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Abstract

Purpose of Review The tumor microenvironment (TME) is an amalgam of multiple dysregulated biophysical cues that can alter
cellular behavior through mechanotransductive signaling and epigenetic modifications. Through this review, we seek to char-
acterize the extent of biophysical and epigenetic regulation of cancer stemness and tumor-associated immune cells in order to
identify ideal targets for cancer therapy.

Recent Findings Recent studies have identified cancer stemness and immune action as significant contributors to neoplastic
disease, due to their susceptibility to microenvironmental influences. Matrix stiffening, altered vasculature, and resultant hypoxia
within the TME can influence cancer stem cell (CSC) and immune cell behavior, as well as alter the epigenetic landscapes
involved in cancer development.

Summary This review highlights the importance of aberrant biophysical cues in driving cancer progression through altered
behavior of CSCs and immune cells, which in turn sustains further biophysical dysregulation. We examine current and potential
therapeutic approaches that break this self-sustaining cycle of disease progression by targeting the presented biophysical and
epigenetic signatures of cancer. We also summarize strategies including the normalization of the TME, targeted drug delivery,
and inhibition of cancer-enabling epigenetic players.

Keywords Cancer stemness - Biomechanics - Mechanotransduction - Tumor heterogeneity - Epigenetics - Immunoevasion -
Cancer therapeutics

Introduction

Cancer research has consistently conveyed that tumor initia-
tion and progression are achieved through acquisition and
accumulation of genetic mutations that drive clonal expansion
from a single cancer cell [1-3]. These driver mutations con-
tribute largely to tumor cell heterogeneity, as they can offer
different growth advantages that can be positively selected for
during the development of cancer, allowing one sub-clonal
population to drive tumor progression over another. Because
the acquisition of self-renewal capabilities by subclones can
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lead to the formation of cancer stem cells (CSCs), cancer cells
that have acquired stem-like phenotypes can therefore further
drive tumor progression [4]. Although the exact origin of
CSCs remains uncertain, the shaping of tumor heterogeneity
by both epigenetic mechanisms and the tumor microenviron-
ment (TME) suggests that the formation and maintenance of
CSCs likely involve the contribution of changing epigenetic
signatures driven by the co-evolution of cancer cells and the
TME.
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Tumors represent an ecosystem comprised of malignant
cells surrounded by the hypoxic, chronically inflamed, and
biomechanically aberrant TME, which is also occupied by
resident and tumor-infiltrating immune cells. Tumor immune
cells play an instrumental role in eliminating neoplasms and
can exhibit both pro- and anti-oncogenic phenotypes, which
can be used to determine the clinical outcome of malignancies
[5]. Tumor biophysical signals guide immune cell behavior
directly by mechanotransduction and indirectly by stimulating
the production of abnormal cytokines, chemoattractants, and
growth factors that impose survival constraints to eliminate
effector types while simultaneously fostering niche-specific
regulatory forms. Effectively targeting cancer would therefore
likely require an understanding of the influences of the TME
on its immune population.

In this review, we discuss the driving forces of cancer ini-
tiation and progression through a closer look at how the TME
introduces both biophysical cues and consequent epigenetic
alterations that manipulate tumor cellular plasticity, invasive-
ness, and immune action (Fig. 1). We also discuss how the
resulting acquisition of stem-like properties and aberrant im-
mune cell phenotypes contributes to tumorigenesis and long-
term tumor maintenance. Finally, we consider current and
potential therapeutics designed to target the anomalous bio-
physical and epigenetic signatures of the TME to halt the self-
sustaining cycle of tumor progression, kickstart homeostatic
reforms, and promote healing.

Epigenetic and Biophysical Regulation
of Cancer Stemness and Associated Pathways

Cancer stemness refers to the ability of a select subpopulation of
tumoral cells to exhibit stem-like properties (namely, the ability
to both differentiate and self-renew) [4]. Cancer stem cells
(CSCs) usually account for less than 5% of all cancer cells, as
has been observed in multiple myeloma and breast tumors [6-8];
however, their contribution to tumor heterogeneity impedes the
development of successful cancer treatments. The CSC hypoth-
esis proposes that a rare (or elite) population of CSCs contributes
to long-term tumor maintenance (or relapse) and cancer progres-
sion [9, 10] by seeding new tumors, proliferating extensively,
and giving rise to non-CSCs that promote tumor heterogeneity
[11, 12]. While it was believed that self-renewing normal and
neoplastic stem cells lie at the top of the cellular hierarchy of
tumor tissues and their differentiated progeny are not self-
renewing, recent research has observed spontaneous dedifferen-
tiation by human mammary epithelial cells in the absence of
genetic manipulation, leading to their reversion into a stem-like
state. Oncogenic transformation further promotes this
spontaneous conversion so that non-CSCs give rise to
CSCs. Acquired plasticity of non-CSCs alludes to a pos-
sible resolution to the current inconsistencies presented by
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Fig. 1 Changing biophysical cues alter cellular phenotypes in the tumor P>
microenvironment through mechanotransductive signaling and
epigenetic changes. Schematic depicting the regulatory circuits involved
in the biophysical modulation of several cancer processes including the
emergence of stemness and regulatory immune behavior. Changes in the
microvasculature and ECM composition resulting from dysregulated cell
signaling and metabolic pathways trigger cascades of accumulating
biophysical effects that also contribute to the hypoxic and acidic
conditions of the TME. These changes ultimately regulate cell behavior
within the TME through modulating immune cell activity and promoting
stem-like properties. We highlight the self-sustaining feed-forward loop
that drives tumor progression. Abnormal biophysical cues established by
altered cell behavior further modulate cell behavior. This reciprocal
relationship can be targeted by therapeutics that promotes TME
normalization, causing a disruption of the mechanisms by which
biophysical cues and cell behavior regulate each other.

the CSC model [11]; however, the drivers of this transi-
tion toward stem-like states are still emerging.

Altered Epigenetic Signatures Can Induce Stem-Like
Phenotypes in Tumor Cells

The acquisition of stem-like properties can result from alter-
ations to a cell’s epigenetic profile [13, 14]. Epigenetic mod-
ifications involve changes to the chromatin components that
influence gene expression without disrupting the nucleotide
sequence. These alterations include DNA methylation, his-
tone modifications, structural remodeling of chromatin, and
dysregulation of miRNAs, all of which can result in alterations
in gene regulation through changes in DNA accessibility,
protein-DNA interactions, or direct RNA silencing/post-
transcriptional regulation. In cancer, epigenetic abnormalities
contribute significantly to tumor initiation and the acquisition
of stem-like properties. For example, the levels of linker his-
tone H1.0—important in restricting cancer cell proliferation
potential—are heterogeneous within cancer cell populations,
with low levels being associated with cells exhibiting CSC
properties and high levels being associated with differentiated
cell states [15]. In the case of glioblastoma, which is an ag-
gressive brain cancer, mutations in the H3.3 Histone A
(H3F3A) gene have been shown to facilitate a genome-wide
decrease of the repressive histone mark H3K27me3 which
leads to an increase in oncogenic self-renewal potential.
Interestingly, glioblastoma is also known to show higher fre-
quencies of CSCs [14, 16]. It has also been observed that
approximately 25% of acute myeloid leukemia (AML) pa-
tients harbor activity-reducing mutations in DNA methyl-
transferase 3A (DNMT3A), which is thought to drive atypical
expression of stem cell markers and a reemergence of stem
cell properties that contribute to leukemia-initiating stem cell
formation and expansion, although the mechanisms have yet
to be fully elucidated [13, 17]. Table 1 addresses other ob-
served epigenetic signatures that contribute to the acquisition
and maintenance of stem-like properties in cancer cells.
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Table 1 Epigenetic regulation of cancer stemness

Epigenetic modification Tumor type Observation
DNA Methylation Leukemia DNA methylation sustains hematopoietic stem cell multipotency [196].
Leukemia DNMT3A mutations inhibit enzyme activity and lead to expansion of
pre-leukemia stem cells (pre-LSCs) [197].
Lung Upregulation of DNMT]1 via the IL-6/JAK2/STAT3 pathway enhances
cancer initiation and lung CSC proliferation [198].
Breast DNA hypermethylation results in aberrant regulation of the Wnt pathway [199].
Breast Hypomethylation of differentially methylated regions (DMRs) enriched in genes
encoding proteins involved in TGF-f3 signaling leads to overexpression of
the TGF-{3 signaling pathway in breast CSCs [200].
Colon Hypermethylation of genes encoding SFRP allows for constitutive Wnt signaling [201].
Gastric Atypical methylation of Wnt negative regulators (DKK3, NKD1, SFRP1) can
activate the Wnt signaling pathway [202].
Chromatin/histone Rhabdoid Inactivation of SNF5 causes dysregulation of chromatin structure that contributes
remodeling to aberrant Hh signaling [203].
Liver IncTCF?7 can activate Wnt signaling in CSCs by recruiting the SWI/SNF
chromatin remodeling complex to its promoter [204].
Leukemia SWI/SNF sustains high levels of c-Myc and is required for maintenance of
self-renewing leukemia stem cells (LSCs) [205].
Renal Mutation of PBRM]1, a subunit of the Polybromo-associated SWI/SNF complex
gene which regulates cell proliferation and differentiation, is frequent in
renal carcinomas [206].
Colorectal DACT3—an epigenetic regulator of Wnt/(3-catenin signaling in colorectal
cancer—is regulated by bivalent histone modifications H3K4me3 and
H3K27me3 at its gene locus [207].
Brain (glioblastoma) Methylation of H3K4 activates Wnt signaling which is essential to
CSC maintenance in glioblastoma [208].
Brain (glioblastoma) The H3.3K27M mutation results in a genome-wide reduction of repressive
H3K27me3 and acquisition of self-renewal ability [209].
Myeloma Decreased levels of nuclear co-repressor SMRT reduces HDAC recruitment
to the JAGGED? promoter, which leads to activation of Notch signaling [210].
Liver HDACS3 is selectively expressed in liver CSCs and participates in self-renewal
by regulating expression of pluripotency factors [211].
Colorectal Overexpression of SIRT1 promotes tumorigenesis by contributing to the
maintenance of stem-like characteristics [212].
miRNA Dysregulation Breast Downregulation of miR-34c¢ promotes self-renewal and EMT [213].
Prostate miR-34a, which inhibits tumorigenesis through direct repression of CD44
expression, is dysregulated in prostate CSCs [214].
Colon Differential expression of 39 miRNAs in colon CSCs suggests that miRNAs

might play important roles in maintenance and regulation of stem-like properties [215].

Epithelial-to-Mesenchymal Transition and Cancer
Stemness Enable Optimization of Tumor Metastatic

and Proliferative Potential

invasion and metastasis [18]. Spontaneous dedifferentiation
of cells in the TME can be triggered by biophysical cues that
also drive EMT. Recent studies have established several mo-
lecular commonalities between the acquisition of cancer

The epithelial-to-mesenchymal transition (EMT) describes a
cellular transformation that allows epithelial cells to acquire
mesenchymal phenotypes, including improved migratory ca-
pacity and increased expression of extracellular matrix (ECM)
components. While EMT allows for body plan establishment
and tissue regeneration in normal developmental programs, it
can also be reactivated in tumors to enable penetration of
blood and lymphatic vessels, thereby facilitating tumor
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stemness and EMT, including shared antigen signatures, reg-
ulatory mechanisms, and signaling pathways [18]. While
CSCs are believed to contribute largely to tumor invasion
and metastasis, the relationship between CSCs and EMT is
reflected by the ability of cells undergoing EMT to acquire
stem-like phenotypes. For example, induction of EMT in im-
mortalized human mammary epithelial cells (HMLES) result-
ed in the acquisition of fibroblast-like morphology and a
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CD44"e"/CD24'Y expression pattern—a unique surface anti-
gen signature attributed to neoplastic mammary stem cells
[19]. It has also been shown that immune cell-mediated induc-
tion of EMT in breast cancer tumors produced a CD24”
1o%(CD44" surface antigen signature, representative of breast
cancer stem cells [20]. In prostate cancer cells, it was revealed
that cancer-associated fibroblast (CAF)-mediated induction of
EMT, as verified by changes in cell morphology, upregulation
of EMT regulators SNAIL and TWIST, and downregulation
of E-cadherin, leads to downregulated expression of CD24
and upregulated expression of CD44 [21]. Correlations be-
tween EMT and the acquisition of stemness in cancer suggest
that they may interact in a reciprocal fashion in the context of
tumor progression. It has been speculated that CSCs undergo
EMT to maximize their metastatic potential as they obtain
migratory properties allowing for travel to distant sites before
reversion to an epithelial state that is more ideal for prolifera-
tion and establishment of a metastatic tumor via a
mesenchymal-to-epithelial transition (MET) [22]. This hy-
pothesis has been supported by flow cytometry and
transcriptomic analyses indicating that CSCs in squamous cell
carcinoma can switch between migratory and proliferative
phenotypes [23]. Observations of acquired stemness in human
mammary epithelial cells, as exhibited by elevated expression
levels of stem cell marker CD44 and acquired mammosphere
formation ability, also support the notion that such transitions
yield changes in mechanical behavior [11].

The Shared Signaling Pathways Between EMT and
Cancer Stemness Are Epigenetically and Biophysically
Influenced

The similarities between EMT and cancer stemness in tumor
malignancy can also be observed through their shared signal-
ing pathways. The Wnt signaling pathway is involved in reg-
ulating cell development, differentiation, and proliferation
through its modulation of gene activation via transcription fac-
tor 3-catenin and contributes to both EMT and cancer
stemness [24, 25]. Wnt signaling has been observed to activate
EMT through mediation of miR-300 activity [24] as well as
through stimulation of Survivin expression and activation of
the PI3K/Akt pathway [26]. In the context of cancer stemness,
interactions between [3-catenin and Lefl transactivate the miR-
371-373 cluster that mediates CSC self-renewal [27]. In colo-
rectal cancer, poor prognosis has been associated with the
methylation of Wnt target genes involved in cancer stemness,
which results in an increase in the number of CSCs. This ob-
servation suggests that Wnt activation is involved in the differ-
entiation of CSCs and that the activation mechanism is epige-
netically regulated [28]. The role of Wnt signaling components
in mechanisms pertaining to both EMT and cancer stemness is
also supported by the observation of EMT upregulation fol-
lowing Wnt activation by a CSC marker G-protein coupled

receptor 5 (LGRS) [29]. In addition, Notch signaling is highly
involved in promoting tumorigenesis, and its activation via
increased expression of Notch-1 and transcription factor
Hes1 upon exposure of lung cancer cells to fine particulate
matter has been reported to drive both EMT and stem-like
properties [30]. Retroviral transduction of Notch-1 into colon
cancer cells has also been shown to increase expression of
EMT- and stemness-associated proteins CD44, Slug, Smad-
3, and Jagged-1 [31]. Furthermore, the transforming growth
factor beta (TGF-f3) signaling pathway is involved in cell
growth and proliferation and can promote EMT and stemness
in carcinomas; Katsuno et al. showed that prolonged exposure
of breast carcinoma HMLER cells to TGF-f3 led to mesenchy-
mal morphology and an increased amount of CD24'°%/
CD44"" cells [32]. Yet another notable shared signaling path-
way between EMT and cancer stemness is Sonic Hedgehog
(SHH), which can drive both properties in cholangiocarcinoma
cells [33¢]. While hypoxia induces SHH signaling in cholan-
giocarcinoma [33¢], SHH-driven medulloblastoma stem cells
are susceptible to epigenetic regulation via miR-466f-3p, the
low expression of which sustains EMT [34]. The susceptibility
of these shared signaling pathways to both epigenetic regula-
tion and the influence of the hypoxic TME (which is associated
with extensive matrix remodeling) alludes to the critical role
that epigenetic and biophysical cues play in regulating EMT
and cancer stemness.

Matrix Remodeling, Compressive Stress, and Hypoxia
Promote EMT and Cancer Stemness

Biophysical signaling (i.e., through substrate or matrix rigid-
ity, cell morphology, surface topography) and mechanical
force have been shown to play critical roles in the control
and maintenance of stem cell properties (i.e., proliferation,
differentiation) [35-37] and regulation of EMT [38] in the
context of tumor initiation and invasion. The microenviron-
ment of solid tumors exhibits hallmark mechanical changes
including increases in shear, compressive, and tensile stress as
well as heightened matrix stiffness and density [39, 40].
Changes in matrix stiffness and composition influence
adhesome dynamics and migratory potential, which can result
in the promotion of stem-like properties. A study by Tang
et al. demonstrates that while HCT-8 human ileocecal colo-
rectal adenocarcinoma cells attach to substrates and form col-
onies on 21-47 kPa gels, they begin to dissociate after 7 days,
as downregulation of cell-cell adhesion molecule E-cadherin
and increased motility by dissociated cells are observed [41].
Interestingly, such a phenotype does not exist on both soft
(1 kPa) and extremely stiff (3.6 GPa) substrates [41]. This
finding suggests that matrix stiffness can play a key role in
regulating EMT-associated characteristics such as adhesion
and migratory potential. Collagens, which comprise the main
structural element of the ECM, are overexpressed in CSCs and
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particular collagen subtypes can contribute to EMT induction
and tumor initiation [42]. For example, collagen I has been
shown to inhibit differentiation and promote stemness in hu-
man colorectal carcinoma cells through its interactions with
«231 integrin [43]. Additionally, CSCs are dependent on
integrin signaling activated by ECM proteins and several
integrin subunits such as (33, a6, and 31 contribute to the
self-renewal and maintenance of CSCs and serve as CSC bio-
markers [44]. The fascin-mediated upregulation of integrin
subunit 3/, a key adhesion molecule, was also associated with
CSC enrichment and worse prognosis in breast cancer pa-
tients, which further suggests that biophysical cues largely
affect cancer stemness [45]. Also, in breast cancer, matrix
stiffening has been shown to activate integrin-linked kinase
(ILK), which is responsible for transmitting extracellular sig-
nals from the ECM to regulate anchorage-dependent growth,
differentiation, and tumor angiogenesis. Activated ILK then
signals through the PI3K/Akt pathway to regulate cancer
stemness by inducing expression of CD44, 3] integrin, and
Nanog [46]. The kinase Akt, which contributes to key cellular
processes like cell proliferation, transcription, and cell migra-
tion, is speculated to be a master regulator of ECM-driven
induction of EMT and CSC phenotypes [42]. The PI3K/Akt
pathway is also activated by the binding of hyaluronan, an
important polysaccharide for structural and compositional
maintenance of the ECM, to stem cell marker CD44. This
hyaluronan-CD44 interaction has been shown to promote
stemness in breast and ovarian CSCs [42]. CSCs are also
thought to remodel their ECM through differential expression
of matrix metalloproteinases to maximize their survival. The
upregulated expression of metalloproteinases by CSCs in glio-
blastoma and ovarian cancer has been observed to result in
increased invasive and migratory potential [47, 48].

Enhanced migratory capacity by CSCs can be triggered by
other biophysical cues as well. For example, applied compres-
sive stress increases motility in breast cancer cells by stimulat-
ing the formation of “leader cells” with filopodial protrusions,
thereby promoting a more invasive phenotype [49]. This find-
ing suggests that the increased migratory potential of CSCs can
result from compressive stress that is introduced by CSC pro-
liferation. Additionally, it is suspected that the conversion of
non-CSCs to CSCs may be driven by biophysical cues in the
TME that drive EMT, as is observed by a decrease in epithelial
properties and increase in mesenchymal properties [18, 50]. For
example, hypoxic conditions and constitutive expression of
hypoxia-inducible factors (HIFs) have been shown to induce
EMT, as reported by a shift of epithelial to mesenchymal mark-
er expression and increase in migratory capacity, via direct
activation of EMT transcription factor TWIST [51].

While spontaneous conversion of non-stem cells to stem-
like cells has been observed before, it is likely that biophysical
factors play a significant role in the regulation of stemness
acquisition [11]. Nuclear reprogramming has been observed
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in cells encountering lateral confinement without the presence
of biochemical inducers and, similarly, this confinement also
triggered the activation of cancer stemness-related genes (i.e.,
OCT4, CD44, and SNAI1) within MCF7 breast cancer cells,
suggesting that stemness programs can be activated in re-
sponse to specific biophysical cues [52¢¢]. The observed
biophysically mediated activation of stem and migrative prop-
erties in cancer cells demonstrates the importance of the me-
chanical components of the TME in promoting both tumor
initiation and invasion.

Additionally, biophysical cues from the TME can also pro-
mote EMT and cancer stemness indirectly through alteration
of epigenetic signatures. Histone modifiers, which are largely
involved in shaping the epigenetic profile of tumor cells, have
been reported to be responsive to hypoxic conditions [53].
Furthermore, while the culturing of tumor repopulating mela-
noma cells on rigid plastic substrates has been shown to in-
hibit self-renewal, matrix softness has been observed to regu-
late the plasticity of tumor-repopulating cells by inducing
H3K9 demethylation and Sox2 expression [54]. A study by
Tan et al. demonstrates that disrupting actin filaments or mi-
crotubules in melanoma cells with Latrunculin A or colchi-
cine, respectively, and inhibiting myosin light chain kinase
with ML7 leads to significantly decreased H3K9 methylation
levels [54]. Additionally, Tan et al. show that the silencing of
methyltransferases G9a and SUV39h1 via siRNA knockdown
results in greatly decreased H3K9me2 and me3 levels in the
Sox2 promoter region, as assessed by chromatin immunopre-
cipitation (ChIP), thereby increasing Sox2 expression signifi-
cantly. This finding that biophysically induced H3K9 demeth-
ylation stimulates self-renewal in differentiated melanoma
cells by promoting Sox2 expression highlights how both bio-
physical and epigenetic cues can interact to regulate tumor
growth and proliferation [54]. Figure 2 outlines the TME bio-
physical cues that participate in the regulation of cancer
stemness through modulation of the EMT phenotype and epi-
genetic alteration.

YAP/TAZ and MRTF in the Biophysical Regulation of
Cancer Stemness

There exist other regulators relevant in tumor initiation and
progression that are susceptible to biophysical cues. YAP/
TAZ are the primary downstream effectors of the vertebrate
Hippo signaling pathway, which is responsible for regulation
of organ size, tissue homeostasis, as well as various cancers
[55]. YAP/TAZ have also been shown to promote cancer
stemness through their role in activating genes involved in
proliferation [56]. Studies have revealed that expression of
YAP/TAZ in non-stem breast cancer cells can induce
reprogramming into cells with CSC characteristics [57].
Y AP/TAZ-induced transdifferentiation of hepatocytes to bili-
ary progenitors prior to tumorigenesis has also been observed
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in liver cancer [58]. Nuclear localization of YAP/TAZ is reg-
ulated by intracellular tension resulting from cells “sensing”
stiffer substrates, extracellular shear from fluid flow, or by
experiencing increased cell spreading or mechanical stress/
strain [59]. For example, stabilization of the F-actin cytoskel-
eton and mechanical strain applied to E-cadherin cell-cell
junctions have been proven to induce YAP/TAZ activity by
nuclear translocation [60, 61].

Additionally, mechanosensitive myocardin-related tran-
scription factors (MRTFs), which provide a link between cy-
toskeletal dynamics and cytoskeletal gene expression, are also
critical mediators of EMT [62]. While high levels of G-actin
retain MRTFs in the cytoplasm, their nuclear localization is
triggered by Rho-induced incorporation of G-actin into F-
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mechanisms that originate in such an abnormal microenvironment.
Tumor biophysical cues may also be involved in CSC development and
serve to promote EMT. In addition, the TME biophysical cues and
consequent epigenetic changes worsen cancer outcomes by evading,
eliminating, or reorienting effector immune cells while also recruiting
regulatory cells to the tumor

actin [63]. Actin polymerization thus allows MRTFs to inter-
act with their co-activator, transcription factor serum response
factor (SRF), leading to the subsequent activation of cytoskel-
etal target genes [63]. Nuclear accumulation of MRTF-A has
been shown to be responsive to disruptions in cell-cell junc-
tions [64], restriction of cell spreading [65], and changes in
matrix stiffness [38]. Recent studies of MRTFs demonstrate a
correlation between MRTF-A RNA expression and breast and
lung cancer metastasis [66, 67]. Increased expression of both
MRTF-A and -B also stimulates the initiation of pancreatic
cancer by promoting sphere formation by stem cell-like cells
and the generation of cancer-initiating cells (CICs), as marked
by upregulation of CIC markers CD44, Tspan8, and CD151
[68].
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Biophysical Regulation of the Epigenetic Signatures
Contributing to Cancer Stemness and Tumor
Initiation

The shaping of epigenetic patterns by biophysical cues is a
familiar concept that has been highlighted in many biological
studies. Recent research has demonstrated that heterochromatin
dynamics and telomere structure can be influenced by reduced
matrix constraints [69]. It has also been observed that histone
modifications are responsive to biophysical changes associated
with a 3D environment [70¢]. Cell geometric constraints have
been shown to induce the mechanical regulation of histone
deacetylase 3 (HDACS3) cytoplasmic-to-nuclear redistribution
in an actomyosin-dependent manner [71]. Additionally, the ac-
tivity of WD repeat domain 5, WDR5—a subunit of H3
methyltransferase—can be regulated by mechanomodulation,
as upregulation of H3K4 methylation by WDRS can be trig-
gered by cellular confinement [72]. Extracellular cues associated
with biophysical alterations within the TME also play an impor-
tant role in the regulation of epigenetic patterns contributing to
cancer initiation and progression; in particular, many enzymes
involved in DNA and histone methylation are responsive to the
hypoxic conditions of the TME. Interestingly, the interaction of
HIF-1-induced HDAC3 with WDRS has been identified to be
critical to hypoxia-induced EMT and metastasis in
hypopharyngeal carcinoma cells [73]. In breast cancer, the ac-
tivity of ten-eleven translocation enzymes TET1 and TET3
(which facilitate DNA demethylation) is deregulated by hypoxic
conditions, which ultimately promotes tumor metastasis [74].
Hypoxia has also been shown to trigger global DNA demethyl-
ation through the upregulation of methionine
adenosyltransferase 2A (MAT2A) in hepatoma cells [75].
These observations are implicative of the coaction of both bio-
physical and epigenetic factors in tumor initiation and
progression.

As the proliferative and metastatic potential of CSCs is
largely dependent on EMT and adhesome dynamics, normal-
ization of the tumor vasculature and stromal matrix would
result in amelioration of the hypoxic conditions and matrix
stiffness that trigger EMT and aberrant adhesome gene ex-
pression, respectively. This review elaborates on therapeutic
challenges and approaches in the “Therapeutic Normalization
of the TME Can Improve Cancer Outcomes” section.

Biophysical Regulation and Epigenetics
of Immune Cells in Cancer

It is often believed that normal tissue homeostasis and archi-
tecture can avert the emergence of malignancies and that
anomalous biophysical cues shift this balance to precancerous
tendencies [76]. This is no less applicable to the immune cells
of the TME, as immunosurveillance and clearance of
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neoplastic cells are the cornerstones of restraining and elimi-
nating cancer in healthy states. In fact, Hanahan and
Weinberg’s updated list of cancer hallmarks suggests that
immunoevasion and chronic inflammation are enabling char-
acteristics of cancer, a distinction from their earlier description
of cancer hallmarks that did not mention immune cells [77,
78]. While active adaptive immunity can lead to favorable
clinical outcomes based on effective malignancy clearance,
chronic inflammatory responses of innate immune cells in
the vicinity of precancerous tissue may lead to tumorigenesis.
Likewise, immune insufficiency can also result in increased
cancer susceptibility, as seen in cases of primary immunode-
ficiency diseases [79], organ transplant-associated drug-in-
duced immunosuppression [80], absence of immune cells in-
cluding natural killer (NK), natural killer T cells (NKT), gam-
ma delta (y8) T cells, and other lymphocytes, or deficiency of
immune products such as interferon-gamma (IFN-vy),
perforins, and GM-CSF [81-84]. In this section, we discuss
how cancer-associated biophysical cues influence immune
cell phenotype through altered transcriptional and epigenetic
programs (outlined in Fig. 2).

Both Pro- and Anti-oncogenic Immune Cell Types
Exist in the Tumor and Dictate Cancer Outcomes

Cancer outcomes are often guided by the composition, location,
and behavior of the immune cells that reside in or are recruited
to the tumor. It has been recently suggested that immunological
classification of tumors into “hot,” “cold,” and “immune-ex-
cluded” types, by analyzing spatial distributions of immune
infiltrates at the tumor periphery and core may be used as a
stratifying biomarker in immunotherapy [85]. It is speculated
that such spatial patterns, frequently guided by chemoattractant
gradients, can dictate tumor outcomes depending on the pheno-
type of the immune cells involved [85, 86]. Prominent tumor
presence of effector CD8* cytotoxic T lymphocytes (CTL) and
Ty 1 cells is associated with favorable prognosis [87, 88], where-
as pro-tumor types including T},17 cells [88], myeloid-derived
suppressor cells (MDSC) [89], and tumor-associated macro-
phages (TAM) [90, 91] correlate with poor prognosis in several
cancers. It is now widely understood that immune cells play
multifarious functions in the TME, including those which exert
pro- and anti-oncogenic influences [5]. Pro-tumor regulatory
and secretory behaviors in immune cells are co-opted by ma-
lignancies to supplement the aberrant TME. The tumor immune
response may also be marked by the exclusion of certain im-
mune cell types. Reduced accumulation and migration of CTL
in “cold” tumors can happen when the dense stromal ECM
sequesters CTLs, physically blocking their access to the tumor
core in a chemokine and ECM remodeling enzyme-dependent
manner [86, 92].

The burgeoning tumor mass results in the emergence of
several deregulated biophysical cues as malignancy develops
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and proliferates. These include increased local tissue stiffness
and fibrosis; increased intra- and extra-tumoral solid stresses
and deforming forces; altered vasculature, perfusion, and per-
meability; and increased interstitial fluid pressure. In addition,
such cues indirectly affect cellular phenotype and survival by
reshaping the TME to be acidic, hypoxic, and nutrient defi-
cient. All these direct and indirect cues may shape the behav-
ior of both resident and recruited immune cells of the TME. In
the upcoming subsections, we review the biophysical regula-
tion of immune cell behaviors in the context of cancer pro-
gression and provide insights on how changes in the epigenet-
ic landscape may contribute to these behaviors.

Tumor-Associated Matrix Cues Contribute to Immune
Cell Activation Phenotypes

The Tumor ECM Modulates Immune Cells by Altered
Mechanotransduction

Desmoplasia, or excessive ECM deposition that is largely
attributable to cancer-associated fibroblast (CAF) activity, is
only one of many biophysical deviations in the TME [78].
ECM composition acts as a powerful determinant of cellular
behavior including growth, proliferation, and death, and is
also believed to guide cell trafficking into and out of a tumor.
Solid tumor development is concomitant with greater ECM
remodeling, creating a stiffer, crosslinked, and less compliant
tissue [54]. T cells, dendritic cells (DC), and monocyte-
macrophages are among the tumor-infiltrating immune cells
known to respond to stiffness stimuli. T lymphocyte activation
requires the formation of an immunological synapse to the
antigen-presenting cell (APC) that it engages with. Recent
studies show that the compliance of a substrate exhibiting
co-stimulatory ligands can influence the activation of CD4*
and CD8"* T cells through cytoskeletal dynamics and in-
creased mechanical forces at the T cell receptor (TCR) com-
plex [93, 94]. Stiffer polyacrylamide substrates conjugated
with anti-CD3/CD28 allowed for better attachment and acti-
vation of naive T cells, causing elevated IL-2 secretion [93].
Interestingly, although tumors are stiffer tissues, cancer cells
of various etiologies have been described to be stiffness-in-
sensitive, consequently staying soft even in relatively stiff
microenvironments, and displayed lower traction forces than
their non-cancerous counterparts [95]. It remains to be seen if
T cell cytotoxic action is curtailed by the relative softening of
cancer cells, conceivably through defective direct antigen pre-
sentation. Another study demonstrated that 3D cultures of T
cells in high-density collagen impaired T cell proliferation in
response to PMA and ionomycin resulting in lowered CD8*
CTL to CD4" ratios when compared to low density collagen, a
phenomenon also captured in vivo in breast cancer [92¢]. It
was also revealed that dense 3D collagen caused reduced cy-
totoxic effectiveness and elevated regulatory behavior of T

cells, in comparison to low-density 3D collagen and regular
2D controls. This was evidenced by the downregulation of
GZMB and IFNG and the upregulation of /L10, TGFBI, and
FOXP3 genes in dense 3D cultures [92¢]. These studies dem-
onstrate the potential of extracellular stiffness cues in guiding
T cell activation and proliferation.

Denderitic cells are the predominant APCs with which naive T
cells interact and are also influenced by substrate stiffness.
Culturing DCs on soft (2 kPa) and stiff (12 kPa) polyacrylamide
gels coated with fibronectin to mimic fibrotic stiffening has
shown changes in gene expression of two distinct DC cell states.
In immature cells, stiffer substrates reduce 32 integrin expression
and podosome formation, whereas, in mature DCs, the expres-
sion of maturity markers CD83 (co-stimulatory molecule) and
CCR7 is reduced [96]. DC immaturity in the tumor results in
poor antigen presentation and leads to reduced T cell activation
and proliferation. TCR stimulation by DCs lacking costimulatory
ligands may also contribute to T cell anergy.

Similarly, macrophages have been extensively reported to
be sensitive to ECM composition, stiffness, and topographical
and adhesive cues [97]. On diverse 2D ECM-coated surfaces,
macrophages adopt varied morphologies, while also demon-
strating divergent potential for polarization [98]. Specifically,
collagen type I coated substrates evoked the greatest TNFo
secretion from inflammatory macrophages, and least IL-10
secretion from pro-healing polarized cells, compared to the
other ECM coatings in the study [98]. ECM adhesive cues
that force cellular elongation result in enhanced pro-healing
M2 activation in macrophages [99]. Likewise, in 3D
hydrogels containing adhesive ECM proteins, macrophage
inflammatory programs are greatly ameliorated in an integrin
binding-dependent manner, compared to non-ECM controls
[100, 101]. On softer 3D fibrin hydrogels, macrophages dis-
play reduced tendencies for inflammatory polarization by sol-
uble cues [102], a protective effect that diminished in magni-
tude as the hydrogels became stiffer with crosslinking [103].
Crosslinked fibrin also caused macrophages to display in-
creased cell spread and motility [103]. Similarly, when mac-
rophages were cultured on polyacrylamide gels of different
stiffness, stiffer gels were pro-inflammatory in a TLR4-
dependent manner, irrespective of the ECM protein coated
[104]. While these evidence point to macrophage sensitivity
to biophysical cues that might also exist in a tumor, the con-
sequences of biophysical regulation of macrophages in the
context of the TME (both anti-inflammatory like CSF-1,
TGF-f3, and IL-10, and pro-inflammatory like TNF-o) remain
to be investigated.

Tumor ECM Composition Modulates Immune Responses
Studies show that the unique tumor ECM composition can

reorient immune cell behaviors. For instance, decellularized
human colorectal cancer matrices polarize macrophages
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toward an M2-like anti-inflammatory phenotype that elevates
TGF-f3 and IL-10, and are capable of promoting cancer cell
invasion through CCL18 upregulation [105¢]. Such pro-
oncogenic macrophages can recruit regulatory FOXP3* T
cells (Treg) by producing TGF-3 and CCL22 [106] while also
impeding CTL action by stromal sequestration [107], and ex-
pression of inhibitory immune checkpoint molecules [108].
Such macrophages also produce vascular endothelial growth
factor (VEGF), which acts alongside CCL18 to promote an-
giogenesis in tumors [109]. Collectively, these studies suggest
that the tumor ECM helps transform infiltrating macrophages
toward an anti-inflammatory, pro-metastatic, and pro-
angiogenic state resembling regulatory M2-like TAMs.

The collagen-rich ECM of the tumor plays an immunosup-
pressive role by acting as high-affinity ligands for the
leukocyte-associated Ig-like receptor-1 (LAIR-1) [110].
LAIR-1 is prominently expressed in a variety of peripheral
blood immune cells, including CD4* and CD8* T cells, B cells,
NK cells, and monocytes, and serves as a self-recognition in-
hibitory signal. It engages with both extracellular and trans-
membrane collagens—the overexpression of either in cancer
cells is associated with cancer progression, immune inhibition,
and poor outcomes [110, 111]. Remarkably, while antibody-
mediated disruption of the LAIR-1 engagement with matrix
collagens rescued the activation of anti-cancerous Tj1 cells, it
resulted in inhibition of Ty,17 cells, which incidentally also
expressed greater surface LAIR-1 than T,1 cells [112].
Activated Ty,17 cells are generally believed to play a pro-
oncogenic influence on the TME by secreting IL-17, a pro-
angiogenic and pro-inflammatory cytokine [88]. In addition to
stromal T cell sequestration [92¢], LAIR-1-mediated
immunomodulation demonstrates the possible selective inhibi-
tion of certain immune cell types by the tumor matrix.

The Tumor ECM Shapes Immune Cell Behavior by Altered
Epigenetic Machinery

Emerging evidence sheds light on the influences of the ECM
substrate not only on transcriptional activity but also on the
epigenetic landscape of cells [72, 113]. As migratory cells,
immune cells often must squeeze through interstitial confines
to extravasate to their targets. It had been recently shown that
actomyosin contractility in T cells causes nuclear softening,
enabling migration through confined ECM spaces [70°¢]. As
cells elongate to migrate, cytoskeletal reorganization induces an
upregulation of the histone methyltransferase WDRS, resulting
in increased histone H3K4 trimethylation. This triggers chro-
matin decondensation and lowered nuclear stiffness, permitting
cells to navigate restricted confines without damage to the nu-
cleus. It was also shown that WDRS silencing results in re-
duced migratory potential of T cells, stemming from a failure
to produce stable elongated trailing tails [70e¢]. Indeed, the
effects of cellular shape restrictions on epigenetic and
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transcriptional machinery have been described earlier in fibro-
blasts, where it was shown that cellular elongation by
micropatterning causes an increase in WDRS, H3K4 methyla-
tion, and H3 acetylation, and a decrease in HDAC2 [72].

The mechanotransducer YAP, recently implicated in can-
cer transcriptional programs via its association with the his-
tone hyperacetylation reader BRD4 [114], has been shown to
be upregulated in Tregs compared to CD4" T cells [115], as
well as necessary for the expression of FoxP3 transcription
factor and the immunosuppressive potential of Tregs [115].
Y AP has also been demonstrated to be a negative regulator of
T cell infiltration and activation in tumors [116]. Likewise, the
stiffness- and confinement-responsive transcriptional coacti-
vator MRTF-A is known to enhance inflammatory programs
in macrophages by interacting with the histone H3K4 meth-
yltransferase complex COMPASS, recruiting the methyltrans-
ferases ASH2 and WDRS, and opening NF-kB target gene
promoters for transcription [117, 118]. Disruption of epige-
netic pathways involving histone acetylation using the HDAC
inhibitor Trichostatin A induced phenotypical changes includ-
ing an elongated morphology, and heightened expression of
both pro-inflammatory and pro-healing markers even in the
absence of a polarizing stimulus [119]. Additionally, confine-
ment of macrophages was shown to decrease histone
deacetylase 3 (HDAC3) and MRTF-A in the nucleus, which
led to reduced inflammatory activation in response to LPS
[118]. Substrate stiffness can also regulate macrophage re-
sponse, conceivably through epigenetic means—however,
the influences of such biophysical cues in tandem with major
TAM polarizing signals on the macrophage state remain large-
ly unknown. As both the effector activation and regulatory
phenotypes of immune cells involve epigenetic reorganiza-
tion, the prospect of such biophysically derived and epigenet-
ically driven mechanisms in tumor immune cells is worth
exploring for the development of anti-cancer therapies.

Tumor-Associated Vasculature Abnormalities
Contribute to Tumor Immunomodulation

Vascular Abnormalities of the TME

An abnormal tumor vasculature limits the trafficking of CTLs
into the tumor, as a result of angiogenesis-induced endothelial
cell anergy and irregular blood flow [120]. Additionally, the
TME experiences elevated solid stresses and interstitial fluid
pressure, owing to the rapidly expanding mass jostling with
neighboring tissue for space. Consequently, cells of the TME
experience compressive, tensile, and shear forces, which
might all contribute towards shaping cellular behavior.
In vitro studies have demonstrated the ability of adherent im-
mune cells to respond to mechanical forces. Notably, extra-
cellular pressure was observed to increase DC maturity [121].
By subjecting immature DCs to an elevated pressure of
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40 mmHg, it was observed that DCs express inflammatory
cytokines and maturity markers [121]. However, such
pressure-matured DCs displayed no rise in the expression of
MHC-I or CD40, molecules that are essential for cross-
presentation and co-stimulation of T cells respectively [121].
Given that cytokines present in tumors, including IL-10 and
TGF-{3, have negative influences on DC maturation in tumors
[122], it is quite possible that the antigen recognition, uptake,
and presentation capabilities of such pressure-matured DCs in
tumors may not be on par with those of typical cytokine-
matured DCs. Using engineered APCs that possess mutated
TCR ligands, which bind to the TCR complex without spon-
taneous activation, it has been shown that mechanical
perturbing force applied across the immunological synapse
using a micropipette was sufficient to trigger calcium mobili-
zation and T cell activation [123]. Similarly, macrophages are
also sensitive to interstitial flow (IF) arising from fluid pres-
sure in the tumor. Using a 3D culture modeling IF in tumors, it
was shown that IF induces macrophages polarization toward
an M2-like phenotype through integrin/Src-mediated
mechanotransduction pathways and STAT3/6 [124]. Under
IF, macrophages secrete TGF-[3, which enhances their ability
to promote cancer cell migration [124]. Macrophage motility
also increases under against the direction of flow, suggesting a
flow-mediated mechanism for recruitment of macrophages to
tumors [124].

Additionally, the tumor solid and fluid stresses influence
immune cells by promoting vascular narrowing and hypoper-
fusion, leading to tumor hypoxia, acidity, and nutrient depri-
vation. Hypoxia in the TME fuels the expression of HIF-1c
and the overproduction of angiogenic factors (primarily be-
longing to VEGF family), prompting abnormal capillaries that
are numerous, tortuous, and heterogeneous. These dense cap-
illary and lymphatic networks are hyperpermeable to plasma
proteins, and cause elevated interstitial flow to the stroma,
resulting in higher compressive forces on the vasculature
and consequent impaired vascular perfusion. This results in
a positive feedback loop that aggravates hypoxia and acidity
in the tumor [125].

Vascular Abnormalities Influence Immune Response
Through Hypoxia

The deficient microcirculation in tumors drives differential
immune cell infiltration, differentiation, survival/proliferation,
and activation through hypoxia [126]. Macrophages in the
tumor are polarized toward an M2-like pro-tumor phenotype
in response to hypoxic signaling, resulting in additional
TGF-3 and IL-10 production sustaining the M2-like TAM
polarization [127]. Hypoxia also causes the differentiation of
Treg and T,17 cells from CD4* T cells—moreover, the ex-
pression of the Treg master regulator FOXP3 is mediated by
HIF-10c[128°¢]. Hypoxia-induced TAMs and tumor cells may

upregulate the expression of inhibitory immune checkpoint
molecules that act to stem the activation or induce apoptosis
in effector CTLs and NK cells [108]. Myeloid-specific dele-
tion of HIF-1x reduces tumor growth, stemming from a re-
duced macrophage regulatory behavior and a resultant release
of T cell suppression [129]. Hypoxia also results in altered
patterns of chemoattractants that recruit suppressor TAMs,
MDSCs, and Tregs, while attenuating CTLs and NK cells
[108, 130, 131]. For instance, hypoxia-induced EMT in hepa-
tocellular carcinoma cells leads to increased CCL20 secretion,
increasing macrophage expression of the immune checkpoint
molecule indoleamine 2,3-dioxygenase (IDO), and conse-
quently promoting Treg activity, in addition to evoking aner-
gy, reduced proliferation, and impaired IFN-y production in
CTLs [132]. In addition, hypoxia suppresses the maturity of
DCs, compromising antigen presentation, and polarizing them
to a pro-inflammatory phenotype [133]. Hypoxia may also
indirectly affect immune cells in the TME by promoting active
ECM crosslinking and remodeling through upregulated pro-
duction of LOX family enzymes in cancer cells, CAFs, and
endothelial cells, and matrix metalloproteases in cancer cells,
CAFs, and TAMs [128<¢, 134]. Hypoxia also downregulates
tissue inhibitors of metalloproteinases (TIMPs) in tumors
[128e¢]. Vascular normalization therapies aimed at the chronic
hypoxia and inflammation are therefore proposed to restore
normal perfusion and alleviate some of the direct and indirect
immune suppressive effects of the TME [126].

Hypoxia is a known determinant of cellular behavior by
enacting epigenetic reorganization of the DNA and histone
landscape. For instance, hypoxia drives cell fate changes by
inhibition of histone demethylases acting on both activating
(open chromatin—H3K4 and H3K36 trimethylation) [135]
and inhibitory (heterochromatin—H3K27 trimethylation)
[136] histone marks. Furthermore, hypoxia causes global
DNA hypermethylation in fibrotic tissue via elevated expres-
sion of DNA methyltransferases DNMT1 and DNMT3B
[137]. DNA and histone modifications are known to have
significant roles in the activation of every immune cell. For
instance, pro-inflammatory stimulation using lipopolysaccha-
rides (LPS), and IFN-y, and M2 pro-healing stimulation using
IL-4 and IL-13 polarized macrophages have both been shown
to orchestrate specific genetic programs through epigenetic
means [138]. One such epigenetic signature is the LPS
treatment-associated induction of KDM6B, an enzyme de-
scribed to erase repressive H3K27me3 marks, which permits
the upregulation of a subset of inflammatory genes [139].
Similar epigenetic changes also enable the activation of T
cells. For instance, CD8" T cell activation is concomitant with
increased H3 acetylation at the promoter and enhancer regions
of the /FNG gene, a change that is maintained in memory T
cells, enabling faster cytotoxic response to a second stimulus
[140]. While the effects of hypoxia on immune cells have
been characterized extensively, the contribution of epigenetic
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changes to differential immune activation under hypoxic con-
ditions remains largely undescribed. It is highly probable that
hypoxia can either hamper tumor clearance or promote regu-
latory behavior of immune cells through epigenetic alter-
ations. Taken together with its influences on EMT-driven can-
cer stemness and invasiveness, hypoxia presents as a promis-
ing target for tumor tissue normalization.

The TME biophysical cues prime the tumor to eliminate,
evade, or reorient immune effector types and recruit pro-
oncogenic immune cells that promote immune suppression.
This happens directly through mechanosensation and down-
stream epigenetic and transcriptional regulation, or indirectly
through altered soluble cues and signaling. Targeting the
TME to remove biophysical abnormalities holds the promise
of improved therapeutic outcomes.

Therapeutic Normalization of the TME Can
Improve Cancer Outcomes

The emergence of abnormal biophysical cues within the TME
sets in motion a series of changes in resident cell behavior that
further reinforce these aberrant conditions. While this recipro-
cal relationship is a vicious self-sustaining loop that is critical-
ly important for tumor progression, most chemotherapeutic
and immunomodulatory therapies are aimed at targeting intra-
cellular molecular abnormalities. In the following sections, we
consider the utility of therapies aimed at targeting the TME as
adjuvants to conventional interventions used in cancer treat-
ment (outlined in Fig. 3).

Epigenetic Interventions and the TME

CSC targeting therapies include inhibition of relevant signal-
ing pathways such as Wnt/3-catenin and Hedgehog [42].
However, therapeutic efforts to target CSCs are rife with chal-
lenges involving the diagnostic potential of CSC biomarkers
as well as the spontaneous dedifferentiation of non-CSCs. To
begin with, the target potential of CSC markers has been un-
clear, as a specific marker may only be enriched in certain
cancer subtypes or disease stages and may not be generally
applicable. This has been the case for several cancers includ-
ing melanoma [141], ovarian cancer [142], and leukemia
[143], in which tumorigenic cells were shown to exhibit het-
erogeneity in surface marker expression within the tumor sam-
ple and across different patients. The proposal of CSC-
targeted therapy is further complicated by the ability of non-
CSCs to spontaneously dedifferentiate into stem-like states,
likely giving rise to new pools of CSCs [11]. Given that bio-
physical cues within the TME have been shown to drive can-
cer stemness through epigenetic changes in the cell, epigenetic
drugs could be a powerful tool in targeting cancer stemness.
Indeed, DNA methyltransferase inhibitors (DNMT1), histone
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deacetylase inhibitors (HDACI), and lysine-specific
demethylase 1 inhibitors (LSD1i) have been shown to induce
differentiation of CSCs, thereby reducing tumorigenesis, and
improve clinical outcomes in various cancer contexts
[144-146].

Epigenetic drugs have also shown promise in treating
specific TME aberrancies. It has been well established
that hypoxic conditions promote tumor growth through
enhanced angiogenesis and are coupled with HDACI,
HDAC2, and HDAC3 overexpression [147]. This upreg-
ulation has been correlated with suppression of two tu-
mor suppressor genes, pS3 and pVHL, and is coupled
with the upregulation of HIF-1x and VEGF. HDACI1
inhibitor Trichostatin A recovered p53 and pVHL expres-
sion while subsequently downregulating HIF-1x and
VEGF, reducing angiogenesis in a mouse model [147].
A VHL-deficient human renal carcinoma cell line was
treated with a different HDACI1, dacinostat, and inhibited
HIF-1« transcription via a VHL-independent means, in-
dicating HIF-1x acetylation levels likely play an impor-
tant role in gene expression and tumor angiogenesis
[148]. Furthermore, in both in vitro and in vivo contexts,
dacinostat induced apoptosis through cell cycle arrest in
myeloid leukemia, extending survival of mice and show-
ing promise as a combination therapy with an ABL in-
hibitor imatinib [149].

Epigenetic drugs also serve a promising role in cancer ther-
apy as immune cell modulators. In chemo-resistant non-small
cell lung cancer (NSCLC), an HDACG inhibitor, ricolinostat,
provided an immunostimulatory effect by T cell activation
and enhanced MHCI presentation in solid tumor cells [150].
Although specific combinations of epigenetic drugs can cause
toxicity in humans due to their global effects, a combination of
ricolinostat and bromodomain and extraterminal domain in-
hibitor G(BET) JQI reduced T-reg cell suppression and lead to
attenuation of tumor growth and extended survival in mice
with NSCLC [150]. Additionally, there has been a resurgence
in the study of immunotherapies involving immune check-
point blockers (ICB) [151]. ICBs were thought of as a failed
therapy due to rapid development of resistance by cancer cells,
as well as an overall lack of clinical benefit. However, recent
preclinical research points to a combination of epigenetic
drugs and ICBs as a means to reduce drug resistance to ICB,
providing a lengthened window of opportunity for treatments
to take effect [151].

Shared epigenetic characteristics between the
deregulated components of the aberrant TME point to the
use of epigenetic drugs as a complement with other tumor
therapies as the current step in the frontier in fighting the
multifaceted aberrancies persisting in solid tumor growth.
It is promising that the global effects of epigenetic drugs
could be tailored and targeted to effect cancer phenotypes
at the TME, CSC, and immune cell levels.
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Dysfunctional TME

e Desmoplastic/fibrotic tissue

® 1 ECM production (1 Collagen, hyaluronan, LAIR-1)
® 1 ECM crosslinking, stiffness

® 1 ECM remodeling enzymes (1 MMPs)

® 1 Tumor growth - related stresses (mass effect)

® 1 Compressive forces on vasculature

e Leaky vessels (hyperpearmeable to plasma proteins)

e 1 Interstitial fluid pressure
® Hypoperfusion

® Vasculature tortuous, numerous, heterogenous,
pericyte-deficient

® 1 Angiogenic factors (1 VEGF)
® Hypoxia (1 HIFs)

® Extracellular acidity

® Aberrant epigenetic influences

TME Therapeutics

e VEGF
® HIFs

o TGF-B e Collagen
* MMPs e Hyaluronan
® Lysyl oxidases ® Fibrosis

® Immune checkpoint molecules

o Inflammatory mediators

o H* efflux mechanisms
® Vasoconstriction

o DNA methyltransferases
® Histone deacetylases
® Histone demethylases

Normalized TME

e Naturally healing tissue

® Physiological ECM production
(| Collagen, hyaluronan, LAIR-1)

e | ECM crosslinking, stiffness
e | ECM remodeling enzymes (1 MMPs)

e Tumor growth - related stresses eased
(no mass effect)

e Vascular compression eased
o Normalized vasculature

e Physiological interstitial fluid pressure
® Normoperfusion

e Vasculature robust and homogenous
with sufficient pericyte coverage

e | Angiogenic factors (| VEGF)

e Normoxia (| HIFs)

e Physiological extracellular pH

® Normalized epigenetic signatures

Desired Clinical Outcomes

| Proliferation

| Self-renewal

| Tumor heterogeneity

| EMT (1 E-cad, | CD44, 1 CD24)
Normalized integrin expression

Fig. 3 Therapeutic normalization of the aberrant TME cues encourages
positive cancer outcomes. An overview outlining the normalization of
dysregulated matrix composition, vasculature, and oxygen tension
within the TME and facilitation of positive cancer responses. Restoring
normal matrix composition, easing compressed vasculature, and
reintroducing normoxic conditions can relieve conditions that promote
cancer stemness and invasiveness. TME normalization can also be

| Inflammatory cytokines, chemokines

1 Trafficking of CD8+ CTLs

| Survival pressure on normal cells

| Stromal sequestration, 1 proliferation
and effectiveness of CTLs

| Macrophage polarization towards M2-like
phenotype (| TGF-B, | IL10)

| Apoptosis of effector immune cells
| Population of Tregs, TAMs, MDSCs
1 Dendritic cell maturation

1 IFNy production

| Immunomodulatory stromal signals
| CAF, TAM expression of immune
checkpoint

aimed at reducing inflammation and CTL apoptosis, while promoting
an effective immune response that aids tumor clearance. A normalized
TME may be achieved by targeting the factors that contribute to matrix
stiffness, deviant vasculature, and hypoxic and acidic conditions.
Targeting epigenetic modifications can also serve as a potent adjuvant
therapy to enhance patient outcomes
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TME Normalization as a Strategy to Improve Patient
Outcomes

The Tumor Microenvironment Presents Significant
Challenges to Existing Treatments

Malignancies represent a state of destabilized tissue homeo-
stasis, embodied by various tumor-permissive physical and
functional signals. In addition to the cancer cells, there are
profound changes to the various stromal components, namely
fibroblasts, vasculature, immune cells, and ECM. Because the
TME is a complex niche where cells of numerous identities
interact, it becomes imperative to appreciate the role non-
cancer cells play in determining cancer cell fate. Stromal fi-
brosis and ECM deposits are phases of tumorigenesis and are
proposed to represent lesions that herald cancers, even in oth-
erwise non-malignant tissue [152]. Recent studies highlight
that the stroma can pose significant challenges in treating ma-
lignancies [153¢¢]. Therapies involving even small molecule
pharmaceutics can fail owing to impaired pharmacological
distribution. This happens due to diffusion limitations im-
posed by a desmoplastic ECM or abnormal vasculature and
consequent hypoperfusion. Adoptive immunotherapy and
other cellular therapies must overcome additional barriers
such as stromal matricellular products and immune check-
point molecules. Tumor hypoperfusion also introduces hyp-
oxic and acidic challenges that blunt the activity of tumor-
infiltrating cells, in addition to acting as a survival pressure
that selects for more resilient pro-tumor cells. Solid stresses
introduced by the expanding tumor causes a “mass effect,”
which can also affect normal tissue surrounding it [154e¢].
Increased intratumoral fluid pressure, actuated by
hyperpermeable vessels lacking pericyte coverage, can con-
tribute to the compressive resistance of the ECM [125]. Such
abnormal biophysical cues are instrumental for cancer
stemness, migration, EMT, and metastatic escape to a distal
site of invasion. Furthermore, extracellular mechanical signals
can get transduced to intracellular tension and nuclear reorga-
nization, resulting in differential gene expression [155¢¢].
Targeting these cancer-enabling factors would help reestab-
lish homeostasis and subsequent healing. More importantly,
reengineering the TME to normalcy by restoring normal ECM
and vascular properties can allow for the delivery and pene-
tration of conventional chemotherapeutics.

Normalization of Tumor Stromal Matrix for Restorative
Healing

The aberrant tumor ECM acts as an important conduit for the
unusual extracellular instructions received by resident cells.
Because the dense and stiff ECM acts as a premetastatic niche
that fosters cancer cell colonization, the matrix and its com-
ponents have also been direct targets of interest. TGF-f3
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secreted by CAFs and TAMs serves as a prominent upstream
determinant of tumor ECM and vascular properties. Although
necessary for cell cycle arrest and apoptosis in normal cells,
elevated TGF-[3 expression has been associated with poor
cancer prognosis [156]. Activation of TGF-3 pathway causes
elevated collagen production, inhibition of vascular pericytes,
and polarization of macrophages to regulatory TAMs
(reviewed in [157]). It also enables CAFs to induce EMT
and support tumor-initiating cells [157]. This highlights
TGF-f as a key driver of chemoresistance and invasiveness
of some cancers [157]. Antibody-based TGF-{3 blockade has
been demonstrated to halt cancer progression through im-
proved vascular maturation, TAM inhibition, reduced colla-
gen deposition, lower interstitial fluid pressure (IFP), and im-
proved drug penetration [158, 159]. The anti-hypertensive
drug Losartan acts as an angiotensin-II receptor antagonist.
Losartan has been demonstrated to exhibit anti-fibrotic activ-
ities, stemming from the suppression of TGF-[3 activators
such as thrombospondin-1. It was shown to reduce collagen
I levels in several mice tumor models, while also improving
the distribution and therapeutic efficacy of pegylated liposo-
mal doxorubicin [160]. Used in combination with
FOLFIRINOX (leucovorin, 5-fluorouracil, irinotecan, and
oxaliplatin) in a phase II clinical trial, Losartan use was asso-
ciated with downstaging of advanced pancreatic cancer and an
RO resection (indicating complete remission) of 61% when
paired with radiographical ablation [161]. Hypoxia-induced
lysyl oxidases (LOX family) are responsible for matrix colla-
gen crosslinking, causing an increase in stiffness. LOX is also
implicated in a breast to bone cancer metastasis, proposed to
happen in 85% of advanced-stage disease [162, 163]. LOX
inhibition is therefore an ideal target for cancer treatment.
LOX inhibition by small molecule drug {3-
aminopropionitrile attenuates the metastatic potential of breast
cancer cells [164]. However, it was associated with toxicity in
non-cancerous tissue [162]. Antibody-mediated LOX inhibi-
tion in a mouse breast cancer model shows reduced metastatic
potential, subdued osteolytic lesions, and lower NFATcI-
driven inflammatory osteoclastogenesis [163].
Hyaluronan-rich tumors have been a target of interest due
to their association with poor prognosis [165]. The hyaluronan
synthase inhibitor 4-methylumbelliferone (4-MU) has been
demonstrated to reduce cancer proliferation and improve
chemodrug efficacy [166]. Alternatively, enzymatic treat-
ments using hyaluronidase have been touted, with the
pegylated form PEGPH20 being shown to reduce stromal
swelling, regulate IFP, re-expand vasculature, improve the
efficacy of chemodrug gemcitabine, and double survival rates
compared to gemcitabine-only controls [167]. It was also
shown to enhance CD8" T cell accumulation and the efficacy
of anti-PD-L1 treatment in a mouse breast cancer model [168].
While this was one of the most clinically advanced ECM
normalization therapy, it failed phase III trials recently and
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did not improve survival rates in pancreatic ductal adenocar-
cinoma patients compared to nab-paclitaxel/gemcitabine-only
treatment controls [169]. Similar enzymes that degrade the
ECM have been tested with limited success—bacterial colla-
genase caused increased risks of toxicity from products of
degradation and bovine hyaluronidase caused a significant
risk of immune reactions, while relaxin treatment increased
the risk of cancer dissemination [160, 170]. ECM-
remodeling enzymes mediate the metastatic escape of cancer
cells and represent yet another attractive therapeutic target.
MMP14 blockade through the monoclonal antibody DX-
2400 has been more successful, selective, and non-toxic
[171]. DX-2400 treatment decreased TGF-[3, polarized mac-
rophages to anti-oncogenic effector phenotype, and increased
iNOS secretions that enhanced perfusion and response to ra-
diotherapy [171]. Similarly, heparanase inhibition can result
in lower stromal remodeling, invasiveness, and angiogenesis
[172]. PG545 is one such heparan sulfate mimic that was well
tolerated and improved T cell tumor infiltration in a phase I
clinical study [173].

Normalization of Tumor Vasculature to Ameliorate Hypoxia

Tumor microvascular normalization is aimed at restoring nor-
mal function, perfusion, normoxia, pH, and effector immune
infiltration in order to reverse adverse TME conditions.
Curtailing the formation of numerous malforming vessels
through anti-angiogenic treatments to combat hypoxia-
induced VEGF overexpression has been explored to promote
regularization of the vascular network. This may be achieved
by using monoclonal antibodies against VEGF (bevacizumab)
or its receptor (ramucirumab), small molecule tyrosine receptor
kinase inhibitors that block VEGF receptors (sunitinib, sorafe-
nib, axitinib, and others), or VEGF traps (Aflibercept). Several
of these have FDA approvals and are in use in combination
with chemodrugs or immune checkpoint inhibitors, in addition
to several current trials for further indications [174]. In addition,
these are subjects of several current trials for further indications
[174]. Since HIF-1 is directly implicated in anti-angiogenic
treatment resistance, it has served as a direct target of interest.
HIF blockade takes the form of inhibition of upstream regula-
tors of HIF (mTORC1/2 pathway inhibitors, PP242), inhibition
of translation (antisense oligonucleotides, EZN-2968), inhibi-
tion of stabilizing proteins (HSP90 inhibitors, 17-AAG and 17-
DMAG), or inhibition of HIF-1 dimerization (via acriflavine or
PT2385) [175¢, 176].

Restoration of normoperfusion in the tumor requires a re-
duction in the compressive stresses emanating from the dense
stromal ECM that cause restricted vascular flow. Anti-fibrotic
and anti-inflammatory medications have been proposed to
restore normoxia by reducing compressive stresses on the tu-
mor vasculature (reviewed in [177]). Anti-inflammatory med-
ications (e.g., COX inhibitors) trigger inflammation resolution

mediators that aid in reducing the permeability of tumor
microvessels and thus can regulate IFP [177, 178]. Anti-
fibrotic drugs (e.g., tranilast, pirfenidone) work by blocking
proliferation and TGF-3 production of CAFs, while also re-
ducing the inflammatory mediator expression by immune
cells [179, 180].

The extracellular environment in solid tumors has a pH of
6.2-6.9, significantly lower than normal tissue which is main-
tained at 7.3—7.4 [181]. The acidic TME has been the target of
several treatment regimens aimed at blocking proton
ATPases, sodium/hydrogen exchangers (specifically NHE1),
and carboxylate-proton cotransporters (MCT1 and MCT4)
that are involved in proton efflux and overexpressed/
activated in tumor cells [182¢]. The transmembrane hypoxia-
induced enzyme carbonic anhydrase (CAIX) is yet another
target aimed at de-acidifying the TME [182¢]. Such interven-
tions may remove extracellular acidity while also decreasing
intracellular pH, resulting in reduced proliferation and induc-
tion of apoptosis in cancer cells [183]. Similar interventions
that aim to restore normalcy in matrix and vascular cues pre-
sented to the cells of the TME hold the promise of driving
restorative healing, potentially enhancing patient response to
traditional treatment regimens.

Capitalizing on the Cues Within the TME for Targeted
Cancer Drug Delivery

Conventional therapies target cancer in a highly non-localized
fashion. New studies indicate that the abnormal conditions of
the TME can be exploited for localized and selective delivery
of therapeutics. Such strategies entail, for example, the use of
non-toxic prodrugs that become activated by certain condi-
tions that exist only in the TME. Desmoplasia, hypoxia, and
acidity represent some TME conditions that could allow for
the selective release of therapeutic payload.

Desmoplasia is one of the common features of solid can-
cers. A dense, crosslinked, and aligned matrix causes the tu-
mor mass to become several folds stiffer than local non-
tumorous tissue. Stiffer tissues trigger mechanotransduction,
transmitting signals to the nucleus. This often occurs through
the nuclear translocation of transcriptional factors such as
YAP/TAZ, MRTF-A, and TWIST 1. Interestingly, all of these
have been implicated as pro-oncogenic signals and are
overexpressed in certain tumors. For instance, driven to the
nucleus by stiffer substrates, TWIST1 is involved in activation
of'the genes responsible for EMT, invasion, and metastasis, in
addition to those of collagens, MMPs, and LOX [184].

A recent study has demonstrated the use of engineered
mechanoresponsive cellular systems enacting stiffness-
selective gene expression as a novel way to deliver active drugs
[185¢]. This was achieved by placing the exogenous production
of cytosine deaminase (CD) under the control of a YAP/TAZ-
responsive element, in mesenchymal stem cells (MSCs). Upon
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sensing the stiffer microenvironment of a tumor, these
mechanoresponsive stem cells (MRSCs) produce CD allowing
for the conversion of the prodrug 5-fluorocytosine to the active
drug form 5-fluorouracil. This action is local and therefore pro-
posed to happen near the targeted cells. Since various
mechanoresponsive transcriptional factors are of dissimilar mo-
lecular weights, and therefore allow for different thresholds of
the substrate stiffnesses for nuclear translocation [186], it might
be possible to engineer such systems to various grade of tumor
stiffness. Such stiffness responsive therapies had been proposed
carlier as well. Cao et al. described phage peptide-based mo-
lecular probes that could selectively bind to strained fibronectin
fibers [187]. In principle, such a system could be used for
fastidious molecular targeting of ECM at altered states of path-
ological stress.

Tumor hypoxia is yet another widespread tumor property
that can be utilized for cancer targeting. This would take ad-
vantage of the reduced tumor partial oxygen pressure, which
was measured to be between 2- and 22-fold lower than corre-
sponding normoxic tissue pO, depending on the anatomical
location [188]. The most prominent of cellular adaptations to
lower oxygen availability come from the activity of HIFs, the
function of which relies on the redox stabilization under hyp-
oxic conditions [128e¢]. HIF family transcriptional factors are
responsible for several pro-oncogenic genes and ECM com-
ponents, and interact with the chromatin via hypoxia-
responsive elements (HRE). We propose that cell-based ther-
apeutics that target hypoxia can be designed in a manner sim-
ilar to that of the stiffness-sensing MRSCs described above.
The proposed system could exploit a prodrug-converting en-
zyme in the control of a HRE, allowing activation upon HIF
expression in hypoxic tumors [185¢].

The reduced oxygen tension in tumors can be also used for
targeted administration of hypoxia-sensitive prodrugs
(reviewed in [189]). Such drugs are often cytotoxic agents that
are either bioreductive prodrugs that become activated only in
the reducing tumor environment or are already active forms
that become compromised in normoxic redox conditions.
These drugs function by the interference of DNA replication,
intercalation, or damage. Examples of hypoxia-activated
prodrugs include AQ4N (banoxantrone) that gets reduced to
a potent topoisomerase II inhibitor [190], TPZ (tirapazamine)
gets reduced to a DNA-damaging radical [191], and PR-104
and TH-302 which both transform into DNA crosslinkers un-
der hypoxic stress [190, 192]. Another study has also de-
scribed 33 nm nanoparticle clusters targeted toward hypoxic
centers by conjugating said particles with a CCL28 ligand
[193]. These particles are MMP-reactive and hence break into
smaller 5 nm particles to achieve deep tumor penetration, and
act as radiosensitizers, consequently producing radicals upon
radiation treatment [193]. Such chemokine-based targeting
opens the possibility of similar targeted nanoparticle-based
drug delivery systems.

@ Springer

The acidic TME can also be exploited using pH-responsive
drug release systems to deliver chemodrugs. Mesoporous
organosilica nanoparticles loaded with doxorubicin has been
demonstrated to target the acidic TME in breast cancer mouse
models and achieve selective drug distribution [194]. This was
achieved by modifying the particles with a pH (low) insertion
peptide (pHLIP). This polypeptide is derived from the bacte-
riorhodopsin C helix and is capable of localization to the acid-
ic milieu and insertion into the cell membrane, making it a
potent tool for the delivery of nanoparticles-drug complexes
and antisense oligonucleotides [194]. Other strategies that pre-
pare nanoparticles for targeted delivery of drugs include the
use of pH-responsive linkers, corona coatings/shells, or acid-
programmable dissociation (reviewed in [195]).

The TME thus provides several abnormal properties that
can be targeted for normalization. This could consequently
allow for homeostatic and healing reforms in the TME while
eliminating the advantages that cancer and stromal cells have
over non-cancerous counterparts. TME normalization thera-
pies may also be employed as adjuvant therapies for improved
chemodrug distribution, efficacy, and cancer outcomes.

Conclusions

In this review, we highlighted (i) the acquisition of stem-like
characteristics and (ii) the ability to circumvent immune clear-
ance as important driving forces of cancer development and
progression. We examined the epigenetic mechanisms in-
volved in promoting tumor initiation and progression through
modulation of CSC and immune cell activities within the
TME. Such epigenetic mechanisms include histone modifica-
tions, aberrant DNA methylation patterns, chromatin remod-
eling, and dysregulated miRNA activity that lead to activation
of significant biological processes contributing to the upregu-
lation of stem-like properties and modulation of immune ac-
tivation. We also described the tumor as a complex ecosystem
composed of malignant cells under the influence of aberrant
biophysical cues presented by a hypoxic and chronically in-
flamed TME. Specifically, matrix rigidity and altered vascu-
lature regulate stemness by promoting the activation of rele-
vant pathways including EMT, Wnt signaling, and Notch sig-
naling. Additionally, we explored how said biophysical cues
guide the behavior of immune cells present in the TME, in-
cluding that of T cells, macrophages, and dendritic cells.
More interestingly, we recognized the coaction of biophys-
ical and epigenetic factors in driving cancer development
through exploration of the biophysical regulation of epigenet-
ic mechanisms. The shaping of epigenetic signatures by bio-
physical cues has been observed in numerous studies that
portray the alteration of heterochromatin dynamics in re-
sponse to changing biophysical cues. In the context of cancer,
methyltransferases, acetyltransferases, and other enzymes
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involved in epigenetic regulation are responsive to the hypox-
ic conditions attributed to the biomechanically aberrant TME.
These observations are highly implicative of the interplay be-
tween biophysical cues and epigenetics in regulating cancer
stemness and immune action thereby driving tumor initiation
and progression. Future studies aimed at elucidating the reg-
ulatory and signaling mechanisms that constitute this interplay
will not only advance current understanding of how tumor
heterogeneity contributes to the complexity of cancer but also
identify more promising therapeutic targets that will enhance
scientific efforts to improve cancer patient outcomes.

This review also assessed the challenges associated with
investigating cancer stemness as a potential therapeutic target.
In particular, we addressed the reliability of stem cell markers
in cancer therapy. We also discussed the therapeutic chal-
lenges caused by the aberrant TME, as drug delivery can be
limited by the cancer-enabling activity of various checkpoint
molecules as well as by the diffusional constraints presented
by an abnormal vasculature and a dense stromal ECM.
Additionally, we reviewed several promising therapeutic strat-
egies that aim to normalize the aberrant properties of the TME
through anti-remodeling, anti-fibrotic, anti-angiogenic, and
vasodilating interventions. We explored the approach of cap-
italizing on biophysical cues within the TME through thera-
pies that exploit aberrant tumor properties, such as matrix
stiffness and hypoxia, to achieve efficient and highly localized
drug delivery. In addition to reviewing potential biophysical
targets, we also looked at the use of epigenetic drugs or inhib-
itors of epigenetic readers, writers, and erasers in tumor initi-
ation and progression as a combinatorial treatment for cancer.

Overall, we recognize the development and progression of
cancer as a result of acquired hallmark traits that are subject to
the influence of the biophysical cues, and epigenetic mecha-
nisms presented by the TME. The coordination of gene regu-
latory mechanisms across multiple cell types is critical during
tumor initiation and progression, as is reflected by the upreg-
ulation of stem-like properties in the tumor and modulation of
immune cell action during cancer development. Dysregulated
cellular activities can potentially be corrected by therapeutic
approaches that target abnormal biophysical cues and epige-
netic modifications. Still, challenges remain in further under-
standing the biomechanically aberrant TME, and targeting
cancer stemness and regulatory immune cells. However, fu-
ture studies to elucidate the biophysical and epigenetic regu-
latory mechanisms involved alongside therapeutic efforts to
normalize the TME and undo the acquisition of stem-like
properties and behavioral changes in immune cells will be of
great importance for the advancement of therapies to improve
cancer patient outcomes.
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