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Abstract

The success of anticancer therapies is often limited by heterogeneity within
and between tumors. While much attention has been devoted to under-
standing the intrinsic molecular diversity of tumor cells, the surrounding
tissue microenvironment is also highly complex and coevolves with tu-
mor cells to drive clinical outcomes. Here, we propose that diverse types
of solid tumors share common physical motifs that change in time and
space, serving as universal regulators of malignancy. We use breast can-
cer and glioblastoma as instructive examples and highlight how invasion
in both diseases is driven by the appropriation of structural guidance cues,
contact-dependent heterotypic interactions with stromal cells, and elevated
interstitial fluid pressure and flow. We discuss how engineering strategies
show increasing value for measuring and modeling these physical properties
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for mechanistic studies. Moreover, engineered systems offer great promise for developing and
testing novel therapies that improve patient prognosis by normalizing the physical tumor mi-

croenvironment.
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1. INTRODUCTION

Cancer was once viewed as a tumor cell-autonomous disease in which the accumulation of suc-
cessive genetic mutations drives uncontrolled cell proliferation and resistance to cell death (1). In
time, scientists and clinicians gradually began to appreciate the contribution of surrounding non-
cancerous tissue, known as the stroma, to disease progression (2). Stephen Paget first proposed
this seed and soil hypothesis in 1889, positing that a given tissue environment acts as soil to ei-
ther promote or restrict the growth of so-called tumor seeds. However, this theory was not widely
embraced for another century, as cancer became increasingly framed as a systems-level disease.
Initially, the microenvironment was viewed solely in terms of biochemical interactions between
tumor and stromal cells, including secreted cytokines and growth factors that drive disease pro-
gression (3, 4). It has now become clear that physical remodeling of the stroma also powerfully
contributes to tumor progression (5, 6). However, uncovering the exact mechanisms by which
physical properties of the tumor microenvironment mediate disease outcomes requires further
investigation.
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Developing tumors induce numerous physical changes in the stroma, including (#) aberrant
tissue microarchitecture, (§) altered material properties such as stiffness, (¢) increased solid stress,
and (d) elevated interstitial fluid pressure (IFP) (5). Increased tissue stiffness is the most clinically
accessible of these changes, with lesions that are firm, irregular, and palpable classically drawing
the most suspicion. Tissue stiffening results from increased total cell density and extracellular ma-
trix (ECM) deposition by both tumor and stromal cells. As a developing tumor expands, it also
deforms and displaces existing structures within the peritumoral space, exerting tensile and com-
pressive forces that generate solid stress within the surrounding tissue (7). Notably, increased solid
stress disrupts normal tissue microarchitecture and leads to the collapse of blood and lymphatic
vessels within the tumor and nearby stroma (8). As a result, blood flow and lymphatic drainage are
compromised, leading to fluid accumulation and increased IFP. This elevated IFP in turn increases
interstitial fluid flow (IFF) from the tumor into surrounding noncancerous tissues in which pres-
sure is lower, facilitating the transport of tumor-secreted factors in the process (9). To identify how
these changes impact the development, progression, and prognosis of cancer, it will be critical to
integrate experimental approaches across the biological and physical sciences.

In this review, we discuss physical changes to the tissue microenvironment that drive cancer
progression and highlight how bioengineering strategies can be used to fundamentally improve
our understanding of these phenomena. Although many of the concepts we cover are relevant to all
solid tumors, we compare breast and brain cancer as instructive examples. In particular, we high-
light how physical aspects of the breast and brain stroma modulate invasion with a focus on how
tumor cells in both diseases exploit structural guidance cues, contact-dependent heterotypic cell-
cell contact, and elevated IFP. We then outline how specific bioengineering strategies have con-
tributed to our ability to measure and model these mechanical properties for mechanistic studies.

2. BREAST CANCER AND GLIOBLASTOMA AS AN INSTRUCTIVE
COMPARISON

Mechanistic discovery in cancer research has almost exclusively focused on dissecting the molecu-
lar events that drive the development of specific cancer types and subtypes (1). These efforts have
deeply enriched our understanding of tumorigenesis and facilitated the development of targeted
therapies. However, efforts to generalize findings have been frustrated by the diverse molecular
backgrounds of each tumor and patient, yielding variable and unpredictable responses to treatment
(10). For example, breast cancer originates from epithelial tissue and has favorable patient survival
for early-stage disease but poor prognosis when tumors metastasize (11). Glioblastoma (GBM), in
contrast, originates from neuroglial tissue, universally exhibits poor patient survival, and almost
never metastasizes (12, 13). In contrast to molecular events, physical changes are often shared
between solid tumors regardless of the tissue of origin. Both breast cancer and GBM exploit struc-
tural guidance cues, contact-dependent heterotypic cell-cell interactions, and dysregulated IFP
and IFF to mediate tumor invasion. In breast cancer, invasion precedes entry into the vasculature
and the formation of distant metastases. In GBM, invasion produces diffuse tumor margins that
make surgical resection difficult and recurrence more probable. Breast cancer cells align collagen
fibers in the stroma to regulate their invasion, while GBM cells co-opt existing vascular structures
to infiltrate the brain parenchyma (14-16). Invasion is further aided by direct cell—cell contact
of breast cancer cells with myofibroblasts and GBM cells with neurons via heterotypic cadherin-
based or microtube-dependent junctions, respectively (17, 18). Similarly, breast cancer and
GBM cells must both overcome physical barriers provided by the myoepithelium and astrocytic
processes that impede invasion (19, 20). The collapse and dysfunction of tumor-associated vessels
elevate IFP and IFF for both tumor types, leading to the formation of chemotactic gradients that
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Mechanisms of cell mechanotransduction. Both tumor and stromal cells use a variety of mechanisms to sense
mechanical signals within their microenvironments. These include force transmission at @ cell-matrix and
@ cell—cell adhesions, @ propagation of force through the cytoskeleton to the nucleus, @ activation of ion
channels in response to membrane tension, @ transduction of fluid shear stress by surface-bound glycocalyx
macromolecules, and @ conformational changes of caveolae in the plasma membrane. Figure created with
BioRender.com.

drive cancer cell migration out of the tumor bulk (21, 22). Moreover, increased IFP and IFF also
impede delivery of chemotherapies to the tumor core (23). Thus, understanding and targeting
these shared physical phenomena that collectively modulate invasion could offer a novel approach
to restrict disease progression and improve patient prognosis across otherwise distinct tumor

types.

3. REVIEW OF MECHANOTRANSDUCTION

Both tumor and stromal cells respond to physical cues via mechanotransduction, the process by
which cells convert mechanical inputs into biochemical signals (24) (Figure 1). One of the most-
studied mechanisms by which cells sense physical cues is through the formation of focal adhesions
(FAs) and consequential remodeling of the cellular cytoskeleton (25). FAs are micron-scale, mul-
tiprotein complexes that include clusters of transmembrane integrin heterodimers (26). Outside
the cell, integrins bind to ECM proteins such as collagen, fibronectin, and laminin. Inside the cell,
scaffolding proteins such as talin, tensin, and vinculin connect integrins to the cytoskeleton. While
the actin cytoskeleton is often emphasized in discussions of FA biology, FAs also coordinate the
transmission of mechanical force to microtubules and intermediate filaments (27-29). External
mechanical forces transmitted to FAs change the conformation of specific intracellular proteins
(e.g., talin), thus altering binding kinetics and recruiting downstream signaling molecules such as
FA kinase (FAK), paxillin, and Src that elicit biochemical responses. Similarly, adherens junctions
are cell—cell adhesions formed between transmembrane cadherins that bind to the actin cytoskele-
ton via catenin proteins (30). In addition, forces may also be transmitted between cells through
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intermediate filament-based complexes, such as desmosomes (31, 32). Applied forces at cell-matrix
or cell—cell adhesions can propagate through the cytoskeleton and act directly on the nucleus via
linker of nucleoskeleton and cytoskeleton (LINC) complexes (33). The resulting deformation of
the nucleus is thought to alter chromatin packing and transport of biomolecules via nuclear pores
to either promote or inhibit the transcription of mechanoresponsive genes (34, 35).

In addition to cytoskeleton-dependent mechanisms, stretch-activated ion channels help me-
diate the cellular response to mechanical stimuli (36). These transmembrane channels, such as
Piezol, undergo a conformational change and open upon the application of membrane tension,
transporting ions from the extracellular space into the cytosol (37). In turn, altered intracellu-
lar ion concentrations and membrane potentials elicit biochemical responses. Moreover, a layer
of membrane-bound proteoglycans, known as the glycocalyx, deforms in response to fluid shear
stress and is known to transduce these forces in endothelial and tumor cells (38, 39). Interestingly,
extension or compression of the plasma membrane in and of itself can modulate cell signaling by
unfolding or refolding small membrane invaginations known as caveolae (40). These conforma-
tional changes release otherwise sequestered biomolecules or enable the intracellular docking of
curvature-sensing proteins that initiate downstream signaling cascades (40-42). Moreover, com-
pression is associated with cell volume reduction that, in turn, increases the effective concentra-
tion of intracellular molecules (43). This phenomenon, termed macromolecular crowding, slows
diffusion within the cytosol by reducing unoccupied void space, resulting in altered biochemical
reaction kinetics (44).

4. THE PHYSICAL MICROENVIRONMENT OF BREAST CANCER

While breast cancer arises from the genetic transformation of mammary epithelial cells (11), the
properties of the surrounding stroma influence whether benign disease becomes malignant and
invasive. Indeed, irradiated fibroblasts promote tumor formation from otherwise nonmalignant
epithelial cells, while implantation of malignant cells into normal embryos prevents tumor de-
velopment (45, 46). The mammary duct, where over 80% of breast cancers originate, consists of
an inner layer of polarized luminal epithelial cells and an outer layer of contractile myoepithe-
lial cells. These epithelial layers are encased by a dense, collagen IV- and laminin-rich basement
membrane (47). In early-stage disease, premalignant epithelial cells become highly proliferative
and fill the central lumen of the mammary duct but stay confined within the basement membrane.
As tumors progress, the basement membrane degrades, enabling transformed cells to migrate into
the surrounding stroma (Figure 2). Subsequently, the biochemical and physical properties of the
stroma further promote or restrict tumor invasion and entry into nearby blood and lymphatic
vessels. These processes are key rate-liming steps of metastasis, which accounts for up to 90% of
breast cancer-related deaths (48).

4.1. Structural Guidance Cues in Breast Cancer

The breast stroma refers to connective tissue that surrounds mammary ducts and becomes al-
tered in the context of cancer. It typically consists of adipocytes, fibroblasts, and immune cells
as well as blood and lymphatic vessels embedded in a network of ECM molecules (47). In the
1980s, clinicians identified a population of a-smooth muscle actin (aSMA)-positive myofibrob-
lasts that was contained in malignant but not healthy breast tissue (49). These cells, also termed
cancer-associated fibroblasts (CAFs) (the term we use here), develop from resident or recruited fi-
broblasts or mesenchymal progenitor cells when exposed to tumor-secreted transforming growth
factor-p1 (T'GFpB1) (50-52). CAFs deposit and remodel ECM components, including collagen I,
fibronectin, and hyaluronic acid (HA), that drive changes in tissue architecture and stiffness (53).
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Schematic of invasive breast cancer. Breast cancer cells invade through the mammary gland basement
membrane and along aligned collagen fibers. Both tumor cells and activated myofibroblasts contribute to
fiber alignment and remodeling. Elevated interstitial fluid pressure due to dysfunctional vasculature drives
interstitial fluid flow from the tumor into the nearby stroma, resulting in chemotactic gradients of soluble
factors. Figure adapted from Adaptive Immunity During Breast Cancer Progression by BioRender.com,
retrieved from https://app.biorender.com/biorender-templates.

Epidemiologically, dense breast tissue caused by increased deposition and structural remodeling
of fibrotic ECM is one of the most significant risk factors for breast cancer and is used to de-
tect tumors clinically (54, 55). One hallmark of breast cancer-associated ECM remodeling is that
collagen fibers adopt distinct patterns of orientation (56) (Figure 2). Densely aligned collagen
fibers oriented perpendicular to the tumor border correlate not only with increased invasion but
also with poor patient prognosis regardless of tumor grade, size, receptor status, or subtype (57).
Thus, the physical organization of peritumoral collagen fibers can serve as a prognostic biomarker
to help predict clinical outcomes for breast cancer patients.
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Several mechanisms contribute to the correlation between collagen fiber alignment, tumor cell
invasion, and patient prognosis. For example, local fiber alignment and cross-linking increase tis-
sue stiffness, which drives tumor progression and malignancy via enhanced cytoskeletal tension
and integrin signaling (58, 59). Similar changes increase the activation of resident fibroblasts into
CAFs in response to soluble TGFB1, further promoting tumor progression (60, 61). Independent
of stiffness, aligned collagen fibers can promote tumor cell invasion by directing cellular protru-
sions to increase migration persistence in the direction of alignment (14). Importantly, ECM stift-
ness and fiber orientation are reciprocally linked with cell phenotype via a positive feedback loop
(62, 63). As cells pull on and align nearby collagen fibers, collagen strain-stiffens, which induces
a reciprocal tensile strain on the tumor cells, activating calcium ion channels and Rho signaling
pathways to further enhance cell contractility and migration. This interplay between the material
properties of collagen and cellular mechanosignaling increases not only tumor cell invasion but
also the activation of fibroblasts into CAFs (62, 64). In addition, fiber alignment impacts cellular
confinement, which can independently drive tumor cell invasion (65-68). For example, cells con-
fined in 3D collagen microtracks form larger, vinculin-rich adhesions that correspond with higher
cell contractility than those produced by cells in unconfined conditions. Thus, as tumor and stro-
mal cells become more contractile while aligning dense peritumoral collagen, fiber reorganization
may simultaneously confine cell polarity and increase tumor cell migration.

In addition to modulating migration speed, ECM architecture influences the mechanisms by
which tumor cells invade. Invasion depends on a combination of mesenchymal migration, in which
cells degrade the surrounding ECM to create spaces to invade, and amoeboid migration, in which
cells squeeze through preexisting gaps in their microenvironments (69). Studies (70) with vis-
coelastic hydrogels indicate that breast cancer cells can also irreversibly widen ECM pores. Given
that these studies also found tumor-associated tissue to be more plastic than normal tissue, this
mechanism may allow breast cancer cells to create permanent microtracks that facilitate inva-
sion by subsequent cells. Moreover, altered cell-cell adhesions and matrix-dependent confinement
jointly regulate whether breast cancer cells invade individually or as collective strands (68). For
tumor cells without cell-cell adhesions, dense ECM patterns confine migration paths to collective
strands of moving particles, much like the molecules of an active fluid. In less confined regions of
matrix, however, cells decondense or individualize into a pattern of gas-like, single-cell dissemi-
nation. Collectively, this suggests that tumor-associated ECM can act as a deformable scaffold for
leader cells to mediate the migration of follower cells and confine invasion to collective strands
even for tumor cells that have lost the strong cell-cell adhesions characteristic of epithelia.

4.2. Direct Heterotypic Cell-Cell Contact in Breast Cancer

In addition to the structural guidance cues provided by the ECM, direct interactions between
breast cancer cells and noncancerous stromal cells influence tumor invasion. For example, normal
fibroblasts have been shown to restrict tumor progression, while CAFs mediate the opposite effect
(71). In collagen-based coculture studies (72), CAFs promote the collective invasion of carcinoma
cells in a manner that requires direct cell—cell contact. Indeed, CAFs form heterotypic cadherin-
based adhesions with carcinoma cells, generate intercellular forces, and physically pull tumor cells
to guide and facilitate collective invasion (17, 73) (Figure 2). Forces generated by CAFs can fur-
ther promote tumor cell invasion by mechanically deforming the basement membrane to enable
cancer cell migration independent of proteolysis (73). While these studies underscore the role of
physical interactions between CAFs and tumor cells, similar mechanisms can promote migration
of otherwise noninvasive cells. Indeed, fibroblast-like adipose stromal cells isolated from obese
breast tissue express CAF markers and are more contractile than their lean counterparts, enabling
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more effective invasion of premalignant mammary epithelial cells (74, 75). These mechanisms
likely contribute to the clinical observation that obesity is associated with a worse clinical prog-
nosis for breast cancer patients.

Similar to CAFs, heterotypic interactions with myoepithelial cells regulate invasion, but often
in the opposite direction. For example, direct contact between breast cancer cells and normal my-
oepithelial cells promotes the cancer cells’ self-assembly into noninvasive, growth-arrested acini
(76). This antitumorigenic effect depends on the formation of heterotypic cell-cell adhesions be-
tween both cell types that direct cell sorting and morphogenesis. Additionally, normal myoep-
ithelial cells can act as a dynamic barrier to the invasion of tumor cells (19). Myoepithelial cells
localize to the surface of mammary duct organoids, restrain protrusions of migrating cancer cells,
and even recapture cells that escape from the organoid bulk. However, given sufficient exposure to
tumor-secreted signals, myoepithelial cells lose their anti-invasive properties and ability to direct
assembly of transformed epithelial cells into growth-arrested acini (77). Indeed, the disruption
of normal myoepithelial adhesion or contractility results in a patchier surface layer on mammary
duct organoids with frequent gaps that are unable to restrain invasive cancer cells (19). These find-
ings are clinically relevant, as the upregulation of avB6 integrins in myoepithelial cells—used as a
surrogate marker for a cancer-associated phenotype—strongly correlates with tumor progression
and reduced median time to recurrence in a cohort of breast cancer patients (78).

4.3. Elevated Interstitial Fluid Pressure and Flow in Breast Cancer

Elevated IFP in human breast tumors compared to adjacent noncancerous tissue was first doc-
umented in 1994 for women undergoing biopsy (79). Subsequent studies (80) in mice indicated
that rapidly expanding tumors generate sufficient solid stress to collapse nearby blood and lym-
phatic vessels. Coupled with vessel dysfunction and the increased deposition of hygroscopic HA,
fluid readily accumulates around developing tumors. This creates a net pressure gradient that
drives interstitial fluid into the surrounding stroma (23, 81). Historically, the resulting IFF was
thought to promote disease progression primarily by impeding delivery of cytotoxic therapies to
the tumor core. However, more recent studies (21) found that IFF can independently induce tu-
mor malignancy by generating gradients of autocrine factors, including CCL19 and CCL21, that
stimulate tumor cell migration in the direction of flow via activation of CCR7 (Figure 2). Some-
what surprisingly, these effects are most pronounced at low tumor cell densities, with increasing
cell densities hypothesized to flatten local chemotactic gradients due to simultaneous secretion of
the same cues by neighboring cells (82).

Interestingly, subsequent experiments demonstrated that IFF can also induce upstream tumor
cell migration (i.e., against the direction of fluid flow) (82). This phenomenon, termed rheotaxis,
depended on asymmetric tension generated on cellular adhesions by fluid drag forces. The appli-
cation of higher tension on the upstream edges of cells resulted in the local activation of FAK, the
polarized recruitment of FA complexes, the formation of actin-rich membrane protrusions, and
finally directed migration against fluid flow (83). The rheotactic response of breast cancer cells
may also be controlled by upregulating the mesenchymal markers vimentin and Snail without los-
ing expression of the epithelial marker E-cadherin, as might be expected for complete epithelial-
mesenchymal transition (84). These studies indicate that IFF can direct the downstream chemo-
tactic migration of cancer cells away from the tumor during early-stage disease when cell densities
are low. Subsequently, the upstream rheotactic migration of cancer cells against transmural fluid
flow radiating from intact capillaries could mediate homing to the nearby stromal vasculature.

In addition to influencing tumor cell migration directly, elevated IFF can modulate stromal
cells in the peritumoral stroma to create a proinvasive environment. Fluid flow levels similar to
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those generated by tumor-associated IFP, for example, promote fibroblast-to-myofibroblast con-
version and collagen alignment in a manner that depends on autocrine TGFB1 secretion and in-
tegrin a1p1 signaling (85). These changes are functionally relevant, as protease- and contractility-
dependent remodeling and alignment of collagen by fibroblasts in response to fluid flow en-
hanced tumor cell migration via similar mechanisms (86). Hence, fluid flux out of the tumor
bulk and into the adjacent stroma synergistically promotes invasion both by influencing tumor
cells directly and by reinforcing the structural guidance cues described in Section 4.1. More-
over, elevated IFF also induces the formation of new lymphatic vessels and increases the secretion
of chemotactic ligands by existing lymphatic vessels—providing additional stimuli to drive can-
cer cell migration toward the stromal vasculature and thus metastatic spread via the circulation
(21, 87).

5. THE PHYSICAL MICROENVIRONMENT OF GLIOBLASTOMA

GBM develops from the genetic transformation of neural stem cells and glial progenitor cells in-
cluding astrocytes and oligodendrocytes (88, 89). While GBM tends to be quite heterogeneous
within and between patients, tumors are often classified in terms of mutation [e.g., isocitrate de-
hydrogenase (IDH)], amplification [e.g., epidermal growth factor receptor (EGFR) and platelet-
derived growth factor receptor alpha (PDGFRA)], or promoter methylation (e.g., MGMT) of spe-
cific genes (90, 91). Next-generation sequencing has also produced a broad classification scheme
enabling stratification of GBM into transcriptional subtypes (classical, mesenchymal, or proneu-
ral), although single-cell sequencing has painted a more nuanced picture in which bulk tumors
are composed of distinct cell populations that represent different subtypes (90, 92). Function-
ally, GBM exhibits highly malignant growth and rapid invasion, in which bulk tumor expansion
precedes rapid cellular infiltration into neighboring healthy brain tissue. In early-stage disease, tu-
mor expansion caused by highly proliferative tumor cells leads to the compression of intratumoral
blood vessels, which contributes to the development of a hypoxic, necrotic tumor core (Figure 3).
Hypoxic signaling then induces pseudopallisading infiltration, in which tumor cells slowly invade
from the tumor bulk into the brain parenchyma and subsequently shift to a faster invasion scheme
along white matter tracts. Finally, the tumor cells eventually reach the brain perivascular space
and rapidly invade along blood vessels via vascular co-option (93).

5.1. Structural Guidance Cues in Glioblastoma

While breast cancer invasion is largely driven by structural guidance cues provided by the
ECM, GBM invasion is guided by the unique architecture and structural features of the brain
parenchyma and vasculature. Many in vivo studies (20, 94-96) using GBM mouse models report
that tumor cells associated with blood vessels and white matter tracts achieve higher net displace-
ments than cells not associated with these structures, contributing to the idea that these cues pro-
mote infiltration. How vascular structures and white matter tracts facilitate invasion may be un-
derstood in terms of the contrast between these structures and the surrounding parenchyma. The
gray matter of the brain parenchyma consists of an isotropic polysaccharide- and glycoprotein-
rich ECM (e.g., HA, tenascin-c, aggrecan, and osteopontin) and densely packed cells (e.g., neu-
ronal cell bodies and glia) that collectively pose significant steric barriers to invasion (15, 16)
(Figure 3). In contrast, white matter tracts (i.e., axons) are surrounded by a linearized ECM and
space that more easily accommodates tumor cell infiltration (97). Similarly, blood vessels are em-
bedded within the subarachnoid space, which lowers the physical resistance to GBM invasion and
provides a linear geometry that preferentially directs cell migration (15).
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Schematic of invasive glioblastoma (GBM). GBM cells invade the parenchyma and perivascular space of the
brain after escaping the tumor core. The brain parenchyma contains a nanoporous matrix including
hyaluronic acid as well as numerous cellular protrusions that physically hinder and confine invasion.
Alternatively, the linear structures of white matter tracts in the parenchyma and blood vessels in the
perivascular space encourage the rapid invasion of GBM cells along these guidance cues. Figure created with
BioRender.com.

As GBM cells invade brain tissue, they alternate between a variety of motility strategies, or
modes, depending on the specific constraints of the local microenvironment. While these modes
differ in their speed and molecular mechanisms, all involve adhesion and transmission of force
between the ECM and cytoskeleton through specialized molecular machinery. The HA adhesion
receptor CD44 is particularly important for GBM cells to navigate through the brain parenchyma
and can serve as a predictor for disease outcomes (98, 99). GBM cells use CD44 to engage
and transduce mechanical signals from HA, which in turn facilitate migration through ECM
pores (100). For example, CD44-dependent microtentacles, analogous to those sometimes seen
in circulating tumor cells, mechanically couple the actin and microtubule cytoskeleton to HA
through a molecular motor-clutch system that includes the actin-binding protein IQGAPI1 and
the microtubule-binding protein CLIP170 (101). Elsewhere, GBM cells have been reported to
extend pseudopodia-like protrusions to navigate through the brain parenchyma (94). These pro-
trusions depend on the Rho GTPases Racl and Cdc42, which direct actin polymerization, and
Lck-I, which supports FA generation through the regulation of paxillin phosphorylation (94, 102).

Within the perivascular space, GBM cells adopt a unipolar morphology with prominent
anterior processes to linearly invade along blood vessels in a saltatory fashion (95). As a result,
vascular architecture influences GBM invasion dynamics. For example, during invasion, cell
division often takes place near vascular branch points, and GBM cells that interact with multiple
vessels are more invasive (95, 96). Interestingly, GBM cell migration is also driven by engagement
with less common ECM components, including collagen IV and laminin on the abluminal surface
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of vessels (103). Interactions with vascular ECM often involve integrins, which are typically
upregulated by invasive GBM cells. However, integrin suppression only partially inhibited
vascular migration in preclinical studies and yielded disappointing results in clinical trials (103,
104). The residual invasion following integrin suppression could be due to physical guidance
cues provided by vessels or cell adaptation to other adhesive systems such as formins, which have
been implicated in GBM migration on laminin-coated tracks (103, 105). Additionally, vascular
engagement by tumor cells leads to local vascular deformation through an actomyosin-driven,
motor-clutch invasion mechanism to propagate tumor growth (106). However, it is not clear
whether these invasion-driven deformations also contribute to vascular dysfunction. In summary,
GBM cells adopt unique morphologies driven by ECM adhesion proteins and cytoskeletal
components to invade along vessels and within the brain parenchyma.

5.2. Direct Heterotypic Cell-Cell Contact in Glioblastoma

Direct cell-cell contact between GBM cells and brain stromal cells including astrocytes, en-
dothelial cells, and neurons also supports GBM growth and invasion. While the vasculature is
a permissible route for invasion overall, astrocytic processes that physically maintain the integrity
of the blood-brain barrier hinder tumor cell migration. To overcome this obstacle, perivascular
GBM cells physically displace astrocytes from the vasculature (Figure 3), which concurrently con-
tributes to vessel dysfunction and fluid accumulation (20). Remarkably, a single perivascular GBM
cell is sufficient to disrupt the vasculature by displacing astrocytic end feet (20). Moreover, removal
of astrocytic end feet interferes with vascular tone regulation (i.e., vasodilation or vasoconstric-
tion), resulting in vessels that are unable to respond to vasoactive molecules released by astrocytes.
GBM cells can thus usurp this vasomodulatory role by mobilizing calcium-activated potassium ion
channels to constrict vessels, increase perivascular space, and enable greater perivascular invasion
(20). However, some instances of GBM-induced vascular modulation have also been reported to
induce vessel dilation (96).

Furthermore, vessel architecture and barrier function are disrupted due to direct contact be-
tween GBM and endothelial cells. Notably, GBM vascular co-option is associated with the loss of
endothelial cell tight junction proteins, including zonula occludens-1 and claudins, which oth-
erwise maintain vascular integrity (20, 107). Additionally, direct contact with endothelial cells
supports the growth and self-renewal of GBM stemlike cells. For example, endothelial cells that
express Notch ligands are often found adjacent to Nestin- and Notch-receptor-positive cancer
stemlike cells (108). Knocking down the Notch ligands JAG or DLL in endothelial cells decreases
the presence of CD133-positive GBM stemlike cells adjacent to blood vessels in vivo. This cor-
roborates previous findings that the microvasculature supports the maintenance of a stemlike state
for GBM (109).

Physical and biochemical interactions with neurons have also been recently reported to pro-
mote GBM progression. Indeed, direct GBM contact with the subventricular zone of the neural
stem cell niche is associated with decreased patient survival (110). Two recently published studies
(111, 112) reported that neuron-to-glioma synaptogenesis, mediated by the transmembrane glu-
tamate receptor AMPAR, regulates tumor growth and invasion. Here, electrochemical cell com-
munication was mediated by AMPAR-dependent neuro-glioma synapses, where GBM cells were
often found on the postsynaptic side of these junctions. Elsewhere, neuro-glioma synapses have
been observed to connect with microtubes on GBM cells. Thus, targeting neuro-glioma synapses
by the genetic and pharmacological perturbation of AMPAR-mediated calcium activation atten-
uated disease progression in GBM mouse models (18).
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5.3. Elevated Interstitial Fluid Pressure and Flow in Glioblastoma

Similar to most solid tumors, elevated IFP contributes to invasion in GBM (113). Vascular abnor-
malities, including loss of barrier function in GBM, constitute one of the primary causes of elevated
IFP, along with an impaired fluid drainage system. The compromised GBM-associated vasculature
permits fluid accumulation and immune cell infiltration in the interstitial space surrounding the
tumor. Subsequent immune cell secretion of proinvasive growth factors such as TGFp1, epider-
mal growth factor (EGF), and vascular endothelial growth factor (VEGF), together with elevated
IFP and IFE amplify invasion (114-116). Similar to the observations in breast cancer described in
Section 4.3, the combination of IFF and cytokine secretion can create chemotactic gradients used
by GBM cells to invade healthy brain tissue.

Despite its role in regulating invasion, the biological mechanisms through which IFF drives
GBM invasion remain underexplored. CXCR4-, CXCL12-, and CD44-based mechanisms are
known means by which GBM cells migrate in response to flow. Specifically, the presence of IFF
enhances GBM cell motility by activating CXCR4, which responds to autocrine CXCL12 gra-
dients. However, this response is not universal, as specific subpopulations of GBM cells instead
respond to flow by CD44-dependent mechanisms (114). These results were reproduced in a mouse
model of GBM in which IFF induced by convection-enhanced delivery increased tumor cell inva-
sion and the population of CXCR4-positive cells, whereas administration of a CXCR4 antagonist
abrogated these effects (117). Additionally, irradiation led to an increase in CXCR4-positive cells,
which could then respond to IFF-induced gradients of CXCL12 at the tumor border to potenti-
ate invasion (117). As a result, how candidate therapies influence IFP and IFF must be considered
moving forward, given their implications for tumor invasion.

Elevated IFP in GBM also leads to cerebral edema and frustrates the successful delivery of
therapeutic agents to the tumor core. Efforts to improve drug delivery by decreasing IFP include
normalizing the tumor vasculature with anti-angiogenic agents that inhibit VEGF signaling (118).
For example, administration of anti-VEGF monoclonal antibodies reduced IFP and inhibited tu-
mor growth in a xenograft model of GBM (119). Similarly, in recurrent GBM, anti-VEGF thera-
pies reduced edema and resulted in improved survival when delivered with other chemotherapies
in a phase II clinical trial (120, 121). Thus, normalizing the peritumoral vasculature increases up-
take of cytotoxic drugs while reducing cerebral edema. However, anti-angiogenic therapies can
also produce undesirable compensatory effects, such as the elevated secretion of other proangio-
genic factors, including basic fibroblast growth factor (bFGF) and stromal cell-derived factor 1
alpha (SDF1a), the expansion of treatment-resistant GBM progenitor cells, and even increased tu-
mor cell invasion (120, 122). Thus, more research is needed to understand how treatment-induced
vascular modulation translates into clinical outcomes.

6. ENGINEERING STRATEGIES TO MEASURE PHYSICAL ASPECTS
OF THE TUMOR MICROENVIRONMENT

Established methods from the physical sciences have been adapted to quantify and improve our
understanding of the physical tumor microenvironment. For example, atomic force microscopy
(AFM), first developed to characterize nanoscale materials in the 1980s, has been applied to mea-
sure the viscoelastic properties of cancer cells, stromal cells, and ECM components (123). Like-
wise, the bulk mechanical properties of tumors have been assessed via extensional and shear rheol-
ogy (70, 124). Beyond preexisting technologies, new tools to probe cell and tissue mechanics have
been engineered with specific biological questions in mind. For an overview of these strategies,

see Table 1.
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Table 1 Example systems used to measure physical traits of the tumor microenvironment

Category Measurement systems Physical traits References
Cell mechanics Micropipette aspiration, real-time deformability Generalized cell material 124-126,
cytometry, nanoindentation, optical tweezers properties 128-134
Subcellular mechanics | Atomic force microscopy, directed micropipette Organelle cell material 123,127-129

aspiration

properties

Substrate mechanics

Atomic force microscopy, (micro)rheology,

Extracellular matrix

14,51, 63, 64, 70,

nanoindentation, optical tweezers properties 73,74,124

Cell adhesion forces Spinning disc assays, single-cell force spectroscopy, | Cell-substrate and cell—cell 17,144-151
dual micropipette aspiration, magnetic tweezers adhesion forces

Cell traction forces Traction force microscopy, microfabricated post Cell-generated traction 17,51, 63,
array detectors, optical tweezers forces and 136-141, 143

strain-stiffening
Flows, pressures, and Pressure transducer systems, contrast-enhanced Fluid flow, fluid pressure, 8,9,152-157,
stresses imaging, deformable microdroplets, molecular and solid stress 158

tension sensors

6.1. Measuring the Material Properties of Cells

The material properties of cells can be measured by assessing cell deformation in response to forces
applied with an external object (e.g., a cantilever or piston) or by exposing cells to fluid shear stress
and pressure. Micropipette aspiration, in which cells in suspension are partially aspirated into nar-
row glass pipettes, is perhaps the most established of these methods (125). After aspiration, the
extent of cell distension into the pipette is measured with a microscope and is used to calculate
the viscoelastic properties given the applied suction pressure. In practice, micropipette aspiration
is sensitive enough to distinguish low-grade from high-grade tumor cells due to their differential
mechanics acquired over malignant transformation (126). These methods are complementary, as
micropipette aspiration integrates whole cell mechanics while AFM provides higher-resolution
measurements that can detect differences in subcellular mechanics (127). Recent advances in mi-
cropipette aspiration have focused on improving the speed at which cells can be sampled and
spatially directing aspiration to measure the mechanical properties of specific organelles such as
the nucleus (128, 129). Similar in principle, real-time deformability cytometry (RT-DC) assesses
cell mechanics by monitoring the shapes of individual cells flowing through pressurized channels
in response to shear stress (130, 131). RT-DC is higher throughput (hundreds to thousands of
cells per minute) than micropipette aspiration and simultaneously measures relative cell size and
granularity like conventional flow cytometry. In practice, RT-DC has been applied to distinguish
malignant from normal blood cells in samples collected from patients with leukemia based on
relative differences in cell deformability (132).

The development of advanced imaging systems has enabled optics-based measurements of cell
mechanical properties. For example, optical tweezers and related technologies mechanically ma-
nipulate particles and cells by taking advantage of small forces generated by light refracting and
changing momentum as it passes through an optical interface, such as between extracellular fluid
and the cytoplasm (133). By measuring the deformation of a given cell along the applied axis of
light, the relative elasticity can be inferred. Studies using these approaches (134, 135) found that
tumor cell deformability correlated with invasive potential, and that malignant cells altered their
cellular mechanics in response to substrate mechanics while nonmalignant cells did not. Similar
principles have been applied to measure ECM mechanical properties via optics-based microrhe-
ology (124). By optically pulling on spherical beads embedded in a substrate of interest, microscale
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viscoelastic properties can be calculated. For collagen substrates composed of fine, uniform fiber
networks, this approach yielded comparable results to conventional shear rheology. However, for
substrates with large pores and thick fibers, microscale elasticities were often much larger than
bulk elasticities, given that individual fiber mechanics dominate at the microscale. Independent
studies (63) using a similar setup measured the degree to which collagen fibers stiffen when elon-
gated by contractile tumor cells. When both beads and tumor cells were embedded in collagen
gels, bead-conjugated fibers located near cells resisted optical deformation more than those far
away from cells or those located near noncontractile control cells. These results indicate that tu-
mor cell-generated traction forces led to local ECM stiffening in the immediate vicinity of a given
cell.

6.2. Measuring Cell-Matrix Traction Forces

Traction force microscopy (TFM) is widely used to estimate the forces that adherent cells gen-
erate against their substrates. In this method, cells are cultured on top of substrates that contain
fluorescent tracer particles (136). Cell-generated forces produce net displacement of these tracers
relative to their relaxed reference positions. If the mechanical properties of the substrate material
are known, the stress distribution can then be inferred from the net bead displacements by solv-
ing an inverse problem. TFM was first established to examine the traction stresses generated by
migrating fibroblasts on 2D collagen-coated polyacrylamide gels and has since been applied to
interrogate diverse cell-substrate interactions in applications ranging from tissue morphogenesis
to tumor invasion (136, 137). In a similar manner, culturing cells on elastomeric micropost arrays
enables the direct measurement of 2D cellular traction stresses by measuring the deformation of
the underlying posts (138, 139). Enabled by the improved axial resolution of modern confocal mi-
croscopes, the more recent developments of 2.5D and 3D TFM permit traction forces to be mea-
sured in all three spatial dimensions by cells seeded on or within 3D substrates, respectively (140,
141). Newer methods such as optical coherence microscopy (OCM)-based TFM enable label-
and tracer-free measurements of cell-generated traction forces by directly imaging collagen fiber
deformation (142). Given that OCM uses near-infrared light, this method is also well suited for
time-lapse analysis of biological samples (e.g., those with large volumes embedded in scattering
media). In addition, the use of astigmatic imaging, which infers 3D spatial information within a
few micrometers of a given focal plane, has enabled 2.5D and 3D TFM to be performed with-
out collecting multi-image stacks (143). Thus, adopting advanced imaging modalities has greatly
improved both the spatial and temporal resolutions of traditional TFM methods.

6.3. Measuring Cell Adhesion Forces

Early methods for measuring cell adhesion forces involved culturing cells on spinning discs and
tracking cell detachment due to the applied rotational forces (144). While this approach proved ex-
traordinarily valuable for semiquantitative population-level measurements, it does not yield abso-
lute single-cell measurements of adhesion. To this end, AFM-based, single-cell force spectroscopy
has emerged to measure adhesion forces in the subnanonewton range (145-147). Here, a modi-
fied AFM cantilever is functionalized and coupled to a cell of interest. The conjugated cell is then
lowered onto an opposing cell or substrate until adhesion occurs, the cantilever is retracted, and
the force required for separation is recorded (148). Similarly, in dual pipette assays, cells are held
in place by micropipette-generated suction and brought into contact to facilitate adhesion (149,
150). The cell doublet is then pulled in opposing directions and the suction pressure is increased
in a stepwise fashion until the cells detach from each other instead of from the pipettes. In addi-
tion, magnetic tweezers have been used to detach micron-scale magnetic beads conjugated with
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E-cadherin from epithelial cells to examine the role of cell-cell adhesion strength in tissue dy-
namics (151). In the context of tumor invasion, researchers extended this platform to demonstrate
that CAFs bind and pull cancer cells to enhance their migration via the formation of heterotypic
cadherin-based adhesions (17).

6.4. Measuring Fluid Pressure and Solid Stress

While many strategies have been developed to measure microscale mechanical properties and
cell-generated traction and adhesion forces, relatively few methods exist to measure tissue-scale
changes in IFP and solid stress associated with tumor development (5). Elevated IFP within tu-
mors relative to that in normal tissue has been quantified by direct insertion of wick-in-needle,
fiberoptic, or piezoelectric pressure transducer systems (152-154). However, these techniques are
invasive, and there is some debate about the extent to which their readings reflect pressure con-
tributed by free interstitial fluid, bound interstitial fluid, or artifacts of solid stress. More recently,
fluid pressure has been noninvasively inferred by imaging IFF (driven by relative differences in
pressure) via contrast-enhanced imaging modalities (155). Monitoring solid stress within tumors
has proven even more challenging. Injection of deformable fluorescent microdroplets into tissues
and ectopic expression of molecular tension sensors have enabled local stresses to be calculated
from microdroplet deformation and changes in sensor fluorescence, respectively (156, 157). How-
ever, these methods measure forces at subcellular or cellular scales and are subject to the optical
limitations of confocal microscopy. To measure tissue-level solid stress, researchers have devel-
oped protocols to embed resected tumors in agarose and monitor tissue displacement following
tumor slicing as a metric of stress dissipation (158). As this technique is destructive, the evolution
of tumor solid stress over the course of disease progression cannot be monitored longitudinally.
Moving forward, improved strategies to noninvasively measure tissue-level mechanics in real time
will help to reveal new mechanisms of tumor pathophysiology and to identify physical targets for
clinical intervention.

7. ENGINEERING STRATEGIES TO MODEL PHYSICAL ASPECTS
OF THE TUMOR MICROENVIRONMENT

While cell and tissue engineering strategies were initially developed with an eye toward regenera-
tive medicine, these approaches are similarly valuable for cancer research (159, 160). Indeed, tumor
engineering publications increased 24-fold from 2000 to 2020 and have isolated specific physical
characteristics of the tumor microenvironment for mechanistic studies (161, 162). Key design
considerations for these systems include the ability to independently tune mechanical properties,
to define ECM composition and architecture, to integrate multiple cell types, and to visualize
outcomes in real time with live cell imaging techniques. For an overview of these strategies, see
Table 2.

7.1. Advanced Biomaterials to Mimic Extracellular Matrix Mechanics
and Microarchitecture

Natural biomaterials, such as solubilized collagen and reconstituted basement membrane, were
among the first substrates to enable the 3D culture of cells. Studies (163, 164) with these hy-
drogels enabled key insights into how ECM-derived cues regulate cell behaviors ranging from
morphogenesis to malignant transformation. However, the physical and biochemical properties
of natural biomaterials cannot be easily decoupled, making it difficult to interrogate how physical
motifs in the microenvironment regulate cell phenotype (165). For example, altering the stiffness
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Table 2 Example systems used to model physical traits of the tumor microenvironment

Model system Physical traits References

Advanced biomaterials

Material properties, cleavable cross-links, ligand 64,70,159,164-167,171-184, 200
presentation, and microarchitecture

Protein micropatterns Geometric constraints and heterotypic cell—cell 189-194
contacts

Microfabricated devices Structural guidance cues, material properties, and 14, 67, 84, 195, 196, 199, 202, 203
confinement

Tumor-on-chips, microfluidics Heterotypic cell-cell contacts, interstitial fluid flow, 85,128, 195,201, 204-206, 207
and pharmacodynamics

Pressure-driven flow systems Interstitial fluid flow and heterotypic cell-cell 21,22,39,82-84, 86,114, 207
contacts
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of collagen matrices by modulating collagen concentration simultaneously changes the density of
adhesion ligands and the pore size between collagen fibers, as well as fiber length and thickness,
all of which can independently affect cell behavior (64, 166). Moreover, tissue-derived matrices,
including those derived from epithelial basement membranes, often include growth factors and
cytokines and suffer from batch-to-batch variability (167, 168). Synthetic or semisynthetic bioma-
terials can address these limitations by independently tuning parameters such as ligand density,
microarchitecture, and stiffness.

Synthetic biomaterials are often functionalized with bioactive components to recapitulate
specific properties of the ECM (169, 170). For example, biocompatible, photopolymerizable
polyethylene glycol (PEG)-based hydrogels have been modified with integrin-binding adhesion
peptides and enzymatically cleavable cross-links to enable cell-ECM interactions and proteolytic
remodeling of hydrogels following cell encapsulation (171, 172). The stiffness of such PEG-based
systems depends on the degree of photoinducible cross-linking and can be patterned to explore
how substrate mechanical gradients impact tumor cell migration. For example, tumor cells that
started in regions of lower stiffness migrated rapidly and reversed directions upon encountering
regions of higher stiffness, while cells that started in regions of higher stiffness migrated more
slowly but readily invaded into regions of lower stiffness (173). These results indicate that, above
a certain threshold, the degree of ECM stiffness restricts cell migration. However, note that the re-
sponse to stiffness varies as a function of ECM remodeling, as cell migration depended on cleaving
cross-links in stiff but not soft PEG-based substrates (174). PEG-based systems have also increased
our understanding of how adhesion ligand density affects encapsulated cell behavior (175). While
increasing the density of RGD adhesion ligands at a constant stiffness prompted metastatic carci-
noma cells to self-assemble into structures that resembled healthy acini (176), increasing adhesion
ligand density in the presence of TGFB1 stimulated epithelial-mesenchymal transition. This dis-
crepancy reveals the complex and often unexpected interplay between physical and biochemical
cues on cell behavior. Importantly, the material properties of synthetic PEG-based platforms can
also be adjusted in vivo, enabling direct comparison with in vitro findings. For example, the appli-
cation of transdermal light to subcutaneous PEG-maleimide scaffolds freed previously unavailable
RGD adhesion sites from photolabile cages, prompting the inflammation and vascularization of
the implanted material (177, 178).

Given that tumors and tumor-associated stroma often stiffen over the course of disease
progression, dynamic biomaterials that can alter their physical properties on demand rep-
resent promising platforms to research the consequences of evolving tumor mechanics (58).
Methacrylated HA hydrogels coated with collagen can be dynamically stiffened from 100 to 3000
Pa in response to stepwise doses of ultraviolet irradiation. Premalignant epithelial cells cultured
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on soft substrates that were later stiffened to pathological levels resisted adopting malignant
phenotypes when compared to cells directly seeded onto prestiffened substrates, indicating that
cells respond to both the timing and degree of matrix stiffening (179). Using methacrylated HA
to adjust substrate stiffness is particularly attractive for studies of GBM invasion, as HA is an
essential component of the native brain ECM (180, 181). For example, GBM cells plated onto
stiff 5-kPa HA spread, adhered, and migrated more than those on soft 150-Pa HA. Interestingly,
CD44-HA adhesions alone could facilitate the migration of GBM cells. Introducing RGD ligands
to enable integrin-based adhesions only increased the rate of invasion when CD44 was inhibited.
These findings indicate that CD44-based mechanisms result in greater GBM invasion speeds,
while integrin-based mechanisms facilitate a slower, alternative mode of migration. Finally, HA-
based platforms can also be leveraged to examine other aspects of the tumor microenvironment
such as the induction of angiogenesis. Studies (182, 183) with RGD-functionalized tunable HA
hydrogels, for example, suggested that substrate stiffness and ECM degradation are both essential
for robust endothelial cell sprouting and vascular tube formation.

In addition to photopolymerization, dynamic substrate stiffening has been accomplished with
interpenetrating networks (IPNs) of alginate and Matrigel that contain liposomes filled with solu-
ble calcium (184). Near-infrared irradiation released calcium from these liposomes, creating ionic
cross-links within the alginate and increasing the elastic moduli of the hydrogels from 150 to
1200 Pa. This on-demand stiffening promoted encapsulated breast cancer cells to downregulate
epithelial markers, to adopt more protrusive morphologies, and to form into large, disorganized
clusters. IPNs of alginate and Matrigel also expanded our understanding of how viscoelastic sub-
strate properties influence tumor cell invasion (70). IPNs with high plasticity (i.e., nonreversible
deformation in response to cell-generated forces) induced tumor cells to extend invadopodia-like
protrusions and create permanent pores in the surrounding alginate-Matrigel network that were
large enough for cells to squeeze through in a proteolysis-independent manner. Consequently,
these materials revealed a new mechanism of tumor cell migration under confined conditions, an
insight that would not have been possible with conventional approaches.

While the described synthetic or semisynthetic biomaterials offer many advantages over
natural biomaterials, most of them polymerize into nanoporous structures that lack the fibrous
microarchitecture characteristic of native ECM (185). These ECM microarchitectural cues (i.e.,
interfibrillar pore size, fiber alignment, length, and thickness) influence malignancy independently
of bulk material properties (64, 166). Thus, there is a need to develop platforms that combine
the tractable nature of synthetic biomaterials while also recapitulating the fibrillar architecture
of native ECM. One approach is to form fibers by electrospinning synthetic biomaterials into
fine, nanoscale filaments (186). For example, reducing the stiffness of spun methacrylated dextran
(DexMA) fibers encouraged spreading, proliferation, and FA formation by encapsulated cells.
The authors determined that cells exerted traction forces to recruit fibers and increase the local
concentration of RGD peptides to elicit these effects, a phenomenon that was hindered when
fibers became too stiff to easily remodel. Increasing the bulk stiffness of similar scaffolds inhib-
ited myofibroblast differentiation, while increasing the concentration of spun fibers promoted
fibroblast-to-myofibroblast conversion upon exposure to TGF1 (187). Notably, both studies (58,
61) contradict previous findings on traditional substrates, in which increased stiffness promotes
cell spreading, proliferation, and FA assembly as well as myofibroblast differentiation. These
discrepancies indicate that changes to bulk substrate mechanics do not necessarily influence cell
behavior in the same manner as do similar changes to microscale fiber mechanics. Moreover,
matrices composed of spun DexMA fibers have also been leveraged to discover new mechanisms
of tumor cell migration via live imaging studies (188). Breast cancer cells intermittently stopped
migrating in these matrices to pull fibers in front of them toward their cell bodies, storing elastic
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energy in the process. Eventually, adhesions at the trailing edge of a given cell failed and the
tumor cell ricocheted forward as the recruited fibers returned to their starting positions. Despite
the stationary period, this mode of tumor cell migration was ultimately faster and resulted in
greater net displacement than did continuous mesenchymal migration.

7.2. Microfabricated Models of the Tumor Microenvironment

How tumor cells respond to the geometric and mechanical constraints of their microenvironments
has been extensively studied with protein micropatterns (189, 190). Typically, protein micropat-
terns are printed onto glass or polyacrylamide substrates using photolithography approaches
that employ either an elastomeric polydimethylsiloxane (PDMS)-based or deep ultraviolet (UV)
irradiation-based technique (189, 191). The former uses a PDMS template with defined geo-
metric features to print proteins onto a given substrate, which determines the features, location,
and resolution of the resulting micropattern (190). The latter approach relies on deep UV ex-
posure through a photomask that permits targeted irradiation of a given substrate coated with a
photosensitive protein repellent, thus enabling protein adsorption to irradiated areas (189). Both
techniques achieve a patterning resolution on the order of 1-10 wm (191, 192). In one example,
fibronectin micropatterns were used to demonstrate that imposed interfacial geometry can guide
tumor cells toward a stemlike state via altered integrin a5p1 signaling (193). Recent advances in
micropatterning technologies have also enabled real-time patterning to examine how cells adapt
to the dynamic presentation of adhesion sites within their microenvironments. In this study (194),
real-time patterning was achieved using pulsed lasers that oxidized a PEG-based substrate to cre-
ate new adhesion sites via subsequent protein adsorption onto oxidized regions.

While micropatterning has been used to present proteins in controlled 2D spatial configura-
tions, other microfabrication methods have been implemented to model 3D aspects of the ECM
microarchitecture. For example, injecting collagen into narrow microfabricated PDMS channels
aligns the resulting fibers in the direction of the channel (195). As the channel width increases, the
fibers lose their aligned orientation and default to a randomly organized architecture. One study
with this platform demonstrated that collagen fiber orientation enhances tumor cell migration
efficiency, directional persistence, and distance traveled. One alternative method includes casting
collagen into PDMS molds that are stretched during polymerization to orient the resulting fibers,
an approach that affected the migratory and morphogenic behavior of preseeded tumor and stro-
mal cells (196). To more accurately mimic the 3D environment of developing tumors, a coaxial
rotating cylinder platform was used to encase breast cancer spheroids with both perpendicularly
and tangentially aligned collagen fibers (197). This method leveraged the nucleation and elon-
gation phases of collagen polymerization to produce a system in which the spheroids contacted
two common fiber orientations found in breast cancer. In particular, fiber alignment in this system
was driven by horizontal laminar Couette flow in the nucleation stage of polymerization, while
gravitational forces guided fiber growth during elongation. In agreement with previous observa-
tions, breast cancer spheroids preferentially invaded along perpendicularly rather than tangentially
aligned collagen fibers.

Numerous engineered model systems have leveraged microfabricated channels with defined
dimensions to examine confined tumor cell migration in vitro (198). Notably, PDMS can be func-
tionalized with cell adhesion proteins and is optically transparent, permitting real-time imaging
that enables mechanistic studies of confined migration dynamics. Studies using these platforms
(199,200) found that tumor cells polarize their cytoskeleton and physically soften to achieve faster
migration speeds when confined. Furthermore, these microchannels can be modified to introduce
additional physical constraints that tumor cells may encounter during invasion. These include
physical gradients, in which cells migrate from a wider into a narrower channel, or bifurcations,
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in which cells are presented with a channel that splits into two channels of different widths (198).
In addition, microfabricated platforms have been used to examine nuclear deformation during
confined tumor cell migration (201). Here, nuclear deformation compromised nuclear envelope
integrity, leading to envelope rupture and subsequent DNA damage (202). Interestingly, a follow-
up study (203) found that mechanical deformation of the nucleus also damaged DNA without
nuclear envelope rupture. These findings suggest that mechanically induced DNA damage con-
tributes to the genomic instability commonly associated with metastatic tumor cells.

Many engineered systems take a reductionist approach to modeling cancer, restricted to study-
ing tumor cells in isolation. While this approach enables the fundamental behavior of tumor cells
to be studied without confounding factors, its application to studying tumor—stroma interactions
is limited. Microfluidic-based, tumor-on-chip systems address this challenge by introducing other
stromal compartments such as blood vessels, immune cells, and fibroblasts. These platforms en-
able direct heterotypic cell-cell interactions to be studied by integrating multicellular compart-
ments on a single platform. In addition to stromal cells, other aspects of the tumor microenviron-
ment, such as pressure gradients, specific ECM components, and defined mechanical properties,
can also be incorporated (204). Using these methods, an intravasation model consisting of tumor
cells, endothelial cells, and macrophages demonstrated that impaired endothelial barrier func-
tion facilitates rapid tumor cell intravasation via direct heterotypic cell-cell interactions (205).
Here, macrophage secretion of tumor necrosis factor alpha (TNF-a) disrupted endothelial cell
tight junctions, which subsequently enhanced tumor cell transmigration by increasing tumor—
endothelial cell interactions. Moreover, such tumor-on-chip systems are a promising method to
systematically evaluate the efficacy and toxicity of candidate therapies (204). Interestingly, by inte-
grating tumor cells and cardiac muscle cells on a single culture platform, researchers were able to
more accurately predict both the direct and off-target effects of tyrosine kinase inhibitors (206).

PDMS-based systems have also been used to model IFP and IFF in vitro. For example, IFP
was simulated in a PDMS-based system by varying the volume of media between two reservoirs
connected by a channel seeded with tumor cells. This setup established a pressure differential of
1.2 mmHg and generated fluid flow with a velocity of 1 pm-s~!. The authors found that IFF alters
the expression of mesenchymal genes, which influences the invasion phenotype of tumor cells.
Alternatively, transwell-based assays, in which tumor cells are seeded on top of a porous membrane,
have been used to study IFF-mediated invasion (22). In this setup, tumor cells were encapsulated
in a hydrogel on top of the transwell membrane and a pressure head was introduced to establish
fluid flow through the gel. More recently, a modified version of this system was established to
stimulate a monolayer of lymphatic endothelial cells (LECs) with both transmural (perpendicular)
and luminal (shear) flow (207). In this system, LECs simultaneously experienced transmural flow
via an applied pressure head and luminal flow induced by a peristaltic pump. Moreover, this system
enabled real-time monitoring of tumor cell transmigration across the LEC monolayer as a model
of intravasation. Ultimately, the authors found that transmural and luminal flow synergistically
upregulated LEC expression of CCL21 to promote breast cancer cell transmigration (207).

8. CLINICAL TRANSLATION AND FUTURE PERSPECTIVES

‘While the impact of the physical microenvironment on tumor progression is now well established,
targeting these phenomena in the clinic remains challenging. For example, cilengitide, a peptide
inhibitor of integrins avp3 and avB5, initially demonstrated anti-invasive effects in preclinical
tumor models and phase I/II clinical trials (208, 209) but failed to improve patient survival in a
phase III clinical trial (210). Perhaps the most successful example of targeting physical tissue prop-
erties thus far is the use of anti-angiogenic agents, which were shown to normalize tumor vascu-
lature, reduce IFP, and improve drug penetration in preclinical studies (23, 211). Bevacizumab, a
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humanized anti-VEGF monoclonal IgG1 antibody, was the first anti-angiogenic agent approved
for clinical use by the US Food and Drug Administration (FDA) in 2004 (212). While still rec-
ommended for numerous cancer types, including GBM, the FDA revoked bevacizumab’s approval
for advanced breast cancer in 2011 (213). This decision resulted from a failure to improve survival
while exposing recipients to adverse hemodynamic effects (214-216). Indeed, the efficacy of be-
vacizumab is highly variable, and it is unclear whether patients who respond to treatment benefit
from vascular normalization or secondary, angiogenesis-independent effects such as immunomod-
ulation (217, 218). Ultimately, while bevacizumab is often considered the most successful therapy
that targets the tumor microenvironment to date, it has not become a universal treatment for solid
tumors as researchers once hoped.

Antifibrotic agents that target the ECM comprise another class of emerging therapies directed
toward the physical tumor microenvironment (219). These therapies tend to (#) enzymatically de-
grade specific ECM components, (#) normalize or deplete ECM remodeling cells such as CAFs, or
(¢) interfere with the ability of cells to sense aberrant ECM by inhibiting mechanosignaling path-
ways (220). Despite success in preclinical studies, therapies that directly modulate the ECM such
as PEGPH20, a modified hyaluronidase, or simtuzumab, an inhibitor of the collagen cross-linker
LOXIL2, have largely failed clinical trials due to a lack of therapeutic benefit and a high incidence
of adverse events (221-223). Strikingly, therapies that deplete CAFs worsened outcomes in pre-
clinical studies (224). These negative outcomes underscore the complexity of tumor-stroma in-
teractions, which can either promote or restrict disease progression. Therapies that interfere with
profibrotic or mechanosignaling pathways offer an alternative to target tumor-associated ECM.
Indeed, multiple inhibitors for FAK, Rho-associated kinase, and TGFB1 are currently under inves-
tigation (225, 226). For example, the use of galunisertib, a small molecule inhibitor of profibrotic
TGFB1, improved overall survival for patients with unresectable pancreatic cancer and advanced
liver cancer in phase I/II clinical trials (227, 228). Collectively, these findings reveal the clinical
potential of targeting the physical tumor microenvironment but also emphasize our incomplete
understanding of these phenomena, which impedes the successful translation of candidate thera-
pies from bench to bedside.

Bioengineers are well positioned to address outstanding questions in cancer mechanobiology
given their multidisciplinary training and ability to translate between basic scientists, technicians,
oncologists, and other healthcare professionals. Moving forward, interrogating physical parame-
ters with more representative models of cancer, such as patient-derived organoids, will be critical
to further our understanding of how the tumor microenvironment interfaces with the molec-
ular heterogeneity of human disease (229, 230). In particular, combining patient-derived tissues
with humanized mouse models or organ-on-chip systems will enable better screening of candidate
therapies in the preclinical setting and facilitate clinical translation to improve patient prognosis
(231-233). Moreover, integrating spatial transcriptomics with high-resolution mapping of tissue
mechanics in these studies will reveal how molecular and physical heterogeneity synergize to coor-
dinate disease behavior. As we move toward adaptive strategies that aim to control tumor growth
and prevent genetic selection of therapy resistance (234, 235), we must also consider how the phys-
ical microenvironment evolves in response to treatment to collectively regulate clinical outcomes.
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