: 2.3 = 0.3 uM) in ECso

values.
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Figure 5.9: Influence of Efflux Pump Inhibition in Doxorubicin Chemosensitivity of
Dormant and Reactivated Cells. (A) Representative maximum intensity
z-projections from 3D image stacks of live (Calcein AM:green) MDA-
MB-231s (parental 231s) after 15 days in culture followed by 48 h
exposure to 0.05 mM doxorubicin with no inhibitor, P-gp inhibitor (10
nM tariquidar), MRP1 inhibitor (50 pM MK571), BCRP inhibitor (10
uM Ko 143), or a combination of all three. Scale bar = 100 um.
Calculated ECso values for (B) MDA-MB-231s (parental), (C) BrM2-
831s (brain-tropic), or (D) MCF7s with no inhibitor or the indicated
inhibitor. * indicates statistically significant difference (p<0.05). n=6 z-
stacks from 6 individual hydrogels. Values represent mean + standard
deviation.

P-gp inhibition in MCF7s dropped ECso values from 6.3 £2.1to 1.3 + 0.2 uM
in permissive gel 1, 13.9 £3.4 to 11.3 £ 2.1 uM in non-permissive gel 2, 60.4 + 11.8
to 8.0 = 1.0 uM in non-permissive gel 3, and 76.9 + 9.7 to 7.8 = 1.5 uM in reactivated
cells (Figure 5.8-5.10). However, dormant (non-permissive gels 2 and 3), and
reactivated cells maintained significantly higher chemoresistance compared to
growing cells in permissive gel 1 with P-gp inhibition. Dormant and reactivated cell
chemoresistance was also sustained during MRP1 inhibition (permissive gel 1: 4.5 £
2.0 uM, non-permissive gel 2: 13.2 £ 2.8 pM, non-permissive gel 3: 30.8 = 9.1 uM,
reactivated: 42.6 £ 7.8 uM). However, inhibition of both P-gp+MRP1 dropped ECso
values to 1.7 = 0.4 uM (permissive gel 1), 0.5 £ 0.1 uM (non-permissive gel 2), 0.6 +
0.1 uM (non-permissive gel 3), 1.0 = 0.2 uM (reactivated). In addition to increasing
overall DOX efficacy, P-gp+MRP1 inhibition increased dormant (non-permissive gels
2 and 3) and reactivated cell chemosensitivity to levels exceeding chemosensitivity of

growing cells in permissive gel 1.
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Figure 5.10: Influence of Efflux Pump Inhibition on Doxorubicin Chemosensitivity of
Dormant and Reactivated Brain-tropic and MCF7s. Representative
maximum intensity z-projections from 3D image stacks of live (Calcein
AM:green) (A) BrM2-831s (brain-tropic) and (B) MCF7s after 15 days
in culture followed by 48 h exposure to 0.05 mM doxorubicin with no
inhibitor, P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50 uM
MKJ571), BCRP inhibitor (10 uM Ko 143), or a combination of all three.
Scale bar = 100 pm.
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Taken together, this data demonstrates that inhibiting efflux pumps P-gp,
MRP1, and BCRP increased DOX efficacy by significantly reducing ECso values.
Additionally, inhibiting these pumps diminished dormant (non-permissive gels 2 and
3) and reactivated cell chemoresistance compared to permissive gel 1, suggesting that
dormant and reactivated cells may use efflux pumps to avoid drug-induced

cytotoxicity.

5.3.3 Influence of P-gp, MRP1, BCRP Inhibition in Doxorubicin Accumulation
To determine if efflux pump inhibition increased DOX chemosensitivity by
altering intracellular DOX accumulation, after 15 or 22 days in culture, P-gp inhibitor
(10 nM tariquidar), MRP1 inhibitor (50 uM MKS571), BCRP inhibitor (10 uM Ko
143), or a combination of all three were added to the hydrogels in media. As noted
earlier, BCRP inhibition was not performed on MCF7s. After 24 h, 0.05 mM DOX
with each inhibitor condition was added and accumulation was measured at varying
time points (1, 2, 3,4, 5, 6, 12, 24, 36, 48 h) over 48 h as described in chapter 4
(Figure 5.11-5.13). The accumulation rate was calculated as the linear slope of the

accumulation over time plot.
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Figure 5.11: Doxorubicin Accumulation on Parental 23 1s. Quantification of
doxorubicin (0.05 mM) accumulation in MDA-MB-231s (parental 2315s)
with (A) no inhibitor, (B) P-gp inhibitor (10 nM tariquidar), (C) MRP1
inhibitor (50 uM MK571), (D) BCRP inhibitor (10 uM Ko 143), or (E) a
combination of all three inhibitors over 48 h via fluorescence intensity.
Value represent mean + standard deviation.
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Figure 5.12: Doxorubicin Accumulation on Brain-tropic Cells. Quantification of
doxorubicin (0.05 mM) accumulation in BrM2a-831s (brain-tropic) with
(A) no inhibitor, (B) P-gp inhibitor (10 nM tariquidar), (C) MRP1
inhibitor (50 uM MK571), (D) BCRP inhibitor (10 uM Ko 143), or (E) a
combination of all three inhibitors over 48 h via fluorescence intensity.
Value represent mean + standard deviation.
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(0.05 mM) accumulation in MCF7s with (A) no inhibitor, (B) P-gp

inhibitor (10 nM tariquidar), (C) MRP1 inhibitor (50 uM MKS571), or (D)
a combination of both inhibitors over 48 h via fluorescence intensity.

Value represent mean + standard deviation.

Results showed that P-gp inhibition increased the DOX accumulation rate from
112.8 £10.1 to 515.77 £ 51.8 h'! in permissive gel 1 (~5-fold increase),100.5 + 7.7 to
428.4 + 33.6 h'! in non-permissive gel 2 (~4-fold increase), 97.2 + 9.4 to 513.5 + 38.7
h™! in non-permissive gel 3 (~5-fold increase), and 76.63 + 1.7 to 645.3 + 949 h! in

reactivated parental 231s (~8-fold increase) (Figure 5.11, 5.14, 55.15). Accumulation
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rate in reactivated parental 231s was significantly greater than both dormant (non-
permissive gels 2 and 3) and growing cells (permissive gel 1) with P-gp inhibition.
MRPI1 (permissive gel 1: 570.7 + 47 h'! (~5-fold increase), non-permissive gel 2:
825.2 +39.5 h'! (~8-fold increase), non-permissive gel 3: 662.9 + 88.2 h™! (~7-fold
increase), reactivated: 696.6 + 113.3 h™! (~9-fold increase)), and BCRP inhibition
(permissive gel 1: 463.8 = 35.5 h'! (~4-fold increase), non-permissive gel 2: 791.6 +
80.6 h'! (~8-fold increase), non-permissive gel 3: 541.4 + 84.7 h™! (~6-fold increase),
reactivated: 484.9 = 61.0 h'! (~6-fold increase)) also increased accumulation rates
significantly (Figure 5.11, 5.14). Interestingly dormant cells in non-permissive gel 2
had the greatest accumulation rate in both conditions. Combining all three inhibitors
further increased the accumulation rate to 484.3 + 40.0 h™! (permissive gel 1) (~4-fold
increase), 453 = 73.1 h! (non-permissive gel 2) (~4-fold increase), 678.7 = 101.6 h!
(non-permissive gel 3) (~7-fold increase), and 497.52 + 50.5 h™! (reactivated) (~6-fold
increase). Furthermore, dormant cells in non-permissive gel 3 had the greatest
accumulation rate, while all other conditions showed no significant difference in the
accumulation rate under P-gp+MRP1+BCRP inhibition.

Similar trends were observed in brain-tropic 231s with significant increases in
accumulation rates via P-gp inhibition (permissive gel 1: 378.4 +39.9 h™! (~3-fold
increase), non-permissive gel 2: 487.5 + 77.7 h'! (~5-fold increase), non-permissive
gel 3: 340.7 + 17.9 h'! (~4-fold increase), reactivated: 553.0 + 64.5 h™! (~7-fold
increase)), MRP1 inhibition (permissive gel 1: 460.3 + 16.5 h™! (~4-fold increase),
non-permissive gel 2: 422.2 + 56.8 h™! (~4-fold increase), non-permissive gel 3: 329.6
+33.9 h'! (~4-fold increase), reactivated: 497.0 + 11.8 h'! (~6-fold increase)), BCRP

inhibition (permissive gel 1: 509.9 + 40.1 h'! (~5-fold increase), non-permissive gel 2:
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664.5 = 32.1 h'! (~7-fold increase), non-permissive gel 3: 591.0 + 50.5 h! (~6-fold
increase), reactivated: 494.7 + 60.1 h'! (~6-fold increase)), and P-gp+MRP1+BCRP
inhibition (permissive gel 1: 420.5 +22.2 h'! (~4-fold increase), non-permissive gel 2:
510.5 £46.1 h'! (~5-fold increase), non-permissive gel 3: 525.0 + 65.0 h™! (~6-fold
increase), reactivated: 444.7 + 45.7 h'! (~6-fold increase)) (Figure 5.12, 5.14, 5.15).
Furthermore, inhibition of all three efflux pumps, led to significantly greater
accumulation rate in dormant brain-tropic cells (non-permissive gels 2 and 3)

compared to growing (permissive gel 1) and reactivated cells.
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Figure 5.14: Influence of Efflux Pump Inhibition on Doxorubicin Accumulation and
Localization in Dormant and Reactivated Cells. Quantification of
doxorubicin (0.05 mM) accumulation rate in (A) MDA-MB-231s
(parental 231s), (C) BrM2-831s (brain-tropic) sublines, and (E) MCF7s
with no inhibitor, P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50
uM MK571), BCRP inhibitor (10 pM Ko 143), or a combination of all
inhibitors over 48 h via fluorescence intensity. Quantification of nuclear
to cytoplasmic localization of doxorubicin (0.05 mM, 48h) in (B) MDA-
MB-231s (parental 231s), (D) BrM2-831s (brain-tropic) sublines, and (F)
MCF7s with no inhibitor, P-gp inhibitor (10 nM tariquidar), MRP1
inhibitor (50 uM MKS571), BCRP inhibitor (10 uM Ko 143), or a
combination of all inhibitors over 48 h via fluorescence intensity. *
indicates p < 0.05 determined by a one-way ANOVA.n=6
(accumulation) or 4 (localization) z-stacks from six individual hydrogels
in (A, C, E) Values represent mean + standard deviation.

In MCF7s, P-gp inhibition increased accumulation rate by ~3-fold in cells in
the growth state cultured in permissive gel 1 (290.1 + 52.8 h™"), ~5-fold in non-
permissive gel 2 (537.9 = 22.2 h'!), ~7-fold in non-permissive gel 3 (713.4 +49.6 h'!),
and ~9-fold in reactivated cells (714.5 + 84.6 h'!) (Figure 5.12-5.14). Additionally, P-
gp inhibition led to significantly greater accumulation rates in dormant (non-
permissive gels 2 and 3) and reactivated cells compared to growing cells in permissive
gel 1. MRP1 inhibition further increased accumulation rate in permissive gel 1 by ~6-
fold (718.3 £ 58.1 h!) and led to similar increases in non-permissive gel 2 (~6-fold
increase, 593.6 = 44.5 h'!), non-permissive gel 3 (~7-fold increase, 728.9 + 60.6 h™'),
and reactivated cells (~8-fold increase, 616.6 £+ 45.9 h™"). Finally, inhibition of both P-
gp+MRP1 led to significantly higher accumulation rates in dormant cells in non-
permissive gel 3 (~10-fold increase, 951.0 = 26.9 h'!) and reactivated cells (~11-fold

increase 884.4 + 54.8 h'!), compared to growing cells in permissive gel 1 (~6-fold
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increase, 640.4 = 50.3 h'!), and dormant cells in non-permissive gel 2 (~6-fold
increase, 599.3 £ 45.4 h'!).

Taken together, this data indicates that efflux pump inhibition significantly
increases both chemosensitivity to DOX and DOX accumulation rate in parental 231s,
brain-tropic 231s, and MCF7s. This suggests that dormant and reactivated cells attain
chemoresistance via efflux pumps that expel DOX out of the cell, and inhibiting this

process significantly increases drug efficacy.
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Figure 5.15: Fold-Change in Doxorubicin Accumulation and Localization in Dormant
and Reactivated Cells with Efflux Pump Inhibition. (A, C, E) Fold-
change in accumulation rate and (B, D, F) nuclear: cytoplasmic intensity
ratio of MDA-MB-231s (parent 231), BrM2a-831s (brain-tropic), and
MCF7s with P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50 uM
MKJ571), BCRP inhibitor (10 uM Ko 143), or a combination of all
inhibitors with 0.05 mM doxorubicin over 48 h, normalized to no
inhibitor. * indicates p < 0.05 determined by a one-way ANOVA.n=6
(accumulation) or 4 (localization) z-stacks from individual hydrogels.
Values represent mean + standard deviation.
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5.3.4 Influence of P-gp, MRP1, BCRP Inhibition in Doxorubicin Localization

As shown in chapter 4, nuclear localization is significantly higher in growing
cells in permissive gel 1 compared to dormant (non-permissive gels 2 and 3) and
reactivated cells for all cell lines tested. To determine if efflux pump inhibition altered
DOX localization to the nucleus, cells were exposed to each inhibitor (P-gp inhibitor
(10 nM tariquidar), MRP1 inhibitor (50 uM MK571), BCRP inhibitor (10 uM Ko
143), or a combination of all three) for 24 h, followed by 0.05 mM of DOX+inhibitor
for 48 h. Nuclear and cytoplasmic DOX intensity was then measured and compared to
determine NC ratio as described in chapter 4.

In parental 231s, results indicate that P-gp, MRP1, BCRP, and P-
gp+MRP1+BCRP inhibition significantly increased NC ratio for all formulations
(Figure 5.14, 5.15). For instance, P-gp inhibition increased the NC ratio from 0.40 +
0.02 to 0.47 £ 0.04 in permissive gel 1, 0.31 = 0.02 to 0.51 = 0.03 in non-permissive
gel 2,0.30 £0.02 to 0.56 = 0.01 in non-permissive gel 3, and 0.31 £0.01 to 0.54 +
0.03 in reactivated cells, resulting in significantly higher nuclear localization in
dormant cells in non-permissive gel 3 and reactivated cells, compared to growing and
dormant cells in non-permissive gel 2. Under MRP1 (permissive gel 1: 0.50 £ 0.04,
non-permissive gel 2: 0.51 £ 0.05, non-permissive gel 3: 0.55 + 0.04, reactivated: 0.48
+ 0.04) and BCRP inhibition (permissive gel 1: 0.53 £ 0.04, non-permissive gel 2:
0.47 + 0.03, non-permissive gel 3: 0.52 + 0.04, reactivated: 0.50 £+ 0.04) NC ratios also
increased to the extent that there were no significant differences between growing
(permissive gel 1), dormant (non-permissive gels 2 and 3), and reactivated cells.
Inhibiting all three efflux pumps, went beyond increasing nuclear localization levels in
dormant and reactivated cells to that of growing cells; instead, dormant (non-

permissive gels 2 and 3) and reactivated cells displayed significantly greater NC ratios
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than growing cells in permissive gel 1 (permissive gel 1: 0.51 = 0.01, non-permissive
gel 2: 0.57 £ 0.03, non-permissive gel 3: 0.59 £ 0.02, reactivated: 0.59 = 0.04).

Brain-tropic cells showed similar trends, with P-gp, MRP1, BCRP, and P-
gp+MRP1+BCRP inhibition all increasing NC ratios and leading to no significant
differences between growing, dormant (non-permissive gels 2 and 3), and reactivated
cells: P-gp inhibition: permissive gel 1: 0.51 £ 0.04, non-permissive gel 2: 0.48 + 0.04,
non-permissive gel 3: 0.48 + 0.03, reactivated: 0.53 £ 0.04, MRP1 inhibition:
permissive gel 1: 0.51 = 0.07, non-permissive gel 2: 0.56 = 0.02, non-permissive gel 3:
0.50 £ 0.02, reactivated: 0.52 + 0.03, BCRP inhibition: permissive gel 1: 0.50 &+ 0.03,
non-permissive gel 2: 0.53 £+ 0.03, non-permissive gel 3: 0.56 + 0.04, reactivated: 0.52
+ 0.03, combo: permissive gel 1: 0.54 = 0.03, non-permissive gel 2: 0.57 £+ 0.05, non-
permissive gel 3: 0.56 + 0.04, reactivated: 0.56 + 0.03 (Figure 5.14, 5.15).

MCF7s had the greatest difference in NC ratio with significant differences
observed both between growing (permissive gel 1: 0.53 &+ 0.02), dormant (non-
permissive gel 2: 0.37 + 0.03, non-permissive gel 3: 0.29 + 0.03), and reactivated
MCF7s (0.22 £ 0.06), as well as between dormant cell in non-permissive gel 2 and
reactivated cells (Figure 5.13, 5.14). Under P-gp inhibition, NC ratio increased to 0.62
+ 0.03 in permissive gel 1, 0.61 + 0.05 in non-permissive gel 2, 0.56 £+ 0.04 in non-
permissive gel 3, and 0.61 + 0.05 in reactivated cells. Under MRP1 inhibition, NC
ratio increased to 0.63 + 0.02 in permissive gel 1, 0.60 + 0.04 in non-permissive gel 2,
0.62 + 0.03 in non-permissive gel 3, 0.57 £ 0.03 in reactivated cells. Both P-gp and
MRP1 inhibition increased NC ratios in dormant (non-permissive gels 2 and 3) and
reactivated cells to the extent that there were no longer any significant differences

compared to growing cells in permissive gel 1. When inhibiting both P-gp and MRP1
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together, NC ratios similarly increased in growing (0.65 = 0.02 in permissive gel 1)
and dormant cells (non-permissive gel 2: 0.62 + 0.02, non-permissive gel 3: 0.64 +
0.02) with no significant differences between the three formulations, however there
was significantly greater localization in reactivated cells compared to all other
formulations (0.70 = 0.01).

This data indicates that inhibiting P-gp, MRP1, and BCRP can increase the
amount of DOX that both makes it into the cell and localizes to the nucleus.
Furthermore, while this inhibition increased localization in all phenotypic states,
growing cells no longer displayed significantly greater NC ratios, instead in some
cases dormant or reactivated cells now had significantly greater nuclear localization.
Along with dose-response and accumulation data, these findings suggest that dormant
and reactivated cells use efflux pumps to reduce DOX intracellular accumulation and
nuclear localization. Inhibition of these efflux pumps increases drug accumulation and
localization, and overall efficacy, providing a potential therapeutic strategy to target

and eliminate dormant and reactivated cells to help prevent metastatic relapse.

5.4 Discussion and Conclusion

Cancer latency, during which cells lie dormant, can last up to decades before
residual cells become reactivated and resume growth.>* This period provides a crucial
window of time that may be used to treat and eliminate dormant cells before they
begin to form overt lesions that lead to poor patient outcome. In order to develop new
drugs and therapeutic strategies to target dormant cells and prevent metastatic relapse,
we developed an in vitro hydrogel platform that mimics a permissive niche
(permissive gel 1 (++ adhesivity, ++ degradability)), and two non-permissive niches

(non-permissive gel 2 (+ adhesivity, + degradability), and non-permissive gel 3 (-
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adhesivity, ++ degradability) (chapters 2 and 3). Parental 231s, 3 organotropic
sublines, and MCF7s were each encapsulated in each gel type for 15 days, and
multimetric analysis based on dormancy-associated phenotypic changes characterized
hydrogel-induced phenotype to be either in growth (in permissive gel 1), balanced
cellular dormancy, balanced tumor mass dormancy, or restricted survival dormancy
(in non-permissive gels 2 or 3). Cells in non-permissive gel 3 were reactivated via
matrix modulation by adding RGDS into the matrix at day 15 and culturing cells for
an additional 7 days (22 days total) (chapter 3). With an established dormancy and
reactivation platform, we quantified dormant and reactivated cell chemoresponse in all
five cell lines and found that dormant (non-permissive gels 2 and 3) and reactivated
cells showed significantly greater chemoresistance to DOX, determined by ECso and
ICso values (chapter 4). These results were further confirmed by findings that indicated
DOX accumulation rate and nuclear localization were significantly lower in dormant
(non-permissive gels 2 and 3) and reactivated cells compared to growing cells in
permissive gel 1, suggesting that DOX transport may play a significant role in
observed chemoresistance. This chapter focused on determining which factors
influence DOX transport and ultimate chemoresistance to develop a potential strategy
to increase efficacy in dormant and reactivated cells.

To investigate DOX transport, we focused on ABC efflux transporters, which
belong to a superfamily of proteins known to actively transport biomolecules out of a
cell.'¥! Furthermore, ABC efflux transporters have been established as key
components in multi-drug resistance. For instance, ABC transporters have been shown

135,136

to reduce drug accumulation and their overexpression has been linked to

aggressive tumor progression and poor patient outcome. This study investigated the
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role of three ABC efflux exporters that are widely associated with cancer
chemoresistance: P-gp, MRP1, and BCRP. P-gp is a membrane-associated
glycoprotein which excretes substrates including cytotoxic drugs.*”!3713® Furthermore,
it is overexpressed in chemotherapy-resistant tumors and is associated with disease
progression in many cancers including breast cancer.*’ Studies have also shown P-gp
overexpression in multi-drug resistance cell lines decreases both drug accumulation in
the cytoplasm and the nucleus.!* MRP1 (ABCC1) is primarily found in the
basolateral membrane of epithelial cells of multiple organs including lung, kidney
placenta, and others.*> MRP1 has been correlated with inflammatory, immunological
diseases, muscular degeneration, cardiovascular disease, and neurological disorders,
has shown elevated expression in solid tumors. 314141 Fyrthermore, MRP1 expression
has been associated with drug resistance and poor clinical outcome.**'4> BCRP
(ABCG?2) is a homodimer on cellular plasma membranes present in both cancer cells
and normal tissues including cells in the mammary gland epithelium and
hepatocytes.’! As other efflux pumps, its role lies in the extrusion of substrates
including drugs. BCRP also plays a role in urate transportation and is found in the
mammary gland epithelium, hepatocytes, and in the blood brain barrier.”! It plays a

prominent role in chemoresistance,'**!%

with its overexpression correlated to cancer
cell resistance to mitoxantrone, doxorubicin, SN-38, and others.>! Studies have shown
that inhibition of these efflux pumps decreases chemoresistance and increases overall
drug efficacy.!3> 13

To determine if ABC efflux pumps associated with multidrug resistance were
differentially expressed in chemosensitive growing cells (permissive gel 1) and

chemoresistant dormant (non-permissive gels 2 and 3) and reactivated cells, parental
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231s, organotropic sublines, and MCF7s were individually encapsulated in permissive
gel 1, non-permissive gel 2, or non-permissive gel 3 and cultured for 15 days to
achieve a growth or dormant state. To also investigate reactivated cells, dormant cells
in non-permissive gel 3 were reactivated via RGDS incorporation and further cultured
for 7 days (total 22 days). Cells were then fixed and labeled for P-gp, MRP1, or
BCRP, and counterstained to label cell nuclei and cytoskeleton (Figure 5.1-5.5).
Efflux pump expression was measured by quantifying mean intensity per cell. In the
parental line, results showed significantly higher P-gp expression in dormant 231s in
non-permissive gel 3, compared to other formulations. Parental 231s also showed
significantly higher MRP1 and BCRP expression in chemoresistant dormant (non-
permissive gels 2 and 3) and reactivated cells compared to growing cells in permissive
gel 1. Organotropic lines also displayed significantly greater efflux pump expression
for P-gp, MRP1, and BCRP in chemoresistant dormant and reactivated cells. Lastly,
MCF7s indicated significant differences for P-gp and MRP1, but not BCRP. Overall,
these results indicated that chemoresistant dormant and reactivated cells had higher
efflux pump expression, suggesting efflux pumps may play a role in acquired
chemoresistance.

The role of efflux pumps in multidrug resistance has been further investigated
using efflux pump inhibitors and quantifying subsequent drug response. P-gp
inhibitors have been widely studied, with 3 classes or generation of inhibitors
currently established.!#%1%7 First generation inhibitors were approved therapeutics that
also function to inhibit P-gp, including compounds such as verapamil, quinine,
quinidine, and cyclosporine A. However, these inhibitors failed in clinical trials as

high concentrations required for inhibition had adverse side effects. Generation 2
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inhibitors were designed for P-gp inhibition and were more effective but required
concentrations remained high and often interfered with pharmacokinetics of other
drugs.'*” Third generation inhibitors like tariquidar have been most effective, with
high P-gp affinity at lower concentrations.'*® Other efflux pumps including BCRP
have also been inhibited. BCRP inhibitor, Ko 143 has been shown to display >200-
fold selectivity for BCRP, compared to P-gp and MRP1, and has been shown to
increase intracellular drug accumulation to reverse BCRP-mediated multidrug
resistance both in vitro and in vivo.!**'%° Similarly, MRP1 inhibitor, MK571 has
shown promising results in vitro and in vivo, showing the ability to significantly
increase drug efficacy.!>%!13!

To determine whether differential efflux expression played a role in
chemoresistance in dormant and reactivate breast cancer, drug studies were conducted
using P-gp inhibitor (10 nM tariquidar), MRP1 inhibitor (50 pM MK571), BCRP
inhibitor (10 uM Ko 143), or a combination of all three. Concentrations were chosen
based on inhibitor in vitro 1Cso values (tariquidar: 5.1 nM, MK571: 3.5 uM, Ko 143:
26 nM)!52153 and experiments performed by other groups.!>*!3% Furthermore,
tariquidar concentration was also kept below 100 nM, as higher concentrations >100
nM have shown to inhibit both P-gp and BCRP.'*® While these concentrations were
used in this study, a larger study testing out an array of concentrations would be
required to find the optimal doses in future studies.

Parental 231s, brain-tropic, or MCF7s were encapsulated in each formulation
and cultured to day 15 or 22 were exposed to each inhibitor condition for 24 h,
followed by DOX+inhibitor for 48 h. Results showed that efflux pump inhibition

significantly increased chemosensitivity, indicated by significant decreases in ECso
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values (Figure 5.8, 5.9). To assure the inhibitor alone had no cytotoxic affect, viable
cell number was compared between control groups (media) and inhibitor controls
(media + inhibitor (no DOX)) (Figure 5.7). Results indicated no significant differences
in the number of viable cells with or without inhibitor, assuring that efflux pump
inhibition had no cytotoxic affects.

In parental 231s, P-gp inhibition alone decreased ECso values, however
dormant and reactivated cells still displayed significantly greater chemoresistance
(ECso ~ 23-38 uM) compared to growing cells in permissive gel 1 (ECso: 9.5 £ 0.8
uM) (Figure 5.9). However, MRP1, BCRP, and P-gp+MRP1+BCRP inhibition
decreased dormant and reactivated ECso values significantly below those for
permissive gel 1. Brain-tropic cells showed similar trend overall, with the greatest
change observed in P-gp+MRP1+BCRP inhibition in which ECso values decreased
from 44.9 + 6.2 to 2.7 £ 0.6 uM (17-fold decrease) in permissive gel 1, 65.5+ 7.7 to
2.5 £0.5 uM (~26-fold) in non-permissive gel 2, 85.7+ 14.4to 1.4 + 0.4 uM (~61-
fold) in non-permissive gel 3, and 113.0 + 15.7 to 2.3 + 0.3 uM (~40-fold decrease) in
reactivated cells (Figure 5.9). In MCF7s, inhibition of both P-gp and MRP1 dropped
ECso values to 1.7 £ 0.4 uM (permissive gel 1), 0.5 + 0.1 uM (non-permissive gel 2),
0.6 = 0.1 uM (non-permissive gel 3), and 1.0 + 0.2 uM (reactivated). Additionally, P-
gp and MRP1 inhibition increased dormant (non-permissive gels 2 and 3) and
reactivated cell chemosensitivity to levels exceeding growing cells in permissive gel 1
(Figure 5.9). To determine if increased efficacy correlated with DOX transport during
efflux inhibition, DOX accumulation and nuclear localization during efflux pump
inhibition were quantified. Results showed significant increases in both accumulation

rates and NC ratio (Figure 5.14, 5.15). Furthermore, the accumulation rates were
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significantly higher in dormant and reactivated cells in certain cases including P-
gp+MRP1 inhibition in MCF7s. Additionally, efflux pump inhibition increased
nuclear localization in dormant and reactivated cells to levels observed in growing
cells in permissive gel 1 for parental 231s, brain-tropic 231s, and MCF7s.

These findings indicate that inhibiting efflux pumps, P-gp, MRP1, and BCRP
increases DOX intracellular accumulation rate and nuclear localization, leading to
increased drug efficacy. This suggests that dormant and reactivated cells use efflux
pumps as a mechanism to limit drug intake and evade cytotoxicity. We cannot rule out
the possibility that dormant cells use other breast cancer resistance-associated
mechanisms including tumor suppressor genes, oncogenes, autophagy, mitochondrial
alteration, EMT, cancer stemness, and others.'3® As many of these mechanisms work
together to decrease drug toxicity, it is possible that dormant and reactivated cells
employ multiple methods to decrease drug efficacy, and this should be explored in
future studies. However, results indicate that efflux pump inhibition is sufficient to
significantly increase ECso values for five different breast cancer lines and diminish
any dormant or reactivated-associated chemoresistance, compared to growing cells in
permissive gel 1. Future implementation of this work can be used as a novel treatment
strategy to target and inhibit these efflux pumps in dormant and reactivated cells in
vivo. Taken together, this data provides insight into the mechanisms used by dormant
and reactivated cells to resist DOX cytotoxicity and lays the groundwork for a novel
treatment strategy to target dormant and reactivated cells and help prevent metastatic

relapse.
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Chapter 6

CONCLUSIONS AND FUTURE DIRECTIONS

Sections in this chapter have been adapted from the following articles:

(1) Farino CJ, Pradhan S, Slater JH. The Influence of Matrix-Induced
Dormancy on Metastatic Breast Cancer Chemoresistance. ACS Applied
Biomaterials 2020, 3(9), 5832-5844.

(2) Farino Reyes CJ, Pradhan S, Slater JH. The Influence of Ligand Density
and Degradability on Hydrogel Induced Breast Cancer Dormancy and

Reactivation. Advanced Healthcare Materials 2021, 10(11), 2002227.

6.1 Summary of Key Findings

Novel treatment strategies that target dormant cells can make significant
strides in preventing metastasis and cancer progression. Toward this goal, mechanistic
investigation of microenvironmental factors influencing cancer cell fate can help in
understanding how cancer dormancy is initiated and maintained and highlight the
underlying factors mediating the latency period that is commonly observed prior to
metastatic relapse. In vitro models can provide a platform to perform these studies and
screen new therapeutic strategies that target dormant cells and help prevent cancer
recurrence.

In chapters 2 and 3, we characterize a hydrogel-based in vitro system that
mimics favorable and unfavorable ECMs that DTCs may experience during early

stages of infiltration into secondary organs. Implementing a permissive gel (++
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adhesivity, ++ degradability), a non-permissive gel 2 (+ adhesivity, + degradability),
and a non-permissive gel 3 (- adhesivity, ++ degradability), chapter 3 demonstrated
the ability to achieve growth, distinct forms of dormancy, and reactivation in parental
231s, organotropic sublines, and ER" MCF7s. Studies in chapter 4 implemented this
platform to quantify drug-response and found that dormant and reactivated cells
exhibit increased chemoresistance compared to growing cells, in part due to DOX
transport properties, including significantly lower accumulation rates and nuclear
localization.

Lastly, chapter 5 investigated the mechanisms that regulate DOX transport and
overall chemoresistance. Results found that chemoresistant dormant and reactivated
cells had significantly greater efflux pump expression. Inhibition of these efflux
pumps significantly increased chemosensitivity to DOX and increased intracellular
DOX accumulation rate and nuclear localization. Overall, this work developed a
hydrogel platform to induce dormancy and reactivation in five relevant breast cancer
lines and has the potential to induce dormancy in other cancers known to have similar
latency periods. This work also provides insight into the mechanisms used by dormant
and reactivated cells to resist DOX cytotoxicity and lays the groundwork for a novel
treatment strategy to target dormant and reactivated cells and help prevent metastatic
relapse. Suggestions for future studies and implementation of this work are listed

below.
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6.2 Future Directions

6.2.1 Gene Expression Analysis

As mentioned in chapter 3, dormancy-associated phenotypic changes were
determined via multi-metric analysis to classify hydrogel-induced phenotype.
Phenotypic metrics can indicate observable hydrogel-induced traits; however, they do
not provide information regarding ECM-induced genetic changes. Groups that have
performed gene analysis in dormant cells have shown differential expression involved
in a multitude of cellular processes including cell cycle regulation, developmental
processes, motility, and differentiation.®® Understanding the genetic differences
between growing, dormant, and reactivated cells could provide insight into the
mechanisms that regulate dormancy. Furthermore, genetic differences between
growing and reactivated cells can be used to explain reactivated cell chemoresistance.
Unique genetic signatures can be further implemented to develop new methods that

target and eliminate dormant cells.

6.2.2 Inducing Dormancy and Reactivation in Patient-Derived Cells

In this work, we show the ability to induce growth, dormancy, and reactivation
in five breast cancer cell lines: triple negative parental 231s, organotropic sublines that
preferentially metastasize to the bone, lung, or brain, and ER" MCF7s. The logic for
these cell lines is explained in chapter 3. Briefly, investigation of the parental 231 line
and its organotropic sublines provides insight into how genetically unique
organotropic lines respond to unfavorable conditions, while investigation of ER"
MCFT7s is clinically relevant as ER" breast cancer is more likely to enter dormancy
and remain in dormancy for longer periods of time. Transition into a clinical setting

requires that future studies quantify the ability to induce dormancy and reactivation in
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patient-derived cells with clinically relevant receptor status and genotype. For
instance, in selecting ER" patient derived cells, the Oncotype DX genomic test can be
used to select cells with high probability of metastasis with a high-risk recurrence
score (score > 31 is high risk'*7), based on the expression of 21 genes (Ki67, STK15,
Survivin, CCNB1, MYBL2, MMP11, Stromolysin 3, CTSL2, GRB2, HER2, ER,
PGR, BCL2, SCUBE2, GSTM1, CD68, BAG1, ACTB, GAPDH, RPLPO, GUS,

TFRC) associated with recurrence.

6.2.3 Incorporation of Other Dormancy-Inducing Methods

In this work, we focused on ECM-induced dormancy to understand how tuning
matrix adhesivity and degradability can influence cancer cell phenotype. As described
in chapter 3, other methods including signaling-induced dormancy, biochemical-
induced dormancy, and drug-induced dormancy have been used to model dormancy in
vitro. Future studies that optimize conditions can be conducted to include these
additional factors in a controlled manner. For instance, experiments that include
hypoxic conditions can be conducted in the current system, or secondary cell types
such as fibroblasts or immune cells can be included through careful experimental
design. These studies could highlight how multiple factors influence phenotype

compared to the ECM alone.

6.2.4 Improvements to Current Platform

A limitation of our current polymerization scheme is that hydrogel
degradability and elasticity are coupled. Future studies that implement a multi-arm
PEG chemistry can provide independent control over these parameters. %-°° Another

modification that can made to the system includes using organ-mimetic peptides to
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capture unique organ-specific ECM-induced changes. Finally, while current
fabrication methods are fairly simple and easy to use, finding new methods to increase
throughput in both encapsulation and imaging will aid in the clinical translation to a

drug development platform.

6.2.5 Efflux Pump Inhibition in Dormant and Reactivated Cells

Chapters 4 and 5 provide valuable insight into dormant and reactivated cell
chemoresistance, showing that dormant and reactivated cells exhibit increased DOX
chemoresistance compared to growing cells in permissive gel 1, with significantly
lower DOX accumulation rates and nuclear localization. Furthermore, chapter 5
showed that inhibition of efflux pumps, P-gp, MRP1, and BCRP significantly reduces
chemoresistance, accompanied by significant increases in accumulation rate and
localization. This provides a treatment strategy to increase DOX efficacy in hydrogel-
induced dormancy and reactivation in vitro. To build on this work, future studies that
investigate efflux inhibition influence on chemoresistance on other commonly used
chemotherapeutics such as PAC or 5-FU should be conducted. Additionally, a wider
range of concentrations can be tested to optimize treatment conditions. If similar
resistance is attained, in vivo studies that demonstrate the ability to target dormant

cells will be crucial.

6.3 Significance

Metastasis is responsible for most cancer-associated deaths and significantly
decreases patient-survival rates. Commonly observed prior to relapse is a latency
period that can last up to decades,* that is regulated by tumor dormancy in which

cancer cells remain clinically undetectable. The danger arises when dormant cells
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become reactivated and resume growth, leading to overt lesions and cancer recurrence.
We can take advantage of this latency period as a therapeutic “window of opportunity”
to eliminate dormant cells prior to reactivation. However, current chemotherapeutics
fail to target dormant cells. Thus, to aid in the development of drugs that eliminate
dormant cells, we developed a hydrogel platform that can induce both dormancy and
reactivation in five relevant breast cancer cell lines. This platform can aid in making
significant strides towards metastasis prevention as it provides the resolution to
perform single cell mechanistic studies, dynamic control over hydrogel properties, and
models metastatic relapse, a key transition that can be further studied to prevent exit
out of dormancy in vivo.

To aid in understanding dormancy-associated chemoresistance, this platform
was implemented to quantify increased chemoresistance in dormant and reactivated
cells and demonstrated decreased DOX intracellular concentration and nuclear
localization and chemoresistant dormant and reactivated cells. These novel findings
provided insight that was further explored to determine the role of efflux pumps, P-gp,
MRPI, and BCRP, in DOX efficacy and transport. Studies confirmed that
chemoresistant dormant and reactivated cells overexpressed these efflux pumps and
that their inhibition increased chemosensitivity via increased accumulation rate and
nuclear localization. This work provides significant strides towards the goal to
eliminate dormant cells and prevent metastatic relapse as it provides a potential
mechanism involved in chemoresistance and provides a method to target dormant and

reactivated cells in vitro that can be further tested in vivo.
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set forth in the Order Confirmation and/for in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subseqguent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5
The licensing transaction described in the Order Confirmation document shall be governed by and

construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, sult, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of Mew York, State of New York, USA, orin any federal or state court whose geographical
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jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mall to Sup port@ copyright.com,
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5-FU
ANOVA
BCRP
BoM-1833
BrM2a-831
BSA
CTFG
CXCR4
DTC
DIPEA
DMEM
DMSO
DOX

ECso

ECM

EdU" Ratio
EdU":Annexin V"
Cell Ratio
EMT

ERK

Appendix B

ACRONYMS

5-Fluorouracil

One-Way Analysis of Variance

Breast Cancer Resistance Protein

Bone-tropic MDA-MB-231Subline

Brain-tropic MDA-MB-231Subline

Bovine Serum Albumin

Connective Tissue Growth Factor

Chemokine Receptor Type 4

Disseminated Circulating Tumor Cell
N,N-diisoproylethylamine

Dulbecco’s Modified Eagle’s Medium

Dimethyl Sulfoxide

Doxorubicin

Half maximal effective concentration

Extracellular Matrix

Number of EAU™ Cells at Day 15: EAU" Cells at Day 0
Number of EAU™ Cells at Day 15: Annexin V' Cells at Day
0

Epithelial-Mesenchymal Transition

Extracellular Signal-Regulated Kinase
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FBS

FGF5

FITC

GPC

H

HEPES

ICso

IL-11

LAP
LM2-4175

M

MAPK

MCEF7
MDA-MB-231
Metabolic Ratio
MMP

MRP1

NC Ratio
New Live: New Dead
Cell Ratio
NVP

PAC

PBS

PDMS

Fetal Bovine Serum

Fibroblast Growth Factor 5

Fluorescein

Gel Permeation Chromatography

Hour
4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid
Half maximal inhibitory concentration

Interleukin 11

2,2-Dimethoxy-2-Phenylacetophenone

Lung-tropic MDA-MB-231Subline

Molar

Mitogen Activated Kinase

Human Breast Epithelial Cell Line

Human Breast Adenocarcinoma Cell Line

Metabolic Activity at Day 15: Activity at Day 0
Matrix Metalloproteinase

Multidrug Resistance-Associated Protein 1

Nuclear to Cytoplasmic Mean Intensity Ratio
Change in Number of Viable Cells Between Days 0-15:
Change in Number of Dead Cells Between Days 0-15
N-vinyl pyrrolidone

Paclitaxel

Phosphate Buffered Saline

Poly(dimethylsiloxane)
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PEGDA Polyethylene Glycol Diacrylate

PEG-SVA PEG-Succinimidyl Valerate

P-gp P-glycoprotein

PQ MMP-degradable Peptide Sequence: GGGPQGIWGQGK
uv Ultraviolet
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